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Abstract

The intertropical convergence zone (ITCZ) is the rising branch of the global Hadley circulation and
often considered as the climatic axis of symmetry. A full-physics atmospheric general circulation model
is coupled with an intermediate ocean model to investigate the effect of ITCZ’s meridional configuration
on the space-time structure of climate variability. In the control experiment where the model settles into
a north-south symmetric climatology, strong interhemispheric interaction takes place and sea surface
temperature (SST) anomalies are organized into an anti-symmetric dipole pattern with the equator as
the nodal line. The trade winds intensify (weaken) over the anomalously cold (warm) side of the equator,
indicative of a positive feedback between surface wind, evaporation and SST (WES). When the mean
ITCZ is displaced into the Northern Hemisphere by perturbing the shape of continents, SST variability
is significantly reduced at low-frequencies, especially with periods greater than 5 years, as a result of
reduced interhemispheric interaction. The nodal line now coincides with the northward-displaced ITCZ,
and the SST correlation across this nodal line is greatly reduced to a statistically insignificant level.
Calculations with a simple baroclinic model of the atmosphere indicate that the departure of the climatic
axis of symmetry from the geographic equator weakens the WES feedback and hence interhemispheric
interaction.

Implications for tropical Atlantic variability are discussed. In particular, our result of ITCZ’s modu-
lation of interhemispheric interaction is consistent with the seasonality of cross-equatorial SST gradient
variability: it peaks in boreal spring when the mean ITCZ is nearly symmetric about the equator and is
significantly reduced in other seasons when the Atlantic ITCZ is displaced into the Northern Hemisphere.

1. Introduction of climate variability. The El Nifio and South-
ern Oscillation (ENSO) phenomenon is a good
example. On the equator, where the Coriolis
force vanishes and strong ocean upwelling ex-
ists, surface zonal winds, the thermocline depth
1 Deceased on 30 June 2001. and the sea surface temperature (SST) are
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Ocean-atmospheric feedback is important for
determining the spatial and temporal structure
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back, small perturbations amplify, resulting in
coupled ocean-atmospheric variability that is
confined to the equator. An equatorial maxi-
mum in interannual variance is found over
both the Pacific and Atlantic, but the Atlantic
maximum on the equator is highly seasonal
and stands out only in boreal summer season of
May, June, and July (Chiang et al. 2002).

In the tropical Atlantic, besides this equa-
torial mode of variability, off-equatorial SST
anomalies play an important role in chang-
ing surface winds and the intertropical conver-
gence zone (ITCZ). Many studies have shown
that the Atlantic ITCZ is sensitive to cross-
equatorial SST gradient in boreal spring season
(Hastenrath 1991; Chang et al. 2001) and the
anomalous shift of the ITCZ is a major cause of
floods/droughts in Nordeste, Brazil (Nobre and
Shukla 1996). Correlation analyses based on
indices of cross-equatorial SST gradient usually
result in a dipole pattern of SST anomalies
with reversed signs across the climatological
ITCZ (Servain 1991; Tanimoto and Xie 1999;
Tanimoto and Xie 2002). Figure 1 shows an ex-
ample of such correlation analysis. Noting that

Fig. 1.
equatorial gradient mode based on
NCEP Reanalysis for 1948-2001: sea
surface temperature (contours; °C) and
surface wind (vectors; m s~1). Compos-
ite is taken as the difference between

Composite map for the cross-

months when the zonal-mean (60°W-—
20°E) cross-equatorial wind velocity
anomaly exceeds 0.2 m s~! and falls be-
low —0.2 m s~ 1.
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warm (cold) SST on either side of the equator is
associated with the relaxed (intensified) trade
winds, Chang et al. (1997) suggest that much
of the dipole or cross-equatorial SST gradient
variability is due to a positive feedback in-
volving interaction of surface wind, evaporation
and SST (WES), a mechanism that is originally
proposed to explain the northward displace-
ment of the climatological ITCZ of the Pacific
(Xie and Philander 1994). The essence of this
WES feedback is as follows. In response to an
initial SST anomaly field of a dipole structure
in the meridional direction, anomalous south-
erly winds are induced. The Coriolis force acts
to turn the southerlies westward (eastward) in
the Southern (Northern) Hemisphere, strength-
ening (weakening) the easterlies on the back-
ground and hence surface evaporation. The
wind-induced changes in evaporative cooling
would reinforce the initial SST anomalies.

The free coupled-mode arising from the WES
feedback features an anti-symmetric dipole
structure in the meridional direction (Chang
et al. 1997; Xie 1999), implying a strong inter-
hemispheric coherence in SST variability. Cor-
relation of observed tropical Atlantic variabil-
ity (TAV) between the north and south of the
equator is negative, but is weak and statisti-
cally insignificant! (Houghton and Tourre 1992;
Enfield and Mayer 1997; Mehta 1998), sug-
gesting that the WES feedback is not the
single dominant mechanism for TAV unlike the
Bjerknes feedback that dominates the Pacific
with the equatorially trapped ENSO (Neelin et
al. 1998; Xie et al. 1999). An increasing num-
ber of studies suggest that the Atlantic cross-
equatorial SST gradient (CESG) variability in-
volves some air-sea interaction; in nearly all
the atmospheric general circulation models
(GCMs), the position of the Atlantic ITCZ is
sensitive to CESG, although the meridional ex-
tent of WES-favorable wind response appears
to vary from one model to another (Chang et al.
2000; Sutton et al. 2000; Okumura et al. 2001;
Sutton et al. 2001). Okumura and Xie (2003)

1 There is evidence suggesting that significant
negative coherence exists between the northern
and southern tropics in the decadal band (Xie
and Tanimoto 1998; Rajagopalan et al. 1998; Ta-
nimoto and Xie 1999, 2002; Enfield et al. 1999), a
notion supported by limited paleo-data analysis
(Black et al. 1999).
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suggest that this disagreement might arise
from the difference in representation of the at-
mospheric boundary layer in models.

While a large body of literature exists on the
Bjerknes mode and ENSO (Neelin et al. 1998;
Wang et al. 1999; Fedorov and Philander 2000;
Wang and An 2002), only a limited number of
theoretical and modeling studies exist on CESG
in general and WES in particular in the litera-
ture. Xie (1996) develops a simple theory for
the WES mode and shows that it prefers west-
ward phase propagation. While wind-induced
evaporation provides positive feedback on SST,
poleward advection by the mean Ekman flow in
the ocean is a negative feedback (Xie 1999; Se-
ager et al. 2000). Chang et al. (1997) suggest
that the advection by the mean cross-equatorial
ocean current provides the negative feedback
switching the phase of CESG variability. Xie
(1999) proposes the phase difference between
wind speed and SST off the equator as an al-
ternative mechanism for oscillation. Besides
these mechanisms for free oscillation, external
forcing such as ENSO and North Atlantic Os-
cillation (NAO) is probably important as well.
Xie and Tanimoto (1998) and Chang et al.
(2001) show that via the WES feedback, sub-
tropical forcing like NAO can cause significant
variability in CESG and, hence, the Atlantic
ITCZ.

The WES feedback plays a key role in keep-
ing the ITCZ to north of the equator over the
Pacific and Atlantic (Xie and Philander 1994;
Ma et al. 1996; Kimoto and Shen 1997; Xie and
Saito 2001). Does this departure of climatic
axis of symmetry from the equator have an ef-
fect on climate variability in the tropics? Ob-
servations hint at such a possibility; the nodal
line of the observed gradient mode in the At-
lantic is not on the equator but roughly co-
incides with the climatological ITCZ (Fig. 1;
Servain 1991). The Atlantic ITCZ experiences
large meridional excursion in an annual cycle;
it is close or on the equator during the boreal
spring and moves to as far as 10°N in boreal
summer. This northward-displaced ITCZ is
responsible for the boreal-summer peak of
equatorial SST variance by enhancing the
cross-equatorial southerlies and lifting the
thermocline in the east. It remains to be inves-
tigated whether this seasonal march of the
ITCZ has any effect on the CESG variability.
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This paper reveals research on the effect of
the climatological ITCZ on the space and time
structure of climate variability. We use a hy-
brid coupled atmospheric GCM (HaGCM) de-
veloped by Xie and Saito (2001) under idealized
conditions that are designed to isolate the WES
feedback. Such a HaGCM has benefits in the
ease in which results can be interpreted in re-
lation to existing theories on one hand and with
those from more sophisticated coupled GCMs
on the other. As such, our emphasis is not on
the realistic simulation of observed climate but
rather on understanding a small number of
processes and mechanisms under investigation.
Such a simplified hybrid coupled modeling ap-
proach has proven fruitful in studying ENSO
dynamics (Neelin et al. 1998). A main finding
from this study is that the northward depar-
ture of the mean ITCZ from the equator sub-
stantially reduces the interhemispheric coher-
ence in SST and wind variability, a result with
a number of important implications for TAV
research.

The rest of the paper is organized as follows.
Section 2 describes the model and experimental
designs. Sections 3 and 4 describe the climatol-
ogy and temporal variability in the HaGCM,
respectively. Section 5 is a summary and dis-
cusses the implications.

2. Model description

We use the HaGCM of Xie and Saito (2001),
which consists of a full-physics, global atmo-
spheric GCM and an intermediate ocean model.
A brief description of the model follows; Please
refer to Xie and Saito (2001) for details.

2.1 Atmospheric model

The atmosphere GCM was developed jointly
at University of Tokyo’s Center for Climate
System Research (CCSR) and the National In-
stitute for Environmental Studies (NIES) of
Japan. The model solves primitive equations
of motion in the spherical coordinates by the
spectral method, and incorporates physical pa-
rameterizations for dry and moist convection,
clouds, radiation, turbulence and ground hy-
drology. It is used widely in Japan as a com-
munity model under both realistic and ideal-
ized conditions (e.g., Inatsu et al. 2002). See
Numaguti et al. (1995) and Numaguti (1999)
for details and its performance. Here we use a
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version with the triangular truncation at zonal
wavenumber 21 (T21) in the horizontal and 20
sigma levels (L20) in the vertical. The choice of
this horizontal resolution is a compromise be-
tween the need for long integrations [0(100)
years] and available computing resources. Oku-
mura et al. (2001) show that this T21L20 ver-
sion can reproduce reasonably well the atmo-
spheric response to Atlantic SST anomalies
in comparison to observations. More recently,
Okumura and Xie (2003) repeat the same re-
sponse experiments with a higher-resolution
version (T42L23) and report very similar re-
sults to those with the T21L20 version.

2.2 Ocean model

HaGCM’s oceanic component is an interme-
diate model based on Zebiak and Cane (1987).
In particular, SST is determined by the hori-
zontal advection, upwelling, surface heat flux,
and horizontal diffusion,

oT T-T,
Q 2
— — T. 1
Tt &

Here u is the horizontal velocity, w is the ver-
tical velocity at the depth of the Ekman/mixed
layer H with P(w) the Heaviside function, @ is
the surface heat flux into the ocean with p and
¢, being the density and specific heat at con-
stant pressure of sea water, respectively, and «
is the diffusivity. The subsurface temperature
to be entrained into the mixed layer, T,, is de-
termined by a hyperbolic function of thermo-
cline depth (Dijkstra and Neelin 1995). Fol-
lowing Xie and Saito (2001), we simplify the
ocean model by specifying a time-invariant
thermocline depth field, A(x, y). This removes
the thermocline depth feedback and stabilizes
the coupled ENSO mode that would other-
wise give rise to large interannual variability—
undesirable noise for our purpose of studying
the meridional interaction. The thermocline
depth field prescribed in this study is the
steady-state solution to a linear reduced-
gravity model forced with spatially uniform
easterly wind stress of —0.03 N m2, a value
representative of the equatorial zonal average
in the Pacific and Atlantic. The thermocline
tilts along the equator, being shallow in the
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east and along the eastern boundary. To be
consistent with the fixed thermocline depth,
only the surface Ekman flow is used to advect
SST and to compute upwelling velocity. Mech-
anisms for developing CESG, including surface
heat flux adjustment (Xie and Philander 1994;
Chang et al. 1997) and Ekman upwelling
(Chang and Philander 1994), are thus retained
in this simplified ocean model.

2.3 Coupling

The ocean and atmosphere models exchange
information once a day. Each day, the atmo-
spheric GCM updates its SST boundary condi-
tion from the ocean model output and mean-
while passes daily-average fields of surface
wind stress and heat flux to the ocean. The at-
mospheric wind stress drives ocean Ekman flow
and upwelling while surface heat flux directly
forces SST. The heat flux at the ocean surface is
decomposed into four components:

Q=Qs - Q. —Qu — Q. (2)

Here the absorbed solar (Qs) and net upward
long-wave (@) radiation is computed with the
AGCM’s radiation code and varies interactively
with water vapor and cloud fields. The sensible
(Qu) and latent (Qg) heat fluxes are computed
using the atmospheric GCM’s aerodynamic
bulk formulas (Miller et al. 1992). As an impor-
tant deviation from the original Zebiak-Cane
model that treats surface heat flux as a New-
tonian damping, equation (1) incorporates both
the WES and cloud-SST feedbacks.

2.4 Boundary conditions

The atmospheric model is global. In the con-
trol run, two continents that are 40° wide and
140° apart in longitude are placed in the model,
with their coasts running along meridians
(hereafter Sym-run). In one of the ocean basins
enclosed by these continents (135°E—85°W),
SST evolves interactively with the atmospheric
GCM between 30°S and 30°N. Poleward of 30°
and in the other ocean basin, SST is prescribed
with a zonally uniform, equatorial symmetric
distribution (upper panel of Fig. 2). The ocean
model in the active basin is solved by time
stepping at a 3° longitude and 1° latitude reso-
lution. Over the continents, surface tempera-
ture and soil moisture are computed inter-
actively according a bucket model of land
hydrology with a constant surface albedo of
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Fig. 2. Land-sea distributions in the
HaGCM for the symmetric (upper) and
asymmetric (lower) runs, with dark
shade denoting the continents. SSTs
are prescribed (contours; °C) in a dis-
tribution symmetric about the equator
in one basin and evolve interactively in
another (light shade). White contours in
the active ocean basin are for the pre-
scribed thermocline depth (deviation
from zero with intervals of 15 m).

0.25 that is typical of grass land. In the second
experiment, we perturb the climate away from
the equatorial symmetry by tilting the eastern
continent of the active ocean northwestward at
a 45° angle (Asym-run: lower panel of Fig. 2).

For simplicity, the solar insolation is set to
its equinox distribution, which is perfectly sym-
metric about the equator. Both runs are inte-
grated for 72 years. The averages for the last 70
years are taken as climatology and deviations
from it are called anomalies.

The above HaGCM was originally set up to
study how continental asymmetry triggers the
northward displacement of the Pacific ITCZ,
but the subsequent analysis led to a new focus,
namely interhemispheric coherence of temporal
variability. The model also was run for a short
period of time in a narrower Atlantic-like basin
but turned out to produce too weak an equato-
rial tongue, a problem common to many cou-
pled GCMs (P. Chang 2002, personal commu-
nication). Here, only results from the runs with
a Pacific-size active ocean domain will be pre-
sented. A recent observational study suggests
that a meridional gradient mode exists in the
tropical Pacific, much like the more familiar
one in the Atlantic (J.C.H. Chiang and D.dJ. Vi-
mont, 2003: Analogous Pacific and Atlantic
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meridional modes of tropical atmosphere-ocean
variability, unpublished manuscript). We will
discuss our model results in relation to TAV
since it is better studied and documented than
the Pacific meridional gradient mode.

3. Climatology

An equatorially symmetric climate forms in
the Sym-run (Fig. 3). There is a major warm
pool that occupies the western half of the equa-
torial basin with SST greater than 28°C. The
easterly trade winds prevail over most of the
basin. Along the equator, wind-induced upwell-
ing maintains a cold tongue in the eastern half
of the basin except near the eastern boundary,
where the winds are westerly on the equator
and converge onto the warmer continent. In the
meridional direction, the cold tongue divides
two local SST maxima, one on each side of the
equator.

With a northwestward tilted eastern conti-
nent, the climate over the active ocean shifts
into an asymmetric state, with warm water
(>28°C) and the ITCZ confined to the Northern
Hemisphere. As discussed in Philander et al.
(1996) and Li (1997), the tilted coastline favors
the Southern Hemisphere for upwelling; the
coastal winds blow alongshore (offshore) south
(north) of the equator. This asymmetry in
coastal upwelling triggers a coupled WES wave
front that propagates westward and establishes
climatic asymmetry on the way (Xie 1996; Xie
and Saito 2001). The winds are weak along the
warm band north of the equator that supports
the ITCZ there, forming the doldrums, while
high winds are found over the colder water on
the other side of the equator. This asymmetry
in wind speed is indicative of the symmetry-
breaking effect of the WES feedback.

The climatology in the Asym-run resembles
that observed over the Pacific, a result partly
due to our imposing a coastline tilt greater than
the west coast of real South America. The im-
proved realism over the Sym-run is not limited
to the permanent displacement of the ITCZ into
the Northern Hemisphere but also includes the
removal of unrealistic warm water in the far
east of the equatorial basin. This warm bias in
the eastern equatorial Pacific is a common
problem in most of coupled GCMs (Mechoso
et al. 1995) and may be related to the failure
of these models to keep their ITCZ north of
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Fig. 3. Climatologies of SST (contour interval 1°C), surface wind (vectors; scaled to 10 m s~1), and
precipitation (shade > 4 mm day ! with white contours at intervals of 4 mm day~!) for the Sym-

run (upper) and Asym-run (lower).

the equator. In our HaGCM, the strong south-
erly winds that converge onto the northerly
ITCZ induce upwelling south of the equator
(Chang and Philander 1994) and strengthen
the equatorial cold tongue on the basin scale.
Xie (1998) discusses how the onset of local
cross-equatorial winds in the east can cause a
basin-wide adjustment in the equatorial cold
tongue.

4. Temporal variability

Despite a constant insolation in time, signifi-
cant temporal variability is found in both runs
of the HaGCM, with well-organized spatial
structures. This section investigates the mech-
anisms for such temporal variability and how
the differences in climatology affect its time-
space structure. We start with the simpler
Sym-run and then move onto the Asym-run.

4.1 Symmetric run

Pronounced SST variability develops in the
Sym-run (Fig. 4) and at any given time, the
model climate is rarely, if ever, in an equatorial
symmetric state (with anomalies vanishing in

both hemisphere). As noted by Xie and Saito
(2001) in a much shorter (9 years) integration,
the SST anomalies are roughly anti-symmetric
about the equator. This dominance of meri-
dional dipole mode is a result of holding the
thermocline depth time-invariant and sup-
pressing the Bjerknes ENSO mode, allowing us
to focus on the ocean-atmosphere interactions
through surface processes (heat flux and Ek-
man dynamics).

In the first 20 years of the integration, the
SST dipole seems to display a preferred decadal
timescale, but the spectral analysis of cross-
equatorial wind velocity (V,,)—a simple mea-
sure of the equatorial asymmetry—does not
produce such a decadal peak (solid line in Fig.
5). The spectrum is white at high frequencies
and begins to show a reddening tendency for
periods greater than 0.5 year. There is a broad
spectral peak around periods of 2-3 years,
which seems to stand out of background red
spectra. This causes an abrupt increase of
power around the 2-year period. The spectral
power at periods of a few years and longer
is 100 times greater than that at the high-
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frequency end. In the inactive ocean basin, the
same V., spectrum is virtually white at all fre-
quencies (not shown). The enhanced power of
the atmospheric spectrum at interannual time-
scales in the active ocean basin is indicative of
the positive feedback, in contrast to stochastic
models for the mid-latitude ocean that redden
the ocean spectra but assume a white-noise at-
mosphere with little feedback from the ocean.
Chang et al. (1997) and Xie and Tanimoto
(1998) show that the WES feedback gives rise
to coupled variability of lower frequencies than
the ocean thermal damping scale (<1 year).
The strong interhemispheric coherence is
further illustrated by correlations of SST and
surface wind velocity with zonal-mean SST in
the 0-15°S latitudinal band. Strong SST cor-
relation of the opposite sign is found in the
Northern Hemisphere (Fig. 6). Anomalous
southerlies blow from the colder to the warmer
hemisphere, which under the Coriolis force, are
responsible for the enhanced southeasterly
trades south of the equator and reduced north-
easterly trades to the north. Such a pattern

20N
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with the strengthened (relaxed) trade winds
over the negative (positive) SST anomalies is
characteristic of the WES feedback that is re-
sponsible for strong low-frequency variability
in the model. In addition to the wind-induced
evaporation changes, open-ocean upwelling
with opposite signs across the equator that is
induced by cross-equatorial wind changes also
contributes to the SST dipole. In the meridional
direction, the SST extrema are displaced pole-
ward of the wind speed ones, indicative of ad-
vection by the poleward mean Ekman flow. See
Xie and Saito (2001) for a more detailed dis-
cussion of ocean heat budget in a similar model
(their Fig. 8).

In the zonal direction, the correlation fields
maintain the same signs, in support of the re-
sult of a linear theory that the WES instability
peaks at zonal wavenumber zero (Xie et al.
1999). Wind anomalies are weak on the eastern
edge but extend far west of the western edge of
the SST anomalies, a zonal asymmetry due to
the westward propagation of long atmospheric
Rossby waves. This westward shift of anoma-
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Fig. 6. Correlations with SST averaged zonally across the basin and in 0-15°S: SST (dark
shade > 0.3, light shade < —0.6; contours are —0.8, —0.6, —0.4, 0.2, 0.3, 0.4, 0.5), and surface wind
velocity (vectors, scaled by 1). The thick dashed line indicates the climatological ITCZ (0 = 0). The

signs of correlations are reversed.
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lous wind causes a slow westward propagation
of the coupled variability (Fig. 7), as described
by a linear theory (Xie 1996). The cross-basin
time for the westward propagation is about 1
year, comparable to the time scale of the rapid
decay of correlations near lag zero. The zero-
crossing of correlations occurs at a much larger
lag of 4 years.

The dominance of the dipole mode in this
HaGCM is reaffirmed in the SST root-mean-
squared (rms) variance field (Fig. 8). Much con-
sistent with the correlation map, a variance
maximum is located on each side of the equa-
tor while a distinct minimum forms along the
equator. The variance decreases rapidly west
of 180° because of the reduction in the mean
easterly wind velocity, a necessary condition for
the WES feedback (Xie and Philander 1994),
and possibly because of the negative feedback
between SST and deep convective clouds over
the warm pool.

4.2 Asymmetric run

The northward displacement of the climato-
logical ITCZ in the Asym-run causes marked
changes in the time-space structure of low-

140E

160E

180

160W  140W 120W 100W  80W

Fig. 8. Root-mean-square variance of SST (dark shade > 0.45, light shade < 0.3°C). The thick
dashed line indicates the climatological ITCZ (¢ = 0).
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frequency variability. In the time-latitude sec-
tion of SST anomalies (Fig. 4, lower), the lati-
tude of minimum SST variability apparently
shifts and is now located at the climatological
ITCZ. This collocation of the low variability
zone with the ITCZ is confirmed in Fig. 8. The
mean I'TCZ is selected as the nodal line for SST
variability partly because of the weak climato-
logical winds in the ITCZ that reduce the effect
of wind fluctuations on SST through evapora-
tion. The negative feedback between the radia-
tive effect of ITCZ clouds and underlying SST
also acts to stabilize SST there. Tanimoto and
Xie (2002) report such a negative cloud-SST
feedback near the Atlantic ITCZ based on his-
torical ship observations.

Besides this northward shift of the nodal
line, the rms SST variance decreases signifi-
cantly within 15°S—15°N. Near the centers of
action for the meridional dipole in the Sym-run,
the reduction in rms variance is particularly
pronounced, suggesting a weakening of the
WES feedback that give rise to the strong in-
terhemispheric interaction in the Sym-run in
the first place. The northward-displaced ITCZ
is an apparent axis of symmetry for model
climate variability; we choose the meridional
wind velocity here at 8°N, Vipcz, as a measure
of cross-ITCZ interaction. Its spectrum (dashed
line in Fig. 5) shows that this cross-ITCZ in-
teraction is significantly reduced in the lower-
frequency band with periods greater than
5 year. At the 10-year period, the power
(smoothed curve) for cross-equatorial wind in
the Sym-run is five times greater than that for
cross-ITCZ wind in the Asym-run while at the
high-frequency end (period shorter than 1 year)
the opposite is true—the power is consistently
greater in the Asym-run. It is unclear at this
time why the Asym-run has higher variability
across the axis of symmetry, but the high con-
vective activity in the ITCZ may be a reason. In
the Sym-run, convection is rather suppressed
along the equator (the climatic axis of symme-
try).

Interhemispheric coherence is visibly re-
duced in Fig. 4. Cold events south of the mean
ITCZ are not always associated with warm
events to the north and vice versa as they are
in the Sym-run. The correlation analysis based
on the same area-average SST index as in our
Sym-run analysis confirms this reduction in the
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interhemispheric interaction. The correlation
coefficients north of the ITCZ drop to only about
0.2 (Fig. 6), a value similar to the interhemi-
spheric SST correlation reported by Houghton
and Tourre (1992). Interestingly, however, the
SST anomalies are still organized into the ba-
sin scale in the zonal direction and the half-
tropical scale in the meridional, a pattern simi-
lar to observed TAV.

The attendant wind anomalies help main-
tain the SST correlation pattern in Fig. 6. For
example, the weakened northeasterly trades
north of the ITCZ reduce the evaporative cool-
ing and thereby warm SST there. South of the
equator, the southeasterlies are generally in-
creased, helping cool SST there. As a major
difference from the Sym-run, the anomalous
cross-equatorial southerlies now cool the water
between the ITCZ and equator by strengthen-
ing the mean southerlies and increasing sur-
face evaporation there. These cross-equatorial
winds force surface water to flow northward
and, thereby, intensify the open-ocean upwell-
ing south of the equator and the associated
cooling, resulting in the SST variance maxi-
mum in the eastern equatorial basin in Fig. 8.

4.3 Simple model analysis

To illustrate how ITCZ’s departure from the
equator affects interhemispheric interaction,
we consider the wind-induced evaporation feed-
back on SST as suggested by the correlation
map in Fig. 6. Here we are aiming at a qualita-
tive understanding and use a simple SST equa-
tion of Xie (1997)

657; —qU' —bT', (3)

where U’ is the perturbation zonal wind veloc-
ity, a and b are both positive quantities ob-
tained by linearizing the latent heat flux term
under the mean easterly wind condition. A pos-
itive wind anomaly would reduce the mean
easterly wind speed and hence increase SST.
Thus, aU’ represents the wind-induced evapo-
ration feedback and —bT' is the Newtonian
cooling resulting from the SST dependence of
surface evaporation. Multiplying both sides
with 7" and integrating over the whole domain
results in the following “energy” equation
10—

57 2 =aUT - bT"2, (4)
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Fig. 9. Linear response to (a) anti-symmetric SST anomaly (°C): (b) meridional and (c) zonal wind
velocity (m s~ 1), and (d) destabilizing factor. Axises of the anti-symmetric SST anomaly are on the

equator (solid) and at 10°N (long dashed).

where the overbar denotes the meridional av-
erage. It follows that the term U’T" is a mea-
sure of the WES feedback and controls the
growth of the positive quantity 7"2.

In the following we estimate this atmo-
spheric feedback term onto a SST distribution
shown in Fig. 9:

T’ =Ty sin n(%) for (Y <y—yo<Y);

otherwise 7' = 0.

Here yg is the nodal point or axis of symmetry
of this SST dipole, which our HaGCM experi-
ments show is the latitude of the mean ITCZ.
We use the linear, axis-symmetric model of
Mastuno (1966) and Gill (1980):

eU' — ByV' =0,
oD’
vl ! —
eV + pyU o
ov’
e®' + C3 i -Q,

where ¢ is the atmospheric damping rate, f is
the latitudinal gradient of the Coriolis parame-
ter, ®@ is the geopotential, and Cj4 is the atmo-
spheric long gravity wave speed. For simplicity,
zonal symmetry is assumed. The surface wind
response is computed by letting the diabatic
heating to the atmosphere @' be proportional to
SST anomalies:

Q' =KqT',
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Fig. 10. Same as Fig. 9 but for the result of HaGCM experiments: Sym-run (solid) and Asym-run
(long dashed). Correlation coefficients of: (a) SST, (b) meridional and (c) zonal wind velocities, with
the SST difference between 0—15°N and 0-15°S for the Sym-run, and 10-25°N and 10°S—5°N for

the Asym-run, averaged zonally in 170°E—-130°W.

where Kg is the coupling coefficient. We use
To=1°C, Y=30°, ¢=2 day !, f=228x
100" mt s71, C4,=45m s71, and Ko =6 x
106 WK1,

In the equatorial region, anomalous cross-
equatorial flow can be considered as the direct
response of the atmosphere to the SST gradient
of the imposed dipole, taking a bell-shaped
curve centered at y = yo (Fig. 9b). Under the
symmetric ITCZ (yo = 0; solid lines in Fig. 9),
the zonal wind anomaly induced by the Coriolis
force is also a dipole roughly collocated with the
SST dipole, resulting in large SST-wind co-
variance on both sides of the equator that
would act to amplify the SST dipole if SST were
allowed to vary.

With the mean ITCZ displaced northward
(yo = 10°N; dashed lines in Fig. 9), in addition
to a northward translation, the peak of the bell
curve for V' decreases because of the resistance
by stronger earth rotation against ageostrophic
flow. Associated with the reduction in V' near
the equator, the induced easterly wind anomaly
shows a much weaker peak to the south, and
so does the SST-wind co-variance there. This
weakened co-variance peak is further offset by
negative co-variance between the equator and
ITCZ, where U’ remains positive but 7" is now
negative. As a result, the meridional-mean co-
variance is significantly reduced compared to
the case with the SST dipole centered on the
equator.
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Fig. 11. Area integral of U'T’ as a func-
tion of yy.

Figure 10 shows SST and wind regressions
upon a CESG index in the Sym-run and Asym-
run. The overall wind structures are similar to
those in the Matsuno-Gill model, including the
reduced cross-equatorial wind anomalies in the
Asym-run. South of the equator, zonal wind
anomalies are weaker in the Asym-run than
the Sym-run, reducing the SST-wind co-
variance. The cross-ITCZ asymmetry in the U’-
T’ covariance—high to the north and low to the
south (Figs. 9 and 10)—seems consistent with
larger SST variance in 15-20°N than in 15—
20°S (Fig. 8).

Figure 11 shows the meridional-mean SST-
wind co-variance as a function of yy. The wind
feedback onto the SST as measured by this co-
variance peaks with the symmetric ITCZ and
decreases monotonically with the ITCZ moving
away from the equatorial symmetry. With the
ITCZ at 10°N, the wind feedback is only 44% of
that with a symmetric climatology. This rapid
reduction in feedback with y, seems to offer a
qualitative explanation of reduced interhemi-
spheric interaction in the Asym-run of our
HaGCM.

5. Discussion

The ITCZ is often viewed as the climatic axis
of symmetry since it controls the rising branch
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of the interhemispheric Hadley circulation. The
results of this study cast another role for the
ITCZ, as the axis of symmetry for climate vari-
ability involving ocean surface processes (such
as heat flux and Ekman dynamics). In a sym-
metric climate, the geographic equator co-
incides with the climatic axis of symmetry.
Strong interhemispheric interaction takes
place and pronounced dipole variability results
in our HaGCM, with the equator as the nodal
line. When the ITCZ is displaced north of the
equator, by contrast, this departure of climatic
axis of symmetry (0 =0) from the geographic
one (f =0) weakens interhemispheric coher-
ence of interannual variability in the model,
with the ITCZ as the nodal line instead. The
reduced SST variability at the ITCZ is a result
of weak background wind—unfavorable for the
WES feedback—and a negative cloud-SST feed-
back. Our simple model result shows that this
displacement of the nodal line from the equator
weakens the WES feedback south of the ITCZ
and, hence, is unable to maintain the SST di-
pole centered at the ITCZ.

Throughout the year, SST variance generally
reaches one minimum near the maximum cli-
matological SST or ITCZ (Fig. 12), consistent
with the Asym-run results. Our model results
suggest that this climatic asymmetry is a rea-
son why interhemispheric correlation is much
weaker than predicted by previous theoretical
studies of the WES mode, which all assume the
equator as the climatic axis of symmetry. In the
annual cycle, CESG variability is known to
show strong seasonality, strong in boreal spring
and weak in other seasons. This seasonality
also seems consistent with our conclusion that
the meridional configuration of the mean ITCZ
dictates interhemispheric coherence. In boreal
spring, the Atlantic climate is nearly sym-
metric about the equator and cross-equatorial
interaction on interannual timescales—as mea-
sured by the variance of both CESG and cross-
equatorial wind velocity—is strong (Fig. 12).
In other seasons, the ITCZ is confined to the
Northern Hemisphere and the cross-equatorial
variability is low.

The tropical Atlantic is not a closed system
but instead receives strong forcing from the
outside. The NAO is the strongest in boreal
winter and can affect TAV via its subtropical
pole’s modulation of the northeasterly trades
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Fig. 12. Time-latitude sections of ob-
served annual cycle of (a) SST (shade >
27°C), and (b) SST variance (dark
shade > 0.45°C, light shade < 0.35°C).
(¢) Variances of meridional SST gradi-
ent (solid) and cross-equatorial wind
(dashed). Zonal means in 60°W-20°E
are used based on the NCEP Reanalysis
for 1948-2001. SST gradient is calcu-
lated by taking difference between NH
(10°N-20°N) and SH (15°S-5°S).

in the North Atlantic (Xie and Tanimoto 1998;
Chang et al. 2001; Czaja et al. 2002). Both the
ENSO and its teleconnection to North America
and the North Atlantic are the strongest in the
boreal winter as well (Enfield et al. 1999; Klein
et al. 1999). The strong external forcing from
these sources in boreal winter also seems to
contribute partly to the boreal-spring peak of
CESG variance (Chiang et al. 2002).

There are several caveats for direct applica-
tion of our results to the real Atlantic. Most
importantly, the subsurface ocean dynamics
are removed in our HaGCM, which has allowed
us to focus on surface feedbacks. With active

Journal of the Meteorological Society of Japan

Vol. 81, No. 6

ocean dynamics included, the Bjerknes feed-
back will enhance equatorial variability and
interact/interfere with the WES mode dis-
cussed here. In fact, in the real Pacific that has
a large zonal size, this equatorial Bjerknes
mode overwhelms the WES variability. Our
model results show that by removing the ther-
mocline depth feedback and hence weakening
the Bjerknes feedback, the WES feedback has
a chance to manifest itself and becomes domi-
nant even in a large ocean basin. While unique
in the real climate system, the relative strength
of the Bjerknes and WES feedbacks may vary
from one coupled model to another. For exam-
ple, a meridional dipole mode of coupled vari-
ability appears in the coupled GCM of Me-
teorological Research Institute of Japan, with
anomalies of SST and surface wind in dis-
tributions consistent with the WES feedback
(Yukimoto et al. 2000). A recent observational
study suggests that the tropical Pacific has a
meridional gradient mode with a coupled SST-
wind structure similar to its counterpart in the
tropical Atlantic (J.C.H. Chiang and D.J. Vi-
mont 2003, unpublished manuscript).
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