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ABSTRACT

Recent observational studies have suggested that interactions between the atmosphere and the ocean play an
important role in the pronounced annual cycle of the eastern equatorial Pacific and Atlantic Oceans. The key to
this atmosphere—ocean interaction is a positive feedback between the surface winds and the local SST gradients
in the cold tongue/ITCZ complex regions, which leads to an instability in the coupled system. By means of
linear instability analyses and numerical model experiments, such an instability mechanism is explored in a
simple coupled ocean--atmosphere system. The instability analysis yields a family of antisymmetric and sym-
metric unstable SST modes. The antisymmetric mode has the most rapid growth rate. The most unstable anti-
symmetric mode occurs at zero wavenumber and has zero frequency. The symmetric SST mode, although its
growth rate is smaller, has a structure at annual period that appears to resemble the observed westward propa-
gating feature in the annual cycle of near-equatorial zonal wind and SST. Unlike the ENSO type of coupled
unstable modes, the modes of relevance to the seasonal cycle do not involve changes in the thermocline depth.
The growth rates of these modes are linearly proportional to the mean vertical temperature gradient and inversely
proportional to the depth of mean thermocline in the ocean. Because of the shallow thermocline and strong
subsurface thermal gradients in the eastern Pacific and Atlantic Oceans, these coupled unstable modes strongly
influence the seasonal cycles of those regions. On the basis of theoretical analyses and the observational evidence,
it is suggested that the antisymmetric SST mode may be instrumental in rapidly reestablishing the cold tongues
in the eastern Pacific and Atlantic Oceans during the Northern Hemisphere summer, whereas the symmetric SST
mode contributes to the westward propagating feature in the annual cycle of near-equatorial zonal winds
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and SST.

1. Introduction

The seasonal cycle, the forced response of the earth’s
climate to the periodic change in the solar radiation,
involves complex interactions between the atmosphere,
ocean, and the land surfaces. These interactions mani-
fest themselves in the distinctive character of the sea-
sonal cycle in different parts of the globe. For example,
in the Tropics, climate conditions have striking asym-
metries relative to the equator in the Atlantic and east-
emn Pacific but are essentially symmetrical about the
equator elsewhere. These asymmetries characterize
time-mean conditions and also the seasonal cycle. Their
distinguishing features include sea surface temperature
maxima to the north of the equator, atmospheric con-
vective. zones over the warmest water to the north of
the equator, southerly winds that cross the equator in
the Northern Hemisphere, and an eastward oceanic cur-
rent, the North Equatorial Countercurrent, that has no
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counterpart south of the equator in the eastern tropical
Pacific and Atlantic. Both oceanic and the atmospheric
aspects of these asymmetries have been explained as
the response of the ocean to the winds and as the re-
sponse of the atmosphere to sea surface temperature
patterns, respectively. Such an approach, however,
begs half the answer because the asymmetries should
be explained as the response of the coupled ocean—
atmosphere—land system to the solar radiation that the
earth absorbs. This paper explores how interactions be-
tween the ocean and atmosphere contribute to the
asymmetries in the equatorial eastern Pacific and At-
lantic.

The importance of ocean—atmosphere interactions in
the annual cycle of the eastern Pacific and Atlantic
Oceans has been demonstrated in recent observational
studies (Mitchell and Wallace 1992; Wang 1994).
These studies have unambiguously shown that the an-
nual variations of the sea surface temperature (SST) in
these regions are highly correlated with fluctuations in
the local winds, both zonal component and meridional
components. In particular, Mitchell and Wallace
(1992) found that the increase in northward wind stress
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. Fi1G. 1. Time series of zonal and meridional surface wind, SST, and depth of the 20°C isotherm
at 0°, 110°W for the three years 1986—88. Solid lines are the measured values, and dotted lines are
the monthly mean climatological values based on the historical data from the mooring at this

location (from Hayes et al. 1991).

north of the equator occurs simultaneous with, or a
month in advance of, the equatorial SST changes. This
fact led Mitchell and Wallace to speculate that the me-
ridional wind and its interaction with the local SST
gradient may play a crucial role in initiating the annual
reappearance of the equatorial cold tongue. At the heart
of the Mitchell and Wallace hypothesis lies a positive
feedback loop, which can be summarized as follows:
in response to the onset of northward wind, cold water
upwells to the surface just south of the equator as a
result of Ekman divergence. This causes cooling in the
atmospheric planetary boundary layer above the cold
water, which leads to an increase in the local sea level
pressure. The local increase in the sea level pressure
enhances the northward pressure gradient immediately
to the north of the cold tongue and the westward pres-
sure gradient immediately to the west of the cold
tongue, creating positive tendencies in the southerly
winds in the north and easterly winds in the west. The
intensifying wind stresses promote further upwelling
along and south of the equator in the eastern ocean

basin. The positive feedback proposed by Mitchell and'

Wallace implies an instability in the coupled system
that has an antisymmetric SST structure about the equa-
tor. However, the nature of such a coupled instability
remains to be explored theoretically.

In the eastern tropical Pacific Ocean, the interannual
and seasonal sea surface temperature variations are re-
markably similar. The cold phase in both cases is char-
acterized by cold waters off the coast of South America
and a pronounced equatorial tongue of cold surface wa-
ters in the eastern Pacific. The warm phase is marked
by the weakening -or complete absence of these fea-
tures. Despite these striking similarities in the SST fluc-
tuations, the subsurface temperature variations are very
different on seasonal and interannual timescales. Inter-
annually, a horizontal redistribution of warm surface
waters causes the thermocline in the east to deepen dur-
ing warm periods and to shoal during cold periods.
Therefore, the SST variability is highly correlated with
the change in thermocline depth. This feature is clearly
revealed in Fig. 1, which shows the time series of zonal
and meridional surface wind, SST, and depth of the
20°C isotherm from the mooring at 0°, 110°W for the
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three years 1986—88. Seasonally, the changes in SST
do not seem to be related to the fluctuations in the ther-
mocline depth. The monthly mean climatological val-
ues derived from the mooring at 0°, 110°W (Fig. 1)
show strong seasonal variations in the sea surface tem-
perature, but minimum fluctuations in the thermocline
depth at the equator. From Fig. 2, it is evident that
seasonal changes in the depth of the thermocline have
a large amplitude to the north of the equator in the
eastern Pacific, in a region where seasonal changes in
SST are minimal. Interestingly, the seasonal change of
SST at the equator appears to be highly correlated with
the fluctuations of the local winds (Hayes et al. 1991).
This observational evidence suggests that the physical
processes that contribute to the ocean—atmosphere in-
teractions on the seasonal timescale are very different
from those on the interannual timescale.

Unstable interactions between the ocean and atmo-
sphere have been studied primarily in connection with
the Southern Oscillation—El Nifio phenomenon. These
analyses indicate that it is the shallowness of the ther-
mocline in the eastern tropical Pacific and Atlantic that
differentiates those regions from the rest of the tropical
oceans. Where the equatorial thermocline is shallow,
the dynamical response of the ocean to the winds in-
cludes changes in sea surface temperature with an am-
plitude and spatial scale sufficiently large to affect the
atmosphere and hence the winds. This circular argu-
ment—winds that affect the ocean which in turn affect
the winds—is at the heart of unstable ocean—atmo-
sphere interactions. The analyses performed thus far
reveal at least two types of coupled ocean—atmosphere
modes: those in which thermocline displacement de-
termines sea surface temperature changes and in which
the dominant timescales are associated with the prop-
agation speeds of planetary waves (Hirst 1986; Suarez
and Schopf 1988; Battisit and Hirst 1989), and those
modes in which the surface Ekman currents and their
divergence determine both sea surface temperature
changes and the dominant timescales (Neelin 1991).
Similar processes undoubtedly play a role in the sea-
sonal cycle, but the available analyses are of limited
relevance because they concern ocean—atmosphere
modes that are symmetrical about the equator. The sea-
sonal cycle, on the other hand, is primarily antisym-
metrical about the equator. This paper focuses on
ocean—atmosphere modes that are antisymmetrical
about the equator.

The scope of this paper is twofold: first, to explore,
by means of both analytical and numerical methods,
the existence of the coupled instability modes of rele-
vance to the seasonal cycle in a simple coupled model
and, second, to study the properties of these unstable
modes and their relation to the symmetric modes. The
specific questions to be addressed are the following:
Are there any antisymmetric coupled unstable modes
in the coupled system? If so, what are the physical pro-
cesses determining the growth rate and meridional
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scale of the coupled unstable modes? At what fre-
quency and wavelength does the most unstable wave
occur? Finally, What determines the propagation speed
and direction of the unstable modes?

The arrangement of the paper is the following: sec-
tion 2 gives a description of the simple coupled model
and the assumptions used to simplify the equations;
section 3 discusses the governing eigenvalue problem
and the results of the eigenvalue analyses; section 4
describes the numerical results of a simple coupled
ocean—atmosphere model, which support the analytical
results; and section 5 summarizes the major conclu-
sions.

2. Model and assumption

We explore to what extent ocean—atmosphere inter-
action can be studied with models complicated enough
to include dynamical feedback processes but simple
enough to permit analytical analyses. We therefore
choose a simple coupled ocean—atmosphere model,
which has the Lindzen—Nigam model as the atmo-
spheric component and the Cane—Zebiak model as the
oceanic component.

The Lindzen—Nigam model can be written as fol-
lows (hereafter we will refer to this model as the LN
model):

v _of 28 49T
Et*— fr7 = a(c')x A8x> ()
vh e g 00 _ 40T
ET> + fr* = a< ay A@y) (2)
or*  or’
¢+B<ax+-67)—0, 3)

where 7* and 77 are the zonal and meridional compo-
nent of the wind stress, ¢ is the geopotential at the top
of the boundary layer, T is the sea surface temperature
(SST), and FE is a mechanical damping due to vertical
diffusion of momentum and surface drag. A = gH,/2T,
and B = gH,/ ua measure the strength of the pressure
force induced by the SST gradients and the strength of
the ‘‘back pressure’’ effect; Hy is the depth of the
boundary layer; T is a reference temperature; p is an
inverse relaxation time for the adjustment of the bound-
ary layer height; and « converts the wind speeds into
surface wind stresses. In the LN model, it is assumed
the boundary layer temperatures are closely related to
SST by turbulent vertical mixing. These horizontal
temperature variations induce horizontal pressure gra-
dients, which directly force the low-level atmospheric
flow in the Tropics. This flow implies a strong conver-
gence of the boundary layer mass transport, which
feeds back to the boundary layer flow through the ad-
justment of the boundary layer height as the cumulus
mass flux responds to boundary layer convergence. To
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simulate boundary flow with a reasonable magnitude,
the model requires a short adjustment time u~! of about
30 min and a deep boundary layer of 3000 m. Despite
its simplicity, the LN model includes essential dynam-
ical processes of the low-level atmospheric circulation
and is capable of capturing the basic seasonal surface
wind variability in the eastern tropical Pacific. A more
detailed discussion of the LN model can be found in
the recent studies by Lindzen and Nigam (1987), Nee-
lin (1989), and Wang and Li (1993).

The oceanic component is an extension of the con-
ventional 11/;-layer reduced gravity system that in-
cludes the physics of the surface mixed layer and al-
lows prediction of the sea surface temperature. Follow-
ing Cane (1979), the surface mixed layer model has a
constant depth and the entrainment velocity w is deter-
mined as the divergence of the surface-layer flow. This
simple ocean model has been used widely in the study
of El Nifio—Southern Oscillation (Cane et al. 1986;
Zebiak and Cane 1987; Battisit and Hirst 1989). The
recent studies by Seager et al. (1988) and Chang
(1994) have demonstrated that the model has consid-
erable skill in simulating the observed seasonal cycle
of SST in the tropical Pacific Ocean when forced with
realistic heat flux. (Hereafter this model will be refered
to as the CZ model.)

The CZ model has recently been studied in a great
detail by Neelin (1991) to identify the symmetric cou-
pled unstable modes that are relevant to ENSO. He
shows that if the coupling timescales determined by the
interaction between SST and winds are much longer
than the timescale of wave propagation across the ba-
sin, then the coupled modes fall into two classes: the
slow SST mode and the relatively fast modified oceanic
mode. For the SST mode, the interaction between the
ocean and atmosphere basically occurs within the sur-
face boundary layer, and the ocean dynamics influences
the SST variability mainly through the change in the
thermocline depth, which is in balance with the local
wind stresses. It means that one can neglect the hori-
zontal advection of heat due to the geostrophic currents
u and v, and the SST equation in the CZ model can be
simplified as follows:

T, + @,T, + 0T, + — (T — yh) + u,T,
. 1

H,
+uT,+wl,+ eT—«kVT=0 (4)
‘ U, H2 U, H1H2
= — N = *Ve 5
[vl] H[ve] Y= "H vy )

l:ué]=AL0|:rSTx+ny:|, A0=H1(r§+f2)9 (6)

v, ra¥ —fr*

where H, and H are the depth of the mixed layer and
the mean depth of the thermocline; H, is defined as the
difference between A and H,; i}, v, and u,, v, represent
the zonal and meridional component of the mean and
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anomalous surface currents; w and w denote the mean
vertical upwelling and the anomalous upwelling due
to the surface Ekman divergence; y is a parameter
that relates the entrained subsurface water to the ther-
mocline depth; r; is the linear damping coefficient in
the mixed layer; and € and « are the linear damping
and diffusion coefficient in the tempetature equation.

Interannual sea surface temperature changes in the
eastern tropical Pacific—those associated with El
Nifio—are caused primarily by a horizontal redistri-
bution of warm surface waters. This redistribution
causes the thermocline in the east to deepen during
warm periods and shoal during cold periods. Very dif-
ferent physical processes control seasonal sea surface
temperature changes. Figure 2, which shows the stan-
dard deviation of temperature at different depths in the
tropical Pacific Ocean, reveals that the subsurface tem-
perature fluctuations below 50 m over the equatorial
Pacific cold tongue are considerably weaker than that
near the surface. Observational studies (Hayes et al.
1991; Chang 1993) confirm that the seasonal temper-
ature variations are confined to the surface mixed layer.
The recent ocean general circulation model study by
Koeberle and Philander (1994) and Chang’s (1994)
study with a very different model demonstrate that in
the Pacific cold tongue region the surface heat flux
plays an important part in the seasonal cycle of SST,
more so than the vertical movements of the thermo-
cline. These results imply that the strong annual cycle
of the eastern equatorial Pacific is in part attributable
to the interaction between the two boundary layers in
the coupled ocean—atmosphere system and that the
subsurface oceanic dynamics plays a minor role in the
seasonal variation of the SST in this region. On the
basis of this observational and modeling evidence, it is
argued that 1) the coupled SST modes are most rele-
vant to the annual development of the cold tongue/
ITCZ complex and 2) the change in the thermocline
depth has little effect on the SST modes of relevance
to the seasonal cycle, so that y in (4) can be set to zero
and the SST change is completely decoupled from the
ocean dynamic processes. These assumptions will be
further verified by the numerical experiments of a cou-
pled ocean—-atmosphere model in section 4.

3. Linear instability analysis

If the solutions are of the form 7T(y) exp(ot
+ ikx), then Eqgs. (1) - (4) form an eigenvalue prob-
lem with o being the eigenvalue and & being the zonal
wavenumber. The problem can be solved numeri-
cally using matrix methods to obtain dispersion re-
lations for the coupled unstable modes. However, be-
fore proceeding to the numerical solution, some basic
properties of the governing eigenvalue problem can
be obtained by examining the solution at the long-
wave limit £ = 0.
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a. The coupled unstable modes at the long-wave limit

In the long-wave limit, £ = 0; if it is of the form
7> =T1(y)e”, Egs. (1)—(4) can be reduced, by assum-
ing y = T, = 0, to a single eigenequation for the me-
rldlonal wind stress 7:

d2
d = D(r) —— [UlD(T)]
w H d[-A
— <H1 + e)D(T) - EHH, dy [Ty A, T]
H d*[- A
Edez[TzAO ] oD(7), (T)
where _
B d*r AT
b == o Y HEaA”

A = H(rE - f?),

The boundary conditions for the governing eigenvalue
problem are

A, = H(E*+ f?).

as. y— *w,

dr

T e 0 (8)

Equation (7) is a fourth-order differential equation
whose coefficient for the highest-order derivative is the
diffusion coefficient x. In the absence of diffusion,
mean currents, and mean temperature gradients; that is,
k=9 =w=T,=¢=0,Eq. (7) reduces to a second-
order differential equation that can be converted into a
compact form by a simple transformation Q = P(n,
CO)T:

d’Q  R(n, o)
—~=4+—=""2p= 9
dn*  P(n,0) ¢=0 ®
where '
or, {1
R [} - > -+ z »
(n 0) A( n )
: _HT,1-7° Bo
P.oy=gpriy 7 " a0

= r,/E is the ratio of the linear friction in the oceanic
mixed layer to the linear friction in the atmospheric
boundary layer, L = vEr,/(3 defines a frictional char-
acteristic length scale that determines the distance away
from the equator beyond which the Coriolis effect dom-
inates over the frictional effect in the boundary layer,

and 7 is the nondimensionalized latitude y; that is, 1

= y/L. The corresponding boundary conditions for (9)
are ) =0asn— .
The quantity {> = R(n, o)/P(n, o) defines the re-

fraction index. The trapped wave solutions can only

exist in the region where [? is positive. Figure 3 shows
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FiG. 3. Distribution of the refraction index /* = R(n, 0)/P(1, o) as
a function of 7 and 0. The shaded area is the region where the coupled
instability could occur. This region is bounded by a curve P(7, o)
=0

the refraction index as a function of 7 and o. The region
where both /2 and o are positive is .shaded, and its
boundary is determined by P(7, o) = 0. The latitudinal
extent of this region, in which the interaction between
the ocean and atmosphere produce coupled instability,
depends on the frictional length L. Physically, this can
be understood by invoking the following positive feed-
back mechanism: near the equator where |y| < L, the
linear friction dominates the Coriolis effect in both the
atmospheric and oceanic boundary layers. Therefore,
the Ekman drift in the ocean flows in the direction of
the surface winds, and the winds are in the direction of
the SST gradients. Under such conditions, an anoma-
lous southerly wind near the equator generates Ekman
divergence to the south of the equator by intensifying
the cross-equatorial Ekman drift and causes cooling of
the surface water. The cooling in the south enhances
the northward temperature gradient near the equator,
which in turn amplifies the southerly wind anomaly.
This positive feedback mechanism is responsible for
the coupled instability. However, in the off-equatorial
regions where |y| > L such a mechanism will not
work. This is because the Coriolis effect dominates the
frictional effect in these regions, and the Ekman drift
is in a direction perpendicular to the surface wind
stresses. Consequently, it cannot produce Ekman up-
welling and the surface cooling required for the posi-
tive feedback mechanism is absent. '

The governing eigenvalue problem (9) has singular-
ities at P(n, o) = 0. They are similar to the critical
layer that waves encounter when propagating in’the
shear flow, although the asymptotic solutions as friction
goes to zero are different. Because of those singulari-
ties, the governing eigenvalue problem has a contin-
uum of ‘‘unsmooth’’ eigenmodes given by

P(n,a) =0 (1)
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Obviously, the maximum growth rate occurs at = 0
(or y = 0) where ‘
paH,T,

2T Hr,

From Eq. (12), it is clear that the maximum growth
rate increases as the mean vertical temperature gradient
T, increases, but decreases as the adjustment time of
the atmospheric boundary layer height ¢~ and the lin-
ear friction 7, in the oceanic mixed layer increase.
For a typical condition in the eastern Pacific where E
= lhpsday™, r, = Vp day™, p = /30 min~', a
=127X 10" ms™',H =20m, H=50m,T,
= 0.20°C km™!, the characteristic length scale of the
unstable modes L is about 225 km and the maximum
growth rate is approximately 1/47 day ~'. In the western
Pacific where T, is much smaller (about 0.05° km™"),
the maximum growth rate g ,,, decreases to 1/3¢5 day ~'.
Note that in deriving (12) we assumed that the value
of the Newtonian cooling coefficient ¢ is zero. In re-
ality, a value of order 1/;s9 day ~' may be reasonable
due to surface heat flux damping of SST anomalies in
a mixed layer 50 m deep. Therefore, the actual maxi-
mum growth rate should be equal to the quantity given
by (12) minus the damping rate ¢, which gives a
smaller value of max (o) on the order of 1/70 day~'. It
is understood that the growth rate Re (o) presented be-
low 1s referenced to the damping rate e.

Finding structures of the ‘‘unsmooth’’ eigenmodes
can be cumbersome analytically. It usually requires the
use of Frobenius method near the singularity. However,
the precise form of the singular mode need not concern
us here, because diffusion VT in the SST equation
will remove the singularities in the €igenvalue problem
(9). When diffusion is retained, the governing eigen-
value problem given by Eq. (7) has a discrete set of
unstable modes whose eigenvalues lie between 0 and
O max - Figure 4 shows the meridional structures of 7 for
different values of k. It is clear from Fig. 4 that the
most unstable mode has a symmetric meridional wind
structure about the equator and an antisymmetric SST
structure. Both the eigenvalues and the structure of the
eigenvectors are dependent upon the diffusivity k. As
k increases, the meridional length scale of the eigen-
mode increases, but the growth rate decreases. When
diffusivity « is beyond a certain value (approximately
10* m?* s ! for the given parameters ), no instability can
occur. It is interesting to note that all the eigenvalues
appear to be real, indicating that the unstable modes are
nonoscillatory and have zero frequency at the long-
wave limit.

max(o) = (12)

b. Dispersion relation for the unstable modes

The general eigenvalue problem (1)-(4) can be
solved numerically to obtain dispersion relations for the
coupled modes. The results presented below are ob-
tained by a finite-difference method that discretizes the
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differential equations (1) —(4) into a matrix equation.
The solution procedure is similar to the one described
by Hirst (1986). The computational domain -spans
from L = —5 to L = 5. The spatial resolution is 0.05.
The parameters used in the computation are listed in
Table 1.

First, we examine the properties of coupled instabil-
ity in the absence of mean background fields, that is,
iy =v, = w =T, = 0. Figure 5 shows the dispersion
diagrams of both antisymmetric and symmetric unsta-
ble SST modes for a diffusivity « = 100 m s~2, It is
clear from these diagrams that the growth rate of the
antisymmetric SST mode has maximum value (about
/40 day ') at k = 0 and decreases monotonically as k
increases. The frequency, on the other hand, increases
initially from zero as k increases until reaching maxi-
mum value of approximately 27/5340 day~' at k
~ 2m/3534 km™' and then decreases monotonically as
k increases further. For small k, the frequency associ-
ated with the antisymmetric SST mode is positive, in-
dicating that the long antisymmetric SST mode has a
tendency to propagate eastward. The unstable sym-
metric SST mode has smaller growth rate than the an-
tisymmetric mode. The maximum growth rate is about
1/48 day ~' and again occurs at k = 0. In contrast to the
antisymmetric mode, the frequency of the symmetric
SST mode is negative at all wavelengths, indicating a
westward phase propagation. In the long-wave limit,
the waves are nearly nondispersive. The maximum
phase speed for the most unstable symmetric mode is
about 1.3 cm s™'. Figures 6a and 6b depict the struc-
tures of the SST and wind stresses for the most unstable
antisymmetric and symmetric SST modes, respec-
tively, at k = 0. As expected, for the antisymmetric
mode, a southerly (northerly) wind anomaly near the
equator corresponds to a cold (warm) SST anomaly to
the south of the equator and a warm (cold) SST anom-
aly to the north. For the symmetric SST mode, a di-.
vergence (convergence ) of meridional wind anomalies
is responsible for a cold (warm) SST anomaly at the
equator. This symmetric mode is essentially the Nee-
lin’s SST mode (Neelin 1991). As predicted by the
theory, the meridional extents of both the antisymme-
tric and symmetric SST modes are confined by the fric-
tional scale L.

Next, we examine the effects of zonal-mean current
and zonal-mean temperature gradient on the coupled
unstable modes. For simplicity, the zonal-mean current
is assumed to be an isolated westward Gaussian jet cen-
tered at the equator, and the zonal-mean temperature
gradient is set to be a constant value of 5
X 107*°C km™". The jet has an e-folding width of de-
formation radius vC/ 8 (355 km) and a maximum west-
ward velocity of 30 cm s ™'. Figures 7a and 7b show
the growth rates and frequencies of the most unstable
antisymmetric and symmetric SST modes. It is evident
from Fig. 7a that the mean background fields have mi-
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where o, is the maximum growth rate in the absence of diffusion.

nor effects on the growth rates of the unstable modes,
especially at long-wave limit. The maximum growth
rates still occur at zero wavenumber, and their values
remain almost unchanged from the previous case.
However, the frequencies and propagation speeds of
the modes are dramatically modified by the presence
of the mean current. As shown in Fig. 7b, the propa-
gation speeds of both the antisymmetric and symmetric
modes are essentially determined by the mean current
speed along the equator. This result is consistent with
the analytical solutions obtained by Neelin (1991),
who showed that the zonal advection of heat by mean
currents contribute mainly to propagation rather than
growth characteristics of the SST mode. To examine
the relevance of the SST modes to the observed annual
.cycle of SST and surface winds in the eastern Pacific
and Atlantic, Figs. 8a and 8b exhibit structures of the

antisymmetric and symmetric modes at the annual pe-
riod (the corresponding wavelength is about 9500 km).
Of particular interest is the structure of the annual sym-
metric mode (Fig. 8b), in which the anomalous west-
erly (easterly) winds appear to the west of anomalous
warm (cold) sea surface temperature anomalies. This
feature bears a resemblance to the observed seasonal
SST and zonal wind anomalies along the equator
(Wang 1994), suggesting that the westward propagat-
ing feature in the annual cycle of near-equatorial zonal
wind and SST in the eastern Pacific and Atlantic
Oceans may correspond to the annual symmetric SST
mode. o

Finally, we examine the dependence of the maxi-
mum instability growth rate on the model parameters.
The analytical result given by Eq. (12) indicates that
the growth rate is linearly proportional to the mean ver-
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TABLE 1. Parameters used in linear instability analysis.

Symbol Parameter Value

E Mechanical damping coefficient in  1/2.5 day™
atmospheric boundary layer

H, Depth of atmospheric boundary 3000 m
layer

o Newtonian damping coefficient in ~ 1/30 min™'
atmospheric boundary layer

a Coefficient converting wind 1.586 X 105 ms™*
speeds to wind stresses

To Reference temperature 300.15 K

H, Depth of oceanic mixed layer 50 m

H Depth of thermocline 150 m

r, Mechanical damping coefficient in  1/2 day™'
oceanic mixed layer

T, Mean vertical temperature 02Km™!
gradient

K Diffusion coefficient 100 m? s™!

tical temperature gradient T, and coefficient «, but in-
versely proportional to frictional coefficient ;. To ver-
ify this result, we compute the growth rates and fre-
quencies of the most unstable antisymmetric and
symmetric SST (at k = 0) as functions of model pa-
rameters T, r,, and «. While varying the selected
model parameters (7, 7,, and a), the other model pa-
rameters and the mean background fields are kept the
same as those in the previous calculation. The results
are illustrated in Figs. 9a and 9b, which clearly dem-
onstrate that for both the antisymmetric SST mode
(Fig. 9a) and symmetric SST mode (Fig. 9b) the
growth rates increase almost linearly as T, r; ", and o
increase. This result is consistent with the analytical
solution (12).

4. Numerical experiment of a coupled model

To support the results of the eigenvalue analyses, we
conduct a number of numerical experiments using an
intermediate coupled atmosphere—ocean model. The
atmospheric component of the model is a ‘‘new’” 2-
level model of the free atmosphere above an atmo-
spheric boundary layer developed by Wang and Li
(1993). This model incorporates Gill’s atmospheric
model with Lindzen and Nigam’s boundary layer
model and allows active interactions between the
boundary layer flow driven by SST gradient and the
free-tropospheric flow driven by diabatic heating stim-
ulated by the thermal forcing of SST. The extensive
model simulations and the model sensitivity studies by
Wang and Li (1993) have demonstrated that the new
model is more realistic than the previous simple at-
mospheric models and is capable of simulating the sea-
sonality of the surface winds in the tropical Pacific
when forced with realistic SSTs as the model boundary
condition. In particular, the model is successful in re-
producing both the intertropical convergence zone
(ITCZ) and the South Pacific convergence zone
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(SPCZ). A brief description of the model formulation
and a summary of the model parameters are given in
the appendix. A more detailed discussion can be found
in Wang and Li (1993).

The oceanic component is essentially the same
model used by Seager et al. (1988) with a simpler pa-
rameterization scheme for the subsurface temperature
change given by

Td = Tsub + 62,Tsub(h - h)’ (13)
where T‘sub and aj;ub are the subsurface mean temper-
ature and its vertical derivative. Seager et al. (1988)
and Chang (1994) have shown that the model is ca-
pable of capturing the essential seasonal SST variabil-
ity in the tropical Pacific when forced with the clima-
tological surface winds and heat flux forcing. In partic-
ular, these studies have demonstrated that the simple
ocean model has considerable skill in simulating the
observed seasonal cycle of SST in the tropical eastern
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FIG. 5. Dispersion diagram of the most unstable coupled antisym-
metric and symmetric SST modes in the absence of mean background
fields: (a) the growth rate Re(o) of the antisymmetric SST mode
(solid line) and the symmetric SST mode (dashed line); (b) the fre-
quency Im(o) of the antisymmetric SST mode (solid line) and the
symmetric SST mode (dashed line). In the figures Re(s) and
Im(o) are nondimensionalized by max{c) = uaH,T,/(2ToHr,), and
k is nondimensionalized by L™ = B/|/Er..
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FiG. 6. Structure of (a) the antisymmetric SST mode and (b) the
symmetric SST mode at k = 0. In the figures, SST is plotted by solid
line, and the zonal and meridional components of wind are plotted
by dotted and dashed lines, respectively. The x axis is measured by

the frictional scale L = VEr./8.

Pacific Ocean. A summary of the model equations and
model parameters can be found in the appendix.

The atmospheric and oceanic components are cou-
pled using a simple linear relation between surface
wind stresses and wind speeds; that is, (7., 7,) = a(U,
V), where a is a coupling coefficient of value a = 1.27
X 107° ms™'. The coupling is done every 2 model
days. The numerical scheme used to solve the model
equations is a second-order finite-difference scheme
with leapfrog time stepping and a weak Robert smooth-
ing with a coefficient of 0.005. The temperature equa-
tion (3) is solved using the density-conserving form of
the finite-difference scheme to retain numerical accu-
racy. The model resolution is 1 degree in longitude and
0.5 degrees in latitude. The model domain extends from
30°S to 30°N in latitude and 160%in longitude. No-flux
boundary conditions in temperature and free-slip
boundary conditions in velocity are applied at the
boundaries of model ocean.

VoL. 51, No. 24

Two sets of numerical experiments are performed.
In the first set of experiments, the model ocean contains
no mean currents, and the mean temperature in the
mixed layer is set uniformly at 27°C. The subsurface
temperature Ty, and its derivative 0,T,, are chosen to
be 18°C and 0.1°C m™!. At time ¢ = 0, a weak, zonally
uniform, antisymmetric temperature anomaly given by

T(x,y,0)=27°C + 0.5°C tanh(y/L,) (14)
is introduced to the coupled system, where L, is set to
be 1000 km. The model is then integrated in time with
no external forcing to examine the time evolution of
the initial temperature anomaly. Figures 10a and 10b
show the latitude—time plots of the mixed layer tem-
perature and the meridional wind stress taken at the .
center of the basin from a control run where r;! = 1
day and H, = 50 m. The vectors in the figures indicate
the strength of the Ekman upwelling/downwelling and
the meridional Ekman drift. (A vector that points up
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FiG. 7. Dispersion diagram of the most unstable antisymmetric and
symmetric SST modes in the presence of mean background fields:
(a) the growth rate Re(o) of the antisymmetric SST mode (solid line)
and the symmetric SST mode (dashed line) and (b) the frequency
Im(o) of the antisymmetric SST mode (solid line) and the symmetric
SST mode (dashed line); o and k are nondimensionalized as in
Fig. 4.
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FiG. 8. Structure of SST (contour) and wind stresses (vector) for (a) the most unstable antisymmetric SST mode

and (b) the most unstable symmetric SST mode at k
are about 9500 km and one year, respectively). The x axis

indicates upwelling; one that points to the right indi-
cates northward flow.) The time evolution of the anom-
alous temperature and wind fields can be roughly di-
vided into two stages. During the first stage (between

= 0.15 (the corresponding wavelength and period
is measured by the frictional scale L = VEr,/f3.

t = 30 and 60 days), the linear instability dominates
and the mixed layer temperature undergoes a rapid
cooling to the south of the equator (maximum cooling
occurs approximately at 2°S). As shown in Fig. 10b,
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is, T, = T,oP, @ = oP, and r;' = r;'P, where T,, = 0.025°C m~/,
ap = 1.586 X 107®ms™!, r3,!= 0.25 day, and P varies from 1 to 20.

the strong surface cooling is apparently caused by the
strong Ekman upwelling induced by the divergence of
the meridional wind stress in the region. This result
supports the findings of the eigenvalue analyses that
the positive feedback between the meridional wind and
SST gradient is responsible for the coupled instability.
However, unlike the antisymmetric temperature struc-
ture indicated by the eigenvalue analyses, the temper-
ature anomaly shown in Fig. 10a is asymmetric about
the equator. The asymmetry is manifested in the north
of the equator where no surface warming is observed,
even though strong Ekman downwelling is present.
This is because the nonlinearity associated with vertical
advection of heat in the model permits cooling due to
the upwelling but inhibits warming due to the down-
welling. The other feature absent in the linear antisym-
metric SST mode is the southward wind south of the
equator. This wind anomaly is apparently produced by
the strong SST gradient south of the equator. Its pres-
ence is partially due to the equatorial asymmetry of the
SST in the model, which gives relatively weak north-
ward SST gradient at the equator, and thus relatively
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weak northward cross-equatorial wind in comparison
with the linear antisymmetric SST mode. The linear
growth rate of the instability can be estimated by first
computing the logarithmic changes of the temperature
minimum at given longitude as a function of time and
then performing a linear regression. The resultant
growth rate for the chosen parameters is about
1/14 day ™', '

During the second stage, the nonlinear advection ap-
pears to be dominant. After the onset of the coupled
instability, the cold surface temperature anomaly to the
south of the equator is advected rapidly poleward by
the meridional surface currents induced by the strong
meridional wind stress. As the temperature fronts are
advected away from the equator, the meridional tem-
perature gradient in the wake of tile fronts quickly de-
creases, which causes a weakening of the positive feed-
back loop and reduces the growth of the temperature
anomaly. To further examine the role of meridional
heat advection, a run without the horizontal advection
of heat was made. Figures 10c and 10d show the time
evolution of the SST and meridional wind in such a
case. Clearly, in comparison with the control run the
anomaly fields exhibit much less extensive poleward
expansion. The meridional scale of the coupled mode
in this case is essentially determined by the linear the-
ory L = yEr,/, which has a value of 468 km for the
given model parameters. A

Additionally, we have performed sensitivity experi-
ments with different shapes of initial disturbances to
test whether the response of the model is sensitive to
the choice of initial conditions. The results show that
the growth of antisymmetric mode in the model is in-
dependent of the detailed structure of the initial con-
ditions provided that the initial disturbance contains a
small meridional SST gradient near the equator. It sug-
gests that the antisymmetric mode is indeed the most
unstable mode in the system. Moreover, in the absence
of a mean background state, a cold tongue can appear
on either side of the equator depending upon the sign
of the meridional SST gradient in the initial SST.

The eigenvalue analysis indicates that the coupled
instability depends on certain model parameters. To ex-
amine the sensitivity of the coupled instability to a
change in model parameters, three sets of numerical
experiments are performed. In each set of experiments,
a single model parameter is chosen to be adjustable
while other parameters are kept the same as in the con-
trol case. In all the experiments, the same initial con-
dition given by (14) is used. First, we chose the linear
frictional coefficient in the oceanic mixed-layer r, to be
the varying parameter. Five different values are as-
signed to r,, that is, r, = /925, /g 5, 1/2, and 1/3 day ~'.
The estimated growth rate, as shown in Fig. 11, in-
creases almost linearly as r' increases. This result is
consistent with the analytical solution given by Eq.
(12), which indicates that the maximum growth rate of
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Fic. 11. Estimated growth rates in the coupled model as a function
of model parameters: A indicates the values of r; ' (days), O indicates
the values of 8.7, (°C m™'), and V indicates the values of H{'
-X 107 (m). Fitted data using linear regression is shown by solid lines.

the antisymmetric SST mode is linearly proportional to
r;'. In the second set of experiments, 9,T,, is taken to
be 0.,0.1, 0.5, and 1.0°C m™', respectively, in four dif-
ferent runs. The result shown in Fig. 11 indicates that
the growth rate of the coupled instability is insensitive
to the changes in 9,T,,,. Since 9,7, is a measure of
the effect of the thermocline depth change on the en-
trained subsurface temperature, it implies that varying
thermocline depth has little influence on the coupled
instability. This is again in agreement with the analyt-
ical result given by (12), which shows that the growth
rate of the instability is independent of the changes in
the thermocline depth. Finally, in the third set of ex-
periments, the depth of the model mixed layer A, is
varied and its value is set to be 100, 75, 50, and 25 m.
Figure 11 shows that the growth rate increases linearly
as H{' increases. This can be shown to be consistent
with Eq. (12). In the coupled model the mean temper-
ature_vertical gradient is approximately given by T,
= AT/H,. Using this approximation in Eq. (12), it is
readily shown that the maximum growth rate of the
antisymmetric mode is proportional to AT(H;7'
— H™"). Since AT is a constant in the model, one an-
ticipates that the growth rate increases linearly as
H7increases. Therefore, all the numerical results pre-
sented here are complementary to the eigenvalue anal-
yses.

In the aforementioned experiments, the mean con-
dition of the coupled system has been assumed to be
uniform. In reality, however, the observed annual-mean
conditions in the eastern Pacific and Atlantic exhibit
the marked equatorial asymmetries. To examine the ef-
fects of the realistic mean state on the coupled insta-
bility, an additional experiment is performed with a
mean state that resembles the observed annual-mean
condition in the tropical Pacific Ocean. To establish
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such a realistic mean condition in the coupled model,
we first force the model with a surface heat flux of the
form of Q = —9,0(T — T,), where 9,0 is a damping
coefficient and T, is the observed annual-mean SST in
the tropical Pacific Ocean. The damping coefficient 9,0
is intentionally assigned an unrealistically large value
of 15000 W m~2 so that the model mixed layer tem-
perature quickly relaxes back to the observed annual-
mean SST. The model SST then forces the atmospheric
component to generate steady surface winds, which in
turn produce mean surface currents and a mean struc-
ture of thermocline in the ocean model. After five years
of integration, the coupled model essentially reaches an
equilibrium. As shown in Fig. 12a, the mean fields pro-
duced by the coupled model bear a close resemblance
to the observed fields. Upon obtaining the mean fields,
a weak antisymmetric anomaly, which has its maxi-
mum value along the eastern boundary and which at-
tenuates westward, is introduced to the mean temper-
ature field. Hence, the initial temperature is

T(x,y,0) = To(x,y)+ 0.5°C tanh(y/L,)
X exp{—[(x — x)/L1*},

where T is the mean temperature produced by the cou-

pled model, x, is the location of the model eastern

boundary, and L, = 1000 km is the zonal e-folding

scale of the disturbance. The model is then integrated

for another 200 days with a fixed surface heat flux

given by Q = —9,Q0(T, — T,,) plus a Newtonian damp-

ing term —e(T — Tm) with € = 1/;50 day ~'. Through-

out the experiment, the subsurface temperature Tou, and

its derivative 9,T,, in the model are chosen to be the -
observed annual-mean values at 50 m.

Figure 12 displays ‘‘snapshots’’ of the model SST
and winds in the eastern Pacific at times ¢t = 0, 40, 80,
120, 160, and 200 days. The development of the cold
tongue in the model is clearly revealed. The initial
growth of the temperature anomaly first occurs just
south of the equator near the eastern boundary. As the
disturbance grows further, it begins to propagate west-
ward with the coldest temperature in the south of the
equator. Figure 13 depicts the time evolution of the
temperature and wind anomalies along 90°W and along
the equator. As can be seen, the SST anomaly is asym-
metric about the equator with strong cooling developed
in the Southern Hemisphere. The corrésponding south-
erly wind, on the other hand, appears to the north of
the equator. This structure of the SST and meridional
wind is similar to the one observed in the eastern equa-
torial Pacific and Atlantic Oceans during the onset of
cold tongues (Mitchell and Wallace 1992). The west-
ward propagation of the SST anomalies along the equa-
tor is also evident (Figs. 13c,d). The estimated phase
speed is approximately 40 cm s™', similar to the ob-
served value. Using the linear regression ‘method, we
estimate that the e-folding timescale for growth of the
coupled instability is about 60 days, which is longer
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and Wallace 1992).

than the value in the idealized case. The reduction in
growth rate is probably due to the presence of the mean
equatorial upwelling induced by the mean surface
winds, which acts like a Newtonian damping to the SST
anomaly.

Additional coupled runs have also been conducted
to examine what happens if the sign of initial SST
anomaly is reversed. The results show that, unless the
initial anomaly is of large amplitude, the disturbance
will decay with time. However, for a sufficiently cold
SST anomaly in the Northern Hemisphere, the cold
tongue can form in the north of the equator. This is
because the mean surface wind stresses are asymmetric
about the equator with a strong convergence in the
north, so that they produce a strong Ekman downwell-
ing to the north of equator. Therefore, unless the initial
SST gradient is large enough to generate sufficiently
strong Ekman upwelling to overcome the mean down-
welling in the region, it cannot initiate the positive
feedback process and generate coupled instability. This
result implies that given the asymmetry of the mean
state, strong seasonal variations of SST are likely to
occur in the cold tongue regions.

5. Conclusion and discussion

In the western tropical Pacific the seasonal north—
south movements of the convective zones are in re-
sponse to seasonal changes in sea surface temperature.
In that region, where the thermocline is deep, sea sur-
face temperature changes depend primarily on the local
flux of heat across the ocean surface, and the convec-
tive zones, which are over the warmest waters, essen-
tially ‘‘follow’’ the sun back and forth across the equa-
tor. Conditions are symmetrical about the equator so

that a semiannual signal is dominant at the equator.
This is evident in Fig. 14 in which it is also clear that
matters are very different in the eastern tropical Pacific
and Atlantic. In the latter regions where the thermocline
is shallow, sea surface temperatures depend on heat
fluxes and on the dynamical response of the ocean to
the winds. The winds in turn depend on sea surface
temperature changes. In other words, interactions be-
tween the ocean and atmosphere come into play. This
paper investigated the coupled ocean—atmosphere
modes that may play a large role in the seasonal cy-
cle—namely, those that are antisymmetrical about the
equator. Our analyses indicate that the processes of cru-
cial importance to these modes are the divergence of
surface currents and the associated upwelling that alters
sea surface temperatures. These modes therefore have
a shallow vertical structure and require the mean depth
of the thermocline to be small—that is why they are
absent from the western tropical Pacific. They are very
different from the coupled ocean—atmosphere modes
involved in El Nifio because those are associated with
a large-scale horizontal redistribution of heat and with
vertical movements of the thermocline. The modes dis-
cussed here do not involve significant vertical move-
ments of the thermocline. They depend on feedbacks
in which southerly winds induce upwelling and low sea
surface temperatures to the south of the equator. The
resultant meridional sea surface temperature gradients
reinforce the winds, which in tarn amplify the temper-
ature gradients. The most unstable modes have zero
zonal wavenumber and zero frequency. This result has
interesting implications. First of all, the modes affect
the earth’s response to the time-mean solar radiation.
Even though that forcing is symmetrical about the
equator, the response is unlikely to be symmetrical be-
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cause these modes amplify any perturbation to create
asymmetrical conditions. In our numerical experiments
that explore this phenomenon the atmospheric convec-
tive zones and maximum sea surface temperatures can
ultimately be in either hemisphere. In reality they are
found to the north of the equator. We intend, in sub-
sequent studies, to explore the factors that favor the
Northern Hemisphere—factors such as the configura-
tion of the coastlines.

The coupled ocean—atmosphere modes with zero
frequency also affect the earth’s response to seasonal
variations in solar radiation. Figure 15 shows that re-
sponse as a function of time and longitude along the
equator. The sea surface temperature and zonal wind
component are seen to have westward phase propaga-
tion—a feature noted by Horel (1982), Chao and Phi-
lander (1993), and Chang (1994 ). This, the symmetric
part of the response, is discussed toward the end of
section 3 of this paper. In Fig. 15 the antisymmetric
part of the response, as revealed by the meridional com-
ponent of the wind, has no zonal phase propagation,
and the zonal wavenumber in the Pacific is clearly zero.
In other words, whereas the symmetrical part of the
response involves an air—sea mode with a period of
one year and the corresponding nonzero zonal wave-
number, the antisymmetric part of the response is dif-

are not

ferent. It involves air—sea modes with zero zonal wave-
number and, as is evident in Fig. 15, with a complex
time dependence, not simply an annual harmonic. This
antisymmetric response can easily be explained in
terms of the zero frequency, zero zonal wavenumber
mode, which has a rapid growth rate. Consider condi-
tions toward the end of the northern summer. At that
time, sea surface temperatures to the south of the equa-
tor in the eastern tropical Pacific are low for two rea-
sons: 1) solar radiation has been low for several months
and 2) southerly winds that converge onto the ITCZ
north of the equator have contributed to low sea surface
temperatures by inducing upwelling. The latter process
involves the coupled ocean—-atmosphere modes be-
cause the southerly winds are intensified by the surface
temperature gradients they create. The relevant modes
are those with zero frequency and zonal wavenumber.
Now as the sun proceeds to ‘‘move’’ southward, its
‘‘attempts’’ to heat the surface waters south of the
equator are countered by the ocean—atmosphere inter-
actions that “‘try’’ to keep those waters cool. The ITCZ
over the eastern Pacific and Atlantic therefore remains
over the warmest waters north of the equator. Over the
adjacent landmasses matters are very different because
there are no ocean—atmosphere interactions to oppose
heating by the sun. The convective zones over the con-



3646

tinents of Africa and South America therefore move far
southward, while those over the oceans remain in
northerly positions. This separation of the oceanic from
the continental convective zones is strikingly evident
in Fig. 16 from Mitchell and Wallace (1992). It is only
toward the very end of the southern summer, in March,
that solar radiation warms the waters south of the equa-
tor sufficiently for the ITCZ to move close to the equa-
tor. When the sun next ‘‘returns’’ to the north, both the
reduction in solar radiation and ocean—atmosphere in-
teractions cool the region south of the equator very rap-
idly. Once again the mode with zero frequency and
zonal wavenumber comes into play. The result is the
highly nonsinusoidal response of Fig. 14 to the sinu-
soidal variation in solar radiation. If the mean state
were symmetrical relative to the equator then one
would expect a nonsinusoidal response in which the

ITCZ moves jerkily back and forth across the equator.

Because of the asymmetry of the mean state the region
north of the equator never becomes cold and the ITCZ
never leaves the Northern Hemisphere entirely. The re-
sult, shown in Fig. 14, is the response with an annual
cycle on the equator even when the annual cycle of the
forcing function, the solar radiation, vanishes at the
equator.

The seasonal cycle involves symmetrical and anti-
symmetrical coupled ocean—atmosphere modes. In our
numerical experiments such modes come into play
when we specify a realistic mean state that is asym-
metrical about the equator. Earlier we speculated that
the geometries of coastlines could contribute to the
asymmetry. Those geometries could also affect the
ocean—atmosphere modes. In particular, the coastal ge-
ometries of the eastern Pacific and Atlantic Oceans par-
allel the southeast trades in the Southern Hemisphere,
which tends to promote coastal upwelling along the
coasts of South America and Africa. The upwelling
brings cold water to the surface, increasing the offshore
temperature gradient along the coast. The intensifying
temperature gradient enhances the alongshore compo-
nent of surface wind stress, which promotes further up-
welling along the coast. This positive feedback be-
tween atmosphere and ocean presumably will lead to
another coupled unstable mode in the coastal region.
The coastal mode and the equatorial modes are ulti-
mately connected. At the moment, it is not clear how
these two modes are related. This problem is now under
investigation.
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APPENDIX
Governing Equations of the Coupled Model

The governing equations for the atmosphere are as
follows (see Wang and Li 1993):

v
—a—-—+ﬁyk><V=—V<I>—eV

ot S

5 ' _
% + C%(1 — 8DV-V = —u® — uG(T, — T))

— C2d(1 — 6B)V-Vy — SF|V, (T, — T*) (A2)
Pyk X Vg = —-V® + AVT, — EVy, (A3)
where T, is the domain-averaged SST; € is the Rayleigh

friction coefficient in the free-tropospheric layer; yu is

Newtonian cooling coefficient; |V,| the total surface

wind speed, which has a minimum value of 4 ms™';

and 6 is a switch-on parameter for nonlinear heating.
The nondimensional parameters in Eqgs. (Al)-(A3)
are

;= ARLb(G: — 91)
- 2 .2
Cp SZ (P e p u)
heating coefficient in the free troposphere
__ 4RLbY.
G,S:(pl — pl)

heating coefficient in the boundary layer

condensational

condensational

De — Pu

G =
2(p. + pu)
coefficient of longwave radiational forcing
2 s — Pe
d= %’—_——f—) depth of boundary layer

C.\'"* pgLb
F= (=) &8~ (k
(ﬂ) C(p.+p) °°

coefficient of evaporation forcing

A=E x2_ P coefficient of SST gradient forcing
Pe »

E — pngD
(P: - Pe) \ ﬂ Ca
Ekman number of the boundary layer.

In the above equations, the mean specific humidity at
the upper troposphere ¢ is set to be 4 X 107%, and the
specific humidity in the boundary layer g. and upper
free-tropospheric layers g; are given by
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TABLE Al. The atmospheric model parameters:

Symbol Parameter Value
€ Rayleigh friction coefficient 1x107%s™!
C, Gravity wave speed 48 ms™
6 Switch-on parameter for nonlinear heating 1.0 (linear heating)
b Newtonian cooling coefficient 1x107%s7!
R Gas constant of air 289 m*s~2 k™!
L, Latent heat coefficient 2.5 X 10°m?s~2
b Efficiency of condensation 0.75
P Pressure at the top of boundary layer 85 kPa
s Surface pressure 100 kPa
Pu Pressure at the top of the free atmosphere 10 kPa
H Density scale height 7.8 km
H, Water vapor density scale height 2.2 km
Ps Air density in the boundary layer 1.22 kg m™'
S, Static stability in the troposphere 3.324 X 1076 m? s72 Pa?
r Ratio of the equilibrium temperature deviation 0.6

at the mid-troposphere to SST deviation

Cg Coefficient of turbulent vertical moisture flux 1.5 x 1073
K, Surface friction coefficient 23 X 10?ms™!
K, Evaporational heating coefficient 6.95 x 107*K™!
T* Reference temperature 2932 K™!

e — Y0

(Ps/Po)m - (Pe/Po)m
m(p, — p.)

and

P./po)™ — (p./p2)"
m(p. — p2)

where g, represents specific humidity at the surface as
a function of SST T,(K); go = 10°[18. + 0.67 K~'(T,
— 300 K)]; po = 100 kPa; and m = H/H, is the ratio
of the density scale height H to the water vapor density
scale height H,. The other basic model parameters
used in the coupled model experiments are listed in
Table Al.

The governing equations for the ocean are (see
Seager et al. 1988; Chang 1994)

3= Yo

T
— +fkXu=g'Vh+—=+vVan (A4
a TS g H (A4)
Oh
— | + HV-u= vV (AS)
or
oT
X uvr=—2_ 1 «ver
ot p()CpH s
1
- EWEH(WL’)(T_ Te)s (A6)
5
TABLE A2. Oceanic model parameters.
Symbol Parameter Value
g’ Reduced gravity 0.056 m s~2
Hs Depth of surface mixed layer 50 m
H Depth of thermocline 150 m
v Eddy viscosity 5X10°m?s
K Eddy diffusivity 10°m? s

where the horizontal velocity in the surface mixed layer
u, is determined from the surface Ekman flow u, and
the velocity u given by dynamic equations (A4):

u=u+u(H-H)/H,
the Ekman flow u, is given by

ru, — fv, =71./H;, ry.+ fu, = 1,/H;.
N
The entrainment velocity w, is determined as diver-
gence of the surface velocity; that is,

w, = Hsv'lls.

The temperature of entrained water beneath the base of
the mixed layer 7, is given by T, = (1 — y)T + T,
where v is an adjustable parameter taken to be 0.75 and
T, is the temperature immediately beneath the base of
the mixed layer. Since the model does not predict the
change of subsurface T, changes in T, are assumed to
be related to the changes in the model layer depth. In
this study, we use a simple linear relation given by Eq.
(13). The model parameters used in the coupled model
experiments are listed in Table A2.
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