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ABSTRACT

The development and movement of the tropical intraseasonal system (TIS) exhibit remarkable annual varia-
tions. It was hypothesized that spatial and temporal variation in sea surface temperature (SST) is one of the
primary climatic factors that are responsible for the annual variation of TISs. This paper examines possible
influences of SST on the TIS through numerical experiments with a 2.5-layer atmospheric model on an equatorial
B plane, in which SST affects atmospheric heating via control of the horizontal distribution of moist static energy
and the degree of convective instability.

The gradient of the antisymmetric (with respect to the equator) component of SST causes a southward
propagation of the madel TIS toward northern Australia in boreal winter and a northward propagation over the
Indian and western Pacific Oceans in boreal summer. The phase speed of the meridional propagation increases
with the magnitude of antisymmetric SST gradients. The poleward propagation of the equatorial disturbance
takes the form of moist antisymmetric Rossby modes and influences the summer monsoon.

During May when SST is most symmetric in the western Pacific, a disturbance approaching the date line may
evolve into westward-moving, double cyclonelike, symmetric Rossby modes due to the suppression of the moist
Kelvin mode by the cold ocean surface east of the date line. The disturbance over the equatorial Indian Ocean,
however, may evolve into an eastward-moving, moist Kelvin—~Rossby wave packet; meanwhile, a cyclonic
circulation may be induced over the Gulf of Thailand and Malaysia, drifting slowly westward into the Indian -
subcontinent.

1. Introduction whereas in the Western Hemisphere only upper-tro-

The éctivity of the Madden—Julian oscillation pospheric circulation anoma}ies are evident, which
(MJO) is season dependent. Madden (1986) showed travel at a speed ab01_1t three times faster after th.ey de-
that the zonal wind anomaly in the 40-50-day time- couple frpm convection anomalies. On tpe.basm of a
scale exceeds that in adjacent lower- and higher-fre- composition of 36 outgoing longwave radiation (OLR)
quency bands by the largest amount during December— ;momaly events, Ru‘1 .al.“.i W‘mg (1990) su.ggeste‘d ?
February. Similar conclusions were reached by Gutzler our-stage life cycle: Initiation over equatorial Afnca,
and Madden (1989). Hendon and Salby’s (1994) study rapid development passing through the equatorial In-
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ward the northwestern Pacific/South China Sea. The
activity of the MJO is found to have profound influ-
ences on the onset, active/break, and retreat of the In-
dian summer monsoon (e.g., Sikka and Gadgil 1980;
Krishnamurti 1985; Hartmann and Michelson 1989)
and the Australia monsoon (Holland 1986; Murakami
et al. 1986; Hendon and Liebmann 1990). The merid-
ional propagation was also found in general circulation
model experiments (e.g., Lau and Lau 1986; Hayash1
and Golder 1986).

The MJO detected by cross-spectral analysis of the
wind fields reflects statistical behavior of tropical intra-
seasonal variation. From a dynamical point view, it is
more meaningful to identify and examine individual
intraseasonal disturbances whose collective behavior
produces MJO. Based on this working hypothesis,
Wang and Rui (1990a) defined objectively tropical in-
traseasonal convective anomalies using a pentad-mean
anomaly map of OLR. Strong convective anomalies are
found to be accompanied by dynamically consistent
anomalous circulations (Rui and Wang 1990). We will
regard them as anomalous dynamical systems and refer
to them as tropical intraseasonal systems ( TISs). .

The movement revealed from pentad-mean anomaly
maps of OLR confirmed the above findings and exhib-
ited a more complex picture. Wang and Rui (1990a)
identified 122 TISs during a 10-yr period (1975-85
with 1978 missing). Of those, 64% were dominantly
eastward, 22% were northward, and 14% were west-
ward. The meridional propagation takes three major
tracks (Fig. 1): (a) equatorial eastward-moving TISs
turning at 100°E toward either the northwestern Pacific
in boreal summer or the South Pacific convergence
zone (SPCZ) in boreal winter; (b) equatorial eastward-
moving TISs splitting over the Indian and/or western
Pacific Oceans with separate cenfers moving north-
ward; and (¢) independently northward movement over
the Indian monsoon and the western North Pacific mon-
soon regions that is not associated with equatorial east-
ward-moving systems. The eastward-moving TIS not
only occurs more frequently but also has a larger am-
plitude from November through April, whereas the in-
dependent northward-moving TISs occur only from
May to October. The westward-moving systems have
smaller spatial scales and relatively weak intensities.
They are observed primarily about one Rossby radius
of deformation (10°-15° of latitude) away from the
equator and in the summer hemisphere (Fig. 1c). Cadet
(1983), Murakami (1983 ), and Nakazawa ( 1988) also
found westward-propagating cloud anomalies west of
the date line.

The observational dlscovenes have prompted inter-
est in developing theoretical models to understand and
interpret the spatial and temporal variations of TISs.
Several key questions related to the observed phenom-
ena are the following: 1) What factors are responsible
for the significant spatial variations of the activity of
TISs? 2) What causes the considerable seasonality and
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other temporal variability of the oscillation? 3) What
physical processes determine meridional and westward
propagation of TISs in a monsoon domain?

Murakami et al. (1984 ) postulated that the low-fre-
quency modes propagate northward and have maxi-
mum amplitude near 10°-~20°N through mutual inter-
actions between synoptic-scale disturbance, the local
Hadley circulation, and the zonal mean flows over the
northern summer monsoon region. Slow northward
propagation on a timescale of 20-40 days was simu-
lated in terms of zonally symmetric monsoon models
(Webster 1983; Goswami and Shukla 1984; Gadgil and
Srinivasan 1990). Webster proposed that the land-sur-
face latent and sensible heat fluxes in the boundary
layer, which destabilizes the atmosphere ahead of the
ascending zone, were the principal cause of the north-
ward propagation. Lau and Peng (1990), on the other
hand, investigated the interaction between a large-scale
monsoon circulation and an equatorial Kelvin wave
disturbance. As an equatorial Kelvin wave passes the
Indian summer monsoon longitude, unstable baroclinic
disturbances are generated over India, which causes a
rapid northward shift of the rising branch of the local
Hadley circulation. They argue that the vertical shear
of basic-state monsoon circulation is essentially im-
portant for the unstable development.

Given the fact that there are large SST gradients and
land—sea thermal contrasts along the north—south di-
rection over the monsoon region, it is conceivable that
inhomogeneous SST and moist static energy distribu-
tion may contribute to meridional propagation of TIS.
The dependence of the development and propagation
speed on SST suggests that the annual march of SST
could be one of the major climatic factors that is re-
sponsible for the observed spatial dependence and an-
nual variation of TIS (Wang and Rui 1990b). The mo-
tivation of this present study is based on these conjec-
tures. The objective of this study is to identify and
understand the possible influence of underlying SST
variations on the intraseasonal oscillation by means of
numerical experiments.

To achieve this goal, we shall extend the model of
Wang and Li (1994) to include SST effects in a more
realistic manner. In section 2, a brief description of the
model and the way SST affects the dynamics is given.
In section 3 and 4, the development, propagation, and
structure of the TIS in a climatological January and July
SST background are simulated and investigated. The
model suggested an important relationship between
meridional propagation of TIS and the north—south
SST gradients. In section 5, we examine the behavior
of moist Rossby and Kelvin waves in SST distribution
in transitional seasons. A summary is given in the last
section.

2. The model

The physical and numerical aspects of the model
used in this study have been described in Wang and Li
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FiG. 1. Schematic diagrams showing the three types of meridional propagation of TISs by thick
solid arrows. Panels (a) and (b) show meridional propagations that are associated with equatorial
eastward propagations. The thinner contours are frequency of occurrence of the center of eastward-
propagating TISs at each 2° X 2° box that contain meridional propagating components. Panel (c)
shows tracks of meridional propagations that are independent of equatorial eastward propagation.

Shown in (c) are also tracks of westward propagation (adopted from Wang and Rui 1990a).
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(1994). For this reason, we will describe only the
model physics via which SST affects atmospheric mo-
tion without detailed derivation of the equations.

To focus on the convection—~frictional convergence
feedback mechanism, we do not consider the evapo-
ration—wind feedback process in the present study. The
governing equations on an equatorial § plane are

Ou

u_ 9% 2
1 Byv = o eu +rvu, (2.1a)
Lo __9 _ 2
Y + [zyu = By v + V4, (2.1b)
9 |
ot + Ci(1 — 6HV-V
= C3d(6B — 1)V-Vz — e + V%, (2.1¢c)
15
Ews — Byop = - o2, (2.14)
X
0
Eyg + Pyup = — 5;2 (2.1e)

where V(u, v) and Vg(ug, vg) are the lower-free-tro-
posphere and boundary layer winds, respectively; ¢
stands for the lower-free-troposphere geopotential; e is
the Rayleigh friction or Newtonian cooling coefficient
in the free atmosphere (107%s™'); r is the horizontal
momentum diffusion coefficient (6 X 10°m?s™!); G,
= 40 m s ™' denotes the dry gravity wave speed of the
free-troposphere baroclinic mode; E, = Eand E, = 3F
are zonal and meridional Rayleigh friction coefficients
in the boundary layer and £ denotes the Ekman number
that depends on turbulent viscosity in the boundary
layer, surface and boundary layer depth, and surface
roughness length (Wang 1988); d = (p, — p.)/Ap is
the nondimensional depth of the boundary layer.

In the thermodynamic equation‘(2.1¢) the convec-
tive heating is parameterized by a simplified Kuo’s
(1974) scheme; that is, the heating rate is determined
by the precipitation rate that is the product of a precip-
itation efficiency coefficient and the sum of the bound-
ary layer and lower-troposphere moisture convergence.
The nondimensional parameter [ = (g; — ¢,)/S is a
- heating coefficient associated with wave convergence,
and B = ¢./S is a heating coefficient associated with
frictional convergence. The parameter S stands for an
equivalent vertical mean specific humidity in the lower-
tropospheric layer that could make effective static sta-
bility vanish in the presence of wave-convergence-in-
duced heating (Wang and Li 1994); its value depends
on C, or dry static stability of the free troposphere and
the precipitation efficiency coefficient (0.65). Quanti-
ties q., g3, and g, are the vertical mean specific humid-
ities in the boundary layer, the lower-tropospheric
layer, and the upper-tropospheric layer, respectively.
Here g, is taken as a constant (0.0004); g, and g, are
given by

MONTHLY WEATHER REVIEW

VoLuUME 122
q(ps — p)
= 2.2a
m(p, — p.) (2.22)
g, = D@ = p3) (2.2b)
m(p. — p2)

where p,, p., and p, are nondimensional pressure at the
surface (1000 mb), the top of the boundary layer (900
mb), and the middle of the free troposphere (500 mb),
respectively; m = H/H, with H = 7.6 km being the
density scale height; H, = 2.2 km the water vapor den-
sity scale height; and g, the surface air specific humid-
ity that is assumed to be a function of SST, T, (°C),
given by the following empirical regression equation:

go = (0.972T, — 8.92) x 1072, (2.3)

The empirical relation (2.3) is derived from clima- '
tological monthly mean SST and surface air specific
humidity averaged at each 2° X 2° latitude—longitude
box for the entire tropical Pacific Ocean (30°S-30°N,
120°E-80°W). The data are derived from original
Comprehensive Ocean— Atmosphere Data Set
(COADS). The sample size is 28 800 and the corre-
lation coefficient is 0.99.

Note that the moisture content (g, and g;) is a linear
function of SST so that the heating intensity coeffi-
cients I and B are directly controlled by SST. They vary
with space. Such inhomogeneous distributions of moist
static energy are expected to have profound influence
on the developing and propagating characteristics of
the intraseasonal oscillation.

Since we focus on the influence of gross SST distri-
bution, the surface temperature over the land was in-
terpolated from SST of the adjacent ocean. The specific
humidity on land surface was estimated using (2.3).
To take into account land effects on humidity, the es-
timated specific humidity was reduced by 30% over the
winter hemisphere land areas for the Janvary and July
experiments. Over North Africa, the estimated specific
humidity was reduced by 70% for all seasons to mimic
the dry conditions of Sahel. These modifications were
based on climatological humidity distribution over the
land.

The model heating scheme is nonlinear in the sense
that the heating rate depends on large-scale motions;
that is, condensational latent heating is released only in
the region where the precipitation (p,) is positive. In
addition, the switch-on of the convective heating is as-
sumed to depend on SST, following Wang and Li

. (1993): .

1, ifp, >0 and T,> 26.5°C
0.5(T, —245), if p,>0 and
6= P 24)
24.5°C < T, < 26.5°C,
0, otherwise

where p, represents total moisture convergence in the
vertical air column. The dependence of convective
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FiG. 6. As in Fig. 4 except for the use of the July mean SST background. The amplitudes of precipitation and lower-
tropospheric wind fields at day O, 6, 12, 18, 24, and 30 are 2.8, 8.2, 10.3, 7.1, 2.7, and 6.1 mm day ™', and 3.2, 2.2,

26,29, 1.9, and 2.4 m s~', respectively.

12, another convective cell develops south of the Phil-
ippines. As the disturbance moves to the central and
eastern Pacific, convection at the equator is suppressed
and maximum precipitation shifts to the north or/and
south and tends to develop along the climatological
convergence zones. Meanwhile, underlying warm wa-
ter in the northwestern Pacific Ocean reinforces con-
vection and provides a positive feedback between con-
vective heating and cyclonic circulations. As a result,
at day 24, a large-scale cyclonic circulation develops
east of the Philippines (10°N, 130°E).

Unstable development of convection and large-scale
vortices in the northwestern Pacific, again, is partially
due to the meridional propagation of perturbation en-
ergy associated with the equatorial disturbance. Figure
7 shows time—latitude profiles of the precipitation field

along 80° and 140°E. It is obvious that there is a prom-
inent northward propagation of convection belts orig-
inating from the equatorial region. When the equatorial
disturbance moves to the central Indian Ocean or east
of New Guinea, a branch of convective cells starts to
shift to the north although the main body of the equa-
torial convective complex still moves eastward. The
averaged meridional propagation speed is approxi-
mately 1° latitude per day.

When an initial perturbation is centered at the equa-
torial Indian Ocean at 90°E with a structure of a Rossby
wave, its subsequent northward drift can be shown by
the location of the maximum precipitation centers
along 80°E (Fig. 8a). Initially, the maximum convec-
tion lies at the equator. Due to the convection—fric-
tional convergence feedback, maximum convection
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FiG. 7. Time-latitude plot of normalized precipitation along 80°E -

(upper panel) and 140°E (lower panel) derived from the northern
winter experiment. The contour interval is 0.2. :

drifts away from the equator and coincides with max-
imum vorticity centers associated with the equatorial
Rossby wave. The selection for most unstable devel-
opment of convection north of the equator is attributed
to the warmer ocean surface in the northern Indian
Ocean. The averaged northward propagation speed of

maxjimum canyection alone R0°E_is abaut 1 2° latitude
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thermal equator and impacts summer monsoons. In this
section, we examine the effect of SST in transitional
seasons that is more symmetric w.r.t. the equator than
winter or summer.

The meridional variation of the symmetric SST com-
ponent has a large impact on moist equatorial wave
instability. The previous linear stability analysis
showed that both the equatorial Kelvin wave and
Rossby wave with the lowest meridional structure can
be destabilized by interacting with convective heating
when SST exceeds a critical value (say 27.5°C) (Wang
and Rui 1990b). In the presence of a symmetric SST
background (resembling an annual mean SST over the
Indian or western Pacific Oceans) in which SST de-
creases with increasing latitude, the moist static energy
in the atmosphere also decreases poleward. As such,
the growth of the moist Kelvin wave that has a maxi-
mum moisture convergence at the equator is favored.
We have performed one experiment with such an ide-
alized symmetric SST field. The initial disturbance was
Gill’s (1980) steady solution, which consists of an
equatorial Kelvin wave and a Rossby wave with the
gravest meridional structure. Initiaily, the convection
associated with the moist Kelvin wave moves eastward,
whereas the convective system associated with the
moist Rossby wave propagates westward. However,
the Kelvin wave grows faster and eventually becomes
a dominant mode. The result implies the importance of
meridional variation of the symmetric component of
SST on the equatorial wave selection.

Climatological May mean SST is taken as a repre-
sentative SST distribution. for transitional seasons. It
has a maximum warm water belt along 10°N over the
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moist Rossby wave with an asymmetric meridional
structure in the pressure field. Consider an equatorial
disturbance with a coupled Rossby—Kelvin wave struc-
ture (Gill’s solution) centered at 40°E and the equator.
Figure 9 shows that when the disturbance passes the
equatorial Indian Ocean, the Rossby wave component
tends to amplify faster, as evidenced by the maximum
precipitation center biased to the north of the equator.
This is attributed to high SST (>29°C) around 10°N
between 65° and 90°E. The eastward-propagating dis-
turbance is significantly enhanced over the Guif of
Thailand due to the highest SST (30°C) there. Due to
the continuous tendency of generation of Rossby waves
by the boundary layer convergence, the eastward-prop-
agating disturbance retains its coupled Kelvin—Rossby
wave structure. It is interesting to note that as the equa-
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torial convective system passes over the maritime con-
tinent, it splits into two systems. At day 18, the equa-
torial one moves to 150°E; meanwhile, a stronger pre-
cipitation cell develops over the Gulf of Thailand.
Well-defined cyclonic circulation accompanies and in-
teracts with the precipitation cell. The system continues
to intensify and slowly moves westward toward the In-
dian subcontinent. This experiment suggests that an
eastward-moving equatorial MJO may induce devel-
opment of low pressure systems over the warm water
of the Gulf of Thailand in May, which subsequently
propagates westward in the form of a moist Rossby
wave.

Symmetric SST distribution in the western Pacific in
May favors eastward propagation of a coupled Kelvin—
Rossby system. It is the sharp decrease of SST east of
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qu. 9. As in Fig. 4 except for the use of May mean SST background. The initial disturbance is a coupled Rossby—
Kelvin wave located at 40°E and the equator. The amplitudes of the precipitation and wind fields at day 0, 6, 12, 18,
24, and 30 are 4.5, 3.2, 5.6, 9.1, 23.9, and 94.5 mm day ', and 1.6, 1.5, 2.0, 2.8, 8.5, and 35.6 m s, respectively.
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the date line that prohibits eastward propagation of the
Kelvin wave component, yielding a westward emana-
tion of symmetric moist Rossby modes. Figure 10 de-
picts such a process. Initially, a disturbance with the
structure of a coupled Kelvin—Rossby wave is placed
at 180° on the equator. The model selects the westward-
propagating Rossby wave as the most unstable mode.
The eastward-propagating Kelvin wave, on the other
hand, rapidly decays because of the low SST in the
eastern Pacific. There are two convective centers about
10° latitude away from the equator associated with the
unstable Rossby waves. This pattern is reminiscent of
double cyclones often occurring in transitional seasons
(May and November) (Keen 1982). The lasting west-
erly wind burst associated with the double cyclones
was speculated to be an important source for the oce-
anic downwelling Kelvin waves that carry a depressed
thermocline to the eastern Pacific. The two cyclones
are not precisely symmetric about the equator, because
of the north—south asymmetry in SST. The stronger
cyclone occurs south of the equator east of 150°E be-
cause the SST maximum is in the Southern Hemi-
sphere. After the cyclones moved west of 140°E, the
southern cyclone weakens, whereas strong develop-
ment occurs north of the equator because the SST max-
imum is in the Northern Hemisphere west of 140°E.
Therefore, during the transitional season the maximum
convection associated with the westward-propagating
intraseasonal disturbance may quickly shift from one
hemisphere to the other.

6. Summary

The development, propagation, and horizontal struc-
ture of the unstable tropical modes have been investi-
gated with a 2.5-layer tropical model in a realistic SST
background. The model has shown great sensitivity to
the SST of the seasonal and spatial variations of the
model low-frequency disturbances. The experimental
results can be summarized as following:

e Due to the longitudinal variation of SST, the east-
ward-propagating disturbances experience an intensi-
fication when passing the Indian Ocean, a slight decay
over the maritime continent, a redevelopment with
achievement of maximum amplitude in the western Pa-
cific, and a rapid decay east of the date line. While
strong convective activities associated with.the 30—-60-
day oscillations are well confined to the Indian and
western Pacific Oceans, the wind and pressure anom-
alies in the free troposphere may travel across the West-
ern Hemisphere Tropics, although signals in the bound-
ary layer are insignificant. In addition to the aforemen-
tioned development characteristics, the phase speed of
the equatorial disturbance is also longitude dependent.

¢ Due to significant antisymmetric (with respect
to the equator) SST distribution, there is a southward
propagation of convection accompanying the east-
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ward-propagating equatorial waves during the north-
ern winter. The meridional propagation causes the
unstable development of convection and large-scale
monsoon cyclones over the Australian monsoon do-
main. Similarly, during the northern summer, the
convection associated with the equatorial waves
propagates northward over the Indian Ocean and
western Pacific Ocean/South China Sea. Due to the
northward propagation, convection and large-scale
disturbances develop in the Indian subcontinent and
the northwestern Pacific monsoon regions. The an-
tisymmetric SST component causes the meridional
propagation primarily via changing the spatial dis-
tribution of moist static energy and convective insta-
bility. A larger SST gradient may result in a faster
meridional propagation speed.

¢ In May, SST in the Indian Ocean reaches max-
imum around 10°N with the highest SST occurring
in the Gulf of Thailand. When a coupled Kelvin—
Rossby wave disturbance moves eastward across the
Indian Ocean, it retains the coupled wave structure,
but the Rossby wave component is locally enhanced
near the southern tip of India. Excitation of Rossby
waves also occurs near the Malaysian Peninsula due
to the highest SST nearby. In the western Pacific,
SST is nearly symmetric about the equator and has a
remarkable longitudinal variation. When a distur-
bance having a coupled Kelvin—Rossby wave struc-
ture approaches the date line where SST sharply de-
creases eastward, the Rossby wave component de-
velops while the Kelvin wave component decays.
The development of the unstable moist Rossby mode
gives rise to double cyclones residing on each side
of the equator propagating westward. Changes in
north—south asymmetry of SST may cause a switch
of the preferred cyclone development from one hemi-
sphere to the other.

The dependence of the instability and propagation
speed on SST suggests that the annual march of SST
could be one of the major factors that is responsible for
the observed annual variations of TISs as hypothesized
by Wang and Rui (1990a). Their linear instability anal-
ysis indicated that the growth rate of unstable moist
Kelvin waves decreases significantly when the maxi-
mum SST shifts from the equator (a boreal winter po-
sition) to 7.5°N (a boreal summer position), which ex-
plains why the strength of eastward-propagating MJO
is stronger in boreal winter than in boreal summer
(Madden 1986). The present numerical study takes
into account seasonal and spatial variabilities of SST
and demonstrated possible roles of these variations on
the seasonal and spatial variabilities of the tropical in-
traseasonal systems. It should be pointed out that the
parameterization of convective heating in the model is
rudimentary, and the sensitivity of the model low-fre-
quency modes to SST is qualitative. In addition to the
influence of SST, the effects of monsoon circulation
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