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ABSTRACT

The characteristic features of the boreal summer intraseasonal oscillation (BSISO) during its reinitiation
period are studied using NCEP-NCAR reanalysis. Based on these observations and with the aid of an
anomalous atmospheric general circulation model (AGCM), a possible mechanism responsible for the
BSISO reinitiation is elucidated. The western equatorial Indian Ocean along the eastern African coast tends
to be a key region for the phase transition of the BSISO from an enhanced to suppressed convective phase,
or vise versa. The major precursory feature associated with reinitiation of suppressed convection is found
in the divergence and reduced specific humidity in the boundary layer. Numerical experiments indicate that
the low-level divergence is caused by the cold horizontal temperature advection and associated adiabatic
warming (descending motion) in situ. The summer mean state is found to be important for the cold
horizontal temperature advection through the modulation of a Gill-type response to an intraseasonal
oscillation (ISO) heating in the eastern equatorial Indian Ocean. The results in this study suggest a self-
sustained paradigm in the Indian Ocean for the BSISO; that is, the BSISO could be a basinwide phenom-
enon instead of a global circumstance system as hypothesized for the boreal winter ISO (i.e., the Madden—
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Julian oscillation).

1. Introduction

The tropical intraseasonal oscillation (ISO) exhibits
pronounced seasonality (Julian and Madden 1981;
Wang and Rui 1990; Hendon and Salby 1994; Hart-
mann et al. 1992). While being dominated by an equa-
torially trapped eastward-propagating mode in boreal
winter (Madden and Julian 1971, 1972, 1994), the ISO is
characterized by prominent northward propagation
over the south Asian monsoon region during boreal
summer (Yasunari 1979, 1980; Sikka and Gadgil 1980;
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Krishnamurti and Subrahmanyam 1982; Murakami et
al. 1984; Lorenc 1984; Cadet 1986; Lau and Chan 1986;
Wang and Rui 1990; Li and Wang 1994; and others).
This northward propagation of boreal summer intrasea-
sonal oscillation (BSISO) has been found to be closely
associated with the active and break phases of Indian
monsoon rainfall (Sikka and Gadgil 1980; Cadet 1986;
Lau and Chan 1986; Gadgil and Asha 1992; Lawrence
and Webster 2002) and thus has received intensive at-
tention during past decades. For the sake of clarity, the
eastward-propagating ISO mode during boreal winter
season is termed as the Madden—Julian oscillation
(MJO) in the following context, to be distinguished
from the BSISO mode.

A number of theories have been advanced in inter-
preting this northward-propagating mode of the
BSISO. Webster (1983) emphasized the important role
of land-atmosphere interaction for the northward shift
of convection, in which the land surface heat flux into
the planetary boundary layer (PBL) is a key to desta-
bilizing the atmosphere ahead of the convection.
Wang and Xie (1997) and Lawrence and Webster
(2002) suggested that the northward propagation of the
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BSISO is originated in Rossby wave emanation from
the eastward-propagating equatorial Kelvin—Rossby
wave packet. Kemball-Cook and Wang (2001), on the
other hand, proposed that air-sea interaction could be
another factor for the northward propagation of the
BSISO. Strong air-sea coupling signals are also evi-
denced by both coupled general circulation models
(GCMs; Fu et al. 2003) and observations (Sengupta and
Ravichandran 2001; Sengupta et al. 2001; Bhat et al.
2001; Webster et al. 2002). Based on the analysis of
both atmospheric GCM (AGCM) simulation and ob-
servations, Jiang et al. (2004) proposed two internal
atmospheric dynamical mechanisms in which the verti-
cal shear of the zonal mean flow and moisture—
convection feedback are fundamental for the north-
ward propagation.

A key question regarding the life cycle of the BSISO
is how it is reinitiated. Most of the previous studies have
been focused on the MJO during wintertime, and much
less attention has been given to the BSISO. Regarding
the reinitiation mechanisms of the MJO, there are two
main theories: internal and external triggering mecha-
nisms. For the internal triggering scenario, a previous
cycle of the MJO can reinitiate new convection over the
western equatorial Indian Ocean (WEIO). In this sce-
nario, the circumnavigating Kelvin waves along the
equator generated by the previously enhanced MJO
convection could reinitiate new convection (Hendon
1988; Bladé and Hartmann 1993; Matthews 2000). The
MJO period in this scenario could be explained by the
moist Kelvin wave speed (about 15 ms™') in the pres-
ence of the wave—Convective Instability of the Second
Kind (CISK; Lau and Peng 1987; Chang and Lim 1988)
or Ekman-CISK (Chang 1977; Wang and Rui 1990;
Wang and Li 1994).

Bladé and Hartmann (1993) suggested that the MJO
period is set by the growth and duration times of the
convective episode together with the recharge time for
the instability. Hu and Randall (1994) suggested that
the reinitiation of convection near the equator in the
Indian Ocean is a result of self-adjustment of a station-
ary heat source by the nonlinear interaction among ra-
diation, convection, and surface moisture flux.

Matthews (2000) proposed that the reinitiation of
suppressed convection over the WEIO could be in-
duced by the divergence due to the decrease in the
strength of the westerly wind anomalies to the west of
the enhanced convection over the eastern equatorial
Indian Ocean (EEIO). By this mechanism, it was sug-
gested that successive cycles of the MJO can be gener-
ated locally within the warm-pool region. Hsu and Lee
(2005) proposed that the lifting and frictional effects of
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the tropical topography may be essential for the reini-
tiation of the new convection on the east side of the
mountains with the presence of the equatorial Kelvin
waves, which are excited by the deep heating anomalies
on the west side. Seo and Kim (2003) suggested that the
interaction of Kelvin and Rossby waves plays an im-
portant role in reinitiating a new cycle of the MJO. The
Kelvin waves generated by the enhanced convection
anomaly of the previous cycle and the Rossby wave
response to the reduced convection anomaly of the cur-
rent cycle over the Indian Ocean appear to generate a
new cycle of the MJO over the WEIO.

Another theory for the reinitiation of the MJO con-
vection emphasizes the external triggering mechanism
associated with the penetration of the midlatitude
Rossby waves (Hsu et al. 1990) or energy dispersion
from baroclinic eddies (Bladé and Hartmann 1993;
Slingo et al. 1999; Matthews and Kiladis 1999). How-
ever, little evidence of systematic reinitiation of con-
vection by the incursion of extratropical waves into the
Indian Ocean was shown in the composite of the 200-
mb streamfunction field (Kemball-Cook 1999).

Most of the hypotheses above are aimed to explain
the reinitiation of the wintertime MJO. However, the
frequency and movement of the observed ISO exhibit
significant seasonality. In contrast to the strong east-
ward propagation of the MJO during boreal winter,
globally propagating equatorial Kelvin waves associ-
ated with the BSISO have not been evidenced even in
the upper-tropospheric circulation. This implies that
the triggering mechanism for the ISO during boreal
summer may differ from that in boreal winter.

The present study is devoted to improved under-
standing for the characteristics of and physical mecha-
nisms for the BSISO reinitiation. The organization of
this paper is as follows. The descriptions of the dataset
and numerical model employed in this study will be
presented in section 2. In section 3, we attempt to re-
veal the characteristic features of the BSISO during its
reinitiation process based on the observations. Then a
physical mechanism responsible for the reinitiation of
the BSISO will be illustrated based on an AGCM simu-
lation in section 4. In section 5, this proposed mecha-
nism is to be further verified with the observations.
Finally, a summary and discussion will be presented.

2. Data and model

a. Data

The primary datasets used for this study are the
National Oceanic and Atmospheric Administration
(NOAA) outgoing longwave radiation (OLR; Lieb-
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mann and Smith 1996) and the National Centers for
Environmental Prediction—National Center for Atmo-
spheric Research (NCEP-NCAR) reanalysis (Kalnay
et al. 1996). Both of the datasets are daily averaged with
2.5° X 2.5° global coverage. The OLR is used as a proxy
for the deep tropical convection, and variables by the
NCEP-NCAR reanalysis include the multilevel zonal
and meridional wind components (12 vertical pressure
levels from 1000 to 100 mb), specific humidity (9 verti-
cal levels from 1000 to 300 mb), and surface latent heat
flux. Based on these datasets, ISOs during the summer
seasons for the period from 1980 to 2001 are examined.

b. Princeton AGCM

A dry version of the Princeton AGCM is employed
for this study (Held and Suarez 1994). This global spec-
tral model uses sigma (o = p/p,) as its vertical coordi-
nate. The basic equations include momentum, tempera-
ture, and logarithm of surface pressure equations to-
gether with the diagnostic equation for the vertical
velocity, the detailed expression of which can be found
in the appendix.

In the present study, this model is linearized by a
specified 3D summer mean [June-August (JJA)] basic
state in a way similar with that used by Ting and Yu
(1998), so that one may examine how the atmosphere
responds to a specific anomalous heating in the pres-
ence of an idealized or realistic mean state. The per-
turbation equations retain full nonlinearity. The model
atmosphere is formulated with five evenly distributed
sigma levels with an interval of 0.2, a top level at o = 0,
and a bottom level at o = 1. The horizontal resolution
of T42 is adopted in this study. The same biharmonic
diffusion is applied to momentum and temperature
equations with a dissipating rate of 0.1 day ' for the
smallest resolvable scale in this model. Rayleigh fric-
tion is applied to the momentum equations, with the
damping rate of 1 day ! taken in the lowest model level
(o = 0.9) to mimic the planetary boundary layer, then
linearly decaying to 0.1 day ' at the level of o = 0.7.
Newtonian cooling with an e-folding time scale of 10
days is applied to the temperature equation at all the
model levels.

In this study, we intend to employ this model to ex-
amine the tropical atmospheric response to a pre-
scribed ISO heating in the presence of the 3D summer
mean flow. To intentionally exclude the impact of mid-
latitude perturbation, a strong dynamical and thermal
damping of 1 day ' is applied in momentum and tem-
perature equations for the off-tropical region beyond
40°N and 40°S. A realistic summer (JJA) mean state is
prescribed as the model basic state, which is taken from
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the long time mean of the NCEP-NCAR reanalysis by
linearly interpolating the original pressure surface data
to the five sigma levels. The model is integrated for 20
days to get the equilibrium state.

By using this model, Wang et al. (2003) demonstrated
that the observed low-level anticyclonic circulation
over the south Asian monsoon region during the sum-
mer of an ENSO-developing year can be ascribed to the
equatorial Rossby wave response to a heat sink over
the Maritime Continent, which is greatly modulated by
the monsoonal mean flow.

3. Circulation features associated with the BSISO
reinitiation

A method based on EOF analysis is first employed to
measure the intensity of individual BSISO events. EOF
analysis has been widely employed to extract the dom-
inant modes of ISO convection (e.g., Lau and Chan
1986; Ferranti et al. 1990; Zhang and Hendon 1997;
Hendon et al. 1999; Lawrence and Webster 2001). Be-
fore performing the EOF analysis, the daily OLR data
as well as other variables, including 3D winds, vertical
velocity, specific humidity, and surface latent heat flux
at each grid point within the domain of 15°S-30°N,
40°E-180° during the 22-yr period (1980-2001), were
subject to a 20-70-day bandpass filtering based on the
harmonic decomposition (Kemball-Cook and Wang
2001; Teng and Wang 2003; Jiang et al. 2004). Then the
filtered OLR data from May to September of each year
were used for the EOF analysis.

The first EOF mode of summer OLR (Fig. 1a) ac-
counts for about 12% of the total variance. The most
conspicuous feature of this mode is a seesaw in convec-
tion between the EEIO and the western Pacific with the
node point over the Maritime Continent (Zhu and
Wang 1993). The second EOF mode (Fig. 1b) explains
8.4% of the total variance. This mode describes a con-
nection of convection between the Indian subcontinent
and Maritime Continent; meanwhile, opposite convec-
tion phase is evidenced over the south equatorial In-
dian Ocean and western Pacific. The third EOF mode
displays the variation centers over the western Pacific
Ocean (figure not shown), therefore it will not be dis-
cussed in detail. The spatial patterns of the first two
EOF modes agree well with previous results (e.g., Lau
and Chan 1986; Lawrence and Webster 2001). As al-
ready illustrated by these studies, these two modes in
fact reflect the same propagating BSISO mode at dif-
ferent propagating phases (e.g., Waliser et al. 2003).
Figure 1c shows the lag—correlation coefficients be-
tween the two leading EOF modes. The maximum lag-
ging/leading correlation occurs around the negative/
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FiG. 1. (a) First and (b) second EOF modes of summer OLR
and (c) the lag—correlation between the time series of these two
modes. The two EOF modes have been scaled by one std dev of
the time series to give a unit of W m™?; they occupy 12.1% and
8.4% of the total variance, respectively. Positive coefficients in (c)
represent that the second EOF mode leads the first one.
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positive ninth day, implying a period of around 35 days
for the BSISO.

Next, the time series of the first EOF mode is used to
select strong ISO events for the composite. Here the
strong ISO events are identified by the time series ex-
ceeding one standard deviation, as indicated by the two
horizontal dashed lines in Fig. 2. For very few cases
with multiple extremes within a very short time (10
days), only one peak is selected by a subjective inspec-
tion of the OLR evolution pattern. During the 22-yr
period, there are 59 cases with a positive OLR phase
(suppressed convection over the EEIO according to the
EOF1) and 67 cases with a negative OLR phase (en-
hanced convection over the EEIO), with an average of
3 enhanced and 3 suppressed convection cases each
year. Then, composite evolution fields for the OLR (as
well as other variables) are obtained by averaging over
all selected ISO events with respect to the day corre-
sponding to each peak (negative or positive) in the time
series of the first EOF mode; this day is designated as
composite day 0. Note that while the reference time
(i.e., day 0) is determined based on the EOF1 time
series, the actual data used for the composite were from
the 20-70-day-filtered data. The composites are first
constructed independently for both positive and nega-
tive OLR phases. The composite results for the positive
and negative OLR phases display a rather mirror image
with an opposite sign. Thus, a negative-minus-positive
OLR phase composite is further conducted, which re-
flects the case with enhanced ISO convection over the
EEIO.

450 1
300 1

1504

—150 1

—300 1

—450

—600

1980 1982 1984 1986 1988 1990

1992 1994 1996 1998 2000 2002

Year

F1G. 2. Time series of the first EOF mode of the OLR in Fig. 1 during the 22-yr period. The two horizontal dashed lines represent
positive/negative one std dev.
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FIG. 3. Evolution of the composite OLR perturbation (W m~?) and 925-mb wind (m s~ ') fields from day —8 to day 20 with an interval
of 2 days. The negative OLR represents convection. Day 0 is a reference time corresponding to the peaks in the time series of the first

EOF mode for each selected strong ISO case.

Figure 3 shows the composite evolution of OLR
(shading) and 925-mb winds (arrows) from day —8 to
day 20 with an interval of 2 days, in which the OLR
field is only plotted in the regions where the difference
over the means is statistically significant at the 95%
confidence level by the two-sample ¢ test. Note that the
composite OLR pattern at day 0 greatly resembles the
first EOF mode (Fig. 1a) with an opposite sign, whereas
the composite OLR pattern at day 8 resembles the sec-
ond EOF mode (Fig. 1b), which provides further sup-
port for the previous discussion that the two leading
EOF modes represent the same BSISO mode at differ-
ent phases.

As shown by Fig. 3, at day -8, the convection is lo-
cated over the WEIO and is relatively weak. In the
ensuing days, it keeps moving eastward along the equa-

tor toward the EEIO and intensifies. After the convec-
tion center arrives at around 90°E, it tends to be sta-
tionary in space (e.g., after day -2), then keeps inten-
sifying locally and begins to expand meridionally.
Around this moment (day 0), it is noticed that sup-
pressed convection emerges over the WEIO off the
eastern African coast. After that, this suppressed con-
vection intensifies very quickly and shifts eastward
along the equator. After it arrives at the EEIO around
90°E, an enhanced convection tends to emerge over the
WEIO (e.g., after day 18), exhibiting a very similar be-
havior with the previous opposite cycle. Then another
BSISO cycle begins; so on and so forth, the oscillation
continues.

On the other hand, as also shown by Fig. 3, during the
early developing stage of convection over the equato-













































