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ABSTRACT

High-resolution satellite-derived data and NCEP-NCAR reanalysis data are used to investigate intrasea-
sonal oscillations (ISO) over the tropical Indian Ocean. A composite evolution of the ISO life cycle is
constructed, including the initiation, development, and propagation of rainfall anomalies over the tropical
Indian Ocean. The characteristics of ISO over the tropical Indian Ocean are profoundly different before
and after the onset of the Indian summer monsoon. Positive precipitation anomalies before monsoon onset
appear one phase earlier than those after monsoon onset. Before monsoon onset, precipitation anomalies
associated with ISO first initiate in the western tropical Indian Ocean and then propagate eastward along the
equator. After monsoon onset, convective anomalies propagate northward over the Indian summer monsoon
region after an initial eastward propagation over the equatorial Indian Ocean. Surface wind convergence
and air-sea interaction play critical roles in initiating each new cycle of ISO convection.
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1. Introduction

Intraseasonal oscillation (ISO) is one of the most

significant modes of variability in the tropical atmo-

sphere. This oscillation was first detected by Mad-

den and Julian in the early 1970s (Madden and Ju-

lian, 1971, 1972) and is now often referred to as the

Madden-Julian Oscillation (MJO). The major features

of the observed MJO include eastward propagation

with a zonal wavenumber-1 structure and a period

of 45–50 days. This characteristic oscillation is most

frequently observed during boreal winter, with east-

ward propagation considerably weakened during bo-

real summer (Wang and Rui, 1990; Jiang et al., 2004;

Lin and Li, 2008). The atmospheric ISO propagates

northward in the Indian monsoon sector and north-

westward off the equator in the western Pacific during

boreal summer (Yasunari, 1979, 1980; Lau and Chan,

1986; Wang and Rui, 1990; Wang and Xu, 1997). The

MJO signal appears in a wide variety of meteorological

variables, including wind, surface air pressure, cloud

amount, outgoing longwave radiation (OLR), precip-

itation, and water vapor (Madden and Julian, 1971,

1972; Murakami, 1976; Yasunari, 1979; Wang and Rui,

1990; Guan et al., 1995; Zhan et al., 2006). The north-

ward propagation of the boreal summer ISO over the

South Asian monsoon region was first described by

Yasunari (1979). This northward propagation from

the equatorial ocean toward the South Asian subcon-

tinent is often associated with transitions between ac-

tive and break cycles of the Indian monsoon (Yasunari,

1979, 1980; Sikka and Gadgil, 1980; Krishnamurti

and Subrahmanyam, 1982; see also review by Li and

Wang, 2005). A large number of studies have docu-

mented close relationships between ISO propagation in

the eastern Indian Ocean and western Pacific and local
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weather and climate anomalies in South and South-

east Asia (Shukla and Paolino, 1983; Huang, 1994;

Goswami and Mohan, 2001; Zhu et al., 2003; Ju and

Zhao, 2005; Li et al., 2005; Wang et al., 2005).

The northward propagation of ISO over the South

Asian monsoon region is intimately related to fluctua-

tions in Indian summer monsoon precipitation anoma-

lies (i.e., active and break phases of the monsoon) with

a characteristic period of 30–40 days (Krishnamurti

and Bhalme, 1976; Gadgil, 2003). Strong interannual

variations in the propagation and intensity of boreal

summer ISO may cause changes in the duration of the

rainy or dry season in the Indian summer monsoon re-

gion (Mehta and Krishnamurti, 1988; Hendon et al.,

1999; Kemball-Cook and Wang, 2001; Kripalani et al.,

2004). Interannual variations in sea surface tempera-

ture (SST) in the Indian Ocean can also affect the

meridional propagation and intensity of ISO (Rao and

Yamagata, 2004; Yang et al., 2007; Lin et al., 2010,

2011). Variability in ISO activity in the tropical In-

dian Ocean has a substantial impact on monsoon cy-

cles in South Asia.

Previous studies have shown that the eastern

equatorial Indian Ocean (EEIO) is a center of strong

ISO variability and a preferred region for ISO amplifi-

cation (Murakami et al., 1986; Wang and Rui, 1990).

Interannual variations of ISO intensity over the trop-

ical Indian Ocean appear to be controlled in part by

changes in mean convective activity over the EEIO (Li

et al., 2003; Teng and Wang, 2003; Qi et al., 2008).

Changes in the intensity and propagation of ISO over

the tropical Indian Ocean may in turn affect the onset

and retreat of the Indian summer monsoon (Yasunari,

1979, 1980; Krishnamurti and Subrahmanyam, 1982;

Li et al., 2013), as nonlinear eddy momentum trans-

port associated with ISO contributes significantly to

the development of low-level westerlies during the on-

set and initial development of the monsoon (Qi et al.,

2009). ISO convective anomalies during boreal sum-

mer first initiate in the western and central equato-

rial Indian Ocean (Jiang and Li, 2005; Wang et al.,

2005), and then propagate eastward along the equator

(Jiang et al., 2004; Wang et al., 2006). These anoma-

lies then tend to turn northward as they approach the

Maritime Continent. However, several open questions

remain. For instance, does ISO activity differ signifi-

cantly between the periods before and after the onset

of the Indian summer monsoon? Do the structure and

evolution of ISO before monsoon onset resemble the

structure and evolution of ISO after monsoon onset?

Motivated by these questions, we use a suite of satel-

lite and other observational datasets to investigate the

temporal and spatial structures of ISO over the tropi-

cal Indian Ocean.

2. Data and methods

High-resolution satellite data have been widely

applied in studies of ISO and monsoons in recent years.

These data compensate for the lack of traditional me-

teorological data over the tropical oceans (Wang et al.,

2005, 2006). The Tropical Rainfall Measuring Mission

(TRMM) Microwave Imager (TMI) provides observa-

tions of a variety of parameters, including precipita-

tion rate, SST, and cloud liquid water. Here, we use

daily estimates of precipitation rate and SST derived

from TMI at a horizontal resolution of 0.25◦×0.25◦.

We also use daily sea surface winds derived from

NASA JPL QuikSCAT scatterometer observations at

a resolution of 0.5◦×0.5◦. We describe the vertical

structure of the ISO using daily mean estimates of

specific humidity and vertical velocity from the NCEP-

NCAR reanalysis, at a resolution of 2.5◦×2.5◦.

We isolate the ISO signal by applying a bandpass

filter to each meteorological variable at each pressure

level. A total of 7–12 harmonics are extracted for each

year, corresponding to periods of 20–50 days. We con-

struct a composite analysis of each phase to describe

the structure and evolution of ISO cycles over the trop-

ical Indian Ocean. The analysis period extends from

1998 to 2005. The statistical significance of the com-

posite ISO cycles is evaluated using a Student’s t-test.

3. Variance of summertime ISO over EEIO

The EEIO west of Sumatra is a permanent center

of convective activity during boreal summer on both

seasonal and intraseasonal timescales (Yasunari, 1979;

Sikka and Gadgil, 1980; Kemball-Cook and Wang,
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2001; Teng and Wang, 2003; Wang et al., 2005). The

dominant periods of ISO in this region vary from bo-

real winter to summer. For example, the dominant pe-

riod of the MJO during boreal winter is approximately

50 days, but this period is shortened to approximately

35 days during boreal summer (Hartmann et al., 1992;

Wang et al., 2005, 2006). The dominant period over

the EEIO is 20–50 days during boreal summer. Wang

et al. (2005, 2006) showed that fluctuations that occur

at periods of 20–50 days account for 60%–70% of the

total variance of daily precipitation over the EEIO. We

have verified that the fraction of variance accounted

for by the 20–50-day band is predominant over the

EEIO during boreal summer in the data we use. This

result indicates that the EEIO is a preferred region for

ISO variability with a period of 20–50 days. For the

remainder of this study, we will focus exclusively on

ISO with periods of 20–50 days.

We identify the center of ISO activity during bo-

real summer by calculating the variances of both daily

precipitation (with the seasonal cycle removed) and

20–50-day bandpass-filtered TMI precipitation. Both

variances are calculated for the period from May to

September. The distribution of variance (Fig. 1) indi-

cates that maxima in ISO activity occur over the EEIO

and the South China Sea. TMI precipitation averaged

over the eastern equatorial Indian Ocean (5◦S–5◦N,

75◦–100◦E) is selected as the reference time series to

account for the link between variations of convection

over the EEIO and anomalies in rainfall over the In-

dian monsoon region (Teng and Wang, 2003; Qi et al.,

2008). We then describe the structural evolution of

ISO in this region using the 20–50-day filtered time

series. This approach enables us to evaluate the char-

acteristics of ISO initiation, amplification, and prop-

agation both before and after the onset of the Indian

summer monsoon.

The time series of daily mean and 20–50-day fil-

tered precipitation anomalies over the EEIO (Fig. 2)

include several transitions between active and break

phases. We construct the composite analysis using

only those ISO cases with amplitudes exceeding one

(or negative one) standard deviation. Each selected

ISO cycle was divided into eight consecutive phases.

The composites were constructed separately for peri-

ods before and after monsoon onset in order to best

describe the distinctive behavior of ISO over the trop-

ical Indian Ocean during each period.

The statistical long-term mean date of summer

monsoon onset over southwestern India (Kerala) is 1

June, with a standard deviation of 8 days (Joseph et

al., 1994). The two vertical lines shown in Fig. 2 rep-

resent the earliest and latest dates of Indian summer

monsoon onset, respectively. The ISO cycles chosen

for creating composites of ISO evolution before and

after monsoon onset are selected according to the es-

timated onset dates for each year from 1998 to 2005.

These selected ISO cycles in the EEIO are in response

to significant northward-propagating convective rain-

fall anomalies associated with the active/break spells

of the Indian summer monsoon rainfall (figure omit-

ted).

We regard an ISO cycle as the period from a neg-

ative peak through a positive peak and then back to

a negative peak (Fig. 2). The first negative peak of

each ISO cycle is defined as Phase 1, the first instance

of zero amplitude is defined as Phase 3 and the pos-

itive peak is defined as Phase 5. The composite ISO

cycle is thus broken down into a total of eight phases

(the phase after Phase 8 is identical to Phase 1). This

phase composite strategy is the same as that used by

Wang et al. (2005, 2006). A total of 27 cycles with

sufficiently large amplitude are identified in the time

Fig. 1. Spatial distribution of the fraction of variance

(%) in deseasonalized daily mean precipitation explained

by fluctuations on 20–50-day timescales during boreal sum-

mer (May–September) 1998–2005.
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Fig. 2. Time series of area-averaged 20–50-day filtered anomalous precipitation rate (mm day−1; dashed lines) and

deseasonalized daily precipitation rate anomalies (mm day−1; solid lines) during boreal summer from 1998 to 2005.

series, including 7 cycles that occurred before monsoon

onset and 20 cycles that occurred after monsoon on-

set. Two eight-phase composites are constructed, one

for the 7 cycles identified before monsoon onset and

one for the 20 cycles identified after monsoon onset.

This approach enables a discussion of similarities and

differences in ISO evolution before and after the onset

of the monsoon.

4. Structure and evolution of ISO before and

after monsoon onset

The purpose of this analysis is to characterize

the initiation, development, and propagation of ISO

over the tropical Indian Ocean. The high-resolution

satellite estimates of daily precipitation rate and SST

introduced in Section 2 are used to depict the spa-

tiotemporal evolution of an ISO life cycle. We de-

scribe the evolution of the precipitation anomalies in

detail for each of the eight phases and document dif-

ferences between the periods before and after monsoon

onset.

4.1 Characteristics of ISO precipitation anom-

alies before monsoon onset

4.1.1 Initiation of ISO precipitation anomalies

Figure 3 shows the composite life cycle (eight

phases) of ISO anomalies in precipitation and SST

in the tropical Indian Ocean region be fore monsoon

onset. Phases 1 and 2 represent the initial stages of

the ISO cycle. Negative precipitation anomalies dom-

inate the central and eastern equatorial Indian Ocean

east of 65◦E during Phase 1. The largest negative

precipitation anomalies occur in the eastern equato-

rial Indian Ocean near 90◦E. The dry anomalies move

eastward along the equator during Phase 2, with the

maximum negative anomalies located in the eastern

Indian Ocean to the west of Sumatra. Meanwhile, a

positive precipitation anomaly emerges in the western

equatorial Indian Ocean near 55◦–70◦E.

4.1.2 Enhancement and maturation of ISO precipi-

tation anomalies

The positive precipitation anomalies strengthen

considerably during Phase 3. These positive anoma-

lies (with typical precipitation rates exceeding 6 mm

day−1) expand eastward along the equator from the

western equatorial Indian Ocean near 60◦E. Negative

precipitation anomalies in the eastern equatorial In-

dian Ocean grow progressively weaker, then largely

disappear in Phase 4 as enhanced positive anomalies

expand to cover the entire equatorial Indian Ocean.

The maximum positive precipitation anomalies dur-

ing Phase 4 are located in the eastern Indian Ocean
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east of 80◦E (Fig. 3). The ISO precipitation anoma-

lies continue to move eastward along the equator into

Phase 5, with positive anomalies in the EEIO reach-

ing peak precipitation rates larger than 18 mm day−1

near 82◦–85◦E in Phase 5. The spatial pattern of pre-

cipitation during Phase 5 is nearly the mirror image

of that during Phase 1 with respect to the sign of the

precipitation anomalies. Phase 5 represents the peak

precipitation phase in the eastern equatorial Indian

Ocean.

4.1.3 Weakening of ISO precipitation anomalies

The positive precipitation anomalies associated

with ISO start to move northwestward and southwest-

ward in Phase 6, forming a V shape (Fig. 3). The

northern branch of the rainband is much stronger than

the southern branch, possibly due to a hemispheric

asymmetry in the vertical shear of the background

easterly winds and the spatial distribution of SST (Li

Fig. 3. Composite life cycle of 20–50-day filtered precipitation rate and sea surface temperature (SST) before onset of

the Indian summer monsoon. The green contours represent precipitation anomalies starting from ±3 mm day−1 with a

contour interval of 3 mm day−1. The shading represents SST anomalies in unit of ℃.
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and Wang, 1994; Wang and Xie, 1997; Kemball-Cook

and Wang, 2001; Lawrence and Webster, 2001; Fu

et al., 2003). Stronger easterly vertical shear fa-

vors stronger westward-propagating equatorial Rossby

waves and deep convection in the Northern Hemi-

sphere (Wang and Xie, 1996). High SST and high

specific humidity in the northern Indian Ocean basin

are also favorable for Rossby wave generation and

deep convection (Li and Wang, 1994; Wang and Xie,

1997). The northern rainband is oriented northwest–

southeast during Phases 6–8. Negative precipitation

anomalies are generated in the western equatorial In-

dian Ocean (50◦–60◦E) starting from Phase 6. The

subsequent evolution of these negative precipitation

anomalies is similar to that of the positive anomalies

during Phases 2–4. The lifecycle of ISO precipitation

before monsoon onset is therefore mainly character-

ized by alternating eastward-propagating precipitation

anomalies.

4.2 Characteristics of ISO precipitation anom-

alies after monsoon onset

4.2.1 Initiation of ISO precipitation anomalies

Figure 4 shows the composite life cycle of ISO

precipitation and SST anomalies over the tropical In-

dian Ocean after monsoon onset. Negative ISO pre-

cipitation anomalies dominate the central and eastern

equatorial Indian Ocean during Phase 1. The ISO con-

vective precipitation anomaly in the EEIO is out of

phase with the precipitation anomaly over the South

Asian subcontinent (Wang et al., 2005). More specif-

ically, the tropical Indian Ocean experiences less pre-

cipitation when precipitation is high over the Indian

subcontinent (i.e., an active phase of the summer mon-

soon) and more precipitation when precipitation is low

over the Indian subcontinent (i.e., a break phase). The

negative precipitation anomalies in the eastern equa-

torial Indian Ocean move northward during Phase 2.

The convective rainband in the monsoon region also

propagates northward at this stage. The first posi-

tive anomalies in the ISO precipitation signal appear

in the central equatorial Indian Ocean during Phase

3. This result is substantially different from the con-

structed composite of ISO activity before monsoon

onset, in which positive precipitation anomalies ap-

pear one phase (about 5 days) earlier. The negative

anomalies move northward rather than eastward with

the appearance of the positive precipitation anomalies

in the central equatorial Indian Ocean during Phase

3. These northward-moving anomalies are responsible

for the transition of the Indian summer monsoon from

a wet phase (active monsoon) to a dry phase (break

monsoon).

4.2.2 Enhancement and maturation of ISO precipi-

tation anomalies

The ISO precipitation anomalies intensify and

shift eastward along the equator during Phases 3 and

4. The ISO-related convective precipitation covers a

smaller area than that before monsoon onset. Strong

convective precipitation is mainly concentrated in the

eastern equatorial Indian Ocean east of 70◦E. The pos-

itive anomaly in the eastern equatorial Indian Ocean

reaches its maximum during the mature stage of the

ISO (i.e., Phase 5). Meanwhile, negative precipita-

tion anomalies prevail over most parts of the Indian

subcontinent and Bay of Bengal. Meridional expan-

sion of ISO convective anomalies over the EEIO dur-

ing Phases 4 and 5 is much weaker after monsoon on-

set than before monsoon onset. This difference in the

meridional structure of the rainband may be caused

by the relative weakness of Rossby wave generation

in June–August when compared with that in May

(Kemball-Cook and Wang, 2001; Lawrence and Web-

ster, 2001). The area of positive convective anomalies

with anomalous precipitation rates exceeding 3 mm

day−1 during Phases 4 and 5 was also much smaller

after monsoon onset than before monsoon onset. After

monsoon onset, ISO convective precipitation is mainly

confined to the eastern equatorial Indian Ocean (east

of 70◦E) between 10◦S and 10◦N. Before monsoon on-

set, ISO convective precipitation covers the entire cen-

tral and eastern tropical Indian Ocean (east of 60◦E).

4.2.3 Weakening of ISO precipitation anomalies

ISO precipitation anomalies over the EEIO

weaken and become negative from Phase 6 to 8. As to

ISO activity before monsoon onset, positive anomalies

in ISO convective precipitation expand northwestward

and southwestward after reaching the eastern equato-
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Fig. 4. As in Fig. 3, but for the situation after monsoon onset.

rial Indian Ocean. Unlike ISO activity before monsoon

onset, the major center of convective activity contin-

ues moving northward away from the equator, while

the southern branch weakens rapidly. The northern

rainband eventually moves over the Indian subconti-

nent. The eastern equatorial Indian Ocean is exclu-

sively covered by negative precipitation anomalies as

a consequence of this northward propagation, setting

the stage for the next phase of the ISO cycle.

The evolution of ISO convective precipitation

anomalies before and after monsoon onset can be sum-

marized as follows. Phase 1 is the peak dry phase for

the entire central and eastern tropical Indian Ocean.

Positive ISO precipitation anomalies appear and begin

to develop in the central and western equatorial Indian

Ocean during Phases 2 and 3. This development oc-

curs one phase earlier before monsoon onset than af-

ter monsoon onset. This difference can be attributed

to the monsoon cycle requiring time to spin up dur-

ing mid and late summer, when upwelling cold water
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along the east coast of Africa inhibits the formation

of deep convection over the western equatorial Indian

Ocean (Webster et al., 1999). ISO convective anoma-

lies in the equatorial Indian Ocean before monsoon on-

set propagate eastward from initiation, through their

development and maturation and to their eventual de-

cay. By contrast, ISO convective anomalies after mon-

soon onset move primarily northward toward the land,

causing alternating dry and rainy periods of the sub-

continental monsoon.

4.3 Sea surface temperature anomalies

The evolution of SST anomalies in the eastern

equatorial Indian Ocean is largely similar before and

after the onset of the monsoon, except that SST

anomalies are greater in magnitude before onset than

after onset. Positive SST anomalies dominate the

central–eastern equatorial Indian Ocean during Phases

1–4 (corresponding to the initiation and development

of ISO precipitation anomalies; see Figs. 3 and 4).

SST anomalies transit from positive to negative dur-

ing the peak wet phase over the EEIO (Phase 5), when

convective precipitation reaches its maximum value.

Negative SST anomalies accompany the weakening of

convective precipitation over the EEIO from Phase 6

to 8. Positive SST anomalies are located to the north-

east of positive precipitation anomalies from Phases 2

to 5, leading to the northeastward movement of the

rainband. During the development stage (i.e., Phases

2 and 3), positive SST anomalies tend to enhance pre-

cipitation. Decreases in cloud amount during the dry

phase over the central equatorial Indian Ocean (Phase

8 and the following Phase 1 of a new ISO cycle) lead to

increases in solar radiation reaching the surface. Re-

ductions in evaporation and entrainment cooling due

to decreases in the near-surface wind speed may also

play a role by reducing energy loss from the surface.

All of these features conspire to warm the sea sur-

face in the EEIO during Phases 2 and 3. Sea surface

warming in the Indian Ocean results in large-scale sur-

face moisture convergence. In addition, sensible heat

fluxes induced by surface warming tend to warm the

air immediately above the surface and reduce the sur-

face pressure. The drop in surface pressure in turn

enhances moisture convergence in the boundary layer

and promotes organized deep convection. Local air-sea

interaction therefore plays an important role in the ini-

tiation of each new ISO cycle. These conclusions are

consistent with previous studies of summertime ISO in

the Northern Hemisphere (Kemball-Cook and Wang,

2001; Fu et al., 2003; Li et al., 2005; Wang et al.,

2005).

4.4 Surface wind anomalies

Figures 5 and 6 show composites of ISO anoma-

lies in surface wind and divergence/convergence before

and after monsoon onset, respectively. Negative pre-

cipitation anomalies correspond to anomalously strong

divergence in the surface wind, while positive precip-

itation anomalies correspond to anomalously strong

convergence. In other words, the strength of convec-

tion is closely related to convergence/divergence in the

surface wind. Significant easterly anomalies during the

initiation and developing phases of ISO (Phases 1–3)

dominate the surface wind fields over the eastern cen-

tral equatorial Indian Ocean both before and after the

onset of the monsoon (Figs. 5 and 6). These easterlies

tend to be even stronger during the initiation and de-

veloping phases of ISO (Phases 1–3). These equatorial

easterly anomalies correspond to negative anomalies in

convective precipitation (Figs. 3 and 4). By contrast,

anomalous westerlies prevail over the equatorial Indian

Ocean during Phases 5–7. These westerly anomalies

correspond to positive precipitation anomalies during

Phases 5–7, which are collocated but largely oppo-

site in sign to negative precipitation anomalies dur-

ing Phases 1–3. Anomalies in the near-surface wind

fields are weak during the transition phases (Phases 4

and 8); consequently, no zonal dipole is apparent in

the convective precipitation anomalies over the tropi-

cal Indian Ocean (Figs. 3 and 4).

The equatorial easterly anomalies north of the

equator during Phase 1 are associated with an anoma-

lous anticyclone (Figs. 5 and 6). Wind speeds de-

crease westward along the equator, favoring boundary

layer moisture convergence over the central tropical

Indian Ocean. After monsoon onset, anomalous west-

erlies in the Bay of Bengal north of 10◦N are asso-

ciated with strong precipitation in the monsoon re-

gion during Phase 1 (Fig. 6). Moisture convergence
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over the western–central equatorial Indian Ocean in-

creases during Phase 2, enhancing convection and re-

sulting in positive precipitation anomalies. Surface

moisture convergence and precipitation both continue

to increase significantly during Phases 3 and 4 (Figs.

3 and 4). Westerly anomalies along the equator in-

crease from west to east during Phase 5 (Figs. 5 and 6)

when positive precipitation anomalies over the EEIO

are the largest in magnitude. An anomalous cyclonic

circulation appears to the north of the center of con-

vective activity, with easterly anomalies to the north

of the convection and westerly anomalies both within

and to the south of the convection. These results indi-

cate that surface wind and moisture convergence play

a critical role in initiating and organizing the ISO con-

vection.

Fig. 5. Composite of anomalies in 20–50-day filtered surface wind (m s−1) and divergence (10−6 s−1) before the onset

of the Indian summer monsoon. Only anomalies that are significant at the 90% confidence level are shown.
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Fig. 6. As in Fig. 5, but for the situation after monsoon onset.

4.5 Vertical structure of ISO

4.5.1 Vertical structure of ISO along the equator

We use the same approach to compare and con-

trast the vertical structures of ISO before and after

monsoon onset. Figures 7 and 8 show composite ver-

tical distributions of vertical velocity and specific hu-

midity along the equator (5◦S–5◦N) for each of the

eight ISO phases. Anomalies in vertical motion and

specific humidity propagate from west to east across

the entire tropical Indian Ocean. The weakening of

convection in Phase 1 corresponds to large-scale sink-

ing motion over the equatorial Indian Ocean east of

70◦E. The surface wind convergence in the western In-

dian Ocean during Phase 1 (Figs. 5 and 6) enhances

water vapor concentration in the boundary layer to

the west of 70◦E. This moisture convergence promotes

the development of convection in this region.

The phase-by-phase evolutions of vertical motion

and specific humidity in ISO before and after monsoon
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onset have several features in common. Positive

anomalies in specific humidity during Phase 1 are lo-

cated near the east coast of Africa, extending east-

ward to 60◦–70◦E. These specific humidity anomalies

increase in magnitude and expand eastward along the

equator in Phase 2, along with the appearance of up-

ward motion in the lower troposphere (Fig. 7). This

upward motion increases rapidly through Phase 3 and

comes to dominate the entire equatorial Indian Ocean

in Phase 4. The positive moisture anomalies continue

to increase and expand eastward along the equator

during this time, leading to an enhancement of convec-

tive precipitation. Convective activity in the eastern

equatorial Indian Ocean peaks during Phase 5. The

Fig. 7. Composite vertical structure of 20–50-day filtered vertical velocity (arrows; 10−2 Pa s−1) and specific humidity

anomalies (shading; g kg−1) averaged between 5◦S and 5◦N for ISO before the onset of the Indian summer monsoon.
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Fig. 8. As in Fig. 7, but for the situation after monsoon onset.

maximum upward motion is located at approxi-

mately 300 hPa, while the maximum specific humid-

ity anomaly is located near 500 hPa. The decay-

ing phases of ISO convection over the eastern Indian

Ocean (Phases 6–8) feature reductions in upward mo-

tion along the equator associated with the northward

movement of ISO precipitation. Sinking motion over

the western Indian Ocean strengthens and moves east-

ward along the equator. Negative anomalies in spe-

cific humidity associated with near-surface divergence

in the boundary layer over the eastern Indian Ocean

also expand eastward during this time.

4.5.2 Vertical structure of ISO over the eastern In-

dian Ocean

Figures 9 and 10 show the composite vertical

structures of anomalies in vertical motion and specific
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humidity over the eastern Indian Ocean (zonal means

averaged over 85◦–95◦E) before and after monsoon on-

set. ISO anomalies in both vertical motion and spe-

cific humidity propagate northward in this region dur-

ing both periods. The troposphere over the eastern

equatorial Indian Ocean is dry during Phase 1, with

the largest negative specific humidity anomaly in the

middle and lower troposphere. Vertical motion is pre-

dominantly downward to the south of 10◦N. A posi-

tive anomaly in specific humidity begins to develop in

the boundary layer, with the sinking motion shifting

northward during Phases 1 and 2. Both upward mo-

tion and positive specific humidity anomalies increase

significantly during the developing stages of ISO con-

vection (Phases 3 and 4). These anomalies propagate

both southward and northward from the equator, cor-

Fig. 9. Composite vertical structure of 20–50-day filtered vertical velocity (arrows; 10−2 Pa s−1) and specific humidity

anomalies (shading; g kg−1) averaged between 85◦ and 95◦E before the onset of the Indian summer monsoon.
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Fig. 10. As in Fig. 9, but for the situation after monsoon onset.

responding to the meridional movement of convection

in the EEIO. Convective precipitation over the EEIO

increases substantially during these stages as a result

of surface wind convergence, which increases tropo-

spheric moisture content and enhances upward mo-

tion. The moisture anomalies during the wet phase

(Phase 5) are nearly opposite to those during Phase 1,

with a deep layer of enhanced water vapor in the mid-

lower troposphere below 300 hPa. The troposphere

south of 10◦N is characterized by strong upward mo-

tion during this stage of the ISO. Convection begins to

weaken from Phase 6. Specific humidity and upward

motion tend to decrease, with the positive anoma-

lies shifting northward due to the propagation of the

Rossby wave. Sinking motion and negative specific

humidity anomalies appear near the equator during
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Phase 7, re-establishing the dry phase (Phase 8) and

setting the stage for the next ISO cycle.

The vertical structures of vertical motion and spe-

cific humidity anomalies evolve in similar ways before

and after monsoon onset, but with some subtle dif-

ferences. For instance, the positive specific humidity

anomaly begins to develop in the boundary layer near

5◦S during Phase 1 before onset of monsoon, but does

not appear until Phase 2 after monsoon onset. Ac-

cordingly, the ISO convective precipitation anomaly

over the EEIO occurs one phase later after monsoon

onset (cf., Figs. 3 and 4).

5. Summary and discussion

In this study, we have compared the structure

and evolution of ISO before and after the onset of

the Indian summer monsoon using high-resolution

satellite data and other observational data. The time

series of 20–50-day filtered precipitation rate aver-

aged over the eastern equatorial Indian Ocean is used

as a reference to select strong ISO cases and con-

struct composites of ISO behavior over the tropical

Indian Ocean. We have focused on the general char-

acteristics and vertical structure of the ISO during

its life cycle, including the initiation, development,

propagation, and decay of the ISO. We have pre-

sented and discussed differences in the evolution of

ISO before and after monsoon onset. ISO convective

precipitation anomalies appear first in the western

equatorial Indian Ocean, and then intensify and ex-

pand eastward along the equator. Afterwards, these

positive convective precipitation anomalies propagate

northwestward and southwestward after reaching the

EEIO. The northern branch is substantially stronger

than the southern branch. The timing and location

of the initial ISO convective precipitation anomalies

after monsoon onset are different from those before

monsoon onset. Before monsoon onset, positive pre-

cipitation anomalies associated with ISO initiate in

the western equatorial Indian Ocean during Phase 2

and then propagate eastward along the equator. These

precipitation anomalies initiate one phase later after

monsoon onset, and their propagation has a much

more pronounced northward component in the EEIO.

Differences in the evolution of ISO convective pre-

cipitation anomalies before and after monsoon onset

reflect differences in the background distributions of

sea surface temperature and low-level specific humid-

ity. Surface wind convergence and air-sea interactions

play critical roles in initiating each new ISO cycle.

Differences in the structure and evolution of ISO

in the tropical Indian Ocean between the periods be-

fore and after monsoon onset may be attributed to dif-

ferences in ISO intensity and sea surface temperature

anomalies. Anomalies in both ISO convective precip-

itation and sea surface temperature have greater am-

plitudes and larger areas before monsoon onset than

after monsoon onset. The intensity of ISO over the

tropical Indian Ocean has been shown to vary on sub-

seasonal timescales (Kemball-Cook and Wang, 2001).

Observations show that the variance and eastward

propagation of ISO in the tropical Indian Ocean are

both stronger during early summer (May–June) than

during late summer (July–September). ISO anoma-

lies in convective precipitation and associated SST

anomalies are accordingly greater before the onset of

the monsoon. By contrast, the convective activity and

eastward propagation of ISO are weaker during late

summer, after monsoon onset. The major ISO convec-

tive anomalies during late summer move northward

into the Asian monsoon region, contributing to active

and break cycles in monsoon rainfall.
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