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[1] We describe the seasonality in the variability and predictability of Indonesian
monsoonal climate, dominated by the El Niño–Southern Oscillation (ENSO)
phenomenon, and interpret it in light of theories of the development of the global ENSO
teleconnection which explain the evolution of the response of the tropical ocean-
atmosphere to ENSO’s perturbation. High predictability during the dry and transition
seasons, which coincide with ENSO growth, is expected from the coherent large-scale
response to ENSO’s initial perturbation. As the tropical ocean-atmosphere equilibrates to
ENSO, and ENSO itself begins to decay, its direct influence diminishes, and regional
features associated with the delayed response to ENSO become more prominent.
Consistent with this interpretation, in a preliminary observational analysis of station data
over Jawa we find that predictability is high during the growth phase of ENSO. We also
find that at these regional scales there may be more predictability than previously thought
as ENSO decays. Finally, we show that a simple one-tier prediction system, i.e., a
system where the evolution of oceanic and atmospheric anomalies is internally consistent,
better captures the intrinsic coupled nature of the ENSO teleconnection, compared to a
two-tier system where the ocean forces the atmosphere, but does not respond to its
feedback.
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1. Introduction

[2] At the crossroads between the region of warm sea
surface temperature and high precipitation known as the
Western Pacific warm pool, and the path of annual migra-
tion of the Asian-Australian monsoon [Chang, 2005],
Indonesia is endowed with a warm and wet tropical climate.
Traditional agricultural production systems are finely tuned
to the local climate. The expectation for a certain amount of
precipitation to accumulate on average during a certain
period of the year, accompanied by a certain range in
temperature, number of sunny days, or subseasonal distri-
bution of rain events, etc. determines what type of produc-
tion system is feasible at any one location.
[3] Seasonality, i.e., the contrast between warm and cold,

wet and dry seasons, is spatially varied. In Indonesia it is
less pronounced in equatorial regions than it is farther away
from the equator (Figure 1 (all observational data sets used
in this study are publicly available and can be downloaded
from the IRI Data Library, http://iridl.ldeo.columbia.edu);

also see Aldrian and Susanto [2003] for a classification of
Indonesian climates). Over the islands of Jawa and Bali, and
the island chain that comprises the Indonesian provinces of
Nusa Tenggara Barat and Nusa Tenggara Timur and the
sovereign nation of Timor Leste, the climate is monsoonal;
that is, it is customary to distinguish a wet season (the
Indonesian Bureau of Meteorology and Geophysics (BMG)
classifies a month as belonging to the wet season when at
least 150 mm are accumulated) from predominantly dry,
fair-weather conditions during the rest of the year. The
length of the wet season depends on the migration of the
Asian-Australian monsoon [Chang, 2005], which is forced
by the seasonal cycle in insolation through the response in
land/ocean surface temperatures. This cycle follows a
northwest to southeast track, such that the wet season is
typically shorter the farther one moves away from the
equator, i.e., considerably shorter over Timor than over
Jawa.
[4] However, how likely is it that the average expected

climate will be realized year after year? How ample a
deviation from the climatological mean is it reasonable to
expect, and with what frequency? What is of interest in the
study of climate variability and its predictability is to
diagnose how a season or month in a specific year deviated,
or to prognose how likely it is to deviate from the mean

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 112, D16110, doi:10.1029/2007JD008519, 2007
Click
Here

for

Full
Article

1International Research Institute for Climate and Society, Earth
Institute, Columbia University, Palisades, New York, USA.

Copyright 2007 by the American Geophysical Union.
0148-0227/07/2007JD008519$09.00

D16110 1 of 14

http://dx.doi.org/10.1029/2007JD008519


climatological expectation. In the following, we summarize
aspects of the predictability of Indonesian climate as they
relate to the El Niño–Southern Oscillation (ENSO). Focus-
ing on the island chain from Jawa to Timor, which we
loosely describe as being part of ‘‘monsoonal Indonesia,’’
we propose an explanation for the observation that predict-
ability is high during the dry and transition seasons, but low
during the core monsoon season, when patterns of variabil-
ity lack large-scale coherence. We refer to this behavior as
‘‘seasonality in the predictability of precipitation.’’ This
explanation hinges on recent theoretical and modeling
studies by Chiang and collaborators and Neelin and collab-
orators that explain the development of a new quasi-
equilibrium state in the global tropical ocean-atmosphere
system, a state that is attained in response to ENSO in the
seasons immediately following mature conditions in the
equatorial Pacific Ocean.
[5] Related work accomplished in the framework of a

project funded by the U.S. Agency for International Devel-
opment (USAID)’s Office of Foreign Disaster Assistance on
‘‘Climate forecast applications for disaster mitigation’’ is
detailed in companion papers by J.-H. Qian et al. (A dipolar
pattern of precipitation anomaly over Java Indonesia asso-
ciated with El Niño, manuscript in preparation, 2007,
hereinafter referred to as Qian et al., manuscript in prepa-
ration, 2007), on dynamical downscaling using a regional
model, and V. Moron and A. W. Robertson (Spatial coher-
ence and intra-seasonal variability of Indonesian rainfall:
Preliminary results, manuscript in preparation, 2007), on
statistical downscaling to subseasonal timescales.

2. ENSO: Source of Predictability for Indonesia

[6] As indicated by many studies focusing on the rela-
tionship between sea surface temperature (SST) and the
climate of Indonesia [e.g., Hackert and Hastenrath, 1986;
Harger, 1995; Kirono et al., 1999; McBride et al., 2003;
Aldrian and Susanto, 2003; Chang et al., 2004] the dom-

inant source of year-to-year variability in Indonesian cli-
mate is the El Niño –Southern Oscillation (ENSO)
phenomenon, the most influential climate pattern globally
at interannual timescales [Ropelewski and Halpert, 1987;
Wallace et al., 1998]. The impact of ENSO on precipitation
is depicted in Figure 2. The two panels represent anomalies
typical of the warm and cold phases of ENSO, also known
respectively as El Niño and La Niña. 12-month mean
anomalies are computed from July of the year of ENSO
onset, or year(0) (onset typically occurs during the transition
between wet and dry Southern Hemisphere monsoon sea-
sons) to the June of the following year, or year(1), by which
time the ENSO event has usually ended [Rasmusson and
Carpenter, 1982]. The Indonesian/Maritime continent/West-
ern Pacific warm pool region is at the center of the
phenomenon. In the warm ENSO case, negative precipita-
tion anomalies develop over the Western Pacific warm pool
as deep convection and precipitation shift eastward toward
the central and eastern equatorial Pacific. In contrast, the
cold ENSO case is to a large extent appropriately described
as an enhancement of climatological conditions, i.e., heavier
than normal precipitation over the climatologically wet
Western Pacific warm pool, and enhanced dryness over
the climatologically dry cold tongue of the central and
eastern equatorial Pacific.
[7] Maximum precipitation anomalies around the inter-

national dateline (positive in the warm ENSO case, negative
in the cold ENSO case (in Figure 2)) are not exactly
colocated. They are just to the east of it in the warm ENSO
case, just to the west in the cold ENSO case. Such non-
linearities in the ENSO system have been investigated in
relation to their effect on variability in the Northern Hemi-
sphere midlatitudinal response to ENSO [e.g., Hoerling et
al., 1997]. In this paper we choose to focus our analysis on
warm ENSO events. The reader is referred to, e.g.,
Ropelewski and Halpert [1989] for a global survey of
canonical La Niña rainfall anomaly patterns.

Figure 1. Seasonal cycles of (a) temperature and (b) precipitation at two sites in Indonesia. One is
Pontianak, in West Kalimantan (0.15�S, 109.4�E; dashed lines), representative of the equatorial climate
type. The other is Kupang, in Nusa Tenggara Timur (10.17�S, 123.67�E; solid lines), representative of the
monsoonal climate type. Data are from NOAA’s National Climate Data Center/Global Climate
Perspectives System (GCPS).
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[8] Inception of an ENSO event in the central equatorial
Pacific is brought about by the dynamical coupling of
atmosphere and ocean that gives rise to local anomalies,
e.g., in precipitation, near-surface winds, surface tempera-
ture and ocean heat content that grow, reach maturity, start
decaying, and sometimes reverse in an internally consistent
way (see, e.g., Neelin et al. [1998] for a review). Here we
present evidence that the development that follows, of
global anomalies in the atmosphere and oceans known as
teleconnections [Ropelewski and Halpert, 1987; Glantz et
al., 1991; Wallace et al., 1998], can be interpreted as an
adjustment process to the perturbation initiated by tropical
Pacific anomalies. Central to our dynamical interpretation of
ENSO’s impact on Indonesia is the observation that anoma-

lies, especially tropical atmospheric anomalies, are larger
from ENSO onset to maturity, i.e., during the first half of a
typical ENSO life cycle, which coincides with the second
half of the year(0) calendar year, and that as ENSO starts to
decay in the first half of year(1), the climate system in and
around Indonesia behaves as if it had reached a new
equilibrium, the result of having adjusted to ENSO’s jolt.
In other words, the global-scale pattern of influence breaks
down, and the spatial coherence of ENSO’s regional effects is
largely reduced. Climatologically speaking, July–December
spans the dry and transition seasons in Indonesia, while
January–June includes the core Southern Hemisphere sum-
mer monsoon season of January–March (Figure 3).

Figure 2. Composite anomalies in precipitation typical of (a) warm and (b) cold ENSO events. Data are
from the Global Precipitation Climatology Project (GPCP [Huffman et al., 1997]). Anomalies are
averaged over the ENSO year from July of year(0) to June of year(1). Warm and cold ENSO events are
identified on the basis of the December(0)–January(1) value of Niño3.4 being greater than 1�C or less
than �1�C, respectively. In 1979–2005 there were six warm and four cold events. Anomalies are every
mm/day; dashed indicates negative and solid indicates positive. The shading, light for negative anomalies
and darker for positive anomalies, represents statistical significance of the anomalies with respect to
climatology, at the 5% confidence level or greater, based on a two-sided t-test.

Figure 3. Seasonal climatology of rainfall, in (a) July–December and (b) January–June, from GPCP, as
in Figure 2. Contour is every 2 mm/day, and darker shading indicates higher rainfall rates.
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[9] Consistent with this interpretation, when the ENSO
year of Figure 2 is broken into two 6-month periods, namely
July to December of year(0), and January to June of year(1),
shown in Figure 4 in the averages of El Niño cases, it is
found that the significant precipitation anomalies over
monsoonal Indonesia typical of July–December(0) vanish
in January–June(1). Hence, from this viewpoint, predict-
ability as defined by ENSO can be expected to be high in
July–December(0), and low in January–June(1) [Aldrian et
al., 2007]. SST anomalies (Figures 4c and 4d) in the ENSO
source region of the tropical Pacific grow and peak in July–
December(0). In contrast, SST anomalies opposite in sign to
those in the source Pacific region initially develop in the
Western Pacific warm pool and eastern Indian Ocean, but
later reverse to the same sign as in the source region,
continuing to develop into January–June(1).
[10] The key question that this study addresses is why this

behavior in the life cycle of ENSO-related anomalies in
monsoonal Indonesia; specifically, why coherent large-scale
precipitation anomalies at the end of year(0), but not during
the core of the monsoon, at the beginning of year(1)? As
depicted in Figure 5, the near-surface circulation is remark-
ably consistent in transitioning from July–December of

year(0) to January–June of year(1): Divergence dominates
over the Maritime continent, with easterly anomalies in the
Indian Ocean sector, and westerly anomalies in the Pacific
Ocean sector. Why, then, are precipitation anomalies not
consistent in both seasons?

3. ENSO’s Impact on the Maritime Continent:
Large-Scale View

[11] The global atmosphere responds quickly to the
perturbation imposed by the shift in precipitation in the
equatorial Pacific Ocean; during a warm ENSO the entire
tropical troposphere warms up [Yulaeva and Wallace, 1994;
Su et al., 2005; Lintner and Chiang, 2007]. Surface temper-
atures take more time to equilibrate to the warming of the
atmosphere [Klein et al., 1999; Chiang and Sobel, 2002;
Chiang and Lintner, 2005]. For as long as the imbalance
persists between surface and atmospheric temperatures
above the planetary boundary layer, a warm ENSO trans-
lates into a more stable atmospheric vertical profile, unfa-
vorable for deep convection and precipitation, hence the
widespread tropical dry anomalies. Then, as surface tem-
peratures adjust to the warmer troposphere, a new ‘‘equi-

Figure 4. Composite anomalies in (a and b) precipitation and (c and d) sea surface temperature (SST)
during warm ENSO events in 1979–2005. Precipitation is from GPCP, as in Figures 2 and 3. SST is from
the NCEP-NCAR Reanalysis [Kalnay et al., 1996]. In Figures 4a and 4c, anomalies are averaged over the
first half of an ENSO year, from July to December of year(0). In Figures 4b and 4d, they are averaged
over the second half, from January to June of year(1). Warm ENSO events are identified as in Figure 2.
Contour is every mm/day for precipitation, every 0.5�C for SST; solid indicates positive and dashed
indicates negative anomalies. The shading, light and darker for negative and positive anomalies,
respectively, represents statistical significance of the anomalies with respect to climatology, at the 5%
confidence level or greater, based on a two-sided t-test.
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librium’’ is found. We use the quotation marks here,
because strictly speaking it is not correct to speak of
‘‘equilibrium’’; the ENSO system grows and then decays,
never reaching a steady state. However, here we wish to
stress the difference between the growth phase of ENSO,
when the global tropical system is perturbed and responds
with large-scale coherence, and the following phase, when
the system response loses coherence. In addition, how this
equilibrium manifests itself locally depends on the details,
on the mechanisms by which near-surface humidity adjusts
to free-tropospheric temperature, e.g., through changes in
evaporation and moisture convergence [Su and Neelin,
2002; Lintner and Chiang, 2007]. The end result is that
the absence of coherent large-scale forcing in the ENSO
decay phase allows for conditions that have developed
locally in relation to ENSO to take hold. As we will see in
section 4 (also see Qian et al., manuscript in preparation,
2007), these can favor or hinder deep convection locally.
[12] In the following subsections we describe in greater

detail ENSO-related anomalies in the global tropical atmo-
spheric circulation, and in the evolution of SST around
Indonesia.

3.1. ENSO-Induced Atmospheric Anomalies in the
Indo-Pacific Sector

[13] The large-scale atmospheric circulation associated
with growth/mature and decay phases of a warm ENSO
event is described in Figure 6. Figures 6a and 6b depict the
velocity potential at 200 hPa. Figures 6c and 6d depict
vertical velocity at 500 hPa. Figures 6e and 6f depict sea
level pressure. The contrast between July–December(0)
and January–June(1) pictures is easy to notice. In July–
December(0) (Figures 6a, 6c, and 6e) the equatorial belt in
the Indo-Pacific sector is clearly the focus of action. Centers
of action can be recognized over the Maritime continent and
in the central Pacific. Centers of anomalously positive and
negative velocity potential at 200 hPa broadly define the
location of anomalous convergence and divergence at upper
levels. At middle levels, these same centers of convergence
and divergence are associated with subsidence and ascent,
respectively. The surface expression of this large-scale
circulation pattern is the Southern Oscillation; anomalously

high sea level pressure over the Western Pacific, Maritime
continent and tropical Oceania, and anomalously low sea
level pressure in the central and eastern equatorial Pacific.
In the Southern Hemisphere, a wave train known as the
Pacific–South American pattern [Mo and Higgins, 1998]
emanates from the Maritime continent and arches eastward,
first poleward and then equatorward, into the South Atlantic.
[14] In January–June(1) (Figures 6b, 6d, and 6f) action in

the central equatorial Pacific has largely subsided. Though
residual anomalies remain over the Western Pacific warm
pool, the focus has now shifted to the Northern Hemisphere
subtropics, as exemplified in both upper level velocity
potential and sea level pressure. Again, a wave train, known
as the Pacific–North American (PNA [Wallace and Gutzler,
1981]) pattern, is visible in sea level pressure.
[15] Anomalies in the vertical temperature profiles during

the growth and decay phases of ENSO are depicted in
Figure 7, for the core ENSO region (180–240�E, 15�S–
15�N; Figures 7a and 7b) and the Maritime continent
(100�E–160�E, 15�S–15�N; Figures 7c and 7d). These
correspond to the regions of enhanced ascent and subsi-
dence, respectively, in the July–December(0) panel of
vertical velocity, in Figure 6c. In July–December(0) the
temperature profile below 700 hPa is unstable in the core
ENSO region, stable over the Maritime continent, as
expected. Over the Maritime continent, temperature anoma-
lies start on the negative side at the surface, consistent with
the cool SST anomalies there. The difference in stability is
much amplified in the equivalent potential temperature (qe)
profiles, implying a nonnegligible contribution from
changes in humidity. This is also true in January–June(1),
when the vertical profiles in qe become unstable in both
regions below 850 hPa.

3.2. ENSO-Induced SST Anomalies in the Indonesian
Seas

[16] The ENSO-related response of sea surface temper-
atures in basins remote from the tropical Pacific has been
argued to come about both because of changes in thermo-
dynamic and ocean dynamical forcings [Klein et al., 1999;
Murtugudde et al., 2000]. Thermodynamic forcings include
changes in radiation associated with cloud cover changes,

Figure 5. Composite anomalies in 1000 hPa winds during warm ENSO events in 1949–2005. (a) July–
December of year (0) and (b) January–June of year(1).
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and in evaporation, due both to changes in near-surface
wind speed (e.g., Hendon [2003] in the case of the Maritime
continent), and in the temperature difference between the
ocean surface and the overlying atmospheric boundary layer
(Saravanan and Chang [2000] in the case of the tropical
Atlantic [Chiang and Sobel, 2002; Chiang and Lintner,
2005]). Ocean dynamical forcings include wind-driven
changes in the depth of the equatorial thermocline and in
coastal upwelling.

[17] Year(0) of a warm ENSO event is characterized by
cold anomalies in surface temperature in the seas around
Indonesia, an appendix of the boomerang-shaped anomalies
of the same sign that surround the warming in the equatorial
Pacific Ocean. These cold anomalies extend westward from
the dateline into the Maritime continent and eastern Indian
Ocean (Figure 3c). They are consistent with reduced trap-
ping of long-wave radiation, as the high-level clouds
associated with deep convection have migrated eastward

Figure 6. Composite warm ENSO anomalies with respect to neutral conditions in (a and b) velocity
potential at 200 hPa, (c and d) pressure vertical velocity at 500 hPa (positive values indicate downward
motion, or subsidence), and (e and f) sea level pressure. Figures 6a, 6c, and 6e are for July–December(0),
and Figures 6b, 6d, and 6f are for January–June(1). Data are from the NCEP-NCAR Reanalysis over the
period 1949–2005. During this period we identified 11 warm (and 9 cold) ENSO events on the basis of
Niño3.4 being larger than 1�C (or less than �1�C) in December(0)–January(1). Shading represents
statistical significance of the difference at the 5% confidence level, light for negative anomalies and
darker for positive anomalies. The contour in velocity potential is every 1000000 m2 s�1, in pressure
vertical velocity it is every 0.01 Pa/s, and in sea level pressure it is every 0.5 hPa.
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into the central and eastern equatorial Pacific [Park and
Leovy, 2004]. They are also consistent with near-surface
easterly anomalies in the eastern Indian Ocean, which act to
strengthen wind speed, hence increase evaporation and
cooling [Hendon, 2003]. In places, such as the southern
coasts of Sumatera and Jawa, these same easterly anomalies
have an along-shore component that enhances coastal
upwelling, further amplifying the negative anomalies
[Murtugudde et al., 2000; Susanto et al., 2001]. The cold
local SST anomalies contribute to making the overall
vertical temperature profile even more stable from the
bottom up (Figure 7c), reinforcing the negative precipita-
tion anomalies around Indonesia.

[18] Then, in year(1), as monsoonal Indonesia enters the
core of the wet season while ENSO is winding down, warm
SST anomalies manifest themselves in the Indian Ocean and
around the Western Pacific warm pool (Figure 3d). The
warming is most conspicuous in the seas around Indonesia
to the south of the equator; the SST tendency between
October–December of year(0) and January–March of
year(1), calculated in Wm�2 assuming a mixed layer h of
constant depth of 50m in rcph@To@t , is depicted in Figure 8a.
[19] To explain this development we first focus on the

contribution of thermodynamic ocean-atmosphere interac-
tion. Net heat flux into the surface (Figure 8b), the sum of
latent and sensible heat fluxes, and radiation terms, is

Figure 7. Vertical profiles of warm ENSO anomalies in temperature (solid) and equivalent potential
temperature (dashed) in two regions: (a and b) the core ENSO central equatorial Pacific, between 180�
and 240�E, 15�S and 15�N, and (c and d) the Maritime continent, between 100�E and 160�E, 15�S and
15�N.
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positive in the Indonesian Seas. The dominant terms con-
tributing to it are net solar radiation into the surface, which
increases because of a decrease in cloud cover, and latent
heat flux (not shown). To further diagnose evaporation,
following Saravanan and Chang [2000] we linearize the
bulk formula for the dependence of the net heat flux into
the surface (F) on changes in wind speed (W) and in the
atmosphere-ocean temperature difference (DT), and com-
pute the anomalous fluxes, due to anomalous wind speed,
and to anomalous atmosphere-ocean temperature differ-
ence, respectively as F 0

W = W 0

W
F, and F 0

DT = DT 0

DT
F, where

the ()0 and ðÞ denote deviations from climatology and
climatological values, respectively. These two terms are
depicted in Figures 8c and 8d.
[20] The two mechanisms are very different in their

spatial footprint. Changes in wind speed, with positive
values implying an oceanic warming (Figure 8c; see the
figure caption for a more detailed explanation), have a
localized effect in the Indonesian Seas region; an area of
reduced wind speed stands out in the longitudinal band
between 100�E and 120�E, channeled between Sumatera
and Kalimantan. In contrast, increased wind speed to the

southeast of Sumatera and Jawa would be locally consistent
with cooling, but such tendency is not apparent in SST,
possibly because there has been no change compared to
previous months. Changes in the atmosphere-ocean temper-
ature difference (Figure 8d) are indicative of broad equilib-
rium conditions everywhere except where ocean dynamics
plays a role, i.e., in the central and eastern equatorial
Pacific, where large, negative anomalies represent the
warming action exacted by the ocean on the overlying
atmospheric boundary layer. Elsewhere, no significant
anomalies can be noted, another telltale sign that the ocean’s
surface has adjusted to the warm ENSO-induced tropo-
spheric warming on subseasonal timescales.
[21] The thermodynamic, ocean-atmosphere interaction

terms just discussed cannot fully explain the broad spatial
footprint of the pattern of warming tendency in the Indo-
nesian Seas. The role of ocean dynamics in setting up SST
anomalies in this region has also been analyzed, and found
to be critical in connecting equatorial Pacific and Indian
Ocean responses [Wijffels and Meyers, 2004; Bracco et al.,
2005, 2007]. This contribution is visible in Figure 8a. Near-
surface wind anomalies typical of the growth phase of warm

Figure 8. Composite warm ENSO anomalies with respect to neutral conditions of (a) the SST tendency
between October–December of year(0) and January–March of year(1) and of thermodynamic terms
influencing it (in W m�2), (b) November(0)–February(1) average net heat flux anomalies (positive into
the ocean), (c) net heat flux anomalies due to anomalies in wind speed, and (d) anomalies due to the
atmosphere-ocean temperature difference (bottom right). In Figure 8c, because the climatological mean
(Ta � To) is negative everywhere in the domain depicted, except for the eastern equatorial Pacific, where
it is close to zero, positive anomalies represent negative wind speed anomalies and warming of the
ocean’s surface. In Figure 8d, negative anomalies represent a negative anomalous (Ta � To), i.e., an ocean
surface warmer than the atmosphere immediately overlying it. Shading, dark for positive anomalies and
lighter for negative anomalies, represents statistical significance of the anomalies at the 5% level. All data
are from the NCEP-NCAR Reanalysis over 1949–2005.
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ENSO, depicted in Figure 5a, with anomalous easterlies in
the Indian Ocean, and anomalous westerlies in the Western
Pacific Ocean, draw a divergent circulation around Indone-
sia. This anomalous near-surface wind pattern is consistent
with the initial shoaling of the thermocline in the Indonesian
Seas, possibly a component of the cooling of the Indonesian
Seas in July–December(0) (see Figure 3c). The subsequent
warming can be explained again in both thermodynamic
and ocean dynamical terms. It may be that a shallower
mixed layer warms up more easily to the increased solar
radiation associated with decreased convection and cloud
cover, or that equatorial ocean dynamics of the delayed
oscillator type may play a role, not only in the tropical
Pacific, but also in the Indian Ocean. Adjustment of the
thermocline in the Indonesian Seas, triggered by the con-
vergence of an eastward propagating Kelvin wave from the
Indian Ocean and a westward propagating Rossby wave
from the Pacific Ocean, both downwelling/warming, would
also call for a delayed warming of the shallow seas around
Indonesia [Wijffels and Meyers, 2004].
[22] In conclusion, despite its complexity, ENSO’s impact

on the Indo-Pacific sector as viewed from a large-scale
perspective is sufficient to explain anomalies in the ocean-
atmosphere system that have an effect on Indonesian

precipitation. Next we investigate the regional-scale attrib-
utes of the latter.

4. ENSO’s Impact on Monsoonal Indonesia:
Regional View

[23] The contrast between the strength of ENSO’s impact
on monsoonal Indonesia precipitation toward the end of
year(0) and its weakness at the beginning of year(1) had
already been noted by Haylock and McBride [2001], among
others. In Figure 9 we compare composite anomaly maps of
the July–December(0) and January–June(1) warm ENSO
seasons obtained from 2 precipitation data sets very differ-
ent in character. One is that already used in Figures 2, 3, and
4, i.e., the NASA GPCP (Global Precipitation Climatology
Project [Huffman et al., 1997]) satellite-gauge product,
which has global coverage, though at coarse (2.5� by
2.5�) spatial resolution, and is obtained by blending various
satellite estimates of precipitation with rain-gauge data
where available. The other is station data available from
NOAA GHCN (Global Historical Climate Network [Vose et
al., 1992]).
[24] The GHCN stations were selected in the monsoonal

Indonesia region, from Jawa to Timor, on the basis of
completeness of their monthly precipitation records for the

Figure 9. Composite anomalies in precipitation during (a) July–December(0) and (b) January–June(1)
of warm ENSO events. The top row shows anomalies in the Indonesian region based on GPCP data,
which covers the period 1979–2005; contours and shading are as in previous figures. The bottom row
shows anomalies in station data at locations in the NOAA/NCDC/GHCN data set, composited over
1950–1975; solid circles are for negative anomalies, and open circles are for positive anomalies. There
were five warm ENSO events in this earlier period, identified using the same technique as in previous
figures.
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period with best coverage, which is 1950–1975. The July–
December(0) anomaly plots compare favorably in the two
data sets (Figures 9a and 9c), despite the fact that they were
computed on nonoverlapping periods; the warm ENSO-
related large-scale drying in GPCP translates into spatially
coherent, below-average precipitation, the same at virtually
all stations in GHCN. The more interesting feature emerges
in the January–June(1) plots (Figures 9b and 9d). Here, the
lack of spatial coherence at the large-scale (no significant
anomaly is present in the GPCP plot over monsoonal
Indonesia (Figure 9b)) translates into a dipole pattern over
Jawa (Figure 9d), with continued drying along the northern
coast, and a reversal of anomalies with respect to the
previous season everywhere else. Data from other islands
is too scarce to arrive at any conclusion.
[25] The higher degree of spatial detail in the January–

June(1) station composite compared to the homogeneous
below-average conditions in the July–December(0) com-
posite points to the emergence of local forcings. It seems
reasonable to infer that as the large-scale picture dictated by
ENSO has slowly evolved into a new thermodynamic
equilibrium, local dynamical features, such as topography
or regional gradients in sea surface temperature may take
control. The general conditions that accompany this devel-
opment locally are depicted in Figure 10; in January–
June(1) (Figure 10b) SST anomalies in the eastern Indian
Ocean and around the Maritime continent have reversed in
sign, as discussed earlier. Near-surface winds anomalies are
easterly, and stronger north of Jawa than in the open Indian
Ocean to its south.
[26] The specific conditions that explain the rainfall

dipole over Jawa require the dynamical interpretation of
these easterly anomalies in the context of the mean clima-
tological westerly winds typical of the monsoon season. In
this context, easterly anomalies translate into weaker winds.
If one imagines that the near-surface flow is further slowed
down over Jawa compared to over the surrounding seas,
because of enhanced friction over land, the configuration
that results from these easterly anomalies is one of positive
northward shear in the zonal wind component, which trans-
lates into clockwise vorticity and divergence, hence reduced

rainfall, on the northern side of the island, and negative
northward shear in zonal wind, counterclockwise vorticity
and convergence, hence enhanced rainfall, on the southern
side of the island. Incidentally, similar reasoning explains
the observation that the southern coast of Jawa is climato-
logically wetter than the northern coast (not shown here).
[27] The features in the station observations data are not

appropriately represented in coarse resolution data sets such
as the satellite-gauge product of GPCP, or for that matter in
general circulation models, as will be demonstrated in the
next section. Such features may be indicative of predict-
ability at a smaller scale and should be made the object of
further investigation with high-resolution country-level me-
teorological data. A detailed description of the interaction
between the large-scale and local circulation systems as
influenced by land surface/topography is given by Qian et
al. (manuscript in preparation, 2007), in the context of
medium-resolution regional modeling simulations. In the
work by Qian et al. (manuscript in preparation, 2007), initial
results from a 30-year simulation run at 25 km resolution
over Jawa are shown to reproduce these same features quite
convincingly. Additional simulations with a purely dynam-
ical version of the regional model indicate that it is the dry
dynamical response in the interaction of the near-surface
circulation with the land-ocean boundary that is responsible
for the local divergent or convergent circulations that
determine the rainfall anomalies during the core of the
monsoon. Such simulations, in addition to allowing to test
dynamical hypotheses by diagnosing the development of
anomalies, also afford the opportunity to explore dynamical
downscaling options for seasonal climate prediction in the
region.

5. Tropical Tropospheric Temperature
Adjustment to ENSO in an Atmospheric General
Circulation Model

[28] In this final section we report on simulations with an
atmospheric model that help elucidate the workings of the
ENSO teleconnection to the Maritime continent in light of

Figure 10. Composite anomalies in sea surface temperature, from Kaplan et al. [1997, 1998], and in
NCEP-NCAR Reanalysis 925 hPa winds, during (a) July–December(0) and (b) January–June(1) of
warm ENSO events in 1950–1975, i.e., the same years as in the bottom plots of Figure 9. Shading, in
dark grey for positive SST anomalies and lighter gray for negative anomalies, represents statistical
significance at the 5% level.
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the tropical tropospheric temperature (TT) mechanism
[Chiang and Sobel, 2002].
[29] We analyze output from simulations with CCM3,

version 3 of NCAR’s Community Climate Model [Kiehl et
al., 1998], in the version maintained at Lamont-Doherty
Earth Observatory by R. Seager and colleagues. Ensembles
of simulations with CCM3 were integrated in 3 model
configurations. In two, known as GOGA (Global Ocean–
Global Atmosphere) and POGA (Pacific Ocean–Global
Atmosphere), SST, taken from Kaplan et al. [1997, 1998],
was prescribed to vary monthly as observed: globally in
GOGA, in the tropical Pacific only in POGA. SST was

prescribed as observed in the entire geographical tropical
Pacific basin (not shown), from the west coast of the
Americas to the eastern Indian Ocean, with the Malay
peninsula and the islands of Sumatera and Jawa delineating
its western border. In POGA outside of the tropical Pacific
SST was prescribed to follow a monthly varying climatol-
ogy. In the third configuration, called POGA-ML, or
POGA-Mixed Layer, SST was again prescribed to vary
monthly as observed in the tropical Pacific only. Outside
of it, it was prognosed using a two-layer entraining ocean
model whose mixed layer depth is specified to vary accord-
ing to observations seasonally, but not interannually, and

Figure 11. July–December(0) anomalies in (left) surface temperature and (right) precipitation in the
(a and b) GOGA, (c and d) POGA, and (e and f) POGA-ML simulations with CCM3, during 1949–
2004. Shading represents statistical significance of the anomalies at the 95% significance level.
Contour is every 0.2�C (Figures 11a, 11c, and 11e) and every mm/day (Figures 11b, 11d, and 11f).
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which makes use of a q-flux correction in both layers to
keep temperature from straying too far from climatology.
[30] Interpretation of Figures 11 and 12 summarizes our

findings. In July–December(0) of warm ENSO years
(Figure 11) CCM3 captures the atmospheric essence of
the ENSO teleconnection. The warm SST anomalies in the
tropical Pacific dominate, and force positive rainfall anoma-
lies in this same source region, and negative anomalies
elsewhere in the deep tropics, including over the Maritime
continent (Figures 11b, 11d, and 11f). The coupled tropical
ocean-atmosphere system is feeling ENSO’s perturbation,
and the warm tropical tropospheric temperature anomalies

are making the atmosphere more stable, hence convection
more difficult to trigger.
[31] By January–June(1) (Figure 12) the remote tropics

have had time to adjust to ENSO; the Indian Ocean has
warmed up, both in observations/GOGA (Figure 12a) and in
POGA-ML (Figure 12e). In the GOGA framework, the
widespread warming of the Indo-Pacific sector is associated
with the absence of any significant anomalies in precipita-
tion over monsoonal Indonesia (Figure 12b). This is con-
sistent with cancellation of the effects of ENSO’s direct
atmospheric forcing, which imparts a drying tendency, and
its indirect oceanic forcing, with the warming of the oceans
favoring wet conditions. In POGA, it looks as if the

Figure 12. Same as in Figure 11 but for January–June(1).
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localized warming, confined to a narrow longitudinal strip
between Sumatera and Kalimantan, may be responsible for
setting up zonal gradients in SST which favor convergence
of the near-surface flow toward the warm SST anomaly,
hence positive rainfall anomalies locally, over northern
portions of Sumatera and the Malay peninsula (Figure 12d).
[32] In POGA-ML (Figures 12e and 12f) only has the

adjustment of the remote ocean-atmosphere occurred in an
internally consistent way. As hypothesized by Chiang and
Sobel [2002], in regions of climatological deep convection
the ENSO-related tropical tropospheric temperature anom-
aly is communicated all the way to the surface by means of
anomalous surface fluxes. Rainfall anomalies, specifically
anomalies across monsoonal Indonesia, are not simply
directly forced by SST anomalies, otherwise we would
expect them to be similar in GOGA and in POGA-ML.
The fact that rainfall anomalies are coherent and significant
in POGA-ML but not in GOGA is indication that they are
intrinsic to the way in which the ocean-atmosphere system
adjusts to a different state, one where the warmer surface is
capable of sustaining stronger convection. The global model
does not resolve the complexity of the geography of the
region, hence it cannot reproduce the smaller-scale features
in the rainfall response described in Figures 9c and 9d.
However, it is consistent with the general explanation that
invokes adjustment to a new equilibrium, a warmer, moister
state in the case of warm ENSO, in which features of the
local circulation interact with the large scale to produce the
observed patterns.
[33] The difference in the response to warm ENSO

forcing in monsoonal Indonesia rainfall in the 3 simulations
is depicted in Figure 13, the July(0)–June(1) life cycle of
rainfall anomalies averaged over the domain between 100�E
and 140�E, 10�S and the equator. From July(0) to Novem-
ber(0), all setups reproduce negative rainfall anomalies.
These are more pronounced in GOGA, possibly because
the separate effects of remote and local SSTs add up.
December(0) is when the setups start to diverge. As
expected, the turnaround to positive rainfall anomalies is
most abrupt and pronounced in the POGA-ML simulation,

where the adjustment to new equilibrium conditions occurs
in a dynamically coupled way.

6. Conclusions

[34] The climate of Indonesia is shaped by ENSO. The
geophysical configuration of the coupled ocean-atmosphere
system of the Indo-Pacific region is such that precipitation
is normally favored over the Western Pacific warm pool,
while the eastern and central equatorial Pacific and western
Indian Oceans experience an overall drier climate [Cane
and Molnar, 2001]. This configuration is strongly perturbed
by the occurrence of warm ENSO events every 3 to 7 years.
This occurrence is of great consequence for the ecosystems
of the region, natural and anthropogenic alike; canopy tree
recruitment in Kalimantan [Curran et al., 1999], rice
production in Jawa [Kirono et al., 1999; Naylor et al.,
2001], and forest fires in Kalimantan [Siegert et al., 2001]
are but a few examples of ENSO’s broader impacts on
ecosystem function/services in the broader Maritime conti-
nent region.
[35] In this study, we reviewed the physical basis for

predictability of climate over Indonesia, and demonstrated
how such predictability hinges on the development of
ENSO anomalies in the ocean-atmosphere system. The
development of ENSO teleconnections is such that predict-
ability of rainfall in Indonesia, especially in the monsoonal
regions of Indonesia, is high during the dry and transition
seasons into the rainy season. An analysis of the large-scale
mechanisms involved and preliminary results from analyses
with statistical and dynamical downscaling techniques, as
well as analyses of atmospheric model simulations suggest
that these anomalies are consistent with adjustment of the
deep tropical climate system to tropospheric temperature
(TT) anomalies.
[36] We also identified two directions for improvement in

the quantitative assessment of predictability and its appli-
cation. At large spatial scales, we showed that because of
the intrinsically coupled nature of ENSO, and of tropical
climate, a simple one-tier prediction system, composed of
an atmospheric model coupled to a two-layer thermody-
namic ocean model, better captures the dynamics inherent to
the development of the ENSO teleconnection than a two-tier
system, i.e., one in which SST anomalies are predicted first,
and then used to force the atmospheric response. This
conclusion echoes the work of Wu and Kirtman [2005],
Krishna Kumar et al. [2005], Wang et al. [2005], and
Bracco et al. [2007], who focused on the ENSO tele-
connection to the South Asian monsoon. At intermediate
spatial scales, i.e., scales that are neither those of coarse
resolution products such as GPCP, or of global atmospheric
models, nor the very small scales of a specific locality, we
found promise in the identification of predictable structures.
Specifically, we found that a dipolar structure between the
northern and southern coasts of Jawa is associated with
ENSO both statistically and dynamically. These intermedi-
ate spatial scales connect locations that are differentially
affected by the same phenomenon, hence their consideration
has potential practical consequences. They should be con-
sidered when upscaling the application of climate informa-
tion, e.g., from the management of tail-end rice production

Figure 13. Average warm ENSO life cycle of anomalous
rainfall averaged over a monsoonal Indonesia box, between
100�E and 140�E, 10�S and the equator, in GOGA (solid),
POGA (dotted) and POGA-ML (dashed) (in mm/day).

D16110 GIANNINI ET AL.: TT ADJUSTMENT AND INDONESIAN CLIMATE

13 of 14

D16110



in one district of Jawa Barat to livelihood systems across the
entire island.
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