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ABSTRACT

The atmospheric response to boreal summer tropical diabatic heating is studied in the atmospheric model
component of the Community Atmosphere Model [CAM, version 3 (CAM3)] of the National Center for
Atmospheric Research. An idealized heating function (with broad vertical but localized horizontal structure)
is added to CAM3 near the equator; the circulation response is studied as a function of the sign of the heating
and its longitude (Indian Ocean to eastern Pacific Ocean). The atmospheric circulation forced by the added
heating interacts with all the physical and dynamical processes in CAM3; the total heating is the sum of the
added heating and that produced by CAM3. In experiments using climatological sea surface temperature,
added cooling (heating) over the Maritime Continent induces asymmetric anticyclonic (cyclonic) circulation
extending toward India, opposing (reinforcing) the climatological monsoon flow and weakening (strength-
ening) the Indian monsoon. The anchoring of the anticyclonic (cyclonic) circulation over India as the added
cooling (heating) is moved eastward over warm SST regions is greatly reduced when a slab ocean model is
used. A negative (positive) air-sea feedback over the Indian Ocean is identified when heating (cooling) is
added in the Indonesian region. Experiments in which the total heating is similar to estimates of the observed
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heating for the summer of 1987 are examined.

1. Introduction

One central theme in the study of seasonal pre-
dictability is the influence of persistent tropical sea
surface temperature (SST) anomalies on both the trop-
ical and extratropical circulations. A tropical SST
anomaly (assumed positive) tends to increase both low-
level convergence and moisture (Lindzen and Nigam
1987; Raymond 1994), thereby promoting anomalous
deep convection and hence diabatic heating. The heat-
ing is balanced by anomalies in rising motion (in the time
mean), which in turn is balanced at upper levels by
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increased divergence. The divergence, in turn, inter-
acts with the mean flow to produce the Rossby wave
source that determines the far-field barotropic re-
sponse (Sardeshmukh and Hoskins 1988). Within the
tropics, the anomalous heating (and associated rising
motion) produces both stationary Kelvin waves to the
east and Rossby waves to the west, as described in the
simple model of Gill (1980).

The relationship of the seasonal mean Indian mon-
soon to the state of the eastern Pacific SST related to
El Nifio-Southern Oscillation (ENSO) is a problem of
some importance that involves the tropical response to
heating. In particular, a negative correlation between
seasonal mean (June-September) eastern Pacific SST
and seasonal mean monsoon rainfall has been noted, so
that summers of warm events (El Nifios) are associated
with deficient rainfall (Kumar et al. 1999; Palmer et al.
1992; Straus and Krishnamurthy 2007). However, in
recent years ENSO has seemingly lost its impact on the
Indian summer monsoon (Kumar et al. 1999; Kripalani
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and Kulkarni 1997; Kirtman and Shukla 2000; Mokhov
etal. 2011). For example, the strong El Nifio in 1997 was
accompanied by a normal monsoon, not a drought as
expected.

Troup (1965) showed that India is typically located
near a node (zero contour) in the pressure pattern as-
sociated with El Nifio, well away from the regions of
anomaly extrema (such as the sinking branch of the
anomalous Walker circulation over the Maritime Con-
tinent). In addition, Troup (1965) and Webster et al.
(1998) noted that small displacements of the node would
place India in either weak positive or weak negative
pressure related to the long-term summer average.
Slingo and Annamalai (2000) also suggested that subtle
shifts in the domain of influence of ENSO can lead to
differing responses of the monsoon. These consider-
ations indicate that knowledge of the details of the
anomalous SST or diabatic heating associated with
a particular El Nifio or La Nifia event is necessary to
understand the monsoon response.

The tropical response to diabatic heating is also af-
fected by air-sea coupling, especially in the monsoon
regions. The experiments of Wu and Kirtman (2005) and
Fu et al. (2002) showed that inclusion of regional air-sea
coupling over the Asian monsoon region improved the
simulation of the variability of the Asian monsoon
rainfall. In the regions of large mean rainfall, prescribing
SST in a numerical model leads to excess precipitation,
whereas atmospheric negative feedback to changes in SST
leads to a reduced rainfall response in an atmosphere—
ocean coupled model, and to more realistic variability
of the monsoon. Wang et al. (2003) also showed that the
anomalous circulation induced by descending motion
in the Maritime Continent is closely linked to air-sea
interaction.

As a first step in understanding the ENSO-monsoon
relationship, this paper seeks to understand the dy-
namics of the tropical boreal summer response to ide-
alized anomalous diabatic heating. In particular, we
want to complete the following goals:

1) Determine the sensitivity of the tropical circulation
to the location of anomalous (tropical) heating
anomalies that have idealized broad vertical and
localized horizontal structures, within the context
of the ENSO-monsoon interaction problem. Our
approach is analogous to that used by Barsugli and
Sardeshmukh (2002, hereafter BS), who studied the
sensitivity to the location of tropical SST anomalies.

2) Determine the effect of air-sea coupling on this
sensitivity.

From a modeling perspective, there are several ap-
proaches available to achieve these goals:
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1) Run a full atmospheric general circulation model
(AGCM) with both normal and anomalous SST.

2) Build an idealized general circulation model (GCM)
and force it with specified diabatic heating.

3) Modify an existing GCM (either atmosphere only or
coupled) so that relatively small changes in diabatic
heating are added to the model.

In the first option, one has no control over the diabatic
heating, since differences in convective parameteriza-
tions may lead to very different modeled diabatic heat-
ing anomalies for the same SST. In the second option,
one has complete control over the diabatic heating but
at the expense of completely losing the feedback of the
dynamics on the heating.

We explore the third option in this paper in the con-
text of the Community Atmosphere Model, version 3
(CAM3). This idea is to specify idealized changes in the
diabatic heating (e.g., due to ENSO), yet retain the full
feedback of the dynamics on the heating in the context
of the full model. For example, the vertical motion in-
duced by the added heating will change the divergence
and vorticity fields throughout the tropics, leading to
changes in the moist and radiative heating fields pro-
duced by the model’s parameterizations. In reality, cu-
mulus convection (diabatic heating in the model) is
coupled with the circulation and can interact with the
large-scale dynamics (Watanabe and Jin 2003).

The approach of specifying additional heating anom-
alies circumvents the uncertainty in the model diabatic
heating response to SST or wind stress, and has been
used previously by Meehl et al. (2008) and Lappen and
Schumacher (2012). The ultimate cause of the anoma-
lous heating (e.g., SST or wind stress anomalies) is not
accessible by this method, which requires knowledge of
either the real or idealized diabatic heating. Estimates
of observed diabatic heating rely on the reanalysis cir-
culation and temperature fields (since the heating is
obtained from the thermodynamic equation), and so are
subject to some uncertainty, especially in data-poor
regions.

In this paper, however, we concentrate for the most
part on idealized heating configurations. This will pro-
vide some insight into whether the responses to complex
heating distributions may be estimated as linear com-
binations of the idealized responses derived in this pa-
per. This approach is analogous to the estimates of the
dynamical Green’s function estimated, for example, in
Branstator (1985), or the response to idealized SST
anomalies studied by BS.

To take into account air-sea coupling in the monsoon
regions, we also run experiments with the AGCM cou-
pled to a slab ocean model (hereafter SOM). In Jang and
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Straus (2012), the same approach is used in numerical
experiments in which the diabatic heating diagnosed
from observations is used to understand the varied
monsoon circulation and rainfall responses in different
observed El Nifo summers.

In section 2, data used in this study are described.
Section 3 gives the characteristics of observed diabatic
heating and wind during El Nifio summer. In section 4,
we briefly describe the method, including the generation
of some very idealized heating profiles and details of
experiments in this study. In section 5, the results of
forced experiments and the role of air-sea interaction
are shown. Section 6 gives a summary of this study.

2. Data

We use wind data from the 40-yr European Centre for
Medium-Range Weather Forecasts (ECMWF) Re-
Analysis (ERA-40) and diabatic heating from the Chan
and Nigam (2009) diagnosis of the ERA-40. Both da-
tasets extend from 1000 to 100 hPa. Precipitation data
are obtained from the National Oceanic and Atmo-
spheric Administration (NOAA) Climate Prediction
Center (CPC) Merged Analysis of Precipitation
(CMAP) (Xie and Arkin 1997). The streamfunction,
velocity potential, rotational wind, and divergent wind
fields are calculated from the wind data. The SST data
are obtained from the NOAA Optimum Interpolation
(OI) Sea Surface Temperature (Reynolds et al. 2002).
The outgoing longwave radiation (OLR) data are
from the National Center for Atmospheric Research
(NCAR) with gaps filled with temporal and spatial
interpolation. All datasets are monthly; we use a sum-
mer mean from May through August. The ERA-40
dataset extends from 1957 to 2002, and the CMAP data
extend from 1979 to 2007. The period that we use here
is from 1979 to 2002. The three-dimensional diabatic
heating (Chan and Nigam 2009; Nigam et al. 2000) is
diagnosed as a residual in the thermodynamic equa-
tion using the analyzed vertical velocity [quasi-diabatic
heating (QDB)].

3. Diabatic heating and wind during El Nifio
summer

The composite characteristics of observed mean SST,
diabatic heating (QDB), OLR, precipitation, and wind
anomalies for May-August of El Nifio are shown in
Figs. 1 and 2 (the 5 yr since 1979 with the largest values
of the Nifio-3.4 index during May—August are selected
for compositing: 1982, 1987, 1991, 1994, and 1997). Both
SST and diabatic heating show positive anomalies over the
central Pacific (Figs. 1a,b). Weak negative SST anomalies
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appear over the western Pacific (Fig. 1a), although the
negative anomalies of the diabatic heating over the
western Pacific (Fig. 1b) have comparable magnitudes to
the positive anomalies over the central Pacific. In addi-
tion, OLR and precipitation show weakening of con-
vection over the western Pacific and eastern Indian
Ocean during El Nifio summer (Figs. 1c,d). The com-
parable La Nina composite is roughly the mirror image
of the El Nifio composite, with relatively weak positive
over the Maritime Continent.

The velocity potential and divergent wind fields at
200 hPa are shown for the El Nifio summer composite in
Fig. 2b. Anomalous upper-level convergent wind and
positive velocity potential anomalies over the western
Pacific and eastern Indian Ocean imply downward mo-
tion, while divergent wind and negative velocity poten-
tial anomalies over the central Pacific imply upward
motion.

The anomalous streamfunction and rotational wind
fields at 850 hPa consist of a pair of anticyclones ex-
tending from the western Pacific to the Indian region,
along with a pair of anomalous cyclonic centers over the
central Pacific (Fig. 2a). The low-level easterly anoma-
lies seen in Fig. 2a act to weaken the climatological
southwesterlies over the Arabian Sea shown in Fig. 2c,
thus reducing moisture transport over India.

4. Experiments

a. Model

The version of the NCAR CAM3 used here as the
AGCM has 26 vertical levels and a 42-wave triangular
spectral truncation. The formulation of the physics and
dynamics of CAM3 is detailed by Collins et al. (2006). A
spectral Eulerian formulation is used to resolve dy-
namical motions along with a semi-Lagrangian transport
scheme for dealing with the large-scale transport of
water and chemical species. CAM3 also includes the
Community Land Model, version 3, for the treatment of
land surface energy exchanges; the land model is in-
tegrated on the same horizontal grid as CAM3.

An SOM will be used for regional air-sea coupling.
The ocean model coupled to the AGCM is a simple
thermodynamic slab mixed-layer model, which is a
part of the NCAR CAM3 modeling system. The depth
of the mixed-layer is fixed to a climatological annual
cycle with a 200-m cap. At each grid point, the AGCM
supplies the heat flux to the ocean model, and the
ocean model returns the SST to the AGCM. The SST
evolves according to the heat flux given by the AGCM.
The coupling will be allowed in only the Indian Ocean
and western Pacific (30°S-20°N, 60°~150°E). In the
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FI1G. 1. El Nifio composite of anomalies during summer (May-August) for (a) SST (K), (b)
diabatic heating vertically integrated from the surface to 100 hPa (W m?), (c) outgoing
longwave (W m ™ 2), and (d) precipitation (mm day !). Shading is 5% significance values.

other ocean basins, prescribed climatologically varying
monthly SST was used as a boundary condition for the
AGCM.

b. Control runs

Two control simulations, each 21 yr long, were run.
One control simulation (CCTL) uses prescribed, cli-
matologically varying SSTS in all oceans. The second
control simulation (CTL SOM) uses this SST field only
outside the Indian and western Pacific oceans, where it is
coupled to the SOM. The prescribed SST has only a cli-
matological annual cycle; the effect of interannual var-
iability of the Pacific SST field is not introduced. The two
control runs are used as a basis for comparison with the

forced experiments. In the latter, ENSO-related effects
are introduced through the structure of the added
heating.

c. Forced runs
1) METHOD

Two sets of forced experiments were carried out. One
set uses the climatological SST field as a boundary
condition over all oceans; the second set is coupled to
the SOM as described above. In each set, 20 seasonal
integrations (May-August) were performed using the 20
initial conditions from 1 May from each year of the ap-
propriate control run. Each simulation is run through
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FIG. 2. EINino composite of anomalies during summer (May—August) for (a) streamfunction

(shading, x10° s~ 1) and rotational wind (vector, m s~ !) at 850 hPa, and (b) velocity potential
(shading, X10° m? s~ ') and divergent wind (m s~ ') at 200 hPa. Shadings and vectors are only
shown at the 5% significance level. Climatological mean of May—August for (c) streamfunction
(x10° s~ ") and rotational wind (m s~ ') at 850 hPa, and (d) velocity potential (x10° m? s~ ')

and divergent wind (m s~ !) at 200 hPa.

August, and the 20-run ensemble average of the May—
August seasonal means is compared to the correspond-
ing ensemble seasonal mean from the corresponding
control simulation. This ensemble procedure is expected
to reduce the effect of midlatitude disturbances in par-
ticular and internal variability in general, and we can
expect the ensemble mean model response to be domi-
nated by forced waves from tropical heating or cooling.
There is one caveat, however: while the added heating is
the same in each of the 20 integrations, the changes in

the AGCM’s own diabatic heating induced by the ad-
ditional forcing (the GCM effect) will not necessarily be
the same in each of the 20 integrations. The role of in-
ternal variability is taken into account in a simple way
through the use of the ¢ statistic to assess the difference
in all ensemble seasonal means shown.

2) FORCED EXPERIMENTS

In these experiments, a heating with an idealized
vertical profile (given in appendix A) is added to the
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temperature tendency equation of CAM3. In the hori-
zontal, the heating assumes an isotropic Gaussian form
with an e-folding distance corresponding to 20°% the
center of the Gaussian distribution is located near the
equator (1.4°S) and at a particular longitude. The fol-
lowing four types of experiments were carried out:

1) Sensitivity to longitudinal locations of forcing: The
longitudes of the center of the additional heating
varied from 60°E to 100°W with a 20° interval. The
latitudinal location of the forcing is near the equator
(1.4°S) as shown in Fig. 3. Experiments were run with
both positive and negative heating. Climatological
SSTs are used globally.

2)

3)

4)

Sensitivity to latitudinal locations of forcing: The
cooling is located at 7°S, 1.4°S (the standard), and
7°N. Climatological SSTs are used globally. Al-
though experiments for all longitudes were per-
formed, we report in detail only the results for one
case, in which the heating is placed at 120°E.

Role of air-sea interaction: Heating or cooling is
inserted at 120°E using the AGCM coupled to the
regional SOM. Results are compared to the equiva-
lent forced run in type 1 using prescribed SST.
Although SOM experiments were carried out at all
longitudes, we report only on those at 120°E.

Observed diabatic heating for the boreal summer of
1987 event: This summer was associated with both an
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El Nifio event and a dry Indian monsoon. Note that
the diabatic heating composite of El Nifio summer
(Fig. 1b) does not have a significant signal over India
because it includes three El Nifios (1991, 1994, and
1997) with either a wet or a normal monsoon.

5. Results of forced experiments

a. Warm ocean (Indian Ocean and western Pacific)
forcing

1) COUPLED DYNAMICAL CONVECTIVE RESPONSE

One can think of added localized heating (cooling)
over the western Pacific in the forced experiments as
appropriate for a La Nina (El Nifo). The composite
negative diabatic heating anomalies seen in observed
El Nifo events in this region are shown in Fig. 1. The
maximum diabatic cooling is seen at 120°E, thus moti-
vating us to focus first on the idealized case of cooling
inserted at 120°E with prescribed SST over the globe
(non-SOM). The results show both local anomalous
downward motion and compensating upward motion
(negative omega) appear over the Indian Ocean, as seen
in Fig. 4c. In contrast, the vertical motion in a simple dry
model consists of a single downward branch of the
Walker circulation (Watanabe and Jin 2003). In the
present experiments, the interaction between convec-
tion and large-scale dynamics creates additional vertical
motion in regions remote from the forcing.

The response of the divergent meridional wind (local
Hadley circulation) at 850 hPa is shown in Fig. 4b. In the
forcing region, there are positive wind anomalies to the
north of the cooling and negative anomalies to the south,
corresponding to low-level divergence, consistent with
the descending motion. Over the equatorial Indian
Ocean, however, the wind anomalies correspond to low-
level convergence, related to ascending motion (Fig. 4¢).
The equatorial Indian Ocean is a strong convective re-
gion during the northern summer (shown as strong
negative omega in Fig. 4d), so that anomalous ascending
motion strengthens the convection, leading to positive
anomalies of diabatic heating over the equatorial Indian
Ocean (Fig. 5a).

Here we address the issue of the modification of the
direct response to the added heating by the moist
process and radiative processes in the AGCM. This
diabatic heating feedback consists of the sum of heating
rates due to moist processes (convection and resolved
condensation) and radiation (longwave and shortwave).
The anomalous heating rate due to moist processes
shown in Fig. 5c has all the features of the total diabatic
heating response, with comparable magnitudes (Fig. 5a).
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The longwave response shown in Fig. 5d has a magni-
tude of roughly 20 W m ™2 in the forcing region, com-
pared to a magnitude of roughly 100 W m™? for the
total diabatic heating (Fig. 5a). The sign of the long-
wave heating response in the forcing region is consis-
tent with weakened convection and less trapping of
longwave energy. The shortwave heating rate anoma-
lies are quite small compared to those of the other
processes (not shown).

The heating and precipitation responses to the addi-
tional cooling have local components (negative anom-
alies over the forcing region) but also remote responses
(negative over India, positive over the equatorial Indian
Ocean, Bay of Bengal, and Philippine Sea in Figs. 5a,b).
The positive responses over the Bay of Bengal and
Philippine Sea agree with Annamalai (2010), who stud-
ied the response to anomalous cold SST over the Indo-
nesian Sea in a moist linear baroclinic model (Fig. 6e in
that paper). In contrast, the negative response over In-
dia does not appear in Annamalai (2010). This study
uses forcing that is more spatially extended, which might
lead to a strong nonlinearity in the response. Alterna-
tively, the difference between the response in this study
and that of Annamalai (2010) may be due to differences
in the basic state. These remote heating responses over
India are mediated by the circulation response (see be-
low) and thus represent the feedback of dynamics on
heating.

The anomalies of streamfunction and rotational wind
fields at 850 hPa shown in Fig. Se can be understood in
terms of a simple Gill response (Gill 1980): one pair of
anticyclonic circulations to the west of the cooling
(Rossby wave response) and a Kelvin wave response to
the east of the forcing. The anomalous easterlies within
the anticyclonic circulation near India oppose the cli-
matological westerlies over the Arabian Sea adjacent to
India (Fig. 5f), thus weakening convection and diabatic
heating over India.

To mimic the La Nifia-like upward motion over the
Maritime Continent, the idealized heating is inserted at
140°E. We chose this longitude because the responses to
the forcing here are relatively strong and clear com-
pared to the 120°E case. The center of the local response
in the diabatic heating (Fig. 6a) appears somewhat to
the north of the center of the inserted forcing (at 1.4°S).
The precipitation (Fig. 6b) and lower-level divergence
field (integrated from the surface to 800 hPa, shown
in Fig. 6d) also show a displacement to the north of
the center of the forcing, although the lower-level di-
vergence is more complicated. In contrast, the upper-
level divergence fields (integrated from 275 to 80 hPa)
show positive anomalies centered at 1.4°S, although
shifted slightly to the west (Fig. 6¢). Since the meridional
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displacement is limited to the lower troposphere, we
suggest that it is related to the boundary layer and/or
other low-level moist processes.

Following the evolution of the response, it was ob-
served that 1 day after the heating is turned on, a low
in the surface pressure appears, centered at the forc-
ing region, along with surface convergence. As time
evolves, two cyclonic circulations develop slightly to
the west of the forcing, consistent with centers of low
pressure to the north and south of the forcing region.

The surface convergence consistent with these lows in-
duces moisture convergence and leads to the off-center
additional heating response mentioned above.
Consistent with our results, Wang et al. (2003) found
that the Rossby response to tropical heating in a dry
simple model is not symmetric about the equator during
the northern summer. The asymmetry is attributed in
Wang et al. (2003) to the strong easterly vertical wind
shear over the Indian Ocean region. In this study using
a full AGCM, the streamfunction (Fig. 6¢) and vorticity
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(Fig. 6f) also show a generally strengthened response to 2) SENSITIVITY TO LONGITUDE

the north of the equator. This asymmetry of the atmo-

spheric circulation response in the full AGCM induces Figure 7 shows the diabatic heating anomalies in both
further asymmetry in the diabatic heating and pre- heating and cooling experiments for a variety of forcing
cipitation response. locations over the warm ocean (Indian Ocean and
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(d) divergence integrated from surface to 800 hPa (X107 kg m™~

2571, (e) streamfunction (X10°s™!) and rota-

tional wind (m s~ ') at 850 hPa, and (f) vorticity from the surface to 800 hPa (X10> kg m 2 s~ '). Only statistically
significant values at 5% are selected and shaded. Black dots show the center of the heating.

western Pacific). Figure 8 shows the corresponding
850-hPa streamfunction, and Fig. 9 shows sections of
the equatorial vertical velocity (omega). There are
significant local responses for each forcing as well as
remote responses in the vicinity of India. For the

heating experiments, a meridionally extended local
diabatic heating is seen for a range of forcing longi-
tudes (Figs. 7c-f).

When the heating is at 100°, 120°, 140°, and 160°E,
strong positive anomalies of the diabatic heating are
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consistently seen on both eastern and western sides
of India, regardless of the location of the forcing. The
anomalous westerlies over the Arabian Sea associated
with the cyclonic circulations response strengthen
the low-level westerly wind, while the increased wind-
induced evaporation over the warm ocean leads to

increased latent heat flux to the atmosphere. This
positive latent heat flux (not shown here) reinforces
the diabatic heating in the vicinity of India.

Note that since the SST is prescribed in these ex-
periments, the ocean temperature does not respond to
the loss of the energy due to positive latent heat flux
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anomalies, leading to an exaggeration of the diabatic
heating. Air-sea interaction effects are discussed in the
next section.

In the cooling experiments (right panels of Fig. 7),
negative anomalies of diabatic heating appear over India
for forcing in the ~100°~160°E range. In Annamalai

(2010), anomalously negative SST over the equatorial
eastern Indian Ocean (in the region of the cooling at
100°E in this study) leads to a strengthened monsoon
trough with positive precipitation anomalies over India
and the Bay of Bengal. The corresponding positive
anomalies in terms of the diabatic heating are only seen
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in the northern Bay of Bengal and the Philippine Sea in
the case of the cooling at 60°, 80°, 100°, and 120°E.

The negative anomalies of diabatic heating over India
and the Bay of Bengal in the cooling experiments are
relatively weak compared to the response to the heating
experiments. Anomalous easterlies as a part of the

induced anticyclonic circulation weaken the monsoon
flow (Fig. Se and right panels of Fig. 8). In the vicinity of
the Indian region, the weakened winds lead to less
transfer of latent heat from the ocean to the atmosphere,
contributing to the asymmetry of the remote response in
the total diabatic heating near India between the heating
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FIG. 10. As in Fig. 8, but for velocity potential (at 200 hPa) response (X10° m? s~ 1).

and cooling experiments. However, the climatology
over these areas in the control run has systematic errors,
such as weak wind and precipitation, compared to the
observation (mentioned in appendix B). Thus, the re-
sponse related to the latent heat might include the effect
of the systematic errors.

With the cooling inserted at 120°E (Fig. 4), we have
previously shown anomalous downward vertical motion

in the forcing region along with upward motion over the
equatorial Indian Ocean. This behavior is also seen
when the cooling is introduced over a wide range of
longitudes in terms of omega and velocity potential at
200 hPa (right panels of Figs. 9 and 10). For heating, the
opposite pattern of vertical motion is seen (left panels of
Fig. 9). This compensating vertical motion has been also
shown in a moist baroclinic model (Watanabe and Jin
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2003). In addition, the control run has strong precip-
itation along the Somalia coast, and it might influence
the strong compensating response to the heating over
the Maritime Continent.

The positive velocity potential response to the cooling
indicates anomalous downward motion as suppressing
convection. In the case of the cooling over the tropical
western Pacific (El Nino-like), the anomalous down-
ward motion does not reach India (Figs. 10d-1,e-1), and
this implies that a simple cooling over the western Pa-
cific may not directly lead to the anomalous downward
motion over India that is related to depressed pre-
cipitation, possibly explaining certain warm events as-
sociated with a normal monsoon. Further, the cooling
alone over the western Pacific might not be enough to
explain the full influence of El Nifio on the monsoon.
This will be discussed again in the section about ob-
served diabatic heating forcing experiment (section 5d).

The responses of the 850-hPa streamfunction to the
heating experiments in the left panels of Fig. 8 show
a common response: a Rossby response (a pair of cyclonic
circulations) to the west of the forcing and a Kelvin
response to the east of the forcing. This forced Rossby
wave response is also seen in AGCM experiments with
El Nino-related SST forcing (Keshavamurthy 1982; Lau
and Nath 2000). Depending on the location of the forcing,
however, there are some variation in the magnitudes and
spatial patterns. For forcing located from 80° to 160°E, we
note the consistent westward expansion of the Rossby
wave response, leading to a circulation that appears to be
anchored over the Indian region. This is accompanied
by similar anchored responses in the diabatic heating
(Fig. 7). The circulation response in general consists of
the direct response to the forcing and the response to the
additional diabatic heating over the Indian region.

The diabatic heating response to the heating is
stronger over the Indian monsoon region than the
cooling response (Fig. 7). However, we have found that
with the SOM, the magnitude of the diabatic heating
response over the warm ocean regions is similar be-
tween the heating and cooling experiments, and this
result holds for all longitudes of the idealized forcing.
The prescribed SST in the heating experiments does not
allow the ocean to cool via the release of the latent heat
flux from the ocean, and thus it leads to an exaggerated
response over the Indian region. This excessive response
does not tend to occur in the cooling experiments.

3) SENSITIVITY TO LATITUDE

Figure 11 presents experiments in which cooling is
inserted at 120°E with three latitudinal locations: 7°S,
the equator (1.4°S), and 7°S [results from heating at
latitude 1.4°N (not shown) are very similar to those at
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1.4°S]. With the cooling at 7°S, the anomalously negative
diabatic heating anomalies in the southern Bay of
Bengal and India that are seen in the standard case
(cooling at 1.4°S) weaken and almost disappear (Figs.
11b,c). Positive heating anomalies still remain in the
northern Bay of Bengal. The response of the surface
wind consists of easterlies over the southern India and
the equatorial western Indian Ocean in Figs. 1la—c.
When the cooling is at 7°S (Fig. 11c), the easterlies over
southern India weaken, consistent with the weakened
circulation (Fig. 11f). A simple explanation is that the
weakening of the local response over India is due to an
increased meridional displacement of the forcing region
from India. In contrast, the anchoring effect (westward
extension of the Rossby wave response) seems to be
robust.

b. Cold ocean (central and eastern Pacific) forcing

When the forcing is over the cold ocean (the central
and eastern Pacific), the responses of diabatic heating
and atmospheric circulation are relatively weak com-
pared to those of the forcing over the warm ocean dis-
cussed in the previous subsection. The diabatic heating
responses produced by the AGCM’s parameterizations
(not shown) have very weak remote components, par-
ticularly over India.

Figure 12 shows the vertical structure of the response
of the divergence fields, and also the diabatic heating
response, for the 140°W forcing experiments. The di-
vergence fields integrated from the surface to 800 hPa
show only one center in the immediate forcing region,
with convergence (divergence) seen in the heating
(cooling) experiments in Fig. 12¢ (Fig. 12d). In the 275—
80-hPa divergence fields, however, the divergence field
shows two centers displaced from the forcing location
(Figs. 12¢,f).

The two anomalous upper-level divergence (conver-
gence) centers seen in Fig. 12e (Fig. 12f) are partly
aligned with the two low-level cyclonic (anticyclonic)
centers in the classic Gill response seen in Fig. 13c
(Fig. 13c-1). The upper-level divergence (convergence)
induces anomalous upward (downward) motion, re-
inforcing the diabatic heating (cooling). The horizontal
structure of the upper-level divergence is similar to that
of the diabatic heating response in both cases. In sum-
mary, the vertical structure of the local response is quite
distinct from the response to forcing over warmer oceans.

The vertical section of omega averaged between 5°S
and 5°N for forcing at 180° shows local and remote
responses over the Indian Ocean, similar to those seen
in the previous section (not shown). However, when
the forcing is over the cold ocean east of 180° no
compensating motion over the Indian Ocean is seen for
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either heating or cooling experiments (not shown). The
magnitude of the response is similar in both heating and
cooling experiments.

Figure 13 shows the 850-hPa streamfunction fields for
forcing over the cold SST. Here, the magnitudes of the

Rossby response are generally similar for both heating
and cooling experiments, unlike the results obtained for
forcing over the warm SST. However, the Kelvin-like
response to the east of the forcing has propagated
eastward into the southern equatorial Indian ocean in
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the heating experiments (Figs. 13c—¢), but it does not
appear in the cooling experiments. The cooling (heat-
ing) over the eastern Pacific can be considered as a part
of La Nifia (El Nifio) forcing. The eastward propagation
of the Kelvin response seen only with El Nifio forcing
indicates a source of asymmetry in the response to
El Nifo and La Nifia. In Pillai and Annamalai (2012),

the Kelvin wave-related response over the Indian
Oceanis also simulated in an AGCM with wide tropical
Pacific SST anomalies, for both warm and cold events.
Lin et al. (2007) shows that the Kelvin wave response to
El Nifio forcing penetrates into the Indian region more
strongly in a dry simple model than one by La Nifia
forcing, which is related to an easterly mean flow.
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c. Air=sea interaction
1) HEATING EXPERIMENT

The SOM is applied over the Indian Ocean and
western Pacific in experiments with the same idealized
forcing as in the previous section. The responses to
idealized heating centered at 120°E with the SOM ex-
periments are compared with the non-SOM experi-
ments in Fig. 14. Applying air-sea coupling leads to the
weakening of negative diabatic heating anomalies over
the equatorial Indian Ocean and the disappearance of
the positive anomalies over the Arabian Sea near India

(cf. Figs. 14a,b). The significant positive latent heat flux
over the Arabian Sea in the vicinity of India in Fig. 14e
also does not appear in the SOM experiments in Fig. 14f.
This is consistent with the appearance of negative SST
anomalies in this region (Fig. 14g).

Our interpretation of the reduced SST anomalies in the
SOM-forced experiment is that the ocean-to-air latent
heat flux anomalies due to increased wind speeds over the
Arabian Sea (seen clearly in the non-SOM experiments)
cool the ocean, thus constituting a negative feedback.

In Figs. 14c,d, the responses of streamfunction at
850 hPa are shown for both non-SOM and SOM
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tween forced run with SOM and SOM control run,
and shading is 5% significant.

experiments. In the SOM experiments, the two cy-
clonic centers to the west of the forcing are weaker
and less extensive than in the non-SOM experiments.
The maximum of the circulation is close to the forcing
region in the SOM, while the maximum is over the
Bay of Bengal in the non-SOM experiments. This is
likely related to the strong response of the diabatic
heating in the Bay of Bengal in the non-SOM exper-
iments (Fig. 14a). For the heating over the warm

20N 1

10N A

80E 100E  120E

2.09

140E 160E

-2.09

ocean, the air-sea interaction induces a negative
feedback between the additional diabatic heating and
SST, thus altering the atmospheric circulation.
Negative diabatic heating responses are clearly seen
over India for both heating (Fig. 14a) and cooling ex-
periments (Fig. 15a). The negative response is expected
in the case of inserted cooling over the western Pacific,
but the negative response in the case of heating over the
western Pacific (in Fig. 14a) is puzzling. The responses of
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are streamfunction and wind at 850 hPa in EQ1
the box domain in (c) and (d). R *
20g 108 ]
-209 208 T T T T -
40E 60E 80E 100E  120E  140E 160

divergence (integrated over 275-80 hPa) (Fig. 6¢) and
velocity potential at 200 hPa (Fig. 10e) show negative
and positive anomalies over India, respectively, and so
they are consistent with downward motion and sup-
pressed convection. Since the heating over the western
Pacific could be considered as a part of the La Nifia
forcing, the results of these heating experiments are not
consistent with the general relationship between ENSO
and the monsoon. This may be partly explained by the

negative SST anomalies produced by regional air-sea
coupling over the Maritime Continent and northern
Indian Ocean, which are not observed.

2) COOLING EXPERIMENT

When the forcing (cooling) is centered at 120°E, the
positive anomalies of the diabatic heating in the north-
western Pacific and the northern Bay of Bengal seen in the
non-SOM (Fig. 15a) disappear in the SOM (Fig. 15b).
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In the prescribed SST experiments, positive latent heat
fluxes in these two regions are consistent with westerly
wind anomalies (Fig. 15¢). With air-sea interaction ap-
plied, the anomalies of latent heat flux (Fig. 15f) disappear
and negative anomalies of SST (Fig. 15g) appear.

The streamfunction (Fig. 15d) shows an enhanced
anticyclonic anomaly in the SOM experiments in the
Indian Ocean to the west of Sumatra, as indicated by the
box in Fig. 15d and a wider negative diabatic heating
response over the western North Pacific (Fig. 15b). The
responses of the latent heat flux in the non-SOM and
SOM experiments are positive and similar in terms of
the magnitudes in this region. In the SOM experiments,
however, the positive latent heat flux decreases SST,
leading to a further decrease in the diabatic heating
anomalies. The air-sea interaction here, thus, contrib-
utes a positive feedback. Consistent with the stronger
anticyclonic circulation, stronger easterlies (which add
to the climatological easterlies in this region) are seen in
Fig. 151, thus increasing the magnitude of the wind.

The strengthened response by air-sea interaction
agrees with the results of Wang et al. (2003): the anti-
cyclonic circulations during El Nifio summer are stron-
ger than during the peak of El Nifo because the air-sea
interaction induces a positive feedback.

In addition, by applying SOM, positive diabatic heating
anomalies over the equatorial Indian Ocean (Fig. 15a)
almost disappear in the SOM experiment (Fig. 15b).
Thus, the associated anomalous upward motion is also
weakened, leading to a weaker anomaly in the Walker
circulation.

In summary, in the heating experiments the air-sea
interaction yields a negative feedback to the responses
to the additional diabatic heating, with latent heat fluxes
cooling the oceans in regions of added heating. In con-
trast, in the cooling experiments the air-sea interaction
gives a positive feedback, with increased wind-induced
latent heat flux leading to an enhancement of the anom-
alously cold SST, and enhanced downward motion. These
feedbacks are tightly related to the monsoon flow. Thus,
these feedbacks may change over the tropical central/
eastern Pacific, where the mean surface zonal wind is
easterly. In fact, the strong SST forcing over the tropical
central and eastern Pacific mainly influences the atmo-
sphere with little local atmospheric feedback (Lau and
Nath 2000, 2003).

d. 1987 observed diabatic heating experiment

We ran an additional SOM experiment relevant for the
summer of 1987. The inserted additional diabatic heating
anomalies were chosen so that the fotal diabatic heating
anomalies (additional heating plus model-generated
heating) approximated the anomalous heating estimated
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from reanalyses for this period. The anomalous diabatic
heating estimated from the reanalyses (Fig. 16a) shows
the pattern of El Nifio (cooling over the Maritime
Continent and heating over the central-eastern Pacific)
along with cooling over India, consistent with a dry
monsoon. A pair of anomalous anticyclones over India
and the Indian Ocean is seen in the observed stream-
function at 850 hPa (Fig. 16¢) and velocity potential, and
the divergent wind shows convergence over India and
the western Pacific (Fig. 16d). The 1987 El Nifio is
a warm event that shows a clear anomalous atmo-
spheric circulation consistent with the dry monsoon
that was observed.

The additional heating (labeled as ‘‘Forcing” in Fig. 16)
is based on the observed diabatic heating anomaly
(labeled as “QDB” in Fig. 16) with the coefficients
adjusted so that the total heating anomaly matches
observations, as stated above. The AGCM’s diabatic
heating response to the forcing with SOM is shown in
Fig. 17. A weakened monsoon (negative anomalies over
India) is seen, along with a strengthened cooling and
heating over the western and central/eastern Pacific.
The total diabatic heating anomaly (Fig. 17b) has mag-
nitudes over the Pacific comparable with the observed
diabatic heating (Fig. 16a). The additional forcing in-
duces an anomalous anticyclonic circulation and upper-
level convergence over India (Figs. 17¢,d), although the
simulated anticyclonic circulation and divergent winds
are stronger than the observed ones.

The western Pacific cooling as a part of the 1987
forcing is similar to the idealized cooling centered at
120°E. The anomalous anticyclonic responses at
850 hPa are the same for both experiments. However,
while the upper-level convergence related to suppressed
convection over India appears in both the observed di-
abatic heating experiment (Fig. 17d) and observation
(Fig. 16d), the upper-level convergence does not appear
in the idealized cooling experiment (Fig. 10d-1). In
this 1987 case, the observed diabatic heating over the
central-eastern Pacific might play an important role in
suppressing convection over the Indian region. Watanabe
and Jin (2003) also show that both the western Pacific
cooling and central-eastern Pacific heating are neces-
sary to simulate proper anticyclonic anomalies over the
Indian region as El Nifo related to low-level atmo-
spheric circulation.

The same 1987 forcing is inserted in the model with
the non-SOM. The diabatic heating response (Fig. 18a)
again weakens the Indian monsoon and reinforces the
additional heating (negative over the western Pacific
and positive over the central Pacific). But strong positive
anomalies now appear in the vicinity of India (Bay of
Bengal and northwestern India) and the Philippines;
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anomalies that do not appear in the SOM experiment
(Fig. 17a). In addition, an anomalous cyclonic circula-
tion (Fig. 18c) is seen over the Bay of Bengal, and the
anticyclonic circulation is shifted southward compared
to the SOM. In the non-SOM experiment, there is no
mechanism to allow the SST to cool in response to the
increased latent heat supply to the atmosphere; hence,
the Bay of Bengal and the Philippines experience in-
creased diabatic heating.

6. Summary and discussion

The atmospheric response to the location of hori-
zontally localized tropical diabatic heating anomalies is
studied in CAM3, with particular reference to the Indian

s ') and rotational wind at 850 hPa (m s~
s 1) and divergent wind (m s~ ') during 1987 summer.

1Y during 1987 summer. (d)

monsoon and its relationship to ENSO. We modify
CAM3 by adding a relatively small diabatic heating with
an idealized vertical structure and no time dependence
in boreal summer integrations. The anomalous circula-
tion forced by this added idealized heating influences
the model’s circulation, which in turn further changes the
moist and radiative heating fields. Consideration of the
ensemble mean response removes most of the effects of
midlatitude disturbances.

This study of the sensitivity of the atmospheric re-
sponse to the longitude of tropical heating in a full
AGCM is more inclusive than a similar study using
a simple dry model (Ting and Yu 1998) focused only on
the dry dynamical response. Since the AGCM in this
study includes moist and radiative processes, we are able
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FIG. 17. Response to 1987 forcing with SOM. (a) Vertically integrated anomalous diabatic
heating (W m~2) from the surface to 100 hPa. (b) Sum of diabatic heating response and in-

serted forcing (W m™2). (c) Streamfunction at
at 850 hPa. (d) Velocity potential (shading, X

to assess the coupled response of the diabatic heating
change and the atmospheric circulation change. The set
of responses to the idealized forcing helps to understand
the results of the forcing experiment relevant for the dry
monsoon/El Nifio case of 1987. This study and that of
Jang and Straus (2012) are the first to apply the tech-
nique of additional heating in a full AGCM specifically
to the case of the Indian monsoon.

Ting and Yu (1998) show the insensitivity of the at-
mospheric response to tropical forcing location in dry
linear and nonlinear baroclinic models. In this study, the
interaction between atmospheric response and diabatic
heating leads differences. When the idealized heating/
cooling is over the warm SST, there is an anchored re-
sponse over the Bay of Bengal even as the idealized

850 hPa (x10° s~ 1) and rotational wind (m s}
10° m? s~ ') and divergent wind (m s~ ').

heating moves eastward. The anchored response extends
to the Indian region, interacting with the monsoon flow.
This anchored response disappears when the forcing is
over cold SST (east of the date line). However, when the
idealized forcing is over the eastern Pacific, there is
a Kelvin wave-like response over the Indian region,
which propagates eastward. Moreover, when the equa-
torial forcing is moved farther south to 7°S but still near
the western Pacific, the response of the atmospheric cir-
culation and diabatic heating over India becomes weak.

a. Role of heating/cooling near the Maritime
Continent

When idealized cooling (nearly symmetric about the
equator) is inserted near the Maritime Continent in the
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F1G. 18. As in Fig. 17, but for non-SOM.

model (appropriate for El Nifio conditions), anomalous
downward motion over the western Pacific is induced as
well as an asymmetric Rossby wave response (anticy-
clonic circulation) to the west of the forcing, extending
over the Indian region. Although the symmetric ideal-
ized cooling does not cover the Indian region, the
asymmetric response shows that the downward motion
branch of the anomalous Walker circulation can in-
fluence India.

The asymmetric Rossby response in a dry model is
due to easterly vertical shear near the Indian region
during northern summer (Wang et al. 2003; Xie and
Wang 1996). The full AGCM experiments include the
interaction between convection and equatorial waves.
In this study, convergence near the surface helps to
understand the asymmetric response. With the de-
velopment of the Gill-type circulation, the low in surface

150w 120W

pressure spreads to the north and south of the forcing
region; the accompanying surface convergence leads to
a meridionally and asymmetrically (stronger in the
north) extended response of the diabatic heating. In Wu
et al.’s (2006) symmetric (to the equator) propagating
forcing (MJO like) experiment in an AGCM, the
northward shift in precipitation is induced with the
northward propagation of surface convergence.

b. Role of ocean—atmosphere coupling

Experiments with cooling in the western Pacific—
Indonesian region (as in an El Nifio event) show a positive
feedback due to air-sea coupling related to latent heat
flux and enhanced easterlies over Sumatra. The positive
feedback is also emphasized as the reason for main-
taining an anomalous circulation during the retreating
phase of El Nifio (Wang et al. 2000, 2003). In contrast,
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when the heating is inserted in the Indonesian—-western
Pacific region, consistent with a La Nifia event, a nega-
tive feedback is seen in the forced experiments. These
different feedbacks are thought to be one of reasons
for this asymmetric response between El Nifio and
La Niia.

In considering a real El Nifio or La Nifia event, the
heating or cooling over a wide range of longitudes (in-
cluding the far eastern Pacific and Indian Oceans) must
be taken into account. In this study, the observed dia-
batic heating anomaly associated with one warm event
(1987) is used to guide the additional heating to be
added to the AGCM, so that the total AGCM heating
anomaly resembles the observed. However, the ob-
served estimate of heating is obtained from reanalysis
fields, and thus it has some uncertainty associated with
it, especially in data-poor areas. A better understanding
of the possible errors in the estimated diabatic heating
would be helpful in assessing these experiments. In ad-
dition, the AGCM used in this study has systematic er-
rors over the monsoon areas and in the tropics in
general; these certainly affect the results.

In the idealized experiments, heating over the far
eastern Pacific may have an influence in the equatorial
Indian Ocean (as suggested by Fig. 13), while the re-
sponse over India to added heating over the Indian
Ocean is opposite that of the same heating over In-
donesia. It is also possible that the responses to anom-
alous heating in various regions interfere constructively
or destructively. It remains to assemble the building
blocks of the responses presented here to understand
the monsoon response to the complex diabatic heating
field associated with an observed ENSO. A step in that
direction has been taken by Jang and Straus (2012).
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APPENDIX A

Vertical Structure

The hybrid vertical coordinates are specified as in-
put, and the corresponding midlayer pressures are
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TABLE Al. Standard values (/) of midlevel pressure for hybrid
coordinate system for CAM3.

Level K Pressure (Pa) Level K Pressure (Pa)
1 354.5 14 22 651.3
2 739.9 15 26 648.1
3 1396.7 16 31 350.1
4 2394.5 17 36 881.8
5 3723.0 18 43 389.5
6 5311.5 19 51 045.5
7 7005.9 20 60 052.4
8 8543.9 21 69 679.6
9 10 051.5 22 78 770.2

10 11 825.0 23 86 716.1
11 13 911.5 24 92 964.9
12 16 366.2 25 97 055.5
13 19 254.0 26 99 255.6

calculated from these assuming a fixed surface pres-
sure of po = 1000 hPa. We use a standard set of K =
26 levels, with midlayer pressure values A, as given in
Table Al.

For a profile to become very small at the bottom and
top of the model, we use the following approximation
(1=k=K)

M
P~ [Amcos(Zﬂ'm?k) +Bmsin<27rm?k>} (A1)
m=1

The values of A,, and B,,, are given in Table A2 using
m = 2. Equation (A1) is implemented in the CAM3
subroutine (dynamics and physics coupling module), in
which the full temperature tendency is available in
gridpoint configuration. The resulting profile is given by
the blue dots in Fig. Al.

To achieve a somewhat shallower profile, we modify
the formula in Eq. (A1) as shown:

([ h (R (ol
Fk:sm 77— —0.3sin( 27—= | —0.1sin{ 47— ).
Py Py Py

(A2)

An extended heating is defined as above, and Fig. Al
shows this heating profile as the red dots.

TABLE A2. Coefficients of A,, and B,,;; m = 2, harmonic
coefficients correspond to heating of Eq. (A1).

m=1 m=2
A,, —0.0418 —0.0392
B,, —-0.6917 —0.3230
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FIG. Al. Heating profiles derived by harmonic approximation. See
the text for details.

To compare the two profiles with observed diabatic
heating, the vertical structure of anomalous diabatic
heating fields obtained from ERA-40 data by Nigam
et al. (2000) is shown for El Nifio and La Nifia events in
Fig. A2. Two types of the vertical structures are shown:
those for a single grid point (2.5°S, 132°E; solid lines
with closed circles) and one for spatially averaged
values (5°S-2°N, 120°-140°E; dashed lines). In Fig. A1,
the shallow vertical profiles show a maximum at
600 mb and the deep profiles show a maximum at
about 450 mb. ERA-40 diabatic heating for both
El Nifio and La Nifna shows the maximum below
500 mb, although each event has a somewhat different
vertical structure. In all the experiments in this paper,
the shallower profile (red dots in Fig. A1) is used for
the vertical structure.
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FI1G. A2. Vertical structure of ERA-40 diabatic heating rate
(K s™1). (a) For El Nifo event (1982,1987,1991, 1994, and 1997).
The solid lines with closed circles are at 2.5°S, 132°E. The dashed
lines are averaged from 5°S to 2°N and from 120° to 140°E. (b)
For La Nina (1988, 1998, and 1999). The solid lines with closed
circles are at 2.5°S, 137°E for 1988, and at 2.5°S, 100°E for 1998
and 1999. For 1988 the dashed lines are averaged from 5°S to 2°N
and from 130° to 140°E, and are averaged from 5°S to 2°N and
from 95° to 105°E for 1998 and 1999.

Note that since we have assumed the surface pressure
to be equal to py, the coordinate in Fig. Al should really
be the model coordinate; the correspondence with
pressure is only valid if the true surface pressure is close
to po, typically over the ocean.
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FIG. B1. Mean precipitation (mm day ') during northern summer (May-August). (a)
Control run with an SOM over the Indian Ocean and western Pacific. (b) Control run with
climatological SST. (c) Differences between (a) and (b). Shading is at 5% significance, and box
is the SOM domain. (d) Observed precipitation.

APPENDIX B

Comparison of Control Runs: Effect of SOM

We briefly compare the boreal summer mean state
from the two control runs. The mean precipitation of the
CCTL (non-SOM) has excessively large precipitation
over the equatorial Indian Ocean compared to the ob-
served precipitation (see Fig. B1d). In Fu et al. (2002),
excessive rainfall over the equatorial Indian Ocean is
also mentioned as a common problem of AGCMs. The

magnitude of the precipitation in the SOM control run
(Fig. Bla) over the Indian Ocean is more similar to
observations. In Fu et al. (2002) and Wu and Kirtman
(2005), excessive precipitation over the equatorial In-
dian Ocean is reduced by applying the regional air-sea
coupling. However, the simulated precipitation over the
Maritime Continent and along the Somali coast is still
large compared to observations, while the precipitation
is underestimated over the Bay of Bengal and in the
vicinity of the Philippines (including the western Pacific
and South China Sea).
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F1G. B2. Mean SST (°C) during northern summer (May-August). (a) Second control run
with an SOM over the Indian Ocean and western Pacific. (b) Control run with climato-
logical SST. (c) Differences between (a) and (b), and shading is at 5% significance; box is
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the SOM domain.

For the CTL SOM, negative anomalies (differences)
of SST compared to CCTL appear over the northern
portion of the Indian Ocean where there is large pre-
cipitation. As in Wu and Kirtman (2005), this rep-
resents a negative feedback in which a reduction
of incoming solar radiation by cloudiness associated
with convection near India cools the ocean (Fig. B2c),
and reduces the precipitation (Fig. Blc). Enhanced
westerlies near the surface over the equatorial Indian
Ocean (Fig. B3) are also related to the reduced pre-
cipitation. The increased wind induces latent heat flux
from the ocean to the atmosphere, thereby lowering

the SST. So, anomalously negative SST may reduce
precipitation or the released latent heat flux supply
heating to existing clouds as enhancing precipitation.
In the lead-lag correlation analysis (not shown), when
the SST leads rain by 1 month, the correlation is larger
than between rain and latent heat flux. We thus hy-
pothesize that decreased SST (due to increased west-
erlies) contributes to reduced precipitation over the
equatorial Indian Ocean. However, in the southern
portion of the Indian Ocean, positive anomalies of SST
appear (Fig. B2c)—here, different feedbacks between
the ocean and atmosphere operate.
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FIG. B3. Mean wind (m s~ ') during northern summer (May—August). Shading indicates the
zonal wind in (a) control run with an SOM over the Indian Ocean and western Pacific, (b)
control run with climatological SST, and (d) observed wind (ERA-40). (c) Differences between
(a) and (b), and the zonal wind at 5% significance are selected and shaded; box is the SOM domain.

The observed mean summer flow at 850 hPa is east-
erly over the southern Indian Ocean. Toward South
Africa the flow turns northward and becomes westerly
(Somalia jet) (Fig. B3d). These main features also appear
in the two control runs (Figs. B3a,b). However, in the
model the westerlies to the west of India and the east-
erlies over the southern portion of the Indian Ocean are
too strong, while the westerly flow in the Bay of Bengal
and the South China Sea is too weak. By applying the
SOM regionally, the excessively strong easterly flow
over the southern Indian Ocean becomes weaker (cf.
Figs. B3a,b) but still large compared to observation.

The systematic errors in the model, such as overly
strong easterlies over the Indian Ocean and errors in
precipitation in the vicinity of India, may influence the
results of the experiments in this study.
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