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ABSTRACT

Observational evidence has indicated the important role of the interaction of the atmosphere with the sea
surface in the development and maintenance of the tropical intraseasonal oscillation (ISO). However,
improvements in ISO simulations with fully coupled atmosphere—ocean general circulation models are
limited and model dependent. This study further examines the effect of air-sea coupling and the basic-state
sea surface temperature (SST) associated with the boreal summer intraseasonal oscillation (BSISO) in a
21-yr free run with the recently developed NCEP coupled Climate Forecast System (CFS) model. For this,
the CFS run is compared with an Atmospheric Model Intercomparison Project-type long-term simulation
forced by prescribed SST in the NCEP Global Forecast System (GFS) model and flux-corrected version of
CFS (referred to as CFSA). The GFS run simulates significantly unorganized BSISO convection anomalies,
which exhibit an erroneous standing oscillation. The CFS run with interactive air-sea coupling has limited
improvements, including the generation of intraseasonal SST variation preceding the convection anomaly
by ~10 days. However, this simulation still does not show the observed continuous northward propagation
over the Indian Ocean due to a cold model bias. The CFSA run removes the cold bias in the Indian Ocean
and the simulation of the development and propagation of BSISO anomalies are significantly improved.
Enhanced and suppressed convection anomalies exhibit the observed quadrupole-like configuration, and
phase relationships between precipitation and surface dynamic and thermodynamic variables for the north-
ward propagation are shown to be coherent and consistent with the observations. It is shown that the surface
meridional moisture convergence is an important factor for the northward propagation of the BSISO. On
the other hand, both the GFS and CFS runs do not realistically simulate an eastward-propagating equatorial
mode. The CFSA run produces a more realistic eastward-propagation mode only over the Indian Ocean and
Java Sea due to the improved mean state in SST, low-level winds, and vertical wind shear. Reasons for the
failure of farther eastward propagation into the west Pacific in CFSA are discussed. This study reconfirms
the significance of air—sea interactions. More importantly, however, the results suggest that in order for the
influence of the coupled air-sea interaction to be properly communicated, the mean state SST in the
coupled model should be reasonably simulated. This is because the basic-state SST itself acts to sustain
BSISO convection and it makes the large-scale dynamical environment (i.e., easterly vertical wind shear or
low-level westerly zonal wind) more favorable for the propagation of the moist Rossby-Kelvin wave packet.

1. Introduction

The propagation characteristic of the tropical in-
traseasonal oscillation (ISO) undergoes a peculiar sea-
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sonal variation. The boreal winter and springtime in-
traseasonal oscillation, known as the Madden-Julian
oscillation (MJO), is characterized by dipole convective
anomalies in the warm pool with a pronounced east-
ward propagation (e.g., Madden and Julian 1994; Hen-
don and Salby 1994, 1996; Seo and Kim 2003; Sperber
2003; Wheeler and Hendon 2004), whereas the boreal
summertime intraseasonal oscillation (BSISO) has a
complex spatial structure and propagation pattern due
to the northward migration of the thermal equator and
the interaction with the Asian summer monsoon (e.g.,
Lau and Chan 1986; Annamalai and Slingo 2001;
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Kemball-Cook and Wang 2001). For the BSISO, east-
ward-propagating convection anomalies along the
equator coexist with northward-propagating convection
anomalies from the Indian Ocean to the Indian subcon-
tinent, and also with the northwestward-moving
anomalies in the western Pacific (e.g., Lau and Chan
1986; Annamalai and Slingo 2001; Hsu and Weng 2001;
Kemball-Cook and Wang 2001; Lawrence and Webster
2001; Jones et al. 2004; Seo et al. 2005).

The propagation features of the BSISO have pro-
nounced regional influences, for example, the life cycle
of the Asian summer monsoon system. The intrasea-
sonal tropical convection variation over the Indian
Ocean and the South China Sea is connected to the
onset and retreat of the Indian summer monsoon and
the rainy spells over China (mei-yu; Sikka and Gadgil
1980; Lau and Chan 1986; Annamalai and Slingo 2001).
The active and break spells of the monsoon are due to
the northward propagation of the convective anomaly
from the Bay of Bengal or the Indian Ocean over to the
Indian subcontinent (Krishnan et al. 2000; Annamalai
and Slingo 2001). Interaction between diabatic heating
associated with the BSISO and large-scale circulation
also affects remote regions via teleconnection. For ex-
ample, the BSISO modulates the summertime intrasea-
sonal precipitation variability in the extratropical re-
gion (Kawamura et al. 1996; Mo 2000). Also, the
BSISO occurring in the eastern Pacific Ocean has been
demonstrated to change sea surface temperature (SST)
and modulate tropical cyclone activity (Maloney and
Hartmann 2000; Maloney and Kiehl 2002). Further-
more, there exists clear evidence that a proper repre-
sentation of tropical intraseasonal convective forcing in
atmospheric models helps enhance extended-range
weather forecast skill in the extratropics (Ferranti et al.
1990).

To understand the major factors responsible for the
observed characteristics of the BSISO, the role of SST
and air-sea coupling on the ISO has received growing
interest. Krishnamurti et al. (1988) demonstrated evi-
dence of SST fluctuations in relation to the ISO over
the tropical Indian Ocean and western Pacific. A theo-
retical study by Wang and Xie (1998) showed the im-
portance of the ocean mixed layer thermodynamics in
destabilizing the MJO and a selection mechanism that
favors the growth of planetary-scale waves. Diagnostic
analyses by many authors (Zhang 1996; Shinoda et al.
1998; Woolnough et al. 2000; Hsu and Weng 2001;
Kemball-Cook and Wang 2001, among others) have
provided significant evidence of coupled air—sea inter-
action in the maintenance and development of the bo-
real winter MJO and boreal summer ISO.
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In contrast to the observational and theoretical
analysis, however, various studies with general circula-
tion models (Flatau et al. 1997, Waliser et al. 1999;
Hendon 2000; Kemball-Cook et al. 2002; Inness and
Slingo 2003; Inness et al. 2003; Fu et al. 2003; Fu and
Wang 2004; Sperber 2004) suggested that the inclusion
of coupled air-sea interactions does not always lead to
improvements in the model-simulated ISO. Some
model studies show that the coupled air-sea interaction
improves the eastward propagation of the boreal winter
MJO and northward propagation of the boreal summer
ISO, as well as simulation of their intensity and period.
Improvements tend to occur when coupled models are
capable of simulating observed relationships among
convection, surface heat fluxes, and SST associated
with the ISO, and in such cases the ISO in the coupled
model simulations are indeed improved compared with
the simulations in the atmosphere-only integrations.
But when models failed to capture the observed rela-
tionship between convection and surface heat flux due
to a certain deficiency, such as erroneous mean surface
winds and SST (Hendon 2000; Inness and Slingo 2003),
the simulated ISO was not improved by the inclusion of
coupled air-sea interaction. So in this paper, the role of
coupled air-sea interaction on the characteristics of
BSISO is further studied using the coupled model at the
National Centers for Environmental Prediction
(NCEP).

A new operational global atmosphere—ocean coupled
Climate Forecast System (CFS) model has been re-
cently implemented at NCEP for seasonal climate pre-
diction (Saha et al. 2006; Wang et al. 2005). The CFS
model is composed of the recent version of the NCEP
atmospheric model and the Geophysical Fluid Dynam-
ics Laboratory (GFDL) oceanic model. A preliminary
result on the ENSO-related interannual variability in
the CFS model has been reported in Wang et al. (2005)
and various other studies on atmospheric and ocean
variability including teleconnection, Asian summer
monsoon, oceanic Kelvin wave variability, and their
skill score evaluation are currently under way.

The focus of this study is the role of coupled air-sea
interactions on the northward and eastward propaga-
tion, and the coherent relationships among BSISO con-
vection and associated dynamic and thermodynamic
variables. Analysis includes a comparison of a long
coupled CFS control simulation with a simulation from
an atmosphere-only version of the CFS. As long simu-
lations of coupled models also generate SST biases that
could adversely influence the characteristics of BSISO,
an additional surface flux-corrected coupled run is also
performed to evaluate if the development and propa-
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gation of BSISO signals can be further improved by
reduced SST biases. Of practical relevance, we also
present evidence that the real-time forecasts from the
CFS have improved the BSISO signal compared to the
corresponding uncoupled GFS forecast.

Section 2 describes the models, simulation configu-
rations, and the methods to diagnose the results. Sea-
sonal mean climatologies as well as the intraseasonal
variability of tropical precipitation of the uncoupled
and coupled simulation runs are presented in section 3.
In section 4, we examine the phase relationships among
convection, surface heat flux, surface temperature, and
surface dynamic variables associated with the BSISO.
Section 5 describes the effect of the basic-state SST on
the development and propagation of BSISO modes
from the flux-corrected CFS simulation. In section 6
summary and discussions are given and the first evi-
dence of the forecast skill difference between the
NCEP uncoupled and coupled models is presented.

2. The models and simulations

a. The models

The atmospheric component of the coupled CFS is a
version of the NCEP Global Forecast System (GFS)
model as of February 2003. It adopts a spectral trunca-
tion of 62 waves (T62) in the horizontal and 64 sigma
layers in the vertical. The oceanic component is the
GFDL Modular Ocean Model version 3 (MOM3; Pac-
anowski and Griffies 1998). The spatial domain for
MOMS3 in CFS is quasiglobal, extending from 74°S to
64°N. The zonal resolution is 1°. The meridional reso-
lution is 1/3° between 10°S and 10°N, linearly increasing
to 1° poleward of 30°S and 30°N. There are 40 layers in
the vertical with 27 layers in the upper 400 m. The
atmospheric and oceanic components are coupled once
per day. Sea ice extent is prescribed from the observed
climatology. An upgraded version of the simplified Ar-
akawa—Schubert scheme (Pan and Wu 1995) by Hong
and Pan (1998) is used for cumulus convection param-
eterization. More details of the CFS model can be
found in Saha et al. (2006).

b. The simulations and observations

Analysis in this study is based on an atmosphere-only
Atmospheric Model Intercomparison Project (AMIP)-
type simulation with the atmospheric component of the
CFS (i.e., the GFS), a Coupled Model Intercomparison
Project (CMIP)-type simulation with the CFS, and the
flux-adjusted CMIP simulation with the CFS. The
AMIP-type simulation with the GFS was forced with
observed monthly mean SST from 1982 to 2002. The
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prescribed SST was taken from the weekly analysis of
Reynolds et al. (2002). This run is referred to as the
GFS run or GFS briefly. Note that it is more appropri-
ate to use the monthly mean SSTs as a boundary forc-
ing than the weekly or daily SSTs because the high-
frequency variability in the observed SST contains sig-
nature of fully coupled air-sea interactions and when
specified in the AMIP simulations, it interferes with the
internal atmospheric dynamics and variability on a
similar time scale. Indeed, this point is well illustrated
in Fu and Wang (2004) and Zheng et al. (2004) where
an atmosphere-only simulation forced by daily SST
produces erroneous intraseasonal variations and an un-
realistic phase relationship between convection and
SST.

Several CMIP multidecade control simulations have
been performed with the CFS, and have been diag-
nosed to investigate the model’s capability in simulating
interannual variability (Wang et al. 2005). In this study,
a 21-yr segment from one of the CFS simulations is
used. This simulation was initialized from observed
analyses of 1 January 2002. The initial condition for the
atmosphere was taken from the NCEP Department of
Energy (DOE) Reanalysis-2 (R2; Kanamitsu et al.
2002) and the initial condition for the ocean was
from an NCEP global ocean data assimilation system
(GODAS; Behringer and Xue 2004; Seo and Xue
2005). This simulation is referred to as the CFS.

While the CFS includes the coupled air-sea interac-
tion (the importance of which will be shown in the rep-
resentation of the ISO) biases in air-sea interaction
also inevitably induce errors in the simulated SSTs,
which may also adversely affect the simulated ISO. The
amplitude of the tropical annual-mean SST bias in the
CFS run can be as large as 2 K. To reduce SST biases,
and at the same time to maintain coupled air—sea inter-
actions, another simulation with the CFS, but with a
flux adjustment to the ocean surface flux components,
is also analyzed. This simulation is referred to as the
CFSA. The flux adjustment for CFSA was taken as the
differences between fluxes produced from the AMIP
simulation with GFS using observed SSTs and fluxes
used to drive uncoupled MOM3, which produced SSTs
that are close to the observations. Momentum fluxes
for the uncoupled MOM3 are taken from R2. Heat and
freshwater fluxes for the uncoupled MOM3 are taken
from the fluxes from R2 plus additional values. These
additional values for heat and freshwater fluxes were
calculated by forcing MOM3 with R2 ocean surface
fluxes and with relaxation terms for SST and sea sur-
face salinity (SSS) with a time scale of 10 days. These
relaxation terms for SST and SSS are saved and added
to the R2 fluxes to form the total fluxes for the un-
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coupled MOM3. As will be demonstrated, the CFSA
has less bias in seasonal mean SST, wind, and vertical
shear in the Indian Ocean, leading to the most im-
proved simulation of the northward-propagating mode.
Observational datasets used in this study include
daily NCEP DOE R2 (Kanamitsu et al. 2002) and daily
precipitation interpolated from the pentad Climate Pre-
diction Center (CPC) Merged Analysis of Precipitation
(CMAP; Xie and Arkin 1997). Calculations for in-
traseasonal variability are based on 20-100-day band-
pass-filtered time series using a Lanczos filter (Duchon
1979) for the months of June-September (JJAS).

¢. Methods of analysis

To extract the evolving pattern of the BSISO, an
extended EOF analysis (EEOF) is applied to the in-
traseasonally filtered precipitation anomalies during
JJAS for the observation and three simulation runs,
separately. In the EEOF analysis, a window of 50 days
is used to capture a dominant BSISO signal (see also
Lau and Chan 1986). Other key variables (e.g., large-
scale circulation, surface heat flux, surface temperature,
surface moisture convergence, and surface vorticity)
are regressed against the EEOF principal components
to provide a consistent picture of circulation and sur-
face variability associated with BSISO convection.
Variations in the applied window width do not show
any significant change in the result. Also, the EEOF
and corresponding regression analyses based on outgo-
ing longwave radiation (OLR), which provides a more
continuous proxy data for convection than precipita-
tion, lead to virtually identical conclusions.

3. Seasonal mean state and intraseasonal
variability

a. Rainfall and vertical wind shear

In this section, we will first describe some aspects of
the seasonal mean climatology that may impact in-
traseasonal variability. Figure 1 compares precipitation
rate and vertical shear of zonal winds between the ob-
servations and simulations in boreal summer (defined
as JJAS). Both simulations produce double rainbelts
near the equator and along 15°N. However, the large
rainfall area in the Indian Ocean (south of the equator)
in CFS is centered ~30° to the west of the observed
one. Also, the rainfall in the eastern Arabian Sea and
Bay of Bengal is overestimated in the GFS run (Fig.
1b), but is slightly more realistic in the CFS run (Fig.
1c). The rainfall in the South China Sea and the western
North Pacific (WNP) in both simulations is not well
simulated, and further, the models tend to generate a
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FIG. 1. JJAS mean precipitation rate (mm day ™', shaded) and
vertical shear of zonal winds (U200-U850, contours) for (a) the
observations (CMAP precipitation rate and winds from the NCEP
R2), (b) the GFS run, and (c) the CFS run. The contour interval
is5ms L

spurious double intertropical convergence zone (ITCZ)
in the west Pacific (Figs. 1b,c) instead of a dominant
northern ITCZ as in the observation (Fig. 1a).

The vertical shear in the mean zonal wind is shown to
be very critical for both the northward propagation and
eastward propagation along the equator (Zhang and
Geller 1994; Wang and Xie 1997; Kemball-Cook et al.
2002). The easterly vertical wind shear favors the emis-
sion of Rossby waves, as well as the eastward-
propagating equatorial waves by diabatic heating asso-
ciated with the ISO. The model simulations capture the
observed overall pattern with easterly shear northward
of 10°S over the Indian Ocean and western Pacific, but
the shear in both models is weaker than the observa-
tion. The CFS model moderately reproduces the large-
scale circulation and rainfall features associated with
the Asian (especially Indian) summer monsoon.
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FIG. 2. JJAS mean 1000-hPa zonal winds (ms™!) for (a) the

observation, (b) the CFS run, and (c) the difference between the

CFS run and the observation. The contour interval is 1 ms™'.

b. 1000-hPa zonal winds

The realistic simulation of mean surface zonal winds
is also an important factor for the reasonable represen-
tation of surface latent heat flux (e.g., Hendon 2000;
Inness and Slingo 2003). The surface latent heat flux
acts to regulate intraseasonal SST oscillation, which in
turn provides favorable condition for surface moisture
convergence and atmospheric instability. Figure 2 pre-
sents observed JJAS mean 1000-hPa zonal winds and
difference between the observation and the CFS simu-
lation. The GFS surface zonal winds are not shown
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since SST is not calculated from the simulated surface
heat fluxes but specified as observed. In fact, the zonal
winds in the GFS simulation are similar to the ob-
served. The observed westerlies over the regions of the
Asian summer monsoon and the BSISO (Fig. 2a) are
captured by CFS but with weaker amplitude over the
northern Indian Ocean (Fig. 2b). Especially, easterly
bias appears over the eastern Indian Ocean, near Indo-
nesia (0°,95°-105°E) and the region extending from the
Philippine Islands (10°N, 110°-130°E) to the WNP. As
will be discussed later, the easterly bias in these regions
in the CFS run is related to SST errors.

c¢. Sea surface temperature

Simulated SST errors in the CFS simulation are
shown in Fig. 3. Except for a warm bias with a magni-
tude of 1.5 K over the western Indian Ocean, cold bias
dominates over the central and eastern Indian Ocean,
the Java Sea, near the Maritime Continent, and in the
west Pacific. The cold bias over the equatorial eastern
Indian Ocean is generally located south of the equator,
where the stronger easterly zonal wind anomaly than
that of the observation appears (Fig. 2b). The increased
total wind speed due to the easterly anomaly induces
stronger evaporation and cold SST bias develops. Also,
the decreased seasonal mean precipitation amount
(Fig. 1b) is related to this cold bias. Similarly, the cold
bias along the western portion of the ITCZ in the WNP
in CFS represents significantly reduced mean convec-
tive activity in this area (Fig. 1c).

d. Intraseasonal variability of rainfall

Figure 4 shows the standard deviation of tropical in-
traseasonal (20-100 day) rainfall in JJAS for the obser-
vation and the GFS and the CFS runs. For the observed
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FIG. 3. JJAS mean SST difference (K) between the CFS run and the observation. The contour
interval is 0.5 K.
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FIG. 4. JJAS mean standard deviation of intraseasonal precipi-
tation rate (mm day ', shaded) for (a) the observation (CMAP
rainfall), (b) the GFS run, and (c) the CFS run.

field, five regions with local maximum in rainfall are
identified as in Fu and Wang (2004): the eastern Ara-
bian Sea, the Bay of Bengal, the South China Sea, the
WNP, and the equatorial Indian Ocean. The off-
equatorial peaks are due to deep convection that
propagates northward sequentially along the regions
listed above (see Fig. 5). Both GFS and CFS capture
the overall observed pattern, but rainfall variability in
the eastern Arabian Sea and Bay of Bengal is stronger
than that in the observation. The equatorial Indian
Ocean rainfall maximum in CFS is shifted ~30° west to
the observed one, as in the shift in the seasonal mean
state. Rainfall variability over the WNP and South
China Sea is simulated slightly better in CFS than in
GFS. Finally, both GFS and CFS exhibit considerably
stronger intraseasonal variability in the western Pacific
south of the equator in association with the erroneous
southern I'TCZ as shown in seasonal mean precipitation

(Fig. 1).
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4. Simulation of the northward-propagating signal
and the eastward-moving equatorial mode

a. Life cycle of the BSISO convection

The life cycle of the BSISO is identified based on the
EEOQOF analysis. This is conducted over the global Trop-
ics (30°S-30°N, 0°-360°E). According to North et al.’s
(1982) rule of thumb, the first two modes of the EEOF
analysis for JJAS CMAP precipitation are identified to
be significantly different from the higher modes. These
two modes account for about 9.3% of total daily rainfall
variability and represent the prominent evolution pat-
tern of the BSISO with a quarter-cycle phase difference
(~10-12 days) between the two principal components.
This 90° out-of-phase relationship is due to the nonsta-
tionary nature of the ISO (Seo and Kim 2003). Figure 5
shows the first mode of CMAP precipitation for JJAS
with each panel 4 days apart and illustrating a typical
life cycle of the BSISO with a period of ~40-45 days.
The initiation of the cycle is marked by enhancement of
the convection in the equatorial Indian Ocean (¢ = 1).
This convection anomaly strengthens and moves east-
ward with time. Over the Indian Ocean, the convection
anomaly elongates to the north and south as Rossby
waves are emitted (¢ = 13-17). The northern lobe
propagates steadily northward, while the southern one
is diminished by t = 25. A Kelvin wave response ex-
tends toward the date line. This northern lobe of the
Rossby waves and the eastward-moving convective
anomaly from the Kelvin waves form a diagonally elon-
gated convective band. Along with these, the sup-
pressed convection of the previous cycle in the South
China Sea and the new suppressed convection in the
equatorial Indian Ocean exhibit a quadrupole-like con-
figuration (¢t = 25-29). This pattern suggests that the
Indian monsoon generally exhibits an opposite phase
variation with the China monsoon (Krishnan et al.
2000). By the time when the northward-moving precipi-
tation anomaly decays over the foothills of the Hima-
layas (+ = 33-37), possibly due to the surface friction
and decreased moisture supply, suppressed convection
in the equatorial Indian Ocean is well developed and
begins to emit the northern and southern Rossby
waves. The convection anomalies developed near the
Maritime Continent and western Pacific (¢t = 17-21)
propagate northward (+ = 25-37 and ¢ = 1) and subse-
quently weaken near the southeastern China continent
(t = 5-9). From the life cycle, it is seen that separate
enhanced convection anomalies propagate northward
or northwestward in a sequential order from the west to
the east: first, the eastern Arabian Sea (70°E), next the
Bay of Bengal (90°E), then the South China Sea
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(115°E), and finally the WNP (130°-140°E), which
form the peaks of intraseasonal variance along 15°N as
shown in Fig. 4 (Hsu et al. 2004). The slanted precipi-
tation band with the four distinct deep convection cen-
ters can be seen at t = 25-29. A virtually identical life
cycle is also obtained with an EOF analysis of the Ad-
vanced Very High Resolution Radiometer (AVHRR)
OLR (see Fig. 14 of Seo et al. 2005).

To simulate the timing of the break and active phases
of the Asian summer monsoon, it is desirable that a
climate model be capable of simulating this variability
realistically. The corresponding time evolution of the
BSISO convection anomalies simulated in GFS and
CES can be seen in Fig. 6. For brevity, only the half
cycle is presented. The figure shows that both runs do
not simulate the overall evolution pattern as seen in the
previous canonical life cycle of the BISIO convection.
The characteristic northward propagation over the In-
dian Ocean is not well captured. The rainfall anomaly
at the equator in the eastern Indian Ocean in GFS does
not expand to the north. In CFS, the rainfall anomaly in
the equatorial eastern Indian Ocean tends to slowly
propagate to the north but it dies off at 7°-8°N. This
weakening is due to the cold bias present in the model
(Fig. 3). The convection anomaly separately formed at
10°N in the eastern Indian Ocean also tends to propa-
gate slowly northward. But there is no continuous
northward propagation as seen in the observation.
Also, it is noticed that eastward propagation along the
equator is not well simulated. The longitude—time plot
will be presented later.

b. Mechanism of northward propagation of the
BSISO anomalies

It has been suggested that the northward propagation
of the BSISO convection is a result of the systematic
interaction of convection, surface dynamics, thermody-
namics, and radiation (e.g., Kemball-Cook and Wang
2001). Here we investigate phase relationships between
the BSISO convection and other surface variables. For
this, the analyzed variables are regressed against the
principal component of the first EEOF mode of pre-
cipitation. Figure 7 shows the evolution of 65°-95°E
average of observed surface zonal wind, latent heat
flux, shortwave radiation flux, surface temperature, sur-
face vorticity, and surface moisture convergence (all
contoured) relative to CMAP precipitation (shaded).
The moisture convergence is defined as —V - (Vq),
where V is the velocity vector and ¢ is the specific
humidity. The lead-lag time is assigned such that rain-
fall peak at the off-equator region (12°-15°N) occurs at
zero lag.
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The westerly anomalies exist under deep-precipi-
tating BSISO convection while the easterly anomaly
develops to the north of this convection (Fig. 7a). Over
the entire region, JJAS mean low-level zonal winds are
westerlies as shown in Fig. 2a, and therefore, to the
north of the convection, the zonal wind anomaly tends
to decrease total wind speed, leading to reduced evapo-
ration from the ocean to the atmosphere. Conse-
quently, anomalous latent heat flux is downward
(downward flux is defined positive; Fig. 7b). Also, sup-
pressed convection associated with the negative rainfall
anomalies results in a positive downward solar radia-
tion at the surface (Fig. 7c). Both latent heat and solar
radiation fluxes act to heat the surface (Fig. 7d). The
positive SST anomaly precedes convection anomaly by
1/4 cycle (~10-12 days). Also, the maximum positive
surface vorticity (Fig. 7e) is located to the north of the
enhanced convection center. In Fig. 7e, from day —15
through —10 a tropical vorticity dipole exists due to the
equatorial convective heating. The positive vorticity
around lag 0 represents the onset of the active phase
the Indian monsoon because it deepens climatological
trough over this region. The peak moisture conver-
gence (solid line in Fig. 7f) appears to the north of the
convection anomaly (dashed line). This relationship be-
tween moist convergence and convection is consistent
with the findings from previous studies (e.g., Kemball-
Cook et al. 2002), suggesting that this lag relationship is
important for northward propagation. The BSISO con-
vection moves northward toward the region of maxi-
mum moisture convergence and anomalous surface
heating. Hence, the northward propagation of BSISO
convection is associated with both convection—
circulation interaction and atmosphere—ocean coupling.
Interestingly, in the Southern Hemisphere, the surface
moisture convergence also leads southward-
propagating convection anomaly that eventually disap-
pears after it moves to the region of cooler SSTs and
westerly vertical shear region.

For the GFS simulation, the first two modes for pre-
cipitation explain only 6% of the total bandpass-filtered
rainfall variability. Figure 8 shows that the northward
propagation of rainfall is not well simulated in GFS: the
BSISO convection anomaly does not show an initiation
over the equatorial Indian Ocean and a strong standing
oscillation of the convection dominates (Fig. 8). Be-
cause of the use of specified SST for the oceanic sur-
face, there is no surface temperature variability to the
south of 15°N (Fig. 8d), which is purely ocean surface.
The relatively large surface temperature variability to
the north of 15°N is mainly due to the variation of land
skin temperatures (Fig. 8d), which is interactive in the
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Fi1G. 7. Time-latitude plots of observed precipitation anomalies (shaded) with (a) 1000-hPa zonal wind, (b) surface latent heat flux,
(c) downward solar radiation flux, (d) skin temperature, (e) 1000-hPa vorticity, and (f) 1000-hPa moisture convergence. The contour
intervals are 0.2 ms™! for 1000-hPa zonal wind, 2 W m~? for surface heat fluxes, 0.02 K for the surface temperature, 3 X 1077 s~ ! for
1000-hPa vorticity, and 2 X 10™° kg s~! kg™~ ! for 1000-hPa moisture convergence. All variables are averaged over a longitudinal band
of 65°-95°E. In (f), the thick solid line denotes the location of peak moisture convergence and the dashed line denotes the location of
peak precipitation.

model. The surface heat and radiation fluxes (Figs. seen in Fig. 6, two separate northward-propagation
8b,¢) in this simulation do not determine the SST varia- anomalies are noticed but they still exhibit standing
tion. behavior. However, CFS shows the overall correct

In the CFS simulation (Fig. 9), the first two precipi- phase relationships among the variables. For example,
tation modes account for 6.5% of total variability. As on the northern side of the precipitation anomaly, the
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F1G. 8. Time-latitude plots of precipitation anomalies (shaded) with (a) 1000-hPa zonal wind, (b)the surface latent heat flux, (c) the
downward solar radiation flux, (d) the skin temperature, (e) 1000-hPa vorticity, and (f) 1000-hPa moisture convergence in the GFS
simulation. The contour intervals are 0.2 m s~ ! for 1000-hPa zonal wind, 2 W m 2 for the surface heat fluxes, 0.02 K for the surface
temperature, 3 X 1077 s™! for 1000-hPa vorticity, and 2 X 107° kg s~ ! kg~ ! for 1000-hPa moisture convergence. All variables are

averaged over a longitudinal band of 65°-95°E.

easterly anomaly develops as in the observation. Since
the model-simulated JJAS mean 1000-hPa zonal winds
in CFS are also westerlies over the northern tropical
regions (Fig. 2b) as in the observation (Fig. 2a), this
easterly anomaly tends to enhance downward latent

heat flux (or reduced evaporation). Also, the surface
solar radiation is positive due to the negative cloud
amount. Both flux components lead to an increase in
surface temperature. Peak positive surface vorticity and
moisture convergence are also located slightly to the
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F1G. 9. Same as in Fig. 8, but for the CFS simulation.

north of the convection anomaly as in the observations.
Therefore, the inclusion of air-sea interaction in CFS
shows some limited improvements.

c. Eastward-propagating equatorial mode

The BSISO also contains an eastward-propagating
equatorial mode. As seen in Fig. 5, tropical diabatic
heating forces a Kelvin—-Rossby wave packet and most

of the northward propagation coexist with the eastward
propagation of the Kelvin wave along the equator
(Lawrence and Webster 2002; Hsu et al. 2004). To fur-
ther confirm this, the time evolution of precipitation,
surface temperature and surface moisture convergence
averaged over 5°S-5°N is plotted for the observation
and the model simulations in Fig. 10. It is evident that
the observed precipitation anomaly propagates east-
ward from the Indian Ocean across the west Pacific.
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F1G. 10. Longitude-time plots of precipitation anomalies (shaded) along with surface temperature (contours) in (a) the observation,
(b) GFS, and (c) CFS, and with 1000-hPa moisture convergence (contours) in (d) the observation, (e) GFS, and (f) CFS. The contour
interval for the surface temperature is 0.02 K and is 2 X 107? kg s~ ! kg~ ! for the moisture convergence. The zero lines are depressed.

All variables are averaged over an equatorial strip of 5°S-5°N.

The propagation is a bit faster over the west Pacific
probably due to decreased diabatic heating in that re-
gion. The observed intraseasonal surface temperature
anomaly propagates eastward (Fig. 10a) and leads the
precipitation anomaly by a quarter cycle (~10-12
days). Surface moisture convergence, although noisier,
also propagates eastward. Over the Indian Ocean, sur-
face moisture convergence is nearly in phase with the
precipitation anomaly but over the Maritime Continent
and western Pacific, the enhanced convection anomaly

is preceded by the surface moist convergence, in accor-
dance with the frictional wave-conditional instability of
the second kind (CISK) mechanism along the equator
(e.g., Wang and Rui 1990; Waliser et al. 1999; Seo and
Kim 2003). In both GFS and CFS, however, the east-
ward-propagating signal for the surface temperature,
moist convergence, and convection anomalies are not
prominent over the Indian Ocean, and both tend to
simulate the westward-propagating anomalies across
the west Pacific. The possible reason for this erroneous
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feature is studied in the next section using a flux-
corrected CFS simulation.

5. Flux-corrected CFS simulation (CFSA)

The cold bias over the eastern Indian Ocean in CFS
tends to weaken the convection anomaly. Conse-
quently, in the CFS simulations the coherent north-
ward-propagating convective mode and eastward-
propagating convective mode along the equator do not
exist. To investigate if this is due to SST bias in the
coupled simulations, a flux-corrected coupled simula-
tion is analyzed. As will be shown, the reduction in SST
bias with the flux correction results in more realistic
northward propagation over the Indian Ocean. This
also improves the basic-state dynamical conditions, giv-
ing rise to more realistic eastward propagation of the
BSISO along the equator over the Indian Ocean.

Figure 11 shows the SST bias from the CFS simula-
tion with flux adjustments. The main warm bias seen
over the western Indian Ocean in the CFS simulation
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FIG. 12. JJAS mean 1000-hPa zonal winds (m s~ ") for the dif-
ference between the CFSA run and the observation. The contour

interval is 1 ms™'.

(Fig. 3) disappears. More importantly, a cold bias in the
equatorial eastern Indian Ocean and Java Sea is also
eliminated, leading the reduced easterly surface zonal
wind bias by a factor of ~2 (Fig. 12). Another region
with cold bias along the ITCZ in the WNP (10°-20°N,
120°-150°E) is also improved. This correction in turn
results in the recovery of the seasonal mean convection
in the WNP (Fig. 13). In addition, the peak location of
the mean convection in the southern Indian Ocean is
improved (similarly the improvement in the peak re-
gion of intraseasonal variability over this region is also
evident, not shown)

Along with the reduced surface zonal wind bias, the
strong easterly shear in the equatorial Indian Ocean
and western Pacific, which was not well simulated in
CFS, becomes more realistic in CFSA as shown in Fig.
13 (although it is still in smaller magnitude than the
observation). Both enhanced westerlies at the lower
level and increased easterlies at the upper level (not
shown) contribute to this strengthening. Note that the
wind shear in GFS (Fig. 1b) is similar to CFSA. This

- CFSA JJAS mean U200- U850 &PRATE

120E 150E

30E 60E 90E

2 4 6 8 10 12 14 18 20

FiG. 13. JJAS mean precipitation rate (mm day ™", shaded) and
vertical shear of zonal winds (U200-U850, contours) from the
CFSA run. The contour interval is 5 ms™ .
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indicates that the errors in the vertical wind shear in the
Indian Ocean and western Pacific in the CFS simulation
are related to the errors in the simulated seasonal mean
SST.

Figure 14 shows the time evolution of BSISO rainfall
anomalies in CFSA. The onset, development, and
propagation of the convection anomalies are very simi-
lar to the observation (Fig. 5). First, the enhanced con-
vection is initiated at the central Indian Ocean as in the
observation and it develops further owing to the cor-
rected mean-state SST. The enhanced and suppressed
convection anomalies exhibit the observed quadrupole-
like pattern during t = 1 to t = 9 (see Fig. 5). The
northward propagation of the convection anomaly over
the Indian sector is evident. The steady, continuous
northward propagation can also be seen in the time-
latitude plot averaged over the Indian Ocean (65°-
95°E; Fig. 15). It is seen in Fig. 14 that while northward
propagation in the Indian Ocean is improved in CFSA,
the simulation of northward propagation in the west
Pacific remains poor when compared to the observation
(Fig. 5). This is associated with significantly decreased
activity of the eastward-propagating equatorial convec-
tion anomaly in the west Pacific (see also Fig. 17) since
the convection anomaly propagated from the Indian
Ocean into the west equatorial Pacific can exhibit sub-
sequent northward propagation as in the observation
(see Fig. 5).

Figure 15 shows the northward-propagating convec-
tion mode and its relationships with surface zonal
winds, heat fluxes, temperature, vorticity, and moist
convergence. It is obvious that the gross features of
phase relationships are in close agreement with the ob-
servations (Fig. 7). The downward surface latent heat
and solar radiation fluxes lead to the positive surface
temperature anomaly north of the convection anomaly.
The maximum surface vorticity and moisture conver-
gence are located to the north of the enhanced convec-
tion as in the observations. This surface moisture con-
vergence is maybe regarded as one of the most impor-
tant factors for the maintenance and propagation of the
BSISO, similarly to the winter MJO case (Waliser et al.
1999). To further investigate which component of mois-
ture convergence is more important, the zonal and me-
ridional components of moisture convergence are sepa-
rately calculated and are shown in Fig. 16. For obser-
vations as well as in the CFSA (also in CFS, not shown),
the meridional convergence appears consistently to the
north of the propagating convection anomaly. In fact,
this meridional convergence is due to the southwesterly
flow and acts to intensify the climatological “cross-
equatorial” southwesterly monsoon flow, leading to the
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FiG. 14. Life cycle of the BSISO convection anomalies in CFSA.
This corresponds to the half cycle of the first extended EOF mode
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F1G. 15. Same as in Fig. 7, but for the CFSA simulation.

active phase of south Asian monsoon. Therefore, as in
the winter MJO, the BSISO propagation is a result of
the interaction between circulation and convection.
The proper simulation of the meridional moist flux re-
quires the proper simulation of the basic-state features
and air-sea interaction.

Again, the results demonstrate that the improved
large-scale mean state in SST, low-level winds, and ver-
tical wind shear under interactive air-sea coupling leads

to an improved simulation of the northward propaga-
tion, spatial patterns, and time evolution of BSISO
anomalies. The improved mean state also produces bet-
ter simulation of eastward-propagating equatorial
mode. Figure 17 shows the 5°S-5°N averaged rainfall
anomaly along with surface temperature and surface
moist convergence. It is seen that a positive intrasea-
sonal SST anomaly leads the convection anomaly by a
quarter cycle over the Indian Ocean (Fig. 17a) as in the
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FiG. 16. Time-latitude plots of precipitation anomalies (shaded) with (a) zonal and (b) meridional moisture convergence at 1000 hPa
in the observation, and (c) zonal and (d) meridional moisture convergence at 1000 hPa in the CFSA. The contour intervals are 2 X 10~
kg s ' kg~ '. All variables are averaged over a longitudinal band of 65°-95°E.

observation (Fig. 11a). Also the surface moist conver-
gence is collocated with the enhanced convection
anomaly over the Indian Ocean, similar to the obser-
vations.

One clear deficiency in the CFSA simulation is that
the eastward-propagating mode abruptly halts across
the western Pacific near 140°E. A similar difficulty was
remedied in a flux-corrected coupled run for boreal
winter seasons by Inness et al. (2003). They suggested
that the errors in the low-level zonal wind were respon-
sible for the failure of the equatorial MJO propagation
into this region rather than the errors in SST. In our
case (CFSA), as the SST errors in this region are small,
this may not be the cause for this deficiency. The pos-
sible causes for this are discussed in the following sec-
tion.

6. Summary and discussion

The effects of air—sea coupling and basic-state SST
associated with the boreal summer intraseasonal oscil-

lation are investigated by comparing the long-term
simulations with the NCEP uncoupled model (GFS),
fully coupled model (CFS), and the CFS run with flux
corrections (CFSA). The GFS simulation shows disor-
ganized BSISO convection anomalies, and these exhibit
an erroneous standing oscillation. The CFS simulation
shows some limited improvements compared to the
GFS, but the inclusion of coupled air—sea coupling does
not result in the observed continuous northward propa-
gation over the Indian Ocean. This was shown to be due
to a cold SST bias. Improvements in the CFS simulation
include the correct phase relationships between precipi-
tation and the intraseasonal SST oscillation, and the
enhanced northward propagation over the western Pa-
cific. The flux-corrected CFSA run further removes a
cold bias in the Indian Ocean, and thus, the develop-
ment and propagation of the convection anomalies are
significantly similar to the observation. The convection
is initiated at the central Indian Ocean, as in the obser-
vation, and enhanced and suppressed convection
anomalies exhibit the observed quadrupole-like con-
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F1G. 17. Longitude-time plots of precipitation anomalies (shaded) along with (a) the surface temperature (contours), and (b)
1000-hPa moisture convergence (contours) in the CFSA run. The contour interval for the surface temperature is 0.02 K and is 2 X 10~°
kg s~ kg~ ! for the moisture convergence. The zero lines are depressed. All variables are averaged over an equatorial strip of 5°S-5°N.

figuration. The steady, continuous northward propaga-
tion of the convection anomaly over the Indian Ocean
is also well simulated. This also results in the coherent,
correct phase relationships between precipitation and
surface dynamic and thermodynamic variables for the
northward propagation: 1) the near-surface easterly
wind to the north of the equatorial convection de-
creases total wind speed and reduces evaporation from
the ocean to the atmosphere, resulting in anomalous
downward latent heat flux; 2) in relation to suppressed
convection at ~10°N, a positive downward shortwave
radiation flux anomaly develops and this radiation flux
is as strong as the induced latent heat flux as in the
observation; 3) these surface fluxes induce a positive
surface heating leading the convection by a quarter
cycle (~10 days); and 4) the peak horizontal surface
moisture convergence consistently develops along the
north of the northward-propagating enhanced convec-
tion center. Thus, the analysis implies that coupled air—
sea interaction plays a key role in the development and
maintenance of the BSISO as long as mean SST biases
are small. It is also shown that the surface meridional
moisture transport convergence is the most important
contributing factor in moisture flux convergence and
hence in the propagation of the BSISO. Thus, it is con-
cluded that the northward propagation of the BSISO is
a result of convection—circulation coupling and atmo-
sphere—ocean coupled interactions.

In contrast to the simulation of the northward propa-
gation of the BSISO, both GFS and CFS do not real-
istically simulate the eastward-propagating equatorial
mode. The CFSA run produces a more realistic east-
ward propagation mode only over the eastern Indian
Ocean and Java Sea owing to the improved mean states

in SST and vertical wind shear, suggesting the impor-
tance of mean SST and circulation fields. However, the
propagation of this equatorial mode into the west Pa-
cific remains unrealistic even in CFSA. Possible reasons
include the following factors. First, the vertical shear of
basic zonal wind in the western Pacific is smaller than
the observation (Figs. 1a and 13). Second, the simulated
equatorial low-level zonal wind in this region is rela-
tively stronger easterly (Fig. 12) compared to the ob-
served weak easterlies or westerlies (Fig. 2a). Third, the
model resolution is rather coarse to resolve the Mari-
time Continent region. While these deficiencies are
likely due to the imperfect model physics (e.g., cumulus
parameterization and boundary layer treatment) sensi-
tivity experiments are needed to find out the specific
physics that are directly related to the simulation er-
rors. Last, the errors in the simulated eastward propa-
gation may also be related to the nature of the season-
ality of the observed intraseasonal variability. The ob-
servation shows a weaker eastward-propagating
precipitation signal in boreal summer than the boreal
winter counterpart (e.g., Wheeler and Hendon 2004;
Zhang and Dong 2004). Consequently, it is more diffi-
cult to simulate the eastward component during north-
ern summer than in northern winter. In fact, the simu-
lation of the propagation of the MJO from the Indian
Ocean across the western Pacific in the northern winter
is improved in the CFS with flux correction (not shown;
this will be reported elsewhere), as in the Third Hadley
Centre Coupled Ocean—Atmosphere General Circula-
tion Model (HadCM3) by Inness et al. (2003). The er-
rors in SST are not considered to be a reason for the
failure of the simulation of the northern summer east-
ward propagation in the western Pacific since the SST
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errors are quite small as shown in Fig. 11 and the mean
state in CFSA is very similar to that in GFS (Figs. 1b,
2b, 12, and 13). This study is unable to address which
factor among those mentioned above is most impor-
tant. Of course, this subject is beyond our scope and
additional experimental simulations and thorough
analysis are needed.

This study supports the hypothesis that air—sea cou-
pling plays a role in the BSISO dynamics (e.g.,
Kemball-Cook et al. 2002; Fu et al. 2003) because the
correct intraseasonal SST variation can only occur with
interactive air-sea coupling. This is so because only in
the case of coupled interactions does the sea surface
feel the existence of the atmospheric ISO convective
entity and respond consistently to the surface heat flux
anomalies. The results suggest that the appropriate rep-
resentation of seasonal mean SST is also necessary for
the development and maintenance of the BSISO. This
is because correct mean SSTs are required to sustain
convection itself and to maintain realistic large-scale
dynamical environment (i.e., easterly wind shear or
low-level westerly zonal wind) favorable for the propa-
gation of a coupled Rossby—Kelvin wave packet (Wang
and Xie 1997).

Another way to examine the impact of air—sea inter-
action is to compare the real-time forecasts between
GFS and CFS. Since there appear to be some improved
aspects in the coupled model simulation, one would
expect an improvement in the forecast of the northward
propagation of the BSISO in the CFS compared to in
the GFS. At NCEP, the CFS operational forecasts have
been performed on a daily basis since fall of 2004. Here
only a specific example is presented. A more compre-
hensive diagnostic will be reported on later.

Figure 18 shows 30-day forecasts of OLR (shading)
and 850-hPa zonal wind anomalies (contour) from GFS
and CFS initialized on 13 July 2005. Since the GFS
model used is the same version as the atmospheric com-
ponent of the CFS model, the differences in the forecast
are due to the treatment of the ocean surface. To re-
move systematic model bias in the GFS and CFS fore-
casts, additional hindcast integrations were made for
the recent 6-yr period from 1999 to 2004, and the
anomalies are computed by removing the model clima-
tology at the corresponding initial and the forecast lead
time. The intraseasonal (30-70 days) signal is extracted
by the method described in Seo et al. (2005). The ob-
served analyses of the AVHRR OLR and R2 850-hPa
zonal wind are also shown in Fig. 18a. For the obser-
vations, the enhanced convection propagates north-
ward in the Northern Hemisphere, and the phase rela-
tionship between the convection and low-level wind
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FiG. 18. Time-latitude plots of OLR (shading) and 850-hPa
zonal wind (contour) anomalies for (a) the observations, (b) the
GFS forecast, and (c) the CFS forecast. The forecast is initialized
on 13 Jul 2005. The contour interval for the zonal wind is 1 m s’

and the shading interval of OLR is 4 W m 2. All variables are
averaged over a longitudinal band of 65°-95°E.
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anomalies is consistent with the previous discussion
(see Fig. 7a). From the forecasts, it is apparent that the
coupled CFS model produces the better evolution of
these fields than the GFS model, indicating an enhance-
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ment of forecast performance because of the inclusion
of the coupled air-sea interaction. More detailed evalu-
ation of the prediction skill of the BSISO will be re-
ported in the near future.

There are some limitations in this work. First, the
results demonstrate that the improved large-scale basic-
state dynamical fields in the low-level winds and verti-
cal wind shear are important for the improved variabil-
ity. However, without doing sensitivity tests, we cannot
ascertain which components of the large-scale dynami-
cal variables are most important. Second, Shinoda
(2005) has showed that neglect of the diurnal cycle of
surface fluxes could lead to an underestimation of
warm SSTs during the dry, sunny phase of the ISO in
the west Pacific. However, the coupling frequency is
once a day in the current CFS integration and this con-
figuration does not allow the examination of the im-
pacts of diurnal cycle on SST. The dependency on the
coupling frequency will be investigated when the con-
figuration of the model becomes more flexible.
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