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Boreal summer intraseasonal variability simulated in the NCEP
climate forecast system: insights from moist static energy budget
and sensitivity to convective moistening
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Abstract The NCEP Climate Forecast System (CFS)
with the relaxed Arakawa Schubert (RAS, hereafter refer-
red to as CTRL) convection scheme of Moorthi and Suarez
exhibits better performance in representing boreal summer
tropical intraseasonal variability as compared with a sim-
ulation using simplified Arakawa—Schubert scheme. The
intraseasonal moist static energy (MSE) budget is analyzed
in this version of the CFS model (CTRL), which produces
realistic eastward and northward propagation characteris-
tics. The moist and thermodynamic processes involved in
the maintenance and propagation of the poleward moving
intraseasonal oscillation (ISO) disturbances are exam-
ined here. Budget diagnostics show that horizontal MSE
advection is the principal component of the budget, con-
tributing to the poleward movement of the convection. The
injection of MSE moistens the atmosphere north of the
convective area causing the poleward movement of con-
vection by destabilization of the atmosphere. The moist-
ening process is mainly contributed by the climatological
wind acting on the anomalous moisture gradient as con-
firmed from the examination of moisture advection equa-
tion. While surface enthalpy fluxes (consisting of radiative
and surface turbulent heat fluxes) maintain the ISO
anomalies, they oppose the MSE tendency due to hori-
zontal advection thus regulating the poleward propagation
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characteristics. In addition, the model results show that
wind—evaporation feedback dominates over cloud-radia-
tion feedback for ISO propagation; this is in contrast to our
estimates using the newly available European Centre for
Medium Range Weather Forecasts Interim reanalysis.
Sensitivity experiments suggest that intraseasonal vari-
ability in the CFS model with the RAS scheme is highly
sensitive to the parameterization of both the shallow con-
vection and the convective rain evaporation and down-
drafts. Removal of these components adversely affects the
propagation characteristics and greatly reduces the ampli-
tude of intraseasonal variability. Our results support the
primary importance of the moisture preconditioning ahead
of the ISO and the physical relationship between moisture
and precipitation. For realistic ISO simulations, models
need to represent these features appropriately.

Keywords Intraseasonal oscillation (ISO) - Moist static

energy (MSE) budget - Moist and thermodynamic process -
Wind-evaporation feedback - Cloud-radiation feedback -

RH-precipitation relationship

1 Introduction

The Madden—Julian Oscillation (MJO) is the most signifi-
cant mode of intraseasonal variability in the tropics, as
throughout the seasonal cycle, the tropics experience strong
and coherent intraseasonal variations in wind and precipi-
tation (Madden and Julian 1994). The MJO is predomi-
nantly confined to the equatorial region in boreal winter
and spring. In contrast, the boreal summer time intrasea-
sonal oscillation (BSISO) has a complex spatial structure
and propagation pattern owing to the northward propaga-
tion of the thermal equator and interaction with the Asian
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summer monsoon (e.g. Lau and Chan 1986; Annamalai and
Slingo 2001; Kemball-Cook and Wang 2001; Seo et al.
2007). So for BSISO, eastward propagating convection
anomalies along the equator coexist with northward prop-
agating convection anomalies from the Indo-western
Pacific to the landmasses of India and Southeast Asia,
leading to active and break cycles in Asian summer mon-
soon. While the eastward propagation speed generally
varies from 4 to 6 m s~' (Zhang 2005), the poleward dis-
turbances usually assume speeds ranging between 1 and
2 m s~ ', with higher speeds in that range typically occur-
ring in the Asian longitudes.

Several theories have been suggested to explain the
observed BSISO. Some studies (Webster 1983; Goswami
and Shukla 1984) depict northward propagation as the result
of a prevailing meridional gradient in moist static energy
(the northern side becomes more unstable than the southern
side). Lau and Peng (1990) suggested that convective
feedback between monsoon flow and the equatorial MJO
can trigger (in numerical experiments) westward propa-
gating Rossby waves over the Indian monsoon region. The
model study of Wang and Xie (1997) show that continuous
northwestward propagating Rossby waves (tilted convec-
tion front) are seen to emanate from an equatorial Kelvin
wave as it crosses the maritime continent, creating north-
ward moving rain bands. Jiang et al. (2004) proposed the
importance of barotropic vorticity for independent pole-
ward propagating events (i.e., without eastward component)
over the Indian longitudes. According to them, the vertical
shear mechanism is responsible for such barotropic vorticity
occurring north of the convective maximum. Besides these
internal processes, local air—sea interaction also play a role
in northward propagating ISO, as highlighted in various
observational (Bhat et al. 2004; Vecchi and Harrison 2002;
Sengupta et al. 2001) and modeling studies (Woolnough
et al. 2001; Fu et al. 2003; Kemball-Cook et al. 2002). A
recent study by Chou and Hsueh (2010) provides a com-
prehensive summary of the current understanding on the
northward propagation of ISO.

It appears that the northward propagating modes origi-
nate from the same disturbance as the eastward propagating
MIJO (e.g. Wang and Rui 1990; Lawrence and Webster
2002); however, this is still controversial in some quarters
(Jiang et al. 2004; Lin et al. 2008). We refer to these two
modes collectively as the BSISO (for brevity, we may
simply call it as the ISO as well) and treat them together as
one phenomenon.

In tropical dynamics, a dominant feature is the interaction
of the large-scale circulation with moist processes arising on
small scales. Previously, Neelin and Held (1987) formulated
a method based on the vertically integrated moist static
energy (MSE) budget in order to gain further insights into
this interaction. Following this, several observational studies
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examined the MSE and energy budgets (Kemball-Cook and
Weare 2001; Trenberth and Stephaniak 2003; Back and
Bretherton 2006) for understanding the ISO and other trop-
ical disturbances. In particular, Kemball-Cook and Weare
(2001) suggested that MSE is a useful diagnostic tool for
examining the recharge-discharge paradigm for tropical in-
traseasonal disturbances. In other words, a buildup of col-
umn MSE occurs before the initiation of ISO deep
convection (Johnson et al. 1999; Kikuchi and Takayabu
2004; Kiladis et al. 2005; Benedict and Randall 2007), and
then, the column integrated MSE decreases during periods of
strong convective and stratiform heating. Observational
studies (Neelin and Held 1987; Back and Bretherton 2006)
suggest that the large-scale circulations in the western
Pacific and Indian Ocean (IO), where the mean vertical
profile is robustly determined by deep convection, export
MSE in the mean. In these regions, the ISO amplitude is the
strongest and MSE discharge appears to be enhanced during
the deep convective and stratiform phases of the ISO
(Johnson et al. 1999; Kiladis et al. 2005).

Recent modeling studies have extensively used this
MSE diagnostic to better understand the instability mech-
anism responsible for maintaining intraseasonal anomalies
against dissipation (Maloney 2009; Boos and Kuang 2010;
and Andersen and Kuang 2012). The intraseasonal budget
in the Community Atmosphere Model version 3 (CAM3)
with a realistic basic state showed the importance of hor-
izontal advection and latent heat flux in regulating the MSE
discharge-recharge cycle (Maloney 2009). Andersen and
Kuang (2012) also observed the dominance of horizontal
advection in their MSE budget. However, in contrast to
Maloney (2009), they observed that the latent heat flux has
only a small budget contribution. Other MSE budget
studies, through carefully designed sensitivity experiments,
came to the conclusion that MSE discharge during the MJO
convection may be modified by cloud-radiation feedback
and wind—evaporation feedback, which could reduce or
change the sign of the MSE tendency (e.g. Raymond 2001;
Lin and Mapes 2004; Peters and Bretherton 2006; Sugiy-
ama 2009a, b; Boos and Kuang 2010). For example, Boos
and Kuang (2010) using MSE diagnostics and model sen-
sitivity tests suggested that wind—evaporation feedback
regulates the MSE tendencies.

A comprehensive MSE budget focusing on poleward
propagating disturbances over the Asian monsoon regions
has not been specifically addressed thus far, except for in a
few studies (e.g. Boos and Kuang 2010; Ajayamohan et al.
2010). We intend to perform this diagnostic here in order to
understand the instability mechanism associated with
poleward propagating intraseasonal disturbances in a cli-
mate model.

Simulations of the ISO/MJO have been an area of great
scientific interest; however, thus far, it seems to be a difficult
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task for global models, and a diversity of opinions exists on
the modeling of this phenomenon. One needs to understand
the central issues that govern the structure, dynamics, and
maintenance of this phenomenon. The uncertainties and
shortcomings of ISO simulations can be attributed to defi-
ciencies in relation to basic states, air—sea coupling, con-
vective parameterizations, diabatic heating profile, and
stratiform precipitation fraction (Slingo et al. 1996; Inness
and Slingo 2003; Seo et al. 2007; Kiladis et al. 2009; Zhang
and Hagos 2009; Seo and Wang 2010). Slingo et al. (1996)
suggested that the details of the model convective parame-
terization were an important factor in the realism of their
MJO simulations, and other studies have supported this
conclusion (e.g. Wang and Schlesinger 1999; Lin et al.
2006). For example, Wang and Schlesinger (1999) found
that a large relative humidity criterion in the convective
parameterization is crucial for the amplification of the MJO.

Recently, there has been some progress in understanding
the moist processes associated with the development and
maintenance of intraseasonal disturbances. The following
processes have emerged through various observational
(Benedict and Randall 2007) and modeling studies (Zhang
and Mu 2005; Boyle et al. 2008; Zhu et al. 2009; Fu and
Wang 2009). Shallow cumulus and congestus precondition
the atmosphere by moistening and warming the lower (and
middle) troposphere, followed by the development of deep
convection and moistening of the entire troposphere. Along
with this deep convection, convective downdrafts tend to
produce cold and dry outflow in the subcloud layer, which
in turn modulates the future convection. Stratiform cloud-
iness then forms in the upper troposphere and the precipi-
tation there falls into relatively dry lower levels, cooling the
air through evaporation. Although downdrafts and evapo-
ration cool and dry the lower troposphere in immediate
proximity to the convection, studies indicate that they
promote a cooler and moister mean tropical lower tropo-
sphere owing to weaker compensating subsidence away
from the convection (Johnson 1976; Cheng 1989). The
parameterization of convective precipitation evaporation
and convective downdrafts has been shown to improve the
simulation of convection by cumulus schemes (e.g. Kao and
Ogura 1987; Maloney and Hartmann 2001). Recently,
Straub et al. (2010) found that most of the global climate
models exhibited a lack of low-level drying near the loca-
tion of maximum rainfall and proposed this to be one of the
main reasons for the failure of convectively coupled Kelvin
waves in manifold global climate models. They attributed
this to the deficient representation of shallow and convec-
tive downdrafts in global climate models. On similar lines,
Seo et al. (2012) also studied the importance of shallow
convection to convectively coupled Kelvin waves and
concluded same. Given the importance of the aforemen-
tioned processes on the ISO life cycle, we investigate their

impact on ISO simulation using NCEP climate forecast
system (CFS) with a relaxed Arakawa Schubert scheme
(RAS; Arakawa and Schubert 1974; Moorthi and Suarez
1999). In particular, using a suite of experiments, we
examine the pivotal roles of the following apparently cru-
cial processes: shallow convection and convective rain
evaporation and downdrafts.

This study has two objectives. First, we explore the
MSE budget in a coupled model (NCEP CFS with RAS
scheme), so as to understand the model’s ability in repro-
ducing the moist and thermodynamic processes associated
with the poleward moving BSISO disturbances. Second,
we carry out sensitivity experiments to examine the
important elements or components of the model physics
that are crucial for the development, maintenance, and
propagation of ISO disturbances. Our study is quite distinct
from other similar analyses, because our analysis is based
on a model that uses a more explicit representation of deep
convection. Furthermore, the ISO in our model shows both
eastward and poleward propagation. Stated otherwise, we
use a coupled model with realistic boundary conditions that
captures both the eastward and poleward propagating ISO
components having amplitude and propagation speed
similar to that of the observed ISO.

The structure of this paper is as follows. In Sect. 2, the
model is described and experimental details are provided
along with a description of the observations and reanalysis
data set used. Mean state and ISO characteristics in the
simulations are described in Sect. 3. In Sect. 4, intrasea-
sonal MSE budget analysis is presented. The moistening
process over India and surrounding seas is elucidated in
Sect. 5. Section 6 examines the sensitivity of the CFS with
the RAS scheme to shallow convection and to convective
rain evaporation and downdrafts. Conclusions are pre-
sented in Sect. 7.

2 The model and data
2.1 The CFS model

This study uses the NCEP’s coupled ocean—atmosphere
CFS model. The atmospheric component of the CFS is the
NCEP Global Forecast System model as of February 2003
(Moorthi et al. 2001). It adopts a spectral truncation of 62
waves (T62) in the horizontal (which is approximately
209 km) and a finite differencing in the vertical with 64
sigma layers. The oceanic component is the Geophysical
Fluid Dynamics Laboratory (GFDL) Modular Ocean Model
version 3 (MOM3, Pacanowski and Griffies 1998), which is
a finite difference version of the ocean primitive equations
under the assumptions of Boussinesq and hydrostatic
approximations. The adopted domain for MOM3 in the CFS
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is quasi-global, extending from 74°S to 64°N. The latitu-
dinal resolution is 1/3° between 10°S and 10°N, gradually
increasing through the subtropics until reaching a fixed
value of 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 a
day with no flux adjustment. For more details of the CFS
model, the readers are referred to Saha et al. (20006).

2.2 The model simulations and experiments

First, a control run of the CFS (CTRL) is performed using
the RAS cumulus parameterization scheme (Moorthi and
Suarez 1999) to see whether this model simulates the
characteristic ISO progression as explained in the intro-
duction. Note that a previous study by Seo and Wang (2010)
reported that the CFS simulation with RAS parameteriza-
tion produced much improved boreal winter ISO. To
investigate the important components or physical processes
that are important to the ISO life cycle (as described in the
introduction), a series of sensitive experiments is conducted
by turning off the following components in the model:
shallow convection (EXP1) and convective rain evapora-
tion and downdrafts (EXP2). Additionally, to examine the
impact of the deep convection scheme applied, a model run
is performed (denoted as SAS) with a simplified Arakawa—
Schubert cumulus parameterization scheme (Arakawa and
Schubert 1974; Pan and Wu 1995). The summary of the
experimental details is provided in Table 1.

Shallow convection is applied in the model to the
atmospheric state where convective instability exists below
approximately 700 hPa but no deep convection occurs; it is
parameterized as an extension of the vertical diffusion
scheme based on Tiedtke (1983). That is, the vertical
mixing of heat and moisture within a convectively unstable
layer is calculated with prescribed turbulence diffusivity.
To evaluate this effect in the CFS model, shallow convec-
tion is turned off for EXP1. In relation to EXP2, no
assumption is made for downdrafts and it can be either
saturated or unsaturated (see Moorthi and Suarez, 1999).
Note that EXP2 is performed by switching off both

Table 1 Experimental details

Experiment Description Convection
details scheme
CTRL All physical process are allowed RAS
EXP1 Shallow convection (Tiedtke 1983) RAS
turned off
EXP2 Convective downdrafts and subgrid- RAS
scale convective rainfall evaporation
turned off
SAS All physical process are allowed SAS
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subroutines (related to convective downdrafts and convec-
tive rainfall evaporation) within the RAS cumulus param-
eterization scheme.

These simulations were initialized from the observed
analysis of January 1, 1984. For the simulations consisting
of CTRL and SAS, 13-year simulations are conducted. For
all the sensitivity tests (EXP1 and EXP2), 6-year simula-
tions at standard model resolution are conducted. The initial
condition for the atmosphere was taken from the NCEP/
DOE Reanalysis-2 (Kanamitsu et al. 2002), and the initial
condition for the ocean was from an NCEP global ocean
data assimilation system (GODAS; Seo and Xue 2005).

2.2.1 Observations

The observational precipitation data used in this study is the
daily precipitation from the Global Precipitation Climatol-
ogy Project (GPCP, version 2.1, Huffman et al. 2001). We
also use European Centre for Medium Range Weather
Forecasts (ECMWEF, Berrisford et al. 2009) Interim reanal-
ysis data set (here after called reanalysis or ERA) for per-
forming circulation and MSE budget diagnostics. The
reanalysis product, based on a system that uses a new
humidity analysis and improved model physics (Simmons
et al. 2007), covers the data period of 1989-2009, and it is
considered to accurately capture the tropical precipitation
and the hydrological cycle. The horizontal resolution is 1.5°
and there are 60 vertical levels. More details can be found in
Simmons et al. (2007).

The daily anomalies for both the observations and
simulations are calculated by removing the annual cycle,
composed of the time mean and the first three harmonics.
Then, Lanczos band pass filters (Duchon 1979) with 200
weights and retaining periods of 20-90 days are applied to
the anomaly data sets covering all the seasons. Finally,
daily data corresponding to the boreal summer season
(May through October) are extracted for analysis.

3 Simulation of the mean state and intraseasonal
characteristics

In this section, we demonstrate the ability of the model to
simulate the basic state and ISO characteristics. This sec-
tion ends by discussing the space—time evolution of ISO
characteristics.

3.1 Basic state and ISO features

The Asian summer monsoon (ASM) consists of multiple
regional heat sources or local maxima in rainfall (see
Fig. 1a). Of these, the primary one is noted over the Indian
subcontinent and the Bay of Bengal (BoB) between 15°N
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and 25°N. The secondary heat zone is observed over the
equatorial IO between the equator and 10°S and the third
one is found over the warm waters of the tropical western
Pacific. The CTRL simulation captures the locations of
these regional centers, but the simulated intensities are
stronger (Fig. 1b). For example, the rainfall over the
eastern Arabian Sea, western peninsular Indian region, and
equatorial 10 is overestimated. Further, the model tends to
generate a spurious double intertropical convergence zone
(ITCZ) in the western Pacific, instead of the observed
dominant northern ITCZ (Fig. 1a). The pattern correlation
coefficient between the observed and simulated precipita-
tion climatology over the ASM region (40°E-120°E, 20°S—
30°N) is 0.8. The simulated precipitation climatology is
comparable to that of other state-of-the-art coupled models,
as shown in Sperber and Annamalai (2008).

The vertical shear in the mean zonal wind (see contour
lines in Fig. 1) is shown to be critical for both northward
and eastward propagation (Webster and Yang 1992; Wang
and Xie 1997; Kemball-Cook et al. 2002; Jiang et al.
2004). This easterly vertical wind shear favors the emission
of Rossby waves, as well as the eastward propagating
equatorial waves by diabatic heating associated with the
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Fig. 1 Summer (May to October) mean rainfall (mm day_l, shaded)
and zonal wind shear (m s™', contours) for a OBS (rainfall from
GPCP), b CTRL, and ¢ SAS

ISO (Wang and Xie 1997; Krishnan et al. 2000). Consistent
with the simulated heating pattern, the simulation (see
Fig. 1b) captures the observed spatial structure with an
easterly shear north of 10°S over the IO and western
Pacific, but the shear is somewhat weaker than observed
(Fig. 1a).

In Fig. 1, we have also displayed the model mean state
from SAS simulation. In general, the basic state in diabatic
heating and in the first internal baroclinic mode (easterly
shear) over the ASM region shows good correspondence
with that of CTRL (see Fig. 1b, c). The pattern correlation
coefficient between the two simulated precipitation cli-
matology over the ASM region is 0.86. However the details
of the structure differ regionally. For example, over the
eastern equatorial IO and western north Pacific, SAS pro-
duces precipitation closer to observations than CTRL. On
the other hand, over the Indian landmass, CTRL captures
comparable precipitation to observation than SAS. Further,
the eastward extension of the vertical shear (up to 170°E) is
more realistic in SAS than in CTRL, but its overall mag-
nitude is weaker than in CTRL. Additional examination
using the mean sea surface temperature (figure not shown)
distribution demonstrates that the CTRL simulation has a
cold bias of approximately 1 °C along the equatorial
Pacific, acting to suppress ISO activity and its propagation.
But, this bias is comparatively smaller in SAS. However,
our subsequent results will show that the simulations of
intraseasonal variability are vastly different for SAS and
CTRL. It should be noted here that the intention of the
present research is not to appraise the superiority of one
scheme over the other in simulating climatology. We are,
instead, interested in elucidating the relevant physical and
dynamical processes associated with the BSISO, as will be
made clear in the following sections.

The monsoon convection over the ASM domain spends
more time near the equator and the poleward limit of its
propagation than in intermediate latitudes. This explains
the time-mean low-level convergence zones near the
equator and 20°N, as described earlier (Fig. 1a). Moreover,
the observed spatial distribution of intraseasonal variance
in precipitation shows higher variance over the oceanic
region compared to over land, which is true for both
hemispheres, even in regions where the climatological
mean precipitation is larger over land than ocean (Sobel
et al. 2008). Accordingly, the observations exhibit (figure
not shown) larger variance over two regions: one over the
equatorial eastern IO region (75°E-100°E, 10°S-5°N,
denoted as EIO) and the other over a relatively smaller
region confined to the BoB (85°E-95°E, 10°N-20°N). The
simulations capture both these local variance maxima
(figures not shown). We consider the time series of pre-
cipitation anomalies averaged over the larger region (EIO)
as the base time series, and the regression coefficients of

@ Springer



1574

K. P. Sooraj, K.-H. Seo

precipitation and other variables are estimated against this
time series. Unless otherwise specified, we use the same
procedure for the ISO diagnostics (for both the model and
the observations) throughout this paper.

Now, we present the propagation characteristics (both
the equatorial eastward propagation and the northward
propagation) over the Indian monsoon region, constructed
from the regression analysis. First, we look at the equato-
rial component of the ISO in the model and compare it
against the observations. For the observations, regression
analysis (Fig. 2a) confirms the genesis of the ISO over the
equatorial western 10, with 850-hPa easterly anomalies
over the western Pacific and local maxima in precipitation
over the equatorial EIO. It shows coherent eastward
propagation into the western Pacific (after 10 days), where
westerly anomalies ensue soon afterwards. As the rainfall
anomalies reach the central equatorial Pacific (after
20 days), the western Pacific shows suppressed convection.
The CTRL simulation (Fig. 2b) depicts similar observed
features, with an apparent low-level convergence flow to
the east of the deep convection. The observed lag
(~5 days) between zonal wind and precipitation (the zonal
wind anomaly lagging behind the precipitation) is also
simulated well. Thus, the observed phase relationship
between positive convection and wind anomalies is well
maintained by the CTRL simulation, with the model con-
vection tending to be shifted out of the center of the eas-
terlies. However, there are problems in the eastward
extension of the convection into the central equatorial
Pacific and in the in situ amplitude (which is slightly
weaker). Moreover, in the simulation, the propagation is
slightly slower over the 1O than in the observations. On the
other hand, SAS shows (Fig. 2c) reduced easterly anoma-
lies to the east of the convective maximum, thus producing
weaker wind convergence. Hence, it depicts total collapse
of the MJO propagation with a stationary pattern over the
western to central Pacific sector. This lack of coherent
eastward propagation from the 1O to the Pacific has also
been noticed in the CFS T62 simulation with SAS scheme
(Seo et al. 2005) and in other simulations (e.g. Slingo et al.
1996; Inness and Slingo 2003; Sperber et al. 2005).

Next, we present the space—time spectral analysis in
order to demonstrate the dominant peak representing the
propagating disturbances in the model. This analysis is
particularly useful for the study of zonally propagating
waves; it decomposes a field into wavenumber and fre-
quency components for eastward and westward propagat-
ing waves (Wheeler and Kiladis 1999). Herein,
wavenumber-frequency spectra are calculated for observed
and simulated precipitation data using the methodology
described in Wheeler and Kiladis (1999). We first removed
the annual cycle composed of the time mean and first three
harmonics. The data are averaged over the equatorial
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Fig. 2 Lag-longitude diagrams (for boreal summer ISO) of regressed
rainfall (mm day~', shaded) and 850 hPa zonal wind (m s ',
contours) anomalies along the equator from a OBS, b CTRL, and
¢ SAS. Regression is with respect to the base time series of rainfall
averaged over EIO region (75°E-100°E, 10°S-5°N)

region, separated by individual years. Only the summer
season is used here in computing the spectra, and the
wavenumber-frequency is computed for each year and then
averaged across the years.

The observed precipitation spectrum (Fig. 3a) is domi-
nated by eastward periods of 30-80 days, with power
concentrated at wavenumbers 1-3 (e.g. Salby and Hendon
1994). The maximum value of the spectrum occurs near
periods of 40-50 days and wavenumber 1. The CTRL
(Fig. 3b) simulation has power concentrated between
wavenumbers 1 and 3, with a spectral peak occurring near
periods of 50-70 days, and hence, it tends to have higher
power at slightly lower frequencies than observed. How-
ever, SAS (Fig. 3c) has not reasonably captured the
observed peak; instead, its variance maximum is shifted
towards lower frequencies (100-200 days). Interestingly, it
shows a heightened westward convective precipitation at
wavenumber 3 at ISO periods. These spatial and temporal
scales and the corresponding spectral peak are not present
either in observations or in CTRL. In short, both the model
(CTRL simulation) and observations show distinct eastward
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propagation during boreal summer, similar to the boreal
winter period (Lawrence and Webster 2002; Wheeler and
Hendon 2004). As per the observational evidence, it shows
a weaker eastward propagating precipitation signal in
northern summer than its counterpart in northern winter
(Wheeler and Hendon 2004; Zhang and Dong 2004). Con-
sequently, it is more difficult to simulate the eastward
component during boreal summer than in boreal winter. The
problems in the CFS, such as the eastward extension of
convection into the central equatorial Pacific and weak
amplitude over there, may be partly related to the nature of
the seasonality of the observed ISO variability.

Figure 4 shows the time-latitude precipitation (shaded)
regression maps, along with 850 hPa zonal wind anoma-
lies, for the observation and CTRL simulation. The model
(Fig. 4b) almost captures the observed (Fig. 4a) northward
migration of precipitation anomalies over the Indian
monsoon region, with precipitation leading zonal wind by
5 days. The phase relationship is well captured, with

westerly anomalies existing under deep-precipitating ISO
convection along the equator, while an easterly anomaly
develops to the north of this convection. However, there
are some differences as well. The simulated rate of pole-
ward propagation is slower (by approximately 1 pentad, see
the dashed lines in Fig. 4a, b) than in the real world. Fur-
ther, the simulated strength of zonal wind anomalies is
larger compared to the observations. However, SAS (see
Fig. 4c) clearly shows considerably reduced propagation
characteristics, compared to CTRL and the observations.
The poleward propagating anomalies decrease strongly
both in amplitude and in the meridional distance they
transit after a lag of 15 days (see the dashed lines in
Fig. 4c¢).

Wang and Rui (1990) found that approximately half of
poleward propagating ISO events in Asia occurred con-
currently with eastward propagation. However, Lawrence
and Webster (2002) estimated this fraction to be higher
(75 %). Despite the discrepancy between their studies, a
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Fig. 4 Lag-latitude diagrams (for boreal summer ISO) of regressed
rainfall (mm dayfl, shaded) and 850 hPa zonal wind (m s
contours) anomalies averaged over 70°E-100°E from a OBS,
b CTRL, and ¢ SAS. Regression is with respect to the base time
series of rainfall averaged over EIO region. Dashed lines are for
comparing the propagation characteristics against the observation

recent study by Sperber and Annamalai (2008) on the
BSISO characteristics in CMIP3 coupled models pointed
out that a realistic simulation of the equatorial component
of the ISO is a necessary criterion for simulating the sub-
sequent poleward migration over the Indian monsoon
region. This argument followed from their observations
that almost all CMIP3 models (with various degrees of
fidelity) simulated the equatorial component over the 10
with considerable intensity of convection. Combined
interpretations of the results from CTRL (realistic simula-
tion of both eastward and northward propagating compo-
nents; Figs. 2b, 4b) and SAS (its failure to capture both of
these components, Figs. 2c, 4c) further substantiate their
findings. The suggestion here is that this model (with the
RAS convection scheme) is capable of capturing the basic
elements of the BSISO over the ASM region.
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The above disparities in the ISO characteristics of two
simulations (CTRL and SAS) appear to stem from the
different treatment of deep convective clouds. The SAS
scheme considers only simple deepest cloud (an updraft
and downdraft couplet) and moisture detrainment at the
cloud top, whereas RAS considers a spectrum of cloud
types with different heights and entrainment rates and
allows convective detrainment at various levels. So, these
differences result in different precipitation patterns and
vertical heating and moistening profiles (Byun and Hong
2004). A previous study by Seo and Wang (2010) also
found that the CFS simulation with RAS parameterization
outperforms that with SAS parameterization, in simulating
the eastward propagating boreal winter ISO. They argued
that a top-heavy vertical heating profile arising from con-
vective detrainment of moisture to the environment and
stratiform precipitation play a critical role in the
improvement of the ISO simulation, by generating eddy
available potential energy. In a subsequent study, using the
same model configurations (with RAS scheme), Seo et al.
(2012) further showed that the removal of convective
detrainment (refer to sensitivity experiment EXP2 of their
paper) results in greatest reduction of convectively coupled
Kelvin waves.

3.2 Space—time evolution of ISO

Here, we look into the horizontal structure of the lead/lag
relationship shown in Fig. 4 for more clarity. Further, in
order to simulate the timing of the active and break phases
of the ASM, it is desirable that a climate model be capable
of simulating the observed variability realistically. In
Fig. 5, we show the lead/lag evolution of precipitation and
low-level wind anomalies from the CTRL simulation. As
shown in other studies (Lau and Peng 1990; Wang and Rui
1990; Annamalai and Slingo 2001; Ajayamohan and
Goswami 2007), typical observed characteristics captured
by the CTRL simulation can be described as follows. Ini-
tiation of the ISO occurs over the western to central 10
region at day —10 (see Fig. 5a, i). This is followed by
amplification over the EIO (at day 0, see Fig. 5b, j),
moving eastward as time progresses. In response to the
moist conditions over the equatorial IO, low-level cyclonic
anomalies are noticed. On the other hand, there is devel-
opment and eastward extension of negative rainfall
anomalies over the northern IO with resultant low-level
anticyclonic circulation anomalies (see Fig. 5b, j). Further,
possibly because of the interaction of these circulation
anomalies, the largest easterly wind anomalies are
observed over the northern Arabian Sea at day 0. Over the
EIO, the rainfall bifurcates towards northern and southern
latitudes (at day 5, see Fig. 5c, k) as Rossby waves are
emitted. The northern lobe propagates steadily northward,
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while the southern one is fully diminished by day 15 (see
Fig. 5d, I). However, the SAS simulation with weak rain-
fall and circulation anomalies (see Fig. Se-h) failed to
capture these robust features of the internal processes, re-
emphasizing the impact of deep convection on the
robustness of ISO characteristics. In particular, the coher-
ent and persistent eastward propagating rainfall anomaly
and its subsequent bifurcation over the EIO are totally
absent in the simulation (see Fig. 5g). In the observations
(at day 15, see Fig. 51), positive rainfall anomalies are
oriented along a northwest-southeast diagonal stretching
from western central India to the equatorial western Pacific.
One obvious limitation in the CTRL simulation is its fail-
ure to capture this slanted precipitation band.

In summary, the CFS model with the RAS scheme sim-
ulates robust eastward and northward propagating BSISO in
a comparable manner to the observation. However, the in-
traseasonal variability in the model (CTRL simulation)
exhibits some features that differ from the observed ISO in
the following ways. Firstly, there is a problem in the east-
ward extension of the equatorial convection into the central
equatorial Pacific (see Fig. 2a, b). Secondly, the spatial
structure of precipitation anomalies associated with north-
ward propagation exhibits some biases relative to observa-
tions (see Fig. 5). Lastly, the frequency-wave spectrum of
model precipitation is redder than the observed one (see
Fig. 3a, b), a common problem in many global models that
exhibit strong ISO variability (e.g. Zhang et al. 2006).
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Fig. 5 Maps of regressed rainfall (mm day ', shaded) and 850 hPa
wind (m s™') anomalies, showing the lead/lag evolution in boreal
summer ISO. Regression is with respect to the base time series of

rainfall averaged over EIO region. The left panel is from the CTRL
simulation, while the central and right panel is from SAS and OBS,
respectively
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However, the realistic propagation characteristics, ampli-
tude, and phase relationship that characterize the ISO (see
Fig. 4a, b) suggest that this model captures some of the
essential features of the observed ISO. Thus, examining the
model intraseasonal MSE budget (in the next section) and
the subsequent analysis based on sensitivity experiments (in
Sect. 6) should be useful exercises.

4 Intraseasonal MSE budget diagnostics

It has been suggested that the northward propagation of the
BSISO convection is a result of the systematic interaction of
convection, surface dynamics, thermodynamics, and radia-
tion (e.g. Kemball-Cook and Wang 2001). Here, we analyze
the MSE budget for a detailed understanding of the moist and
thermodynamic processes associated with the ISO distur-
bances. This diagnostic investigates the phase (lead/lag)
relationship of different components of the MSE budget
(horizontal advection, vertical advection, surface fluxes, and
radiative heating) with respect to the BSISO convection.
Subsequently, this can give insight into the effect of various
processes in contributing to the destabilization and propa-
gation of the ISO. MSE is defined as m = ¢, T + Lg + gz,
where ¢, is the specific heat at constant pressure, 7 temper-
ature, z height, g the gravitational acceleration, L the latent
heat of vaporization at 0 °C and g the specific humidity (for
more details on MSE budget, see Neelin and Held 1987). The
vertically integrated MSE budget can be written as follows:

a—m:—V-Vm—wa—m+LH+SH+W+W (1)
ot op

where \7 is the horizontal velocity vector, w is the vertical
pressure velocity and the overbar denotes the vertical
integral running from the surface to 100 hPa. The first two
terms of the RHS of (1) denote horizontal and vertical
advection. The third and fourth terms in the RHS of (1)
represent surface turbulent heat fluxes (sum of latent and
sensible fluxes), while the rest of the terms denote radiative
(longwave, LW' and shortwave, SW) fluxes. The conven-
tions are that negative (positive) values of longwave and
shortwave radiation indicate cooling (warming) in the
atmospheric column. Also, MSE advection into the column
is positive and dry advection is negative. Of interest here are
intraseasonal time scale variations in the vertically-inte-
grated MSE budget and so the terms in Eq. (1) are band-pass
filtered (20-90 days) for further analysis. The horizontal
structure of these components is presented below.

4.1 Horizontal structure

We start our budget analysis by showing the lead/lag
spatial map of vertically integrated MSE anomalies
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(20-90 day bandpass filtered), as shown in Fig. 6. Also
shown are the corresponding distributions in moisture
anomalies (shading). At first, it shows a strong similarity
between the behavior of MSE and moisture, indicating that
in the model (CTRL simulation), the variations in MSE on
ISO time scales are mainly governed by moisture varia-
tions. Consistent with this, recent studies (Raymond and
Fuchs 2009; Sugiyama 2009a; Boos and Kuang 2010) also
suggest that the ISO is regulated by process controlling the
tropospheric moisture field, under the assumption of weak
tropical temperature gradients (Sobel et al. 2001).

Both MSE and moisture show slow northward propa-
gation patterns, similar to that of the precipitation anomalies
(see Fig. 5a—d). Therefore, in general, the evolution of their
geographical distribution is approximately similar to that of
the precipitation anomalies; this is in agreement with the
documented strong relationship between precipitation and
column water (e.g. Bretherton et al. 2004). However, a close
look at the regression plots at day 0 and day 5 (see Fig. 6b,
c) shows the poleward intrusion of enhanced MSE and
moisture anomalies over the 1O (especially over the Arabian
Seas), slightly ahead of the enhanced rainfall anomalies
(Fig. 5b, c¢). By day 15, these MSE anomalies have migrated
as far as 30°N (see Fig. 6d). This poleward intrusion of
moisture anomalies ahead of rainfall anomalies possibly
illustrates the effect of moist Rossby waves, emanated due
to the equatorial eastward extension of positive rainfall
anomalies into the western Pacific. The continuous ema-
nation of moist Rossby waves from the equatorial convec-
tion and their subsequent trapping in the ASM region by the
mean easterly vertical shear, likely promote the poleward
migration of BSISO anomalies (Wang and Xie 1997;
Sperber and Annamalai 2008). This basic hypothesis seems
to work well here in the CFS model.

In order to explore the internal moist-thermodynamic
process leading to the poleward propagation characteris-
tics, in Fig. 7, we present the individual terms of the MSE
budget together with the residual term (all are regressed
maps). In this figure, latent and sensible heat fluxes are
combined because the latter is an order of magnitude
smaller than the former. The residual is generally smaller
compared to the leading MSE tendency terms, allowing us
to have some confidence in our MSE diagnostics and
subsequent inferences. The model budget estimates show a
positive MSE tendency in advance of rainfall and a nega-
tive tendency during and after rainfall (Fig. 7a). This
implies a large build-up or recharge of MSE (Kemball-
Cook and Weare 2001) prior to the enhanced convection,
for example, over the equatorial 10. This is followed by a
discharge of MSE. These results are similar to the observed
(Kiranmayi and Maloney 2011) and model (Maloney 2009;
Boos and Kuang 2010; Andersen and Kuang 2012) results
based upon the intraseasonal MSE budgets.
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Fig. 6 Maps of regressed moisture (x 10® J m~2 units, shaded) and
MSE (x 10° J m™? units, contours) anomalies, showing the lead/lag
evolution in boreal summer ISO, from the CTRL simulation. Both are
vertically integrated from the surface to 100 hPa. Note that moisture
anomalies are multiplied with latent heat of vaporization (L) for direct
comparison with anomalous MSE. Regression is with respect to the
base time series of rainfall averaged over EIO region

The role of various budget components in maintaining/
dissipating the MSE anomaly as well as in promoting/
retarding the propagation characteristics can be described
in the following way. Both the horizontal and vertical
advection terms (—\7’ -Vm' and —ao’ aé—;’)/, Fig. 7b, c) are
large and positive before the ISO rainfall peaks (say over
10°N-20°N, India/BoB region at lag 0) and are strong and
negative after that. Again, both are more in phase with the
MSE tendency than with precipitation anomalies, thus
contributing to poleward propagation, with dominant con-
tribution from horizontal advection. More details about this
aspect are provided in Sect. 4b. Both further act as a sink of

column MSE in the convective region. The radiative (LW’
and SW, see Fig. 7d, e) and surface turbulent (LH' + SH’,
Fig. 7f) heat fluxes show positive covariance with precip-
itation. So their role is to enhance the MSE anomalies over
the convective region, contributing equally to the mainte-
nance of the MSE disturbances and thus balancing the
sinks owing to horizontal and vertical advection (see
Fig. 7b, ¢). On the other hand, both heat fluxes (turbulent
and radiative) show an out of phase relation with the MSE
propagation tendency, thus acting against MSE recharge.
This indicates that both heat fluxes appear to oppose the
poleward propagation tendency, with the turbulent com-
ponent of heat fluxes dominating the other one (radiative).

The observational analysis of Waliser (1996) suggests
that both the turbulent and radiative components may be of
comparable magnitude, while Hendon and Glick (1997)
suggest that their relative importance depends upon the
location. Other model studies also suggest that surface
turbulent heat fluxes have a prominent role in regulating
ISO-related precipitation (e.g. Maloney and Sobel 2004;
Maloney 2009; Boos and Kuang 2010). In particular, in
their study based on boreal winter ISOs, Maloney (2009)
used a model (in CAM3) based MSE budget to show that
anomalous turbulent surface heat fluxes oppose the MSE
tendency. Recently, Boos and Kuang (2010) also draw
similar conclusions for the poleward propagating distur-
bances in their cloud resolving model, using MSE diag-
nostics and model sensitivity tests.

We perform similar MSE budget diagnostics (figures
from reanalysis are not shown here for brevity) using the
reanalysis for comparison against the budget estimates
derived from the model. The budget estimates are calcu-
lated following the formulation in (1), but with the
exception that radiative flux components are defined as the
difference between the surface and top of the atmosphere
fluxes. A substantial residual, as large as the tendency,
exists in the reanalysis. Kiranmayi and Maloney (2011)
also reported similar intraseasonal (for boreal winter ISOs)
budget residuals in the reanalysis. They attributed this to
the missing moistening source in the reanalysis model
ahead of the MJO convection. Although the reanalysis is
dissimilar to the observations and is constrained by errors
in the moist physics, we use this data set for comparison as
it represents a state-of-the-art attempt to reproduce realistic
features on a global scale.

Many aspects of the reanalysis budget commonly
resemble model (CTRL simulation) MSE estimates, with
dominant contributions from horizontal advection in
increasing (decreasing) column MSE before (after) an ISO
rainfall peak. In addition, the surface turbulent heat and
radiative heat fluxes contribute to the maintenance of MSE
anomalies, with the latter dominating over the former. In
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Fig. 7 Lag-latitude diagrams of regressed anomalies of intraseasonal
MSE budget terms (vertically integrated) averaged over 70°E-100°E,
from CTRL simulation. a MSE tendency, b horizontal MSE
advection, ¢ vertical advection, d longwave radiation, e shortwave
radiation, f surface turbulent heat flux, and g residual. Regressed
rainfall (mm day ') anomalies are shown in shading and budget
terms in contours. First solid (dashed) contour of all MSE budget

contrast, in the model (CTRL simulation), both compo-
nents contribute equally to destabilize the ISO anomalies.
Again in the reanalysis, both flux components slow the
discharge of column MSE as it is in positive covariance
with precipitation, with a relatively larger contribution
from the net radiative flux (especially the longwave com-
ponent). However, on the contrary, the model estimates
show less contribution from longwave fluxes than from
surface turbulent heat fluxes. Specifically, over the India/
BoB region (at lead 0), the longwave estimates in the
model are approximately one-half of the amplitude
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fluxes from CTRL are in black. Regression is with respect to the base
time series of rainfall averaged over EIO region

observed in the reanalysis, resulting in an equivalent
reduction in the model net radiation flux. Further, in the
model, the surface turbulent heat fluxes are relatively large,
both in the context of maintaining MSE anomalies and
retarding its propagation. For example, over the regression
base point (EIO, at lead 0), turbulent heat flux estimates in
the model MSE budget are approximately twice those from
the reanalysis. Furthermore, the corresponding zonal wind
anomalies in the model are larger (about twice) compared
to the reanalysis (see Fig. 4a, b). As per the wind induced
surface heat exchange (WISHE, Emanuel 1987) argument,
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the changes in wind speed across a convective disturbance
are assumed to dominate changes in latent heat flux. So, it
possibly implies that in the model, latent heat fluxes are
largely determined by zonal wind anomalies.

The MSE budget results from the reanalysis imply that
the net radiation flux (through longwave radiation) may
play some important role in controlling the poleward
propagation characteristics. Earlier, Neelin and Held
(1987) suggested that the net radiative forcing at the top of
the atmosphere is directly proportional to the low-level
divergence. Thus, a detailed inspection of the radiation flux
components will give more insight into the relationship
between cloud-radiative feedbacks and circulation
dynamics. Figure 7h shows the temporal evolution of the
regressed anomalies of longwave radiation flux over the
India/BoB region, from both the model and reanalysis
budget estimates. The evolution over the EIO is also shown
for better interpretation. We here display only longwave
flux as it dominantly contribute to net radiation fluxes
(figure not shown). Over the India/BoB region, the
reanalysis show radiative cooling (red line) from day —12
onwards and this is expected to influence low-level circu-
lation anomalies, which in turn amplify the negative rain-
fall anomalies (Neelin and Held 1987). This cooling
dissipates slowly after day 5. Over the EIO region (red
dotted line), there is an anomalous simultaneous radiative
warming that starts growing from day —8 onwards, pre-
vailing until day 10. This simultaneous evolution of heating
and cooling signatures over the two domains implies a
differential radiation flux across the latitude. In the model,
the cooling (relatively smaller values) over the India/BoB
region starts at a slightly earlier time and becomes dissi-
pated after day 5 (black thin line). The anomalous radiative
warming (over the EIO) grows from day —9 to day 0
(weaker warming compared to reanalysis) and dissipates by
day 10 (black dotted line). Associated with this warming,
the regional Hadley circulation will be modified (Goswami
2005), with an anomalous ascending motion over the
equatorial IO and an anomalous descending motion over
the India/BoB region. This follows from thermodynamic
energy considerations, which imply that increased radiative
cooling over the India/BoB region should be compensated
by adiabatic descent (see Holton 1982) that is achieved
here through local Hadley circulation. Previous studies
have also suggested that convective variability between the
EIO and the Indian subcontinent is linked through the
regional Hadley cell (Sikka and Gadgil 1980; Krishnan
et al. 2000). In addition, Raymond (2000) showed, using a
modeling study, that the simulated Hadley circulation is
sensitive to the cloud-radiation interaction. So here the
results from the reanalysis indicate that cloud-radiation
feedbacks are significant in maintaining the suppressed
phase or break monsoon condition over the India/BoB

region. Therefore, based on all these evidences, our inter-
pretation is that cloud-radiation feedbacks are also
important in regulating poleward propagation through the
role of differential radiation flux in anchoring the local
Hadley circulation. However, in the CFS, longwave radi-
ative fluxes are not so vitally important in controlling the
propagation characteristics, as we saw earlier. Given the
importance of radiative fluxes as a retarding factor, their
modest values deserve careful attention on the cloud-
radiative feedback process operating in the model.

Owing to the relative phases of the various budget
components, in the model it appears that propagation ten-
dencies in MSE anomalies are primarily driven by hori-
zontal advection. We will now focus our attention on this
term to gain further insight into ISO propagation mecha-
nisms (in Sects. 4b, 5).

4.2 Vertical structure of advective tendencies

Having identified the importance of horizontal advection in
the MSE budget for ISO propagation characteristics, we
now examine its vertical structure for further clarity. Fig-
ure 8 shows the regressed anomalies of the horizontal
advection component of the MSE derived from the model,
for a complete ISO cycle. Additionally, we look at the role
of the vertical advection term (Fig. 9) for understanding its
relative importance. The anomalous values of rainfall (see
Fig. 8) and convective available potential energy (CAPE,
see Fig. 9) are also displayed at the bottom of each panel
for better illustration. In both figures, we plot the MSE
tendency term (in contours) to aid in interpretation. At a
time lag of 10 days (about 25 days before the ISO peak
over Indian/BoB longitudes, see Fig. 8a), it shows pro-
nounced low-level (below 700 hPa) MSE build-up or
increase in MSE tendency over 10°N, with similar signa-
ture in horizontal MSE advection. Corresponding distri-
butions (figures not shown) of the moisture and
temperature anomalies suggests that lower (upper) tropo-
spheric MSE anomalies are almost entirely regulated by
anomalous moisture (temperature). The low-level moist-
ening continues to grow further and by day -5, it is
moving toward the region at about 10°-15°N. Horizontal
advection moistens the lower atmosphere north of 10°N,
which opposes the decrease in tendency due to vertical
advection (Fig. 9b). During the same period, the vertical
advection is positive in the upper troposphere; partially
coinciding with the positive anomalies in MSE tendencies
(see Fig. 8b). The moistening of the lower atmosphere over
the India/BoB region contributes to the destabilization of
the atmosphere, as shown by an increase of CAPE values
(see lower panel of Fig. 9b, c) at about 10°N-15°N. The
dominance of horizontal advection in the low-level
moistening (positive values of MSE tendency) over the
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India/BoB region, compared to its vertical counterpart,
brings the former to the fore as a driver in the chain of
moist processes leading to ISO evolution. The origin of
moistening over India and adjoining seas will be discussed
in Sect. 5.

At day O (approximately 15 days before the ISO peak,
Fig. 8c), moistening (positive anomaly in MSE tendency)
occurs throughout the troposphere over the entire region
(10°N-25°N) north of the equatorial deep convection (see
Fig. 8c). This pronounced tropospheric moistening con-
tinues to prevail in day 5 as well (see Fig. 8d). Horizontal

_(a) day

Pressure (hPa)

MSE advection mainly moistens the lower atmosphere
over the India/BoB region (see Fig. 8c, d), and vertical
MSE advection moistens throughout the troposphere above
500 hPa (see Fig. 9c, d). Here also, in the lower levels of
the atmosphere, vertical advection still opposes the ten-
dency due to horizontal advection. Over the tropical IO, the
atmosphere begins to dry (see Fig. 8c, d), as indicated by
negative anomalies in horizontal advection and tendency.

At day 10, the rainfall peak moves onto the India/BoB
region at approximately 10°N-15°N and strong atmo-
spheric moistening still occurs north to the region of large
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Fig. 8 Latitude-height maps of regressed anomalies (from CTRL
simulation), showing the ISO evolution (lead/lag) of horizontal
advection and tendency terms (x 1072 J kg~' s™' units), averaged
over 70°E-100°E. The corresponding evolution in rainfall anomalies
(regressed, mm day*') are shown below in each panel. The contours
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denote the MSE tendency term and the shading represents the
horizontal advection of MSE. First solid (dashed) contour is
0.02 x 1072 (—0.02 x 1072) and the contour interval is
0.02 x 1072 (=0.02 x 107%) J kg~' s~'. Regression is with respect
to the base time series of rainfall averaged over EIO region
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Fig. 9 Latitude-height maps of regressed anomalies (from CTRL
simulation), showing the ISO evolution (lead/lag) of vertical advec-
tion and tendency terms (x 1072 ] kg_1 s~ units), averaged over
70°E~100°E. The corresponding evolution in CAPE anomalies
(regressed, J kg™") are shown below in each panel. The contours

precipitation. Horizontal advection continues to moisten
the atmosphere north of 10°N (Fig. 8e). Coinciding with
this rain peak, positive values of vertical advection ten-
dencies appear below 700 hPa, indicating that MSE starts
increasing from lower to higher levels over this region
(Fig. 9e). At the same time, upper level moistening (by
vertical advection) starts decreasing in intensity. The
appearance of negative anomalies above 700 hPa is a
manifestation of this. As the rainfall peak slowly pro-
gresses onto the region at approximately 15°N-20°N (from
day 10 to day 15), this lower level moistening due to
vertical advection anomalies grows in strength and size,

30N 20S 108 EQ 10N 20N 30N

denote the MSE tendency and the shading represents the vertical
advection of MSE. First solid (dashed) contour is 0.02 x 1072 (—
0.02 x 107%) and the contour interval is 0.02 x 1072 (—
0.02 x 107%) J kg~! s7!. Regression is with respect to the base time
series of rainfall averaged over EIO region

extending into all Indian/BoB latitudes. At day 15, when
the precipitation anomalies reach their maxima, the ten-
dency anomalies over the India/BoB region are positive in
the upper troposphere but negative in the lower tropo-
sphere, consistent with the general understanding on con-
vection stabilizing the atmosphere (Fig. 8f). At the same
time, precipitation reaches minima over the tropical 10
(Fig. 8f) and the lower troposphere begins to be moistened,
which may indicate that the pre-conditioning moistening
process is occurring over there for the next ISO cycle.

In brief, the injection of MSE or moisture (in the lower
troposphere) to the Indian/BoB region starts approximately
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20 days before the precipitation maximum there (see
Fig. 8b). Horizontal advection continues to grow in both
space and time, and the resultant moistening makes the
lower atmosphere unstable (see the CAPE values in the
lower panels of Fig. 9b—d), causing the poleward move-
ment of convection. During enhanced convection, vertical
velocity is negative in the lower levels with a mid-tropo-
spheric maximum and MSE increases from low to mid
levels, resulting in a positive gradient in the vertical
advection of MSE. The evolution of the vertical advection
of MSE over the equatorial IO (see Fig. 9b—c) and India/
BoB region (see Fig. 9e—f) further supports this interpre-
tation, with an increase of vertical advection from low to
mid levels. This positive gradient from low to mid levels
implies enhanced low-level instability. So, the enhanced
instability at lower levels in conjunction with pronounced
tropospheric moistening augments the vertical growth of
clouds, with modest contribution from the radiative heating
(see Fig. 7h). These moistening processes are observed
from the reanalysis as well (figure not shown); however,
the low level moistening is somewhat weaker compared to
the model.

Previous results (e.g. Johnson et al. 1999; Kiladis et al.
2005; Tung et al. 1999) suggest that shallow cumulus
clouds and associated vertical motions are important for
moistening the lower troposphere before the onset of MJO
convection, which could contribute to the vertical advec-
tion term of the MSE budget (1). Considering these
aspects, and for understanding the importance of shallow
cumulus clouds to the model ISO characteristics, we con-
ducted a sensitivity analysis without shallow convection, as
described in Sect. 6.

5 The origin of advection induced moistening

Here we examine the relative contributions from horizontal
wind and the MSE gradient in order to better illustrate the
origin of the aforementioned moistening process. We break
down the advection anomalies into terms involving only
horizontal wind anomalies or only anomalous MSE gra-
dient, in order to highlight the contribution from the
climatological and anomalous components. The anomalous
horizontal MSE advection can be partitioned as follows:

!
(V 'Vm> =VeVm' + V' -Vme + V' -Vm' + V" -Vm"

(2)

where “c” denotes the climatology term and the prime
stands for daily anomalies. The first term on the right-hand
side of (2) represents the advection associated with the
climatological wind component acting on the anomalous
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MSE gradient. The second term denotes the advection due
to the anomalous wind acting on the climatological MSE
gradient. The third term is the contribution from the
advection associated with anomalous wind acting on the
anomalous MSE gradient. The last term is the residual due
to transient variability which is very small compared to the
rest of the terms. The terms in Eq. (2) are band-pass filtered
(20-90 days) before the lag-regression analysis, shown in
Fig. 10. As we are interested in propagation into the India/
BoB region, we restrict our subsequent discussions to this
region.

Figure 10b—d show the lag-latitude distribution of the
advection terms (in shaded contours) from (2). A com-
parison with Fig. 10a suggests that from day —5 to day 10,
over the latitude region from 7°N to 15°N, the total MSE
advection shows good correspondence with the term

\70 -Vm' (VclmMano, see Fig. 10b) and hence VclmMano
dominates over the remainder, \7’ -Vme¢ (VanoMclm, see

Fig. 10c) and \7’ -Vm' (VanoMano, see Fig. 10d). The
second component (VanoMclm) exhibits rather stationary
features during this period, instead of the robust propa-
gating characteristics shown in Fig. 10a, b. At the same
time period, the third term (VanoMano, see Fig. 10d)
shows comparatively smaller values over these latitudes.
The contribution from the term VclmMano can be inter-
preted as follows. The summer mean cross-equatorial flow
covers the entire equatorial IO, with a prevailing south-
westerly boundary layer component over the northern 10
region (figure not shown). Further, Fig. 5b-c shows a
north—south gradient in precipitation anomalies over the IO
region (60°E-100°E), with a similar signature in the tro-
pospheric moisture (Fig. 6b). This pronounced north—south
gradient, in conjunction with the climatological summer
flow, results in the dominance of the term VclmMano
(Fig. 10b), as the advection effect by the summer mean
flow in the boundary layer further shifts the specific
humidity center to the north of the convection, leading to
the poleward movement of the convection.

The aforementioned process is a manifestation of the
moisture—convection feedback mechanism operating on the
simulated ISOs. Jiang et al. (2004) also speculated the
same (role of moisture advection), but for the independent
poleward moving ISO disturbances in ECHAM4 model
integration, forced with climatological SST. According to
them, the horizontal moisture advection northward of deep
convection is caused by both the advection of anomalous
moisture by the mean southerly flow in the planetary
boundary layer and the advection of background moisture
by the anomalous winds. The former one coincides with
our interpretations regarding the contribution of climato-
logical wind acting on the anomalous moisture gradient.
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Fig. 10 a Lag-latitude diagrams of regressed rainfall (contours,
mm day_l) and MSE advection terms (shaded, W m_z) averaged
over 70°E-100°E, from CTRL simulation. a Total MSE advection,
b climatological winds acting on anomalous MSE gradient (Vclm-
Mano), ¢ anomalous winds acting on climatological MSE gradient

However, in the model, there is relatively less contribution
from the latter: anomalous wind acting on the climato-
logical MSE gradient (VanoMclm, Fig. 10c).

6 Sensitivity tests

This section further evaluates the important components of
the model (CFS with the RAS scheme) physics that are
most effective for improving the BSISO simulation. In
particular, the sensitivity of the ISO simulations (1) to
shallow convection (EXP1) and (2) to convective rain
evaporation and downdrafts (EXP2) is assessed. We
hypothesize that the model performance on an intrasea-
sonal time scale is sensitive to both the aforementioned
changes in the parameterization. However, we note that
every convective scheme interacts with its environment
differently. Thus, implementing these parameterization
changes into a different convective parameterization may
not produce the same behavior. Note that in this study, only
these elements are selected for evaluation because of the

(VanoMclm) and d anomalous winds acting on anomalous MSE
gradient (VanoMano). All the budget terms shown here are vertically
integrated estimates (from the surface to 100 hPa). Regression is with
respect to the base time series of rainfall averaged over EIO region

importance of these components on the moistening process
associated with the ISO evolution, as described in the
introduction. However, other processes such as micro-
physics, cloud-radiation interactions, and air—sea coupling
are apparently important, but further studies are needed to
precisely evaluate the impacts of them. As described in
Sect. 2, coupled simulations conducted at the standard
model resolution are used here for diagnostics.

6.1 ISO characteristics in sensitivity tests

Figure 11a, b show the wavenumber-frequency spectra for
EXP1 and EXP2, respectively. EXP1 (Fig. 11a) shows a
considerably reduced eastward propagating component
with much less power than in the observation and CTRL
(see Fig. 3a, b). Moreover, it fails to produce the corre-
sponding spectral peak seen in the observation and model
(see Fig. 3a, b), with much less variance on the intrasea-
sonal time scale. Instead, the spectral peak is at a lower
frequency (between 80 and 200 days) with a center at
around 100 days (between wavenumbers 2 and 3). EXP2
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(Fig. 11b) also shows a remarkably reduced variance on
the ISO time scale compared to the observations and
CTRL. Furthermore, it shows multiple spectral peaks at
lower frequencies (one between wavenumbers 1 and 3 and
another between wavenumbers 4 and 6), with a period
ranging between 100 and 200 days. Thus, these two
experiments show a reduced magnitude of the power
spectra in the intraseasonal band, suggesting that both
components (shallow convection, and convective rain
evaporation and downdrafts) are vital to the ISO charac-
teristics. Further, both EXP1 and EXP2, with weaker
anomalies (both in convection and circulation), fail to
capture the eastward equatorial propagating disturbance
from the IO to the western Pacific (see Fig. 12a, b), quite
consistent with the results from the power spectrum. The
zonal structure of the anomalies changed significantly in
both experiments compared to CTRL (Fig. 2b). In partic-
ular, EXP2 (Fig. 12b) shows the weakest zonal wind sig-
nal, with no significant low-level convergence flow to the
east of precipitation.

We next look at the poleward propagation characteris-
tics in the sensitivity simulations, as shown in Fig. 13.
Similar to the eastward propagating cases, the amplitudes
of the poleward propagating disturbances are weakest in
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Fig. 12 Lag-longitude diagrams of regressed rainfall (mm day™’,
shaded) and 850 hPa zonal wind anomalies (m s™!, contours), along
the equator from a EXP1 and b EXP2. Regression is with respect to
the base time series of rainfall averaged over EIO region

EXP2 (Fig. 13b). In addition, the meridional structure of
the anomalies is totally disrupted with no discernable
meridional propagating disturbances in zonal wind. EXP1
(Fig. 13a) seems to better capture the poleward propagat-
ing structure in rainfall and circulation anomalies, but
shows weaker signals compared to those of observation and
CTRL (Fig. 4a, b). These results indicate that, with the
aforementioned changes in convective parameterization
(shallow convection, and convective rain evaporation and
downdrafts), the model is unable to sustain the large-scale
convection—circulation coupling necessary for maintaining
the ISO disturbance, irrespective of the atmospheric basic
states.

In order to further discuss the importance of these
components, we examine the vertical structure of intra-
seasonal MSE anomalies over the EIO as a function of time
relative to peak precipitation anomalies. Vertical snapshots
of the regressed anomalies are shown in Fig. 14 (regressed
against the base point over the EIO) for the sensitivity
simulations. The anomalous distribution from the CTRL
(RAS simulation) is also shown for comparison (see
Fig. 14a). As pointed out earlier, moisture dominates the
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Fig. 13 Lag-latitude diagrams of regressed anomalies of rainfall
(mm dayf', shaded) and 850 hPa zonal wind (m s™', contours),
averaged over 70°E-100°E from a EXP1 and b EXP2. Regression is
with respect to the base time series of rainfall averaged over EIO
region

MSE anomalies in the lower troposphere (below 400 hPa),
while temperature regulates the upper tropospheric MSE
anomalies. The lower tropospheric MSE anomalies in the
CTRL show a steady increase from negative to positive
values, indicating moistening process before the onset of
intraseasonal convection, which is quite consistent with the
observed features noted in earlier studies (e.g. Kemball-
Cook and Weare 2001). The MSE anomalies in the middle
troposphere peak at the point of maximum precipitation.
After the passage of the rainfall peak, the sign of the MSE
is reversed, indicating sharp dryness there. When the
shallow convection is turned off (EXPI1, Fig. 14b), the
model completely fails to depict this pronounced MSE
structure. In EXP2, the resultant positive anomalies in the
lower to middle troposphere are considerably weaker
(Fig. 14c¢).

It is interesting to note here that the peak lower tropo-
spheric MSE anomalies in the model (CTRL simulation,
see Fig. 14a) reach values within 700-900 J kg~ ' at the
point of maximum rainfall, quite consistent with other
observational estimates (e.g. Kemball-Cook and Weare
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Fig. 14 Lag-height maps of regressed MSE anomalies (J kg~') over
equatorial 10 (EIO) for a CTRL, b EXP1 and ¢ EXP2. Regression is
with respect to the base time series of rainfall averaged over EIO
region

2001). Since the model precipitation magnitude is also
close to the observed values (see Fig. 4a, b), the convective
parameterization (RAS) in the CFS model seems to pro-
duce the same build-up of instability as in the observations.

The effect of shallow cumulus and congestus is to
moisten the lower (and middle) troposphere ahead of deep
convection, as shown in observational studies (e.g. Khou-
ider and Majda 2006; Kiladis et al. 2005). Shallow con-
vection and the associated shallow heating and vertical
motion profiles would be accompanied by convergence
near the cloud base and divergence near the cloud top level.
The CTRL simulation consistently indicates substantial
lower tropospheric moistening prior to the intraseasonal
convective peak. The weak MSE anomalies in EXP1 point
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out that the abovementioned features are not well repre-
sented in it, indicating the missing cloud physics in EXP1
(Fig. 14b). Additional examination of vertical distributions
of anomalous vertical velocity and diabatic heating from
EXP1 shows considerably reduced amplitude (figures not
shown), further supporting the robust role of shallow
convection on the model ISO characteristics.

Downdrafts and rain evaporation considerably moisten
the lower and middle troposphere in the mean (see Subsect.
6.2). In the case of downdrafts, Johnson (1976) previously
carried out a diagnostic model study (using a one dimen-
sional entraining plume model to represent cumulus up-
drafts and downdrafts) for understanding the effect of
convective scale updrafts and downdrafts on the thermo-
dynamic properties of large-scale atmospheric circulation.
They found that convective downdrafts can lead to weaker
compensating subsidence away from convection. There-
fore, downdraft promotes a moister lower and middle tro-
posphere, in addition to the direct moistening effects by
rainfall evaporation. In agreement with this, the CTRL
simulation clearly shows pronounced moistening due to
rain evaporation in the middle troposphere. The vertical
distributions in EXP2 (see Fig. 14c) demonstrate less water
vapor content in the lower to mid levels, a clear manifes-
tation of the absence of convective evaporation and
downdrafts.

All the aforementioned diagnostics highlight the
importance of the processes of interest here (shallow con-
vection and convective rain evaporation and downdrafts).
These processes play critical roles in the development and
propagation characteristics of ISOs and have a significant
involvement in the large-scale organization of tropical
convective cloudiness, as seen in the observations.

6.2 Relative humidity (RH)—precipitation relationship

In this section, the structures of relative humidity (RH) and
precipitation rate and their fundamental physical relation-
ship are assessed for a more detailed understanding of ISO
related precipitation variation. This diagnostic is inspired
by a previous observational study (Bretherton et al. 2004)
that showed the importance of this metric (RH—precipita-
tion relationship). Such diagnostic assessments are needed
as global climate models often produce an excessively dry
environment and overly frequent light rainy days that
prevent complete organization of the equatorial convective
system (Thayer-Calder and Randall 2009; Xavier 2012).
Further, simplified models have also demonstrated the
significance of this metric in determining the time and
space scale of the ISO (Raymond 2001).

Composite vertical profiles of RH categorized by
daily average rainfall over the ASM region (30°E-120°E,
30°S-30°N) are shown in Fig. 15. The corresponding
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Fig. 15 Composite vertical cross section of relative humidity (with
contour intervals of 10 %) categorized by daily average rainfall
(mm h’l) over the summer Asian monsoon region (30°E-120°E,
30°S-30°N) for a reanalysis, b CTRL, ¢ EXP2, and d difference
(EXP2—-CTRL). In a, b and ¢ the 70 % contour is dotted for clarity in
presentation. The vertical red line represents the rain rate at which the
entire tropospheric column becomes nearly saturated

profile from the reanalysis is also shown for comparison
(Fig. 15a). In both the reanalysis and CTRL (see Fig. 15a,
b), the RH in the lower troposphere gradually increases with
rain rate. For intensities above 0.6 mm h™" (approximately
15 mm day "), the entire troposphere becomes rather uni-
formly humid or moistened, as indicated by the 70 %
contour (shown in dotted contours). Again, in both the
reanalysis and CTRL, the entire column is nearly fully
saturated (indicated by a red line) for a rain rate above
1.6 mm h™' (about 40 mm day '), suggesting the inter-
pretation that heavy precipitation coincides with a nearly
saturated column. EXP2 (Fig. 15c), however, attains a
nearly uniform moist column at higher rain rate thresholds
(above 24 mm day_l), showing an unrealistic lack of
moistening and therefore a dry bias in the lower levels to
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Fig. 16 Composite vertical profile of relative humidity for strong
rainfall events over the equatorial IO region (EIO), from a CTRL and
b EXP2. Contour lines are in 5 % increments. The composite is

500 hPa (see Fig. 15d). In particular, it shows two centers
of pronounced dry bias (between 700 and 500 hPa levels),
one centered at a rain rate of about I mm h™" and another
centered at a mid intensity rate of 0.04 mm h™'. Accord-
ingly, the very moist columns for middle to higher rain rates
are not realistic in EXP2, in contrast to the pronounced
distributions in reanalysis and CTRL (see Fig. 15a, b).
Furthermore, in EXP2 (Fig. 15¢), the entire column is
nearly completely saturated only at heavy rain intensity
above 2.5 mm h™' (approximately 60 mm day '), and
hence, the heavy rainfall is suppressed until a high precip-
itation threshold is reached.

To further clarify the effect of EXP2 on model ISO, we
now present the lead/lag composite profiles of RH for the
selected strong rainfall events in Fig. 16. The strong events
are selected over the EIO region using a rainfall threshold
of 1 standard deviation (that is, the composite is made for
the cases where the normalized rainfall index over the EIO
region, exceeds 1 standard deviation). CTRL (Fig. 16a)
shows an increase in RH through the boundary layer to the
mid troposphere before the passage of the ISO over the
equatorial 1O. A rapid reduction in moisture follows,
especially in the free troposphere, after the passage of the
rainfall peak. EXP2 (Fig. 16b), on the other hand, fails to
buildup a thick humid layer. At the point of heaviest
convection at day 0, there is some indication of an increase
below the boundary layer, but in general, the column is
much drier and the boundary layer is not as thick as seen
during the passage of the ISO in CTRL. All these findings
indicate that downdrafts and rain evaporation promote a
moister mean tropical troposphere and increase in tropical
rainfall. Hence, our results here show that the artificial
suppression of the downdraft and rain evaporation process
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formed for the cases where the normalized rainfall index over the EIO
region, exceeds 1 standard deviation

in the deep convective parameterization leave a signature
throughout the tropical atmosphere.

Regarding the effect of shallow convection on precipi-
tation, recently Seo et al. (2012), using the same model
configurations (CFS model with RAS scheme), observed
that the removal of shallow convection produced more
frequent drizzle and light rain rates (0-0.1 mm h™") com-
pared to their control simulation (see Fig. 10 of Seo et al.
2012). According to them, for drizzle or light rain rates, it
showed a more humid environmental air in the boundary
layer (below 850 hPa). Subsequently, they hypothesized
that drizzle and light rain tend to cool the boundary layer,
stabilizing it. Thus instability is reduced which conse-
quently leads to less intense convection.

7 Summary and concluding remarks

The NCEP Climate Forecast System (CFS) with the RAS
convection scheme of Moorthi and Suarez (1999) exhibits
better performance in representing boreal summer intra-
seasonal variability over the tropical Indo-Pacific region, as
compared with simulation using the SAS convection
scheme. The standard CFS with SAS produces intrasea-
sonal variability (eastward component along equator) in
both zonal winds and precipitation that is much lower than
is observed. Its northward component is also weak with
little variability in precipitation and zonal winds. The RAS
scheme (CTRL simulation) produces realistic intraseasonal
variability in both wind and precipitation, capturing both
eastward and northward propagating characteristics. The
convection is initiated over the central IO, similar to
observations, and enhanced and suppressed convection
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anomalies exhibit the observed multiple regional heat
sources. The steady, continuous poleward propagation of
the rainfall anomaly over the IO is also well captured. The
model (CTRL simulation) differs from the observed in-
traseasonal features as follows: error in the eastward
extension of equatorial convection into the central equa-
torial Pacific, biases in the spatial structure of precipitation
anomalies over the Indian subcontinent, and strong ISO
variability as evident in the frequency-wave spectrum of
model precipitation.

The first part of our study examines the intraseasonal
MSE budget to elucidate the relevant moist and thermo-
dynamic processes, associated with BSISO in the CFS
model. By analyzing the column integral, it provides spe-
cific details on how moist convection in the model redis-
tributes MSE. Moreover, the budget analysis offers a useful
framework to assess the importance of various processes,
as revealed from the examination of the individual terms of
the budget. We map the spatial distributions (both vertical
and horizontal) of the budget components contributed from
the changes in large-scale circulation for different phases
of the monsoon ISO (relative to time when precipitation
over the equatorial 10 reaches maximum). This demon-
strates the interaction between moist physics and
circulation.

Our model budget results show a coherent, correct phase
relationship between precipitation and moist and thermo-
dynamic variables for northward propagation. Horizontal
advection and surface turbulent heat fluxes are dominant
components for the propagation tendencies of the budget,
where latent heating is dominated by the wind-driven
component. Furthermore, in the model, surface enthalpy
fluxes, consisting of radiative and surface turbulent heat
flux components, contribute to the maintenance of the ISO
anomalies. This source of energy is balanced by sinks due
to the advection components of MSE. These inferences
appear to be consistent with our diagnostics using ERA and
other similar investigations using reanalysis data sets and
models (e.g. Maloney 2009; Boos and Kuang 2010; Ki-
ranmayi and Maloney 2011). However, compared to these
studies, our present results show that the model derived
MSE estimate has a comparatively smaller contribution
from the net radiative fluxes (mainly longwave estimates)
for the propagation tendencies. Over the India/BoB region
(at lead 0), the longwave estimates in the model are
approximately one-half of the amplitude observed in
reanalysis outputs, imposing an equivalent reduction on the
model net radiative flux.

From the model budget analysis, the following infer-
ences can be drawn. Over the Indian/BoB region, the
injection of MSE or moisture (in the lower troposphere)
starts (see Fig. 8b) approximately 20 days before the pre-
cipitation maximum there. Horizontal advection continues
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to grow in both space and time, and the resultant moist-
ening destabilizes the atmosphere (see CAPE values in the
lower panels of Fig. 9), causing the poleward movement of
convection. The climatological wind acting on the anom-
alous moisture gradient mainly contributes to the moist-
ening process over the India/BoB region, as confirmed by
examination of the moisture advection equation (see Sect.
5). This process is in agreement with the moisture—con-
vection feedback mechanism (e.g. Jiang et al. 2004). Sur-
face enthalpy flux anomalies oppose the propagation
tendencies formed by horizontal advection, with the sur-
face turbulent heat fluxes dominating. The implication is
that in the model, wind—evaporation feedback dominates
over cloud-radiation feedback for poleward ISO propaga-
tion. Wind-evaporation feedback causes the propagation
characteristics as well as the recharge/discharge process to
be more gradual than if horizontal advection were acting
alone. This interplay between surface flux tendencies and
advection tendencies may have consequences for the time
scale of ISO variability in the model. In short, the intra-
seasonal budget diagnostics performed here illustrate how
the regulation by column MSE dominates the tropical ISO.
Further, the interaction between moist physics and regional
circulation and the role of wind—evaporation and cloud—
radiation feedbacks are crucial to the dynamics of tropical
ISO variability.

The second part of our work is based on sensitivity
studies using the CFS model with the RAS parameteriza-
tion scheme. The important components of the model
physics responsible for the realistic simulation of intra-
seasonal characteristics are examined, particularly focusing
upon the moistening processes. The experiments are
designed such that certain components in the model con-
vection scheme are not allowed. Accordingly, we have two
sets of experiments, one turning off the component related
to shallow convection (EXP1) and the other switching off
the related subroutines of the convective precipitation
evaporation and downdraft process (EXP2). The sensitivity
tests (Sect. 6) suggest that both the shallow convection and
the convective precipitation evaporation and downdrafts
are crucial to the success of the RAS scheme in simulating
ISO characteristics. Removal of these components greatly
reduces the amplitude of the BSISO in the CFS. The
wavenumber-frequency power spectrum analysis shows
that both EXP1 and EXP2 are unable to simulate the
spectral peaks in the intraseasonal band, for the eastward
propagating component of the BSISO (see Fig. 11a, b).
Consistently, both experiments failed to capture both
eastward and northward propagating disturbances (in both
precipitation and circulation, see Figs. 12a, b, 13a, b). The
associated vertical structures of moist and thermodynamic
variables are also weaker compared to CTRL (see Fig. 14a,
¢), suggesting the fundamental importance of moist and
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thermodynamic preconditioning processes on the ISO
characteristics. The results also indicate that in the absence
of these components, the model is unable to keep up the
large-scale convection—circulation feedback necessary for
maintaining the ISO disturbance.

Successful simulation of the complex space—time
evolution of the BSISO, capturing both the propagating
modes, is still in the early stages of development and
seems to be a difficult venture for all global models.
Nevertheless, some members of the current generation of
models show substantial improvement over earlier ver-
sions, and efforts are still underway to achieve significant
improvements. The results of our study suggest the fol-
lowing elements and details that a model must account for
in order to correctly simulate the ISO. As per our results,
horizontal MSE advection appears to have a significant
effect on the ISO mode. Therefore, first, the interaction
between moist physics and convection and the consequent
feedback from large-scale circulation needs to be faith-
fully represented in dynamical models. Furthermore, the
importance of the specific humidity gradient in our results
warrants that the regional variation of moisture flow ought
to be included.

The second recommendation derived from our results is
the true representation of surface enthalpy fluxes, domi-
nantly consisting of surface latent heat and longwave
radiation fluxes, in the models. Hence, both must be of
sufficiently large magnitude to regulate the effects of hor-
izontal advection on the MSE recharge-discharge process.
Otherwise, if horizontal advection were acting alone, it
would have significant implications for the propagation
characteristics: an increase in propagation speed and a
shorter propagation time scale. In this regard, recently
Boos and Kuang (2010), using sensitivity tests, suggested
that wind—evaporation feedback significantly slows down
the poleward propagation of anomalies. The importance of
radiation flux as noted from the budget estimates of
reanalysis indicates the significant role of cloud-radiation
feedback on ISO propagation, which is in contrast to the
model (CTRL simulation) MSE estimates. Even though the
role of radiative fluxes needs consensus from other
reanalysis data sets, to some extent, this emphasizes the
significance of the parameterization of cloud-radiation
interaction, which needs to be faithfully represented in
models.

The last recommendation comes from our sensitivity
studies, which suggest problems in the representation of the
RH-precipitation relationship and the preconditioning
(moist and thermodynamic) ahead of the ISO. The funda-
mental physical relationship between moisture and pre-
cipitation is highly relevant, and hence, the representation
of it in models is vital to simulate the realistic ISO.
However, seamless improvement is subjected to constraints

due to the complex feedbacks involved. Recent diagnostic
studies further support our findings. Xavier (2012) showed
that most of the Coupled Model Intercomparison Project 3
(CMIP3) models have biases in representing rainfall
characteristics in general and ISO in particular. Some of
these biases are shown to be related to the problems cited
above: a deficiency in the representation of the RH-pre-
cipitation relationship and the moisture preconditioning
process. Moreover, a study by John and Soden (2007) also
show that most CMIP3 models have a mean dry bias in the
boundary layer. Xavier (2012) partly attributes this bias to
the uncertainties in representing shallow cumulus, con-
vective downdrafts, and convective detrainment, and they
suggest the need for improved representation of these
processes for the successful simulation of the ISO. In the
light of the above, our results assume scientific significance
and the insights gained here would be highly beneficial to
the convection parameterization community.

Our results suggest that ISO simulation in the CFS with
the RAS scheme is sensitive to the parameterization of both
the shallow convection (EXP1) and the convective rain
evaporation and downdrafts (EXP2). However, we do not
know whether the present results are model dependent.
Hence, we wish to note here that the present study does not
argue that implementing RAS parameterization of down-
drafts and rain evaporation in other convection schemes
will essentially improve intraseasonal variability, as each
convective scheme interacts with its environment differ-
ently. Thus, similar sensitivity experiments need to be
conducted with other coupled models to test the robustness
of our results. As one last note, our model budget estimates
and subsequent inferences are only compared against the
ERA. Therefore, the present model results need to be
verified with other reanalysis products and models, for
consistency.
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