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ABSTRACT

This study discloses detailed Madden—Julian oscillation (MJO) characteristics in the two 30-day integrations
of the global cloud-system-resolving Nonhydrostatic Icosahedral Atmospheric Model (NICAM) using the all-
season real-time multivariate MJO index of Wheeler and Hendon. The model anomaly is derived by excluding
the observed climatology because the simulation is sufficiently realistic. Results show that the MJO has a realistic
evolution in amplitude pattern, geographical locations, eastward propagation, and baroclinic- and westward-
tilted structures. In the central Indian Ocean, convection develops with the low-level easterly wind anomaly then
matures where the low-level easterly and westerly anomalies meet. Anomalous moisture tilts slightly with
height. In contrast, over the western Pacific, the convection grows with a low-level westerly anomaly. Moisture
fluctuations, leading convection in eastward propagation, tilt clearly westward with height. The frictional
moisture convergence mechanism operates to maintain the MJO. Such success can be attributed to the explicit
representation of the interactions between convection and large-scale circulations. The simulated event, how-
ever, grows faster in phases 2 and 3, and peaks with 30% higher amplitude than that observed, although the 7-km
version shows slight improvement. The fast-growth phases are induced by the fast-growing low-level conver-
gence in the Indian Ocean and the strongly biased ITCZ in the west Pacific when the model undergoes a spinup.
The simulated OLR has a substantial bias in the tropics. Possible solutions to the deficiencies are discussed.

1. Introduction

The Madden—Julian oscillation (MJO; Madden and
Julian 1971, 1972, 1994) dominates tropospheric varia-
bility in the tropics on time scales of 30-60 days. The
oscillation influences weather and climate variability
substantially in both the tropics (e.g., Yasunari 1979;
Hendon and Liebmann 1990; Lawrence and Webster
2002) and extratropics (e.g., Weickmann 1983; Ferranti
et al. 1990; Lau and Chang 1992; Liebmann et al. 2004).
An improved prediction of a prevalent MJO event can
extend the atmospheric predictability by up to 20 days
(Ferranti et al. 1990; Waliser et al. 1999). Accurately
simulating and predicting MJO, however, has been a
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challenge to the modeling community (Zhang 2005; Lin
et al. 2006).

The MJO is powered by the latent heat released from
cumulus and super cloud clusters that are modulated by
large-scale circulations (Nakazawa 1988; Lau et al. 1989;
Chao and Lin 1994). As a response to the convective
anomaly in the west, near-boundary layer convergence
leads the MJO in eastward propagation and builds up
convective instability fostering the deep convection
(Wang 1988; Wang and Rui 1990; Wang and Li 1994;
Hendon and Salby 1994; Maloney and Hartmann 1998).
Moisture anomalies thus tend to tilt westward with al-
titude as the MJO evolves in the eastern Indian Ocean—
western Pacific (e.g., Sperber 2003; Kiladis et al. 2005).
Proper mean states in atmospheric winds and sea surface
temperature provide a background for the convection
development so that they are disclosed as a necessary
condition for AGCMs (e.g., Slingo et al. 1996) and cou-
pled GCMs (e.g., Inness and Slingo 2003) to simulate a
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realistic MJO. However, the interactions between the
subgrid-scale cumulus convection and grid-scale circu-
lation in GCMs generate and maintain the MJO fun-
damentally (e.g., Grabowski 2003).

Because the interactions are represented roughly by
parameterizations, the simulated MJO has smaller vari-
ance, a shorter period, and less-prevalent eastward prop-
agation than that observed in early atmospheric general
circulation models (AGCM,; Slingo et al. 1996) and recent
climate system models (Lin et al. 2006) at 100-500-km
resolutions. The MJO is still less realistic in an AGCM
that has a 20-km resolution (Liu et al. 2009), indicating
that the resolution is not a determining factor in con-
ventional GCMs. Using an alternate scheme or partial
change of a parameterization may improve the simulated
MJO (e.g., Maloney and Hartmann 2001; Liu et al. 2005).
However, the uncertainties and large sensitivities to the
schemes make it difficult to conclude which aspect of a
parameterization is universally essential to the simulated
MJO. The uncertainties can be fundamentally reduced by
using cloud-system-resolving models to explicitly resolve
the convective process. When a two-dimensional cloud-
resolving module at a 2-km resolution is embedded in an
AGCM at a 300-km resolution over the MJO active areas
so that the local interactions are represented explicitly,
the simulated MJO is improved substantially in ampli-
tude and eastward propagation (Khairoutdinov et al. 2005;
Ziemianski et al. 2005). The improvement using the cloud-
resolving modules as a superparameterization (Grabowski
2004) encourages treating the cumulus—circulation inter-
actions explicitly in three-dimensional AGCMs for the
MJO simulation.

A global cloud-system-resolving model integrated
with realistic geophysical processes, the Nonhydrostatic
Icosahedral Atmospheric Model (NICAM; Satoh et al.
2008), was recently developed. It successfully simulated
the MJO event occurring in December 2006 and January
2007 using the 7-km resolution version (Miura et al.
2007). Snapshots of winds, a Hovmoéller diagram of pre-
cipitation along the equatorial area, and cloud images
resemble those observed in eastward propagation. The
event demonstrates a clear multiscale structure compared
to observed radar images (Masunaga et al. 2008). In the
simulation, convectively coupled tropical waves are
mixed with an MJO-like envelope propagating eastward
(Nasuno et al. 2009). The two tropical cyclones with this
MJO event are simulated realistically as well (Fudeyasu
et al. 2008). However, the MJO in these studies is dem-
onstrated with the climatic background and variations on
shorter time scales. Whether the evolution of MJO three-
dimensional structure agrees with that observed is not
disclosed in detail. Nor is how the convection interacts
with large-scale circulations so that the simulated MJO is
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realistic, which can shed light on improving conventional
GCMs. Because the model started with the output from
the operational analysis system of the National Centers
for Environmental Prediction (NCEP) at a 100-km res-
olution, how the interpolated initial condition affects the
simulated MJO can be of interest. By contrasting the
MJO in the previous 7- and recent 14-km runs, the sen-
sitivity of simulated MJO to resolution in a global cloud-
system-resolving model will be intriguing as well.

This study addresses these issues using the all-season
real-time multivariate MJO (RMM) index of Wheeler
and Hendon (2004, hereinafter WHO04). The RMM frame-
work can disclose the MJO features using daily data
without any time filtering, which is appropriate for the
present short-term integrations. Results show that the
simulated moisture, wind, and convection anomalies as-
sociated with the MJO event have a realistic evolution in
three-dimensional structures. The frictional moisture
convergence mechanism (e.g., Wang 1988; Maloney and
Hartmann 1998; Sperber 2003) operates to maintain the
eastward propagation. Section 2 introduces the model,
data, and methodology. Section 3 presents results. Sec-
tion 4 includes the discussion and conclusions.

2. Model, data, and methodology

The NICAM is a global nonhydrostatic model designed
for 1-km-order fine-mesh simulations. It uses an icosahe-
dral grid system suitable for parallel computation (Tomita
and Satoh 2004). The grid size is reduced gradually using a
recursion method starting from level 0 with 20 triangles on
the sphere (Satoh et al. 2008, their Fig. 2). Each triangle is
divided into four small triangles at every recursion level.
At level 9 of the recursion, the structure produces a hori-
zontal resolution at about 14 km; and at level 10 the res-
olution is about 7 km. The grid structure is then smoothed
by the spring dynamics. Both the 14- and 7-km resolutions
use a step size of 30 s to satisfy the Courant-Friedrichs—
Lewy condition. Because of the same step size and physics
configurations, the sensitivity in the two simulations can
be attributed to the change of horizontal resolutions.
The moist processes are represented explicitly. For ex-
ample, cloud physics are calculated prognostically by a
simplified bulk cloud microphysical scheme (Grabowski
1998). Subgrid-scale turbulence is represented by the
Nakanishi and Niino (2006) scheme that is an improved
version of Mellor and Yamada (1974). Surface fluxes of
heat and momentum are modeled using Louis’s (1979)
bulk formula. The radiation scheme is a revised version
of Nakajima et al. (2000). Details of the model are re-
ferred to Satoh et al. (2008).

Using the observed weekly SST as external forcing and
the NCEP operational analysis product in pressure-sigma
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FIG. 1. The 200-hPa velocity potential (0.5 X 10" m? s~ 2) along the equator averaged in 15°S—15°N during the MJO event for (a) the
NCEP-NCAR reanalysis, (b) the 14-km NICAM, and (c) the 7-km NICAM. Values less than and equal to 0 are shaded.

hybrid coordinate at 1° X 1° resolution as initial condi-
tions, runs at 7- and 14-km resolutions were carried out
for the MJO event from 15 December 2006 to 13 Janu-
ary 2007. The outputs are interpolated horizontally from
7 and 14 km to 2.5° X 2.5° (about 275 km X 275 km)
using a box-mean method and vertically from altitude to
pressure levels at 1000, 925, 850, 700, 600, 500, 400, 300,
200, and 100 hPa using a mass-weighted algorithm. Daily
mean is then derived from the spatially interpolated

6- or 1.5-hourly data for analysis.

The OLR observed by the National Oceanic and At-
mospheric Administration (NOAA) satellites, the pre-
cipitation rate from the Tropical Rainfall Measuring
Mission (TRMM), version 6_3B42 (Huffman et al. 2007),
the surface latent heat flux, winds, and specific humidity
of the NCEP-National Center for Atmospheric Research
(NCAR) reanalysis (Kalnay et al. 1996) are used as
observational references. All referenced variables are
interpolated to daily interval, horizontal 2.5° X 2.5° and
vertical pressure levels. Daily anomalies of the model
variables are derived by excluding the climatology of
observations or the reanalysis from 1979 to 2007 (1998-
2008 for the TRMM precipitation) because the two runs
are too short in time to provide their own, because the
observed climatology carries nearly null information of

30-day averages of precipitation and winds are very
close to the references in the tropics, as shown in section 3
(Fig. 1). We define these fields as ‘‘simple anomalies™ to
differentiate them from other two types of anomalies to
be described. The simulated specific humidity, however,
is systematically different from that in the reanalysis in
the entire tropics so that the zonal means for all vari-
ables at each pressure level are excluded from the simple
anomalies for the composites (section 3b). We refer to

these fields as anomalies; they are equivalent to eddy

transients.

We use the RMM index of WHO04 to disclose the ev-
olution of amplitude, phase, and vertical structure, and
possible mechanism for the MJO event. The index is
defined by the first pair of the principal components
(PCs) from a combined empirical orthogonal function
(CEOF) analysis using anomalous OLR, 850-, and 200-
hPa zonal winds from 1 January 1979 to 31 December
2001. The anomalous fields are derived by excluding the
daily climatology, the first three harmonics of the sea-
sonal cycle, and the interannual variability associated
with ENSO. They are normalized with their global
standard deviation so that each field contributes to the
CEOF comparably. The first two CEOFs represent the
MJO salient structure (e.g., the baroclinity and coupling

MJO, and—more importantly—because the simulated between convection and circulation; Fig. 1 in WHO04).
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F1G. 2. Difference of the 30-day mean specific humidity from the reanalysis along the equator
(averaged in 15°S-15°N) for (a) the 14- and (b) 7-km NICAM. Values less than and equal to 0

are shaded. The contour interval is 1 g kg ..

The detailed method is referred to as WH04. The RMM
can demonstrate the MJO amplitude and geographical
evolution in the model compared with observations. We
will use the CEOFs and variances of each variable
provided by WHO4 to derive the index described below.

The standardized simple anomalies from the NICAM
and observations are projected onto the two CEOFs to
calculate the corresponding RMMs, which differentiate
slightly from those derived using the anomalous fields of
WHO04 (section 3). MJO phases 2-6, which are defined in
the RMM diagram (WHO04), are composited based on
the dates for each phase. The average of several days in
each phase can eliminate synoptic perturbations effec-
tively so that the spatial filtering is not used (e.g., Hendon
and Salby 1994). Inspection of the Hovmoéller diagram for
the convective centers to pass specific longitudes along a
narrow equatorial band [e.g., 60°, 90°, 120°, and 150°E as
used by Rui and Wang (1990)]; dates can be observed for
composite as well. The derived days agree with those
observed from the RMM diagram so that the composite
structures are similar. It is noteworthy that model OLR is
used for deriving the RMMs but not for composites be-
cause it has a reasonable pattern but much larger value in
the tropics (see Fig. 12 in the discussion). The precipita-
tion represents convection well as a direct product and it
is used in the composites.

3. Results
a. The MJO event

The simulated MJO event resembles that observed, as
illustrated roughly by a Hovmoller diagram of precipita-
tion in time-longitude space (Fig. 4b in Miura et al. 2007).
Here we show the evolution of 200-hPa velocity potential
in the equatorial area averaged between 15°S and 15°N
during the 30-day integrations (Fig. 1). The velocity po-
tential in the reanalysis (Fig. 1a) is about —1 X 10’ m* s 2
near 60°E around 15 December 2006. It is strengthened to
—2.5x 10’ m* s ? near 70°E on 23 December. This center
moves to the date line around 13 January 2007. An east-
ward propagation is discernible, for example, from the
negative values (shaded). The strengthening center and
eastward-propagation patterns are simulated well by the
14- and 7-km NICAM except that the central values are
slightly higher than those in the reanalysis (Figs. 1b,c). The
simulated winds have a similar pattern and values to the
reanalysis in the tropical troposphere (not shown; Fig. 2 in
Miura et al. 2007). Because of such similarities, the model
anomalies for winds, OLR, precipitation, and surface la-
tent heat fluxes are derived by excluding the climatology
of observations or the reanalysis. However, the simulated
specific humidity has a systematic difference from the
reanalysis as shown in Fig. 2. In both model versions, a
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much drier boundary layer between the surface and
900 hPa is produced along the equator (averaged in 15°S—
15°N). The difference is as much as —4 g kg~ '. In the layer
between 900 and 600 hPa, it is much wetter in the
NICAM, particularly in the 7-km version. The specific
humidity decreases again systematically in the layers above
600 hPa. Such systematic difference is likely induced by
the boundary layer scheme incorporating with the ex-
plicit microphysics. Because of the systematic difference
and our focus on the MJO fluctuations, the zonal means
for all variables at each pressure level are excluded from
the simple anomalies for the composites in section 3b.
After the simple anomalies of OLR, 850-, and 200-hPa
zonal winds are derived, they are standardized with
the global standard deviation and then projected onto
the first pair of COEFs provided by WHO04 to derive the
corresponding principal components of RMM1 and
RMM2. The time series of (RMM1? + RMM2%)"? can
disclose the MJO evolution in amplitude. WH04 pro-
vides a 91-day running mean of the series. In an ex-
tended version (not shown), the current MJO has an
amplitude only about 1/3 of other 10 strong events oc-
curring in the past 20 years. Moreover, the 91-day fil-
tering is not suitable for the 30-day simulations. Figure 3
shows the unfiltered series of RMM amplitude for the
observations using anomalous fields and for both ob-
servations and the NICAM using simple anomalies. The
two curves for observations (black) coincide with each
other from 1 to 31 December 2006 and have a slight

difference thereafter, indicating that the simple anom-
alies (black-dashed-open curve in Fig. 3) can disclose the
MIJO event fairly well. The MJO event becomes de-
tectable with an amplitude larger than 1 near 8 De-
cember 2006, which agrees well with the Hovemoller
diagram of precipitation (Fig. 4b in Miura et al. 2007).
The event peaks with an RMM amplitude of 3.3 near
27 December, then decays back to less than 1 near
16 January 2007. The detectable cycle lasts about 40 days.

The RMM amplitude evolution in the two NICAM
versions generally agrees well with that observed (gray
curves in Fig. 3). The simulated event starts on 15 De-
cember 2006 with slightly higher amplitude. This small
difference can originate from the spinup of interpolated
initial conditions from the NCEP operational analysis in
a vertical sigma-pressure coordinate and at horizontal
1° X 1° resolution. The difference remains small until
21 December 2006 in the 14-km version and until 23 De-
cember in the 7-km version, indicating an improvement
due to the higher resolution. The simulated event by
14-km NICAM peaks at the same day as that observed,
but the RMM amplitude reaches nearly 4.2, about 30%
larger than that observed. One day later, the MJO in the
7-km version peaks with the RMM amplitude of 3.8,
which is improved but still high. The MJO then decays
with a higher amplitude. A small turnaround occurs near
the RMM amplitude of 1 on 9 January 2007 in obser-
vations and rebounds to near 1.4 on 15 January. How-
ever, the turnaround occurs on 6 January in the 14-km
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version and regains the amplitude up to 3.2 on
11 January. The 7-km version improves the simulation by
a turnaround occurring on the same day as that observed,
but the amplitude is still much higher and reaches nearly
3 on 13 January, indicating that the simulated event
might last longer if the integration continues. Similar
agreement occurs in the geographical evolution of the
MJO event as shown in the RMM diagram.

Eight phases of an MJO event are defined in the RMM
diagram (WHO04) with each in the /s portion as shown in
Fig. 4. Phases 2 (marked as PH2) and 3 (PH3) corre-
spond to an enhanced convection in the Indian Ocean
while 4 (PH4) and 5 (PHS) in the Maritime Continent
and 6 (PH6) in the central-west Pacific. The truncated
event in observations (black) starts from 15 December
over the western Indian Ocean then evolves through
phase 6 in the western Pacific. The simulated event (gray
curves) agrees well with that observed in phase 2, early
phase 3, and early phase 5. It has a similar evolution
but higher RMM values in remaining phase 3, most of
phase 4, and phase 6. A close inspection of the diagram
indicates that the simulated event grows faster than that

observed in phases 2 and 3. Dates for other phases are
different as well, which is summarized in Table 1.

The striking difference in Table 1 occurs in phases 2
and 3. Phase 2 ends on 26 December 2006 in observa-
tions, while on 21 December in the two model versions,
indicating that a faster growth rate is simulated in the
Indian Ocean. This fast growth is caused by the low-level
convergence, which will be shown in the composite
structures below. During the 12 days of phase 2, two
westward-moving synoptic waves west of 90°E can be
observed in the Hovmoller diagram of precipitation
(e.g., Fig. 4b of Miura et al. 2007). Both waves are sim-
ulated fairly well in the two NICAM versions (not

TABLE 1. Dates for each phase from the RMM diagram.

Obs 14 km 7 km
Phase 2 15-26 Dec 15-21 Dec 15-21 Dec
Phase 3 27-30 Dec 22-26 Dec 22-27 Dec
Phase 4 31 Dec-3 Jan 27 Dec-2 Jan 28 Dec-5 Jan
Phase 5 4-8 Jan 3-10 Jan 6-13 Jan
Phase 6 9-13 Jan 11-13 Jan —
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shown) except the model convection crosses 90°E ear-
lier. As indicated in the RMM diagram, the simulated
event thus starts earlier and ends earlier in phase 3; but
lasts longer in phases 4 and 5. The 14-km version simu-
lates comparable dates for phase 6 but the 7 km ends the
event in phase 5. This early ending corresponds to a
much higher amplitude of RMM in Fig. 1. By assuming
the event has a similar structure during the days in each
phase, composites of consecutive phases will provide the
evolution in vertical structures. Because the composited
difference is small in the two runs, only the 7-km case is
compared with observations below.

b. Phase composites

Previousstudies (e.g., Hendon and Salby 1994; Maloney
and Hartmann 1998; Sperber 2003; WHO04; a review by
Zhang 2005) have disclosed similarly salient structures
of an MJO during successive development stages in spite
different methods were used. In the western-central
Indian Ocean corresponding to phase 2 in the RMM
framework, convection is initiated over low-level east-
erly anomalies and then matures over the intersection
of low-level easterly and westerly anomalies. Moisture

anomalies generally are in phase with the convection
without an apparently westward tilt with height. The
structures are different in the Maritime Continent and
the western Pacific. Boundary layer convergence forced
by the convection in the west builds up moist instability,
fostering deep convection during which low-level westerly
anomalies dominate. The moisture anomalies thus have a
clearly westward tilt structure with height. These distinct
structures of MJO are summarized as the models I and II
in a schematic diagram by Zhang (2005, their Fig. 6). The
following composites for phases 2-6 of the MJO will
demonstrate that these structures occur in this event as
well and they are maintained by the frictional moisture
convergence mechanism.

Phase 2 is the average of 12 days in observations and
of 7 days in the NICAM (cf. Table 1). During this phase,
convection is enhanced near (13°-1°S, 60°-70°E) and
(0°=3°N, 85°-90°E) with a precipitation anomaly of over
15 mm day ' (Fig. 5a). It is weaker to the west of 60°E,
corresponding well to the westward-propagating waves
as observed in the Hovmoller diagram (not shown).
Shallow convection is discernible up to 110°E near the
equator. Suppressed convection occurs in the Maritime
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Continent-west Pacific, forming a dipole structure at
zonal wavenumber 1 with the enhanced convection in
the Indian Ocean (Fig. 5a). The convergence at 925 hPa,
shown by the positive anomalies of velocity potential
(contours) and convergent wind vectors, occurs in the
whole Indian Ocean fostering the convection. It ap-
proaches the Maritime Continent, indicating a lead in
eastward propagation. Weak divergence occurs in the
east Pacific and weak convergence in the rest of the
Western Hemisphere; the velocity potential has a zonal
wavenumber 1 structure as well. The convection and
low-level convergence develop a typical structure for an
MJO developing phase in the Indian Ocean (e.g., Hendon
and Salby 1994; Sperber 2003). The simulated convection
generally agrees with that observed in the Indian Ocean
(Fig. 5b) except for relatively larger values in the eastern
Indian Ocean and southern Africa. Correspondingly, the
simulated convergence extends to 160°E near the equator
(Fig. 5b); and the center is near 60°E about twice stronger
than that observed. Both convection and convergence are
about 20°-30° farther eastward than those observed,
showing a faster growth rate. It is noteworthy that the
ITCZ in the central Pacific north of the equator is much

stronger than that observed, which can be caused by the
apparently stronger low-level convergence. This fast growth
of low-level convergence is probably due to the spinup of
upscaled initial conditions from resources at a coarse reso-
lution (see the discussion).

Figure 6 shows the vertical structure of specific hu-
midity (contours with shading) with precipitation (thick
black curve) anomalies averaged over 15°S-15°N during
phase 2 along the equator. Corresponding to the low-level
convergence, the positive moisture anomalies (shaded)
near 60°E are in concert with the developing convection
(thick black curve) in both observations and the NICAM.
They expand from the surface up to 450 hPa. Mean-
while, the humidity shows a developing west-tilt struc-
ture along the equatorial Eastern Hemisphere. Small
positive anomalies occur to the east of the convection in
lower levels to the surface.

Model I of MJO in Zhang (2005) and the schematic
diagram in Sperber (2003) predict that the maturing
convection near 60°E in phase 2 corresponds to the in-
tersection of low-level westerly and easterly anomalies.
This structure is clearly shown in Fig. 7. Easterly anom-
alies (dashed contours) occur right under the convective
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FIG. 7. As in Fig. 6, but the contours represent the zonal wind (interval 0.5 m s~ 1).

center (thick black curve) and extend from near 60°E
to 120°W in the layer of 1000-600 hPa; while westerly
anomalies (solid contours with shading) dominate from
60°E west to 50°W near the surface to 400 hPa. In the
layers above, the phase is nearly reversed, indicating a
baroclinic structure. The easterly anomalies appear as a
Kelvin wave response and the westerly anomalies appear
as a Rossby wave response. The NICAM has realistically
reproduced this complicated structure except that the
westerly wind anomalies are weaker in the 800-500-hPa
layer near 50°-60°E (Fig. 7b).

Observed convection anomalies in phase 3 (not
shown) transits to negative in the central Indian Ocean
near 60°E, turns to weak and shallow in the east Mari-
time Continent to the date line, and matures near 5°S-0°,
90°-100°E. Corresponding to this transition, the 925-hPa
convergence (not shown) weakens in the central Indian
Ocean, shifts its center to the west Maritime Continent,
and edges near the date line, fostering convection in the
east Maritime Continent and West Pacific. The velocity
potential and convergent wind are still stronger than that
observed. The simulated convection by two NICAM
versions has a similar pattern to that observed (not
shown) except for its persistence in the west Indian
Ocean, and that it damps in the east Indian Ocean. The
ITCZ is still strong and extends westward to connect the

convection in the east Maritime Continent, producing a
faster growth than that observed. The persistently strong
ITCZ indicates a bias in the mean state of the model.

The specific humidity anomalies along the equatorial
area have a vertical structure matching the surface con-
vergence and convection anomalies in observations dur-
ing phase 3 (not shown). It becomes negative from the
surface to 500 hPa near 60°E. The positive anomalies
have a center at 700 hPa near 120°E and extend eastward
at lower levels, indicating that the frictional moisture
convergence is functioning. Very similar structures are
simulated by the two NICAM versions (not shown) ex-
cept that the anomalies are somewhat weaker over the
Maritime Continent-west Pacific.

As a wave response to the convective heating centered
near 120°E along the equator, observed zonal winds (not
shown) become westerly anomalies from 850 to 500 hPa
and easterly aloft from equatorial Africa to 120°E while
easterly from the surface to 400 hPa and westerly aloft in
the rest of the equatorial areas. The baroclinic structure
of zonal winds has a zonal wavenumber 1 feature. This
structure is simulated well by the two NICAM versions
(not shown).

During phase 4, observed convection anomalies (shad-
ings in Fig. 8a) return back to near normal in the west
Indian Ocean, and become more suppressed near 90°E
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FIG. 8. As in Fig. 5, but for phase 4.

north of the equator with a central precipitation anomaly
of —12mm day '. Enhanced convection prevails over the
Maritime Continent and west Pacific with precipitation
anomalies of over 15 mm day ' in 115°~150°E. The other
equatorial areas have weak convective anomalies. The
observed convergence at 925 hPa (contours and vectors
in Fig. 8a) is weakened in Africa-Indian Ocean, while
strengthened in the Maritime Continent—west Pacific with
its center shifts to 120°~150°E near the equator. The
convergence at this level crosses the date line. The simu-
lated convection anomalies (shadings in Fig. 8b) have a
similar pattern to that observed: suppressed convection in
the Indian Ocean and enhanced precipitation in the Mar-
itime Continent and west Pacific. The convection over
ITCZ in the central and eastern Pacific is still much
stronger than that observed, which indicates the bias of
mean state. The simulated convergence at 925 hPa (con-
tours and vectors in Fig. 8b) has a center near 120°~150°E
around the equator, very close to that observed. However,
positive velocity potential and convergent vectors are
generally stronger in this area and much stronger over the
ITCZ than the observations. The stronger low-level winds
contribute to the much higher amplitude of RMM near
this phase (Fig. 3).

The vertical structures in phase 4 repeat those illus-
trated by Sperber (2003) and Zhang (2005). Observed
anomalies of specific humidity (contours in Fig. 9a)
become weakly positive from the surface to 500 hPa in
40°-70°E averaged between 15°S and 15°N, and strongly
negative from the surface to 500 hPa in 70°-100°E. The
moisture anomalies correspond to the suppressed convec-
tion as shown by the averaged TRMM precipitation (thick
black curve) and shadings in Fig. 8a. In relation to the
strong convection anomalies in the Maritime Continent—
west Pacific (thick black curve in Fig. 9a and shadings in
Fig. 8a), strong positive anomalies of moisture extend
from the surface to 400 hPa near 120°E and to 600 hPa
near 160°E, demonstrating an apparent westward tilt
with height. Weak positive anomalies are building up in
the boundary layer from near 170°E-150°W, indicating
that the frictional moisture convergence mechanism is
functioning. The simulated vertical structure has a very
similar pattern and a close relation between moisture
and convection anomalies (Fig. 9b) compared to that
observed. Weak/negative moisture anomalies correspond
to a suppressed convection in the Indian Ocean; while the
reversed anomalies prevail over the Maritime Continent—
west Pacific. Moisture anomalies in the boundary layer
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FIG. 9. As in Fig. 6, but for phase 4.

are clearly built up, indicating that the frictional mois-
ture convergence mechanism operates (cf. Fig. 8b). It is
noteworthy that the specific humidity has relatively
smaller anomalies in the NICAM than that in the re-
analysis. This is likely due to the systematic difference as
shown in Fig. 1.

Zonal wind anomalies in phase 4 have the typical
vertical structure disclosed in Sperber (2003) and sum-
marized in Zhang (2005) as well. In observations (con-
tours and shadings in Fig. 10a), westerly anomalies prevail
from the surface to nearly 400 hPa in the Eastern
Hemisphere up to 130°E except that easterly anomalies
occur below 850 hPa and above 600 hPa in 60°-90°E.
The convection anomaly maximum (thick black curve in
Fig. 10a) occurs near 120°E, very close to the westerly
anomaly maxima from the surface to 500 hPa. At the
same time, easterly anomalies dominate from the sur-
face to near 400 hPa in the rest of the equatorial Pacific
with a center at 700 hPa around the date line. Convec-
tion is weakening with strengthening easterly anomalies.
The patterns are reproduced realistically in the NICAM.
Westerly anomalies occur in the deep layer to the west
of the enhanced convection and easterly anomalies oc-
cur to the east. However, the low-level zonal wind
anomalies in the NICAM (Fig. 10b) are weaker partly
because of the excluded zonal means. The simulated

wind anomalies in the upper levels extend farther
downward so that the baroclinic structure is more pro-
nounced than in observations in particular from 150°E to
130°W. Such small differences do not negate that the
salient vertical structures of the MJO are reproduced
realistically by the NICAM. Phases 5 and 6 are the
damping stage for the current event. The structures in
observations (not shown) are generally similar to those
of phase 4 with centers shifting more eastward. The
simulated structure resembles that observed as well (not
shown). The 14-km NICAM performed generally the
same as the 7-km version although small differences are
produced.

4. Conclusions and discussion

The MJO event occurring from December 2006
to January 2007 is simulated realistically in amplitude
evolution, eastward propagation, and three-dimensional
structures by the NICAM at 14- and 7-km resolutions as
disclosed using the index of WHO04. The frictional moisture
convergence mechanism operates to maintain the simu-
lated MJO event so that the vertical structures of moisture
and wind anomalies are realistic. Such success can be at-
tributed to the explicit representation of the interactions
between cumulus clouds and large-scale circulations. The
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promising simulation of this MJO event and perturbations
on smaller scales with the NICAM suggests that explicitly
resolved microphysics can take the place of parameteri-
zations for the future dynamical subseasonal range fore-
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FIG. 11. Evolution of anomalies for precipitation rate (black
solid), surface latent heat flux (black dashed), and wind speed at
10 m (gray) over central Indian Ocean (10°S-10°N, 70°~90°E mean)
during the MJO event for (a) observations and the reanalysis and
(b) the 7-km NICAM. Values are standardized for comparison.

cast. Successive studies will disclose the interactions on
very short time scales to specifically guide improving the
parameterization schemes for climate models. In spite of
the overall success, small deficiencies occur in higher peak
amplitudes and faster-evolving phases 2 and 3 than ob-
servations, which are improved slightly in the 7-km sim-
ulation. Other possible mechanism for the MJO and
causes to the fast growth of phases 2 and 3 are discussed
below, followed by possible corrections.

In the central Indian Ocean, because the climatology of
low-level wind can be easterly and convection develop-
ment can occur over easterly anomalies (phase 2 in Fig. 7),
the wind-induced surface heat exchange (WISHE; Neelin
et al. 1987, Emanuel 1987) mechanism may operate for

v

120W 60w 0

0 60 1308 80
FIG. 12. The 30-day mean of OLR (W m™2) along the equator

(10°S-10°N mean) from NOAA satellite observations (black), the
14- (gray solid), and 7-km (gray dashed) NICAM.
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the local MJO development, which was shown in GCM
studies (e.g., Maloney and Sobel 2004; Liu et al. 2005).
Nevertheless, WISHE does not have a favorable condi-
tion in this MJO event as shown in Fig. 11. The curve of
surface latent heat flux (black and dashed) follows closely
that of the wind speed at 10 m (gray) in both the reanalysis
and NICAM. There is no clear lead in time of the negative

anomalies for surface latent heat flux and positive sea
surface temperature (not shown) to the enhanced con-
vection (black and solid). Instead, the enhanced convec-
tion leads the negative flux during 17-22 December in the
reanalysis; and it is in phase with the positive flux during
the first several days in the model. This is not a favorable
structure for WISHE, which requires that negative surface
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latent heat flux leads convection in the east by 1-2 pentads
(e.g., Maloney and Sobel 2004).

It is noteworthy that the enhanced convection, rep-
resented by positive precipitation anomalies (black solid
curve in Figs. 11b), persists up to 25 December 2006,
longer than the OLR anomalies shown in the RMM
diagram (Fig. 4). This is because the simulated OLR is
not connected as closely with precipitation as in obser-
vations. Although Inoue et al. (2008, their Fig. 15) showed
that the latitudinal bias of OLR is small in the tropics
relative to observations when averaged in 90°E-160°W,
the bias is prominent in the MJO active areas. Figure 12
shows the 30-day mean total OLR along the equator
(10°S-10°N) in observations and the two NICAM ver-
sions. The simulated OLR has a similar pattern to that
observed so that the standardized series are used to derive
the RMM index (Figs. 3 and 4). However, a large bias
occurs from 50° to 90°E and from 70°W to the Greenwich
meridian in both model versions. The 7-km version im-
proves the simulation but the bias is still large; thus, the
OLR was not used for composites for the MJO structures.
The large bias is likely induced by the separation of the
explicit moist process and the radiation transfer scheme.
The boundary layer process can contribute to the bias as
well considering the systematic difference of the simulated
moisture compared with that in the reanalysis (Fig. 2). A
comprehensive microphysics package and an improved
boundary layer scheme will be incorporated with the next
version of NICAM so as to reduce the bias.

The strikingly fast growth of phases 2 and 3 can
originate from the low-level convergence and biased
ITCZ in the initialization. Figure 13 shows the first-day
average of simulated convection, 925-hPa velocity po-
tential, and divergent vector compared with observa-
tions. Small difference of winds in the initial condition
produced by interpolation becomes large after the 1-day
spinup. For example, although enhanced convection
occurs in a slope area of 70°-95°E and 13°S-5°N in both
observation and two NICAM versions (shaded in red),
the simulated convection has already extended to the
Maritime Continent. Both the velocity potential and
wind vectors show that the corresponding convergence
has developed to be much stronger than that observed in
the Indian Ocean-Maritime Continent. More impor-
tantly, the ITCZ in the central and eastern Pacific are
developing dramatically. Rotational wind vectors at
lower levels (not shown) grow fast in the Indian Ocean—
west Pacific as well. Such faster growth demands an
effective method for the initialization, for example, a four-
dimensional variational data analysis (4DVAR) or a
Karman filter as widely used in the operational global
systems for medium-range weather forecast. Moreover,
the stronger ITCZ is persistent in all the phases 2-5 as a
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bias in the two NICAM versions. The 7-km version has a
slight improvement. Considering the other improve-
ments in the 7-km version (e.g., Fig. 1), the NICAM at
higher resolutions can be tested to reduce this bias be-
sides the improved microphysical package.
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