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ABSTRACT
A new prototype of quasi real-time forecast system for tropical weather events with
timescales spanning across diurnal-to-intra-seasonal ranges is developed. Its hallmark is
the use of a global cloud-system resolving model (GCRM) that avoids uncertainties
arising from cumulus convection schemes inherent to traditional hydrostatic models. This
allows forecasting of multi-scale convective disturbances such as tropical cyclones and
super cloud clusters that are particularly associated with Madden-Julian Oscillation
(MJO), even more straightforwardly, with unprecedented details, and disseminate
detailed forecast products to in-situ observation networks. The system can operate, for
example, in an observation campaign in the tropical ocean, where observation network is
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in synchronous with modeling components to investigate the atmospheric and
atmosphere-ocean interaction processes controlling tropical disturbances such as MJO.
This chapter overviews the prototype system and reports a first pilot forecast
example of tropical cyclone LAILA that happened over the Indian Ocean in the late May
2010. The forecast system with the finest mesh of 14 km over the target region projected
the overall track and evolution of LAILA quite decently prior to its landfall with up to
about five days lead time. LAILA featured north-westward movement after its genesis in
association with a propagation of the predicted MJO. The MJO traversed the Indian
Ocean up about 5-7 days before the genesis of LAILA, according to an MJO index
analysis from observation. A key ingredient of the encouraging forecast is inferred to be
the GCRM’s capability of representing a mechanistic link between LAILA and MJO.
Additionally, the forecast system captured a northward migration of precipitation
embedded in a synoptic-scale low-level westerly intrusion over the Indian Ocean region,
which signals the onset of southwesterly monsoon for this particular year.
These findings, albeit from only one specific forecast experiment, lend some
reliability to the GCRM-based research forecast of MJO-associated convection events to
assist on-site observation planning. Moreover, this suggests a potential pathway of future
GCRM-based forecast system development towards extended seamless intra-seasonal
forecast of MJO-associated weather events that would threaten the tropical warm-pool
and neighborhood regions.

1. INTRODUCTION
The aim of this chapter is to introduce a quasi real-time forecasting system of tropical
multi-scale convection events that has its unique strength of being driven by a global nonhydrostatic model, along with an overview of a forecast product from its first pilot
experiment. Multi-scale is a key [1] but loosely used term to broadly characterize convection
residing over the warm pool region in the tropical Indian Ocean and western Pacific. These
regions indeed experience a wide variety of convective systems such as those accompanied
by monsoon depression, equatorial waves [2] and tropical cyclones. Multi-scale convection is,
in this sense, a hybrid manifestation of organized convection influenced by these disturbances
across various scales over this particular area. The warm pool is also known to be critical for
genesis and development of Madden-Julian Oscillation (MJO; [3,4]). As extensively reviewed
by [5], MJO is a strong intra-seasonal mode of tropical variability. Its impact on prominent
weather phenomena including tropical cyclogenesis is not only significant over the Indian
Ocean and western Pacific region [6-8], but stretched eastward out to Atlantic region [9],
covering nearly whole of the tropics. Seasonal prediction of tropical cyclones was suggested
to be vastly improved by using a methodology based on the phase of MJO [10]. In addition,
over some part of the Indo-Asian region, we also experience a quasi-periodic intra-seasonal
variation (ISV) of local weather, which sometimes constitutes a sub-component of monsoon
intra-seasonal oscillation (MISO; [11]). This is generally accompanied by northward
migration of disturbance, and regarded as another leading intra-seasonal mode controlling the
weather [12,13] and its predictability [11] in the boreal summer monsoon-prone area. It is
therefore rational to direct our attention to prediction and understanding of multi-scale
convective events over these basins in terms of impacts by MJO/ISV on intra-seasonal time
frames, in line with a suggestion from observational studies (e.g., [14-18]).
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A major impediment in clarifying these multi-scale convective events has been complex
interaction involved across various spatial and temporal scales; observation cannot cover
enough area with sufficiently high temporal and spatial resolutions, and the traditional
hydrostatic modeling approach also suffered from the similar problems. With the emergence
of cloud-(system)-resolving model (CRM), many of these problems were nearly resolved
(e.g., [19,20]), and the CRM concept behind these efforts culminated in the development of
Multiscale Modeling Framework [21,22] and global CRM (GCRM), with the Nonhydrostatic
ICosahedral Atmospheric Model (NICAM; [23,24]) being the first prototype of GCRM. A
key new finding from these CRM approaches is that interactions involved in MJO/ISV are
controlled by mesoscale convection of O(10km) or its ensemble, a most basic organized form
of cumulus convection in tropical organized convective disturbances [25]. Importantly,
mesoscale convection plays not passive but active role in organization of MJO-associated
convection and larger-scale features as was suggested in observational [1], conceptual [26]
and cloud-resolving modeling [20] studies. Some crucial insights into upscale control of
mesoscale processes such as mesoscale gravity wave, cold pool, and cumulus momentum
transport associated with MJO were provided already before the Earth Simulator’s Era (e.g.,
[26-29]). Yet, its observational verification remains to be seen. These accumulated evidences
point to the need for intensive advanced observation and its collaboration with mesoscaleresolving modeling calculations to advance our understanding of MJO and MJO-associated
multi-scale convection.
A plan is in progress to meet this issue; an intensive observation project,
CINDY2011(Cooperative Indian Ocean experiment on intra-seasonal variability in the Year
2011)/DYNAMO (Dynamics of the MJO) (http://www.jamstec.go.jp/iorgc/cindy/), will start
in 2011. It will aim at collecting the dataset of atmosphere and ocean over the Indian Ocean
for 4 months to improve our understanding of the genesis of MJO, and related variability and
processes in atmosphere and ocean under international collaboration endorsed by WCRP
(World Climate Research Program)/CLIVAR (Climate Variability and Predictability Project).
Across this oceanic basin, observation and modeling teams with state-of-the-art observational
equipments and models will collaborate closely toward the goal. Among them, a
JAMSTEC/Mirai observation team and a global cloud-resolving modeling (NICAM) team
have started a closer collaboration to prepare for the project. One of the tasks in the NICAM
team is to construct and provide quasi real-time prediction of convection events associated
with MJO to assist in-situ observation. At the same time, we expect, through this
collaboration, to promote our modeling and forecast skill over this challenging region [30].
Mirai is a research vessel (R/V) of JAMSTEC that has provided valuable outputs for
researches on tropical atmospheric and oceanic phenomena over the world Oceans during
various research cruises including the recent MISMO project (Mirai Indian Ocean cruise for
the Study of the MJO-convection Onset; MISMO, [31]). Using the research vessel, an attempt
was made this summer of 2010 to collaborate the global cloud-resolving model (NICAM)
team in JAMSTEC with Mirai group during a research cruise, PALAU (Pacific Area Longterm Atmospheric Observation for Understanding Climate Change) 2010 over the tropical
western Pacific region (Main observation sites include 50N, 139.50E; intensive observation
period: May 16th to June 22nd). One of the aims of PALAU2010 campaign was to clarify the
mechanisms responsible for northward propagation of the summertime ISV and associated
tropical cyclogenesis in and around the observation site. The aim of the NICAM team was to
test the newly developed GCRM-based quasi-real-time forecast system, assess its
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performance and check if it facilitates observation planning of specific atmospheric cloud
disturbance on site. NICAM has exhibited its reasonable performance in capturing MJO [32],
associated multi-scale convective phenomena over the tropical warm-pool region [33] and
monsoon region [30], as well as tropical cyclone development embedded in the MJOassociated synoptic-scale control ([34-37]). Given the amount of scientific scrutiny to which
case study of convective event with NICAM has been subjected, it is expected to derive a
new insightful synergy through its collaboration with the observation and other modeling
groups.
While the PALAU2010 observation was conducted over the western Pacific, a tropical
cyclone LAILA attacked India far out over the Mirai observation site, and caused serious
damages over some Indian regions in late-May, 2010. It was the first tropical cyclone
forecasted after our quasi real-time forecast system started its operation. The main north
Indian Ocean tropical season runs from May to November, and TC-LAILA was the first
tropical cyclone in the season this year. TC-LAILA developed on May 17th in the Bay of
Bengal from persistent convection bands. Strengthening as it tracked northwestward, it
became a severe storm on May 19th, made landfall on the eastern coast of Indian
subcontinent on May 20th. It caused flooding and damages along its path, and killed at least
23 people after making landfall. Apart from the original objective of observation-modeling
collaboration, TC-LAILA is, as it happened, an excellent target for assessing the performance
of quasi-real-time CGRM calculation over the Indian Ocean, the venue of the
CINDY2011/DYNAMO project. This sets a valuable example of studying a possible link
between tropical cyclogenesis and MJO, which is one of our forecast strategies in the project.
The aim of this article is to overview the world’s first GCRM-based, quasi-real-time
forecast system, and to show some initial output results concerning TC-LAILA, by which we
try to clarify what role and strategy the GCRM-based forecast system can take in the tropical
observation project, such as CINDY2011/DYNAMO. We can report only one forecast case
study here and many more experiments are necessary, but this is a good demonstration of
performance of the system, whereby we can start addressing modeling issues that need to be
handled for productive collaboration between observation and modeling groups in the project.
The article is organized as follows: Section 2 explains the flow of the quasi-real-time forecast;
Section 3 highlights examples of tropical cyclone phenomena predicted reasonably in the
system during the observation period; Section 4 provides summary and remarks.

2. OVERVIEW OF QUASI-REAL-TIME FORECAST DURING
JAMSTEC'S PALAU2010 FIELD CAMPAIGN
The quasi real-time forecast system is shown in Figure 1(a), along with its output
example displayed on a dedicated web server in Figure 1(b). As a test of the system, the
system was operated during JAMSTEC's PALAU2010 Field Campaign during May-June,
2010. The operation of the forecast system was collaborated with the in-situ observation team
during PALAU 2010 project. The PALAU is an observation project which has been
conducted in the Republic of Palau since 2000 [38]. The project, which is led by the Research
Institute for Global Change/Japan Agency for Marine-Earth Science and Technology
(RIGC/JAMSTEC), is designed to explore characteristics of the atmospheric and oceanic
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variability in the western Pacific, and some events of tropical convection including tropical
cyclones.

Figure 1. (a) Quasi real-time forecast system (b) An example of forecast results displayed on the
dedicated web server.

The quasi real-time forecast for the PALAU 2010 project uses a stretched grid system
[39] applied to NICAM [23, 24]. The physical schemes and the manner of constraint of
boundary conditions are the same as in [35] except for sophisticated boundary layer
(MATSIRO, [40]), new microphysical scheme that predicts six water categories (water vapor,
cloud water, rain, cloud ice, snow, and graupel; [41]), and a slab ocean scheme that handles
thermal feedback between the atmosphere and the underlying ocean surface layer. The
stretched grid covers the finest mesh area at 14-km over the warm water pools of Indian
Ocean and western Pacific, and coarser meshes outside stretched up to 56 km. The stretched
configuration minimizes computational cost by reducing grid points while retaining the
horizontal resolution for the target region of interest as finest as possible. The validity of the
use of 14-km mesh in the simulation of an MJO event [42], MJO-associated tropical
cyclogenesis over the Indian Ocean [36,37] and western Pacific [35] has been confirmed by
other case studies with NICAM.
The initial conditions of atmospheric variables are provided by objective analysis datasets
from Final Operational Global Analysis data of the National Centers for Environmental
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Prediction (NCEP). The model is run with the realistic boundary condition of topography and
the baseline sea surface temperature (SST) toward which predicted SST is nudged at the time
scale of 5 days. The baseline SST is the temporally and spatially interpolated OI-SST data
provided by National Oceanic and Atmospheric Administration (NOAA).
The flow of the quasi-real-time forecast during PALAU 2010 project is overviewed in
Figure 2. Each calculation has been performed for one-week forecast unit initiated with the
atmospheric objective analysis dataset for 00UTC of the start date that was derived from the
dataset server. Neither specific initialization processing nor nudging of the atmospheric fields
was applied throughout the time integration. It took about 1.7 day wall clock time for
completing online calculation of the one-week forecast, and some hours of post-processing
calculations such as coordinate transformation. Once the gridded output data were created, it
can be processed to plot necessary figures of the disturbances, mean field, and disturbance
metrics on a variety of demands from the in-situ observation sites. Most of these procedures
can be automatically processed via cron commands and shell scripts on UNIX platform,
depending on specification of the calculation resources. Details of the forecast system are
planned to be reported elswhere.

Figure 2. Flowchart of the quasi-real-time forecast.

3. AN EXAMPLE OF FORECAST - TROPICAL CYCLONE LAILA
OVER THE INDIAN OCEAN
Among various outputs for the observation period during PALAU 2010, we highlight
Tropical Cyclone (TC) LAILA whose development and movement were captured quite
reasonably in the real-time forecast system. TC-LAILA made landfall on the northeastern
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coast of India late May 20th. 2010. The TC, being developed over the Indian Ocean, was by
no means a target of our concern at the time when we started to run our new-built real-time
forecast system with the initial condition of May 14th; neither did we imagine it could
develop into such a devastating TC bringing heavy rain and gale force winds on the coastal
areas of eastern India 6 days later (on May 20th). Yet, the GCRM-based system forecasted its
overall behaviors as it turned out, and it is worth highlighting this specific case.
Figure 3 shows an infrared image of TC-LAILA a couple of hours before making landfall
on the eastern coast of the Indian subcontinent on about 00UTC, May 20th. We can see the
circle-shaped cloud region of TC-LAILA measures about 5 degree in diameter, and not very
large but it caused substantial damages on some regions until it decays about a few days after
its landfall. Its track is plotted in Figure 4 for simulation (blue) and best track from
observation with IBTrACS (red). The dots on each track line represent positions of TC at 6hour interval. The simulation forecast starts on 00UTC May 14th, and the model-simulated
tropical cyclone attains TC intensity on 06Z May 17th. The movement of LAILA in
northwestward direction and its landfall on the eastern coast of India looks typical of those for
summer storms in the Indian Ocean [43]. Comparison between both tracks indicates a quite
good consistency in its northwestward movement and path from about 06UTC, May 18th to
00UTC, May 20th. Both simulated and observed paths coincide with high sea surface
temperature waters (about and more than 304 K) during this period.

Source: Indian Meteorology Department.
Figure 3. Infrared temperature imagery of tropical cyclone LAILA on May 20th 00UTC.
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Figure 4. (upper) Tropical cyclone tracks for forecast and observation (IBTrACS:International Best
Track Archive for Climate Stewardship). Dotted contours plot sea surface temperature averaged over
May 17th to 20th. (lower) Time series of the minimum sea-level pressure of LAILA for IBTrACS and
NICAM.

While promising in its simulated movement, we cannot trace the model-simulated TC
thoroughly back to its genesis stage and argue its mechanism as the time integration started
May 14th. We can infer, however, that propagation of MJO plays some role in its genesis.
Figure 5 displays phase diagram of real-time multivariate MJO index from Apr 8th to May
17th created from observation dataset by Dr. Wheeler [44]. The diagram demonstrates that
clear eastward propagation of MJO exists across the Indian Ocean and the maritime continent
region during early-to-mid May. The signal of eastward propagation of MJO can also be seen
Figure 6 (a), which plots Hovmoller diagram of observed zonal velocity at 850 hPa over the
equatorial region (50S - 50N). A region of westerly propagates eastward from about May 11th
to May 16th when it reaches the maritime continent (around 1100E). The period between the
broken lines correspond to the target period of the real-time forecast which is displayed in
Figure 6 (b). We can see that eastward progression of moderate-to-strong westerly (exceeding
6ms-1) region propagates over 700-1000E toward May 16th and from May 17th to May 18th.
These are likely to be associated with model-simulated propagation of MJO - basically in
consistent with the observed counterpart. As demonstrated in [34,35], these low-level
westerly accompanied behind the MJO is a key precursor to MJO-associated tropical
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cyclogenesis in NICAM. Under such condition, the tropical North Indian Ocean is subject to
cyclonic shear composed of equatorial westerly and off-equatorial easterly, which is evident
in the snapshot in Fig 11.6 (c).
To identify how TC-LAILA developed in association with the enhanced equatorial
westerly, time-meridional plots of precipitation and zonal velocity are shown in Figure 7.
Precipitation is concentrated near the equator around May 15th (one day after the start of the
time integration), and moves northward with time. On May 17th, the northward moving
precipitation is accompanied with a cyclonic vortex (not shown) that attains the tropical
cyclone intensity around May 17th (See. Figure 3). The series of evolution of these
atmospheric fields reminds us the typical scenario of MJO-associated tropical cyclogenesis in
NICAM [35], and evidences in this case also suggest that it is very likely that TC-LAILA
developed in association with the MJO.

Figure 5. Phase space points each day from Apr 8th to May 17th for real-time multivariate MJO index
([44]). Eight defined regions of the phase space are labeled that are considered to signify MJO activity.
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Figure 6. Hovmoller diagram of zonal velocity at 850 hPa averaged over 50S - 50N for (a) observation
from NCEP-NCAR Reanalysis from May 6th to June 30th, (b) NICAM forecast from May 14th to 21st;
(c) Horizontal distiribution of zonal velocity [ms -1] at 06Z, May 17th, 2010.

Figure 7. Time-meridional section for zonally averaged (65-1050E) (a) precipitation rate, and (b) zonal
velocity at 850hPa (shade) and vertical shear (line) as defined horizontal velocity at 200 hPa minus that
at 850 hPa. Green dotted line in (a) denotes signal corresponding to TC LAILA.
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Figure 8. Time evolution of precipitation in and around Tropical Cyclone LAILA for (left) forecast and
(right) observation from TRMM 3B42: 18UTC May 15th; 21UTC May 16th, 21UTC May 17th,
09UTC May 18th, 06UTC May 19th, 00UTC May 20th.
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Another notable and interesting feature in Figure 7 is that equatorial (0-60N)/offequatorial (north of about 60N) region exhibits a regime shift from rainy/drier to drier/rainy
situations toward the end of May. Actually, it was reported that, in association with the
formation of TC-LAILA over Bay of Bengal, southwest Indian monsoon set in over
Andaman Sea around 17th May, 3 days before its normal date (India Meteorological
Department, 2010). The onset of southwest monsoon is characterized by appearance of
monsoon low-level flow over Andaman Sea, and change from drier to rainy spell as simulated
here. This can be an interesting coincidence - propagation of MJO, tropical cyclogenesis and
southwest monsoon break – and it is encouraging that GCRM forecasted a partial trend of this
suite of atmospheric events reasonably.
Time evolution of TC-LAILA is shown in Figure 8 (left panels), which illustrates
snapshots of precipitation selected at various stages of evolution (18UTC, May 15th 00UTC, May 20th). Precipitation from TRMM observation at the corresponding time is also
displayed (Figure 8; right panels). There exist clusters of precipitation region near the equator
on 18UTC, May 15th both for the forecast and the observation. They are associated with the
low-level westerly and precipitation areas as seen in Figure11.7. The precipitation area
gradually becomes organized until 21UTC, May 17th, and takes on spiral form at 09UTC,
May 18th. The northwest-to-southeast aligned concentric precipitation regions for 21UTC,
May 16th and 21UTC, May 17th are basically consistent between forecast and observation.
The location of the forecasted cyclone is generally more southward after 06UTC, May 19th,
and so is its landfall location. Overall, it is fair to say that forecast system predicted pattern of
evolution and main path of TC-LAILA pretty consistently with observation.

SUMMARY AND ISSUES
This article overviews a prototype quasi real-time forecast system of tropical convective
events that is built on the global cloud resolving model, NICAM [23,24]. Our immediate aim
will be to provide forecast information in the CINDY2011/DYNAMO project in timely and
collaborative framework among the international observation and modeling networks under
the endorsement of WCRP/CLIVAR. The system, including a suite of options of physical
schemes, will continue to be improved and tuned to provide reliable forecast information in
the project. Main target of the project includes MJO genesis, development, and related
atmosphere and ocean processes centered over the Indian Ocean. Our overriding goal is to
make full use of the GCRM-based forecast system with observation team of JAMSTEC in
particular, and achieve utmost synergies from the combination of the state-of-the-art
observation and cloud-system modeling. This kind of collaboration has been long awaited in
the community, and it is expected to spark the ideas, new understanding, and improvement of
predictive skills on MJO and associated disturbances.
As an initial pilot study, the GCRM-based forecast system was operated in parallel with
the PALAU2010 project that includes the JAMSTEC observation research cruise with R/V
Mirai over the Northwestern Pacific during a May-June period in 2010. We obtained an
encouraging forecast result: the system forecasted the movement almost before its landfall
and the overall evolution of TC-LAILA over the Bay of Bengal reasonably - a few to 5 days
in advance. The tropical cyclone was forecasted after a likely passage of MJO, and northward
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migration of precipitation and intrusion of background low-level westerly accompanied with
MJO were captured quite reasonably, which set a good example of forecast demonstration for
MJO-associated convective events for the upcoming CINDY2011/DYNAMO project. It is
unfortunate that only limited output variables were obtained from this experiment and indepth investigation into TC-LAILA was impossible. Yet, the result is likely to reinforce the
recognition from some hindcast experiments with NICAM that GCRM is capable of
capturing MJO [32], MJO-associated tropical cyclogenesis and its northward movement quite
reasonably across the warm ocean basins, including North Indian Ocean [36,37], South Indian
Ocean [34] and Northwestern Pacific [35]. Although more samples need to be accumulated to
assess the robustness of the forecast system quantitatively, the success of the forecast of TCLAILA points to a key strategy of GCRM-based forecast - to capture development of
precursor atmospheric convection events by focusing on control from intra-seasonal
disturbances - which can be shared among the participating observation network in the
CINDY2011/DYNAMO campaign. More systematic forecasting of tropical cyclognesis will
be achievable when we perform detailed analysis on the mechanism of tropical cyclogenesis
and its linkage with MJO as demonstrated by recent studies [45-47]
It was demonstrated, besides the forecast information on the case of TC-LAILA over the
Indian Ocean, that the forecast system provided useful information that assisted the in-situ
observation over the western North Pacific during the PALAU2010 project. Collaborated
research output from both observation and modeling efforts will be reported elsewhere. The
only regret in the project was that the western Pacific over which PALAU2010 focused was
quiescent during the period when the forecast system was in operation, and neither tropical
cyclones nor MJO-associated strong convective events were observed, at odds with our
expectation. Nonetheless, the GCRM output will serve as a valuable dataset for comparison
and some analysis of intra-seasonal tropical phenomena with the collected observation
dataset, and in turn, the observation dataset is expected to help validate GCRM simulation
output. Collaboration from both sides will be useful for pursuing specific roles and issues to
be identified, and progress can be made on both fronts.
We are elaborating the prediction system so that it can be operated for flexible purposes
for the in-situ observation of CINDY2011/DYNAMO and future observation projects.
Examination into output interval and spatial coverage of finer-mesh forecast will be crucial,
in addition to planning of inter-comparison among observation and other models. The
horizontal mesh of 14-km used in the current version to cover the warm-pool region can be,
arguably, too coarse to express interaction between mesoscale convection processes and
larger-scale disturbances. As specification of computing resources is a primary limiting factor
that determines experimental design, earlier brainstorming on target resolution will be crucial.
The hope is that forecasts will be improved all the more as model resolutions begin to be
higher, and resolve processes on ever finer spatial scales. An implementation of effective data
assimilation routine into the forecast process will also be required to provide more skillful
forecast information in future.
Improvement of physical schemes in the model should be also critical for providing more
reliable forecast outputs. Ongoing efforts include incorporation of ocean-atmosphere
interaction process and possible monitoring of the surface budgets, which can be significant
for improving prediction of intra-seasonal variability and mean state in the Indian region,
given the suggestion and hypothesis from previous studies [48,30,49]. We have now a solid
observational evidence that relevant atmospheric response of MJO is closely linked with
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mixed-layer characteristics of the ocean [50], which therefore strengthens the recognition.
Tuning of cloud microphysical process that represents details of stratiform precipitation
characteristics is also significant. It was revealed, from a study on mesoscale convective
system over the western Pacific detected with R/V Mirai, that the both the stratiform cloud
dynamics and environmental moisture contrast caused by larger-scale disturbance are
important to maintain evolution of the convective system [51]. Thus, further coordination is
necessary towards observation campaign to foster a consensus of collaborative plans and
ideas about target phenomena of interest to be shared among the participating communities.
Moreover, it is exciting to see how this new big collaboration would bring about new
findings, deeper understanding of tropical weather, and greater interactions among previously
separate research communities.
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