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Abstract An unusually large, explosive convective cloud system was observed over the equatorial
Indian Ocean on 28 November 2011 during the DYNAMO (Dynamics of the Madden-Julian Oscillation
(MJO)) field campaign. The significance of this mesoscale convective system (MCS) is its size and explosive
development of cold cloud tops (�96°C) during the initiation of a strong MJO event. Observations from the
DYNAMO show that the large MCS developed within a well-defined synoptic-scale cyclonic circulation
associated with an equatorial low-pressure system with characteristics of a mixed Rossby-gravity wave that
dominated the flow in the DYNAMO array. Prior to the development of the MCS, the equatorial flow was
characterized by strong vertical wind shear with low-level westerlies and upper level easterlies. A region of
decreased wind shear and enhanced upper level divergence emerged concurrently with the passage of the
westward moving mixed Rossby-gravity wave-related low-pressure system and convective activity. In situ
sounding observations suggest that widespread deep convection upstream of the large MCS may have
contributed to the reduction of the upper level easterlies through vertical momentum transport and
convective outflow. Both the reduction in vertical wind shear and enhanced low-level convergence
induced by the equatorial low-pressure system created a favorable environment for the rapid development
of the MCS. This study examines the development of the MCS and the associated synoptic-scale equatorial
low-pressure system within the large-scale MJO circulation using in situ sounding observations from
DYNAMO, which provide new insights into the interaction between convection and environmental flow
during MJO initiation over the equatorial Indian Ocean.

1. Introduction

One of the most challenging problems in prediction of the Madden-Julian Oscillation (MJO) [Madden and
Julian, 1971, 1972] is the timing and structure of equatorial convection during MJO initiation over the Indian
Ocean (IO). This shortcoming contributes to the limited predictive skill of the MJO and its downstream
impacts in numerical weather prediction and climate models [e.g., Lin et al., 2006; Zhang et al., 2006; Benedict
and Randall, 2009]. Some models struggle to predict the onset of convective activity over the IO, unless the
initial conditions include some form of a preexisting convective MJO signal [e.g., Lin et al., 2008; Seo et al.,
2009; Nasuno, 2013]. One of the reasons for the lack of skill is that some physical processes believed to play an
important role in MJO initiation are not well understood and not represented in the models. For example, the
intricate relationship between deep convective systems and the large-scale environmental flow may be
important for MJO initiation. Observations from the recent DYNAMO (Dynamics of theMadden-Julian Oscillation)
field campaign are used to shed new light on the interactions between organized deep convection and the
large-scale environment during MJO initiation over the IO.

In the classic conceptual model of the MJO proposed byMadden and Julian [1972], the large-scale convective
activity (active phase) is associated with the ascending branch of a planetary scale overturning zonal
circulation. This large-scale equatorial zonal flow pattern composed of upper tropospheric easterlies and
westerly flow in the lower levels causes strong vertical wind shear over a large area of the equatorial IO.
Satellite observations in the equatorial IO and the west Pacific have shown that the convectively active phase
of the MJO is characterized by multiscale variability and consists of convective cloud systems of various sizes
[e.g., Chen et al., 1996; Yamada et al., 2010]. Westward propagating disturbances were found to exhibit
characteristics of certain types of equatorial waves, such as equatorial Rossby waves or mixed Rossby-gravity
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waves [Wheeler and Kiladis, 1999; Yang, 2011]. Dunkerton and Crum [1995] described prominent eastward
propagating anomalies within the active phase of the MJO and related them to convectively coupled
Kelvin waves. Yamada et al. [2010] documented westward propagating cloud clusters within an eastward
propagating synoptic-scale disturbance in the IO. The size distribution and intensity of convective
systems within the MJO active phase is also highly variable. Chen et al. [1996] and Chen and Houze [1997a]
showed that the size distribution of convective systems in the MJO varies with large-scale environmental
conditions on intraseasonal to interannual time scales. In a different study, Chen and Houze [1997b] showed that
a prominent 2 day periodicity in convective activity is related to the diurnal cycle of organized deep convection
over the tropical oceans during the MJO active phase. Some studies suggest that thesemultiscale processes are
essential to producing an MJO event [e.g., Moncrieff, 2004; Biello and Majda, 2005].

Holloway et al. [2013] demonstrated that convection-environment interactions play an important role in
convective organization and MJO eastward propagation, supporting previous hypotheses that highlighted
the importance of multiscale interactions. Kerns and Chen [2014] showed that synoptic-scale features
modulate the convective activity to a great degree and act to influence mesoscale organization. These
recent studies suggest that interactions between organized convective systems and the large-scale flow
may be an important contributor to MJO initiation. Prior to DYNAMO, the structure and evolution of
convective systems within the large-scale convective envelope of the MJO were mostly unknown because
previous studies often used some form of time and spatial averages, such as 5 day pentads [e.g., Matthews,
2008]. Studies based on observations from earlier field experiments indicated that organized convective
systems play an important role in the redistribution of mass, momentum, and moisture. Houze [1977]
and Zipser [1977] provided detailed observations about the structure and life cycles of mesoscale convective
systems (MCSs) over the tropical oceans. LeMone et al. [1984] documented that deep convective cloud systems
transport significant amounts of horizontal momentum vertically and are able to change the environmental
flow in the upper levels. The upward momentum flux was determined to reduce the environmental vertical
wind shear over and in the vicinity of the convective systems. Others have shown that largeMCSs can transport
westerly momentum into the lower levels and enhance the westerly surface winds associated with the MJO
over the west Pacific [Houze et al., 2000; Mechem et al., 2006].

The DYNAMO field campaign was designed to better understand the physical processes affecting MJO
initiation [Zhang, 2005]. One of the key questions regarding MJO initiation is how the widespread equatorial
convection develops and interacts with the large-scale flow over the IO. Unprecedented in situ and remote
sensing observations have been collected during DYNAMO in three distinct MJO initiation events over the IO
from October 2011 to March 2012 [Yoneyama et al., 2013]. Multiple coordinated observing platforms,
including sounding networks, cloud and precipitation radars, research ships, and aircraft gathered a plethora
of atmospheric and oceanic data on a variety of scales in order to shed light on the question of interactions
between convection and environment during MJO initiation.

This study describes the explosive development of a very large MCS over the equatorial IO and examines the
interaction of organized convection and its environment. The word “explosive” here refers to the rapid
expansion of cold cloud tops as observed by satellite infrared (IR) data. The convective system developed
during the local afternoon and evening hours on 28 November 2011 and was part of a well-defined MJO
initiation event during DYNAMO. We investigate how a synoptic-scale equatorial low-pressure system and
multiple MCSs near the equator have likely contributed to the development of the rapidly evolving MCS by
modulating the environmental flow. The large MCS in turn may have helped intensify the synoptic-scale low-
pressure system and associated circulation.

Figure 1 shows an enhanced satellite IR image of the explosive convective cloud system that occurred
on 28 November 2011 in the DYNAMO southern sounding array. This convective system was unique in
its magnitude of cold IR cloud top temperatures (minimum reaching 177 K or �96°C), size, and rapid
development during DYNAMO. It developed, matured, and decayed within a 10 h period between 1000
and 2000 UTC. At its peak around 1600 UTC, the MCS’s areal extent of cold cloud top temperatures <208 K,
a proxy for precipitating deep convective systems described in Chen et al. [1996], was comparable to
that of Tropical Storm 05A, an active tropical cyclone centered near 15.0°N and 68.2°E in the Arabian Sea
(Figure 1). The symmetry of the cloud shield, surrounded by a ring-shape moat featuring warmer cloud top
temperatures, exemplified the special structure of this convective event, and its rapid development gave
the visual impression of an “explosion.”
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2. Observations
From DYNAMO
2.1. Integrated Sounding
System

Four observation sites, including
Gan Island (“G,” Maldives, 0°S/73°
E), Diego Garcia (“DG,” British
Indian Ocean Territory, 7°S/72°E)
and the research vessels R/V
Revelle (“R,” 0°S/80°E) and R/V Mirai
(“M,” 8°S/80°E), encompassed the
quadrilateral southern sounding
array (Figure 1). The upper air
observations were made with the
integrated sounding system (ISS)
[Parsons et al., 1994; Johnson and
Ciesielski, 2013]. Global Positioning
System (GPS) radiosondes were
launched from each of the ISS sites
every 3 h, measuring the vertical
profiles of temperature, pressure,
humidity, and horizontal winds.
These measurements are the first
such ISS network observations

obtained from the equatorial IO and provided an unprecedented data set for assessing the environmental
conditions that fostered the explosive convective cloud system during theMJO initiation. Although the ISS sites
were not in the immediate environment of this convective system, the continuous sounding data coverage
provided valuable information on other MCSs upstream near the R/V Revelle and the synoptic-scale conditions
that were evidently favorable for the development of organized convection.

2.2. Infrared and Microwave Satellite Data

In this study, we use Meteosat-7 infrared (IR, channel 8) satellite imagery to document the evolution of the
convective cloud systems that occurred on 28 November 2011. The IR data have spatial and temporal
resolutions of ~5 km and 30min, respectively. Although multiple radars were available at Gan and on the
research vessels, the location of the convective system in the middle of the DYNAMO array was out of the
radar range. A National Oceanic and Atmospheric Administration (NOAA) P-3 research aircraft was stationed
at Diego Garcia and used to investigate convective systems during MJO initiation in DYNAMO, but
unfortunately, the aircraft was deployed outside of the DYNAMO array on 28 November. Thus, there were no
in situ data from within the explosive MCS.

To represent MCSs using IR data, cloud clusters are identified as contiguous areas of IR brightness
temperatures below a threshold value encompassing a contiguous area of at least 5000 km2 (equivalent
diameter of 80 km). The IR threshold value can be selected to identify certain convective properties. For
example, 208 K is generally used for representing precipitating MCSs, based on results from previous studies
over the western Pacific during the Tropical Ocean Global Atmosphere-Coupled Ocean-Atmosphere
Response Experiment (TOGA COARE) [Chen et al., 1996]. There is generally a close correspondence between
the 208 K cloud area and contiguous mesoscale areas of rainfall observed by radar. In this study, we use the
threshold value of 196 K to capture the main, intense convective features associated with the explosive
convective system, highlighted in Figure 1 (yellow).

The 91 GHz channel ice-scattering data from the Special Sensor Microwave Imager/Sounder (SSMI/S) on
board the Defense Meteorological Satellite Program’s F-18 satellite are used to examine the characteristics of
the convective system in terms of upper tropospheric ice content and the extent of the precipitating area.
The SSMI/S instrument has a footprint resolution of 13.5 × 15.5 km2.

Figure 1. Meteosat-7 IR image of the Indian Ocean (IO) at 1600 UTC 28 November
2011. Color shading represents cloud top temperature (K) with red/yellow colors
highlighting values <208K, a proxy for precipitating deep convective systems
described in Chen et al. [1996]. The DYNAMO southern sounding array is marked
with the four launch sites at Gan Island (G), R/V Revelle (R), R/VMirai (M), and Diego
Garcia (DG).
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The area-averaged rain rate estimates from the Tropical Rainfall Measuring Mission (TRMM) 3B42V7 product
have been used to quantify rainfall. The algorithm producing the data combines microwave and IR
precipitations estimates, and the final gridded estimates have a 3 h temporal resolution and a 0.25° by 0.25°
spatial resolution.

2.3. Satellite-Derived Upper Tropospheric Winds

Satellite-derived atmospheric motion vectors (AMVs), also known as cloud track winds, were used to
examine the upper level wind conditions over the MJO initiation region. AMVs provide information about
wind speed and direction at particular vertical levels and are calculated by an algorithm that tracks clouds
in sequential geostationary satellite imagery [Poteat, 1973; Sears and Velden, 2012]. These vectors are

Figure 2. Same as for Figure 1, except for the central IO at (a) 0600 UTC, (b) 0900 UTC, (c) 1000 UTC, (d) 1100 UTC, (e) 1200 UTC, (f) 1300 UTC, (g) 1400 UTC, (h) 1500 UTC,
(i) 1600 UTC, (j) 1700 UTC, (k) 1800 UTC, and (l) 1900 UTC 28 November 2011. Wind barbs in Figures 2a, 2b, 2e, 2h, and 2k represent the horizontal wind at the1000 hPa level
based on radiosonde observations. Thewindbarbs are drawn following themeteorological conventionwith a full wind barb representing awind speed of 5.0ms�1, while
a half barb indicates 2.5ms�1. Black contours in Figures 2a, 2e, and 2k denote sea level pressure from 0600, 1200, and 1800 UTC ECMWF analyses (with contours of 1006,
1007, and 1008hPa). “L” marks the center of the equatorial low-pressure system at the surface.

Journal of Geophysical Research: Atmospheres 10.1002/2013JD021048

JUDT AND CHEN ©2014. American Geophysical Union. All Rights Reserved. 2784



especially helpful in determining flow patterns in data sparse regions. However, AMVs are dependent on
trackable clouds at a particular level of interest. Wind data in the upper troposphere are only available
when sufficient cirrus clouds allow for the tracking algorithm to function.

2.4. ECMWF Model Analysis

To examine the mass field associated with the explosive convective system, we use the sea level pressure
(SLP) from the European Centre for Medium-Range Weather Forecasts (ECMWF) model analysis fields. These
fields were available at 6-hourly intervals with a 0.25° horizontal resolution. The SLP analyses allow for
tracking the evolution of the equatorial low-pressure system.

3. Evolution of the Explosive MCS and Equatorial Low-Pressure System
3.1. Cloud Top Temperatures and Surface Observations

The rapid development of the explosive MCS and the concurrent evolution of the equatorial low-pressure
system are shown in a series of Meteosat-7 IR images in Figure 2 from 0600 to 1900 UTC 28 November 2011.
Throughout this study, times are given in UTC and can be converted to local standard time (LST) by adding
5 h. For reference, the panels in Figure 2 cover a time period from late morning (Figure 2a, 1100 LST) to
midnight (Figure 2l, 0000 LST 29 November). The time difference between adjacent panels is 1 h, except for
Figures 2a and 2b (top left), which are 3 h apart. The wind barbs in Figure 2 indicate the wind speed and
direction at the 1000 hPa level (~80m above sea level) based on sounding observations. Wind barbs are
drawn following themeteorological convention, where each full barb corresponds to a wind speed of 5m s�1

and a half barb to 2.5m s�1.

The main convective activity in the equatorial regions shown in Figures 1 and 2 was associated with the
convective initiation of the MJO during DYNAMO. Kerns and Chen [2014] show that a significant portion
of the convective activity was associated with westward moving synoptic-scale features that resemble
Rossby- or mixed Rossby-gravity waves. The well-defined circulation detailed in this study can be
characterized as a mixed Rossby-gravity wave-like system [Kerns and Chen, 2014, Figure 8]. At 0600 UTC
(Figure 2a), the central equatorial IO was populated with numerous convective systems, where the
coverage of precipitation was roughly equivalent to areas with cloud top temperatures <208 K (Figure 2,
red and yellow colors). The near-surface wind at 0600 UTC was dominated by a well-defined low-level
cyclonic circulation associated with the mixed Rossby-gravity wave-like system (clockwise flow as shown
by the wind barbs in Figure 2a and in Kerns and Chen [2014, Figure 8]). Moderate to strong westerly
winds (10–15m s�1) at Gan and the R/V Revelle as well as northeasterly flow at the R/V Mirai suggest that
the center of circulation was located between those two latitude belts. Weaker winds prevailed at Diego
Garcia, indicating a weaker pressure gradient in this area. The ECMWF SLP analysis from 0600 UTC
(Figure 2a, black contours) agrees with the wind observations and clearly shows that the circulation was
associated with an equatorial low-pressure system. Kerns and Chen [2014] showed that this low-pressure
system was related to a westward propagating synoptic-scale feature similar to what has been described
in Wheeler and Kiladis [1999], who attributed westward propagating disturbances in the MJO active
phase to equatorial Rossby waves and mixed Rossby-gravity waves. The observed wind and pressure
fields are consistent with the expected response to the atmospheric heating based on the idealized
model by Gill [1980].

The convective activity over the DYNAMO region slowly decayed over the next few hours, as shown by the
decreasing trend in cold cloud top temperatures in Figures 2b–2d. The decay in the afternoon hours was
likely related to the diurnal oscillations with an afternoon minimum in cold cloud tops during the active
phases of the MJO as shown in Chen and Houze [1997b]. In spite of the general weakening trend, the first
signs of the explosive convective system can be seen around 1100 UTC, near 4°S and 79°E, where an area
with cloud tops <200 K emerged (Figure 2d). The ECMWF SLP analysis from 1200 UTC indicates that the
convective system developed close to the center of the low-pressure system, which had moved to the
south-southwest (Figure 2e). It is likely that the circulation aided the development of the explosive MCS by
providing favorable conditions, such as low-level convergence of moist and unstable air. The direction of
the low-level winds at the R/V Mirai shows the flow directed toward the center of the low, which indicates
convergence near the surface. The next couple of hours after 1200 UTC were characterized by the explosive
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expansion of very cold cloud tops (Figures 2e–2i), and the system reached its peak around 1500–1600 UTC
while becoming the single most prominent feature in the equatorial IO (Figures 2h and 2i). Note the
remarkable pattern of a highly symmetric cloud shield with a diameter of ~470 km and the surrounding
ring of much warmer cloud top temperatures (i.e., nonprecipitating clouds). At 1700 UTC, cloud top
temperatures started to increase, a sign of weakening of the MCS (Figure 2j). As the system decayed, new
MCSs continued to develop to the southeast, which indicates a favorable environment for deep convection
in the general area (Figures 2k and 2l).

The evolution of the explosive convective system is best summarized by the cloud cluster map shown in
Figure 3a, accompanied by a time-longitude diagram in Figure 3b. We use an IR temperature threshold of
196 K (�77°C) in this case, which is lower than the 208 K used for TOGA COARE in Chen et al. [1996], to
highlight the large area of very cold cloud tops in this MCS. The explosive development of the convective
system was preceded by another relatively large MCS to the east near 5°S and 79°E a few hours earlier,
which dissipated at around 0600 UTC as shown in Figures 2a and 3b. The rapid development, explosive
expansion in size of the 196 K cluster in the center of the DYNAMO array, and the westward propagation are

well captured in Figure 3b.

To better quantify the evolution of
the largeMCS, Figure 4 shows time
series of theminimum IR cloud top
temperature, the areas of IR cloud
top temperatures <196 K and
208 K, respectively, from 0900 to
1900 UTC on 28 November 2011.
The coldest cloud top temperature
dropped quickly from 197 K to
~177 K (�96°C) in 2–3 h, which is
very cold even for equatorial deep
convection. The rapid growth of the
areas of the cold cloud tops, from 0
to 110,000 km2 for 196K and 3000
to 220,000 km2 for 208K, occurred
between 1000 and 1700 UTC. The
development of such a large
explosive convective cloud system
within the context of MJO initiation
was only observed once during the
6 month DYNAMO Extended

Figure 3. Cloud clusters with IR temperature <196 K from 0000 to 2300 UTC on 28 November 2011: (a) over the DYNAMO
domain and (b) time-longitude diagram with cloud clusters within 10°S–5°N latitude band. The size of blue circles is pro-
portional to the size of 196 K cloud clusters.

Figure 4. Time series of the minimum IR cloud top temperature (K), the areas of
IR cloud top temperatures<196 K and 208 K (103 km2), respectively, from 0900
to 1900 UTC on 28 November 2011.

Journal of Geophysical Research: Atmospheres 10.1002/2013JD021048

JUDT AND CHEN ©2014. American Geophysical Union. All Rights Reserved. 2786



Observing Period, which
encompassed the development of
three separate MJO initiation
periods between October 2011
and March 2012.

A significant amount of ice lofted
by deep convection is associated
with the very cold cloud tops, as
shown by the polarization
corrected brightness temperature
(PCT) from the SSMI/S instrument
in Figure 5. The satellite pass
occurred at 1500 UTC, around the
time of maximum development of
the explosive MCS. The SSMI/S data
reveal that the coldest PCT in the
91 GHz band was 160 K, indicating
large amount of ice in the upper
troposphere. The SSMI/S data also
allow for calculating the size of the

contiguous area covered by precipitation, which can be regarded as a measure for the total mass flux
associated with this convective system. The extent of the area encompassed by the 250 K PCT contour, a
proxy for moderate and high rain rates of 3mmh�1 or larger [Mohr and Zipser, 1996], was 80,817 km2. This
number illustrates that the system was unusually large for a single convective entity and among the largest
classified by the statistical analysis inMohr and Zipser’s [1996] study. According to their population statistics
of convective systems, the MCS’s extent of >80,000 km2 made it fall into the upper 100th percentile bin in
terms of size for IO systems. In fact, only ~5 out of 1097 convective systems observed in the IO during the
course of their study were larger than the explosive MCS presented in this study, underlining the rarity of
this event.

3.2. Vertical Velocities and Divergence Derived From DYNAMO Soundings

To put the event on 28 November in context of the entire 3 month DYNAMO intensive observational
period, Figure 6 shows time series of DYNAMO sounding array-averaged vertical velocity, divergence,
and relative vorticity fields derived from the ISS data from 1 October to 31 December 2011. This analysis
highlights the coherent dynamic response to diabatic heating, which is a manifestation of forcing due to
the convection. It is clear that the synoptic-scale low-pressure system and associated convective activity
were the most significant event during DYNAMO as shown in the vertical velocity (Figure 6a, shading)
and divergence (Figure 6a, contours) maxima on 28 November. The strength of the vertical velocity
indicates vigorous upward motions and large vertical mass flux inside the array, which coincides with the
rapid growth/expansion of cold cloud tops shown by the satellite IR data (Figures 2–4). A corresponding
maximum in relative vorticity (negative values in Southern Hemisphere) and maximum in relative
humidity occurred on 28 November (Figure 6b). The vorticity minimum associated with the low-pressure
system is the most prominent feature over the entire 3 month period.

The vertically averaged heating rate derived from the sounding observations is shown in Figure 6c. It is mostly
positive due to continued episodes of deep convection, and the most striking peak centered on 28 November
with a heating rate close to 9 Kd�1 is one of two largest daily values during the 3month period. The TRMMarea-
averaged rain rate shows a corresponding maximum around the same time period (Figure 6d). Figure 6 (solid
line) is the sounding array-averaged rain rate and the dashed line is the rain rate averaged within an area with
radius of 1° centered on the R/V Mirai with an average rain rate of>120mmd�1.

Figure 7 zooms in on the time period from 0600 UTC 27 November to 1200 UTC 29 November 2011, and the
stipples indicate the time during which the large MCS developed, matured, and decayed (1000–2000 UTC 28
November). Several interesting features are worth noting: (1) enhanced low-level convergence was observed
on 27 November (Figure 7a), a day before the development of the largeMCS, (2) the strongest array-averaged

Figure 5. Meteosat-7 IR image from 1500 UTC 28 November 2011 (grey scale)
overlaid with SSMI/S 91 GHz polarization corrected brightness temperature
(PCT, color shading, K). The swath data from the SSMI/S instrument cover the
period 1500–1505 UTC 28 November 2011.
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vertical velocities appeared at ~0600 UTC (Figure 7a), perhaps an indication of strong convection, shortly
before the rapid expansion of the cold cloud tops of the MCS from 1000 to 1700 UTC (Figure 4), and (3) a
short-lived vorticity maximum (Figure 7b) was observed shortly after the MCS reached its maximum areal
extent at 1800 UTC (Figure 4), suggesting a strengthened cyclonic circulation.

In summary, the rapid development of the large MCS was preceded by the enhanced low-level convergence
associated with the equatorial low-pressure system. The large MCS helped strengthen the synoptic cyclonic
circulation within the large-scale MJO convective envelope. These observations show a complex multiscale
interaction in MJO initiation over the IO.

4. Environmental Winds and Thermodynamic Profiles
4.1. Upper Tropospheric Winds

Figure 8 displays the upper tropospheric winds over the tropical IO at 0500, 0900, and 1600 UTC 28 November
2011. Satellite-derived wind vectors from above the 250 hPa level (>10.5 km altitude) are included. Regions
of active convection are outlined in Figure 8 (black contours), which correspond to cloud top temperatures
<208K. Figure 8 shows that the upper level flow was generally dominated by easterlies. South of the
equator and over the DYNAMO region, the flow featured a northerly component. At 0500 UTC (Figure 8a),
strong upper level northeasterly winds prevailed just west of the active convections with some wind barbs

Figure 6. Time series from 1 October to 31 December 2011: (a) sounding array averaged vertical velocity (shading, hPa h�1)
and divergence (dashed: �10, �5; solid: 10, 20 contours in 10�6 s�1), (b) relative vorticity (shading, 10�5 s�1) and relative
humidity (black contours, 70% and 90%), (c) vertically averaged heating rate (Kd�1), and (d) TRMM 3b42V7 rain rate estimates
(mmd�1, solid line: sounding array average, dashed line: average over a circular area with 1° radius centered on the R/VMirai) .
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indicating a speed of>30m s�1 over the DYNAMO array. In the regions with heavy convective activity near
the equator, upper tropospheric wind speeds were generally below 20m s�1. Slightly east of the vigorous
convection on the equator, the upper level wind speed was significantly reduced (<10m s�1, 85–90°E). We
suspect that the reduction in upper level easterlies is a manifestation of the superposition of the
environmental easterly winds and the convective outflow in the region. A few hours later at 0900 UTC
(Figure 8b), some convection within the DYNAMO array and near its northeastern corner had dissipated.
The upper level winds within the DYNAMO array had weakened compared to 4 h earlier (Figures 8a and 8b).
Furthermore, an area of upper level divergence is evident in Figure 8b. The wind vectors over the DYNAMO
region indicate that the flow was uniformly directed from northeast to southwest and featured a
pronounced difference in speed. In the southwestern DYNAMO array and adjacent areas, the prevailing
upper level winds had a speed of 25–30m s�1, whereas in the northeastern regions the wind speed was
generally around 20m s�1 or less. The upper level divergence is consistent with the synoptic-scale ascent
over the DYNAMO array shown in Figures 6a and 7a. The upper level winds have been further reduced at
1600 UTC, when the explosive MCS reached peak areal extent of cloud top temperature<208 K (Figure 8c).

4.2. Evolution of Wind Profiles in the DYNAMO Array

While the cloud track winds in Figure 8 allow for analyzing the flow in the upper levels where cirrus clouds
were present, the middle and lower tropospheric levels were hidden from the satellite view because of the
extensive upper level cloud layer on 28 November. Vertical wind profiles from the DYNAMO ISS data offer the

Figure 7. Same as in Figure 6, except for time period from 0600 UTC 27 November to 1200 UTC 29 November 2011. Stippled
column indicates the time period when the explosive expansion of cold cloud tops of the MCS occurred shown in Figure 4.
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opportunity to analyze the evolution
of the winds throughout the entire
troposphere, regardless of
meteorological conditions and at a
much higher vertical resolution and
accuracy. Figure 9 displays the
vertical profiles of the horizontal
wind for a 24h period from 0000 UTC
28 to 29 November 2011 at the four
sounding sites. Each panel shows a
time series of wind data gathered by
the radiosondes that were launched
in 3-hourly intervals.

The time series of sounding wind
data at Gan (Figure 9a) shows little
temporal variability throughout the
24 h period and exhibits the typical
zonal flow pattern prevailing west of
the MJO convective center. Vigorous
upper level easterlies and low-level
westerlies created strong vertical
wind shear. The prevailing flow at
the R/V Revelle was more complex
and variable with time (Figure 9b, no
radiosonde was launched from the
R/V Revelle at 1200 UTC). The upper
level easterlies were weaker during
the period of active convection near
the Revelle between 0000 and
0900 UTC and increased to>30ms�1

after 1800 UTC. The lower levels were
dominated by westerly winds
associated with the equatorial low-
pressure system. In comparison with
the Gan wind profiles, the vertical
wind shear at the R/V Revelle was
significantly less during the period of
active convection due to the lack of
strong upper level easterly flow from
12 to 16 km (Figures 9a and 9b, 0000–
1500 UTC). The reduced vertical wind
shear over a deep layer may be a
result of combination of convective
outflow and vertical momentum

transport/mixing by deep convection near the R/V Revelle, upstream of the explosive MCS. A pronounced upper
level jet appeared after the convective activity waned near the R/V Revelle and the environmental upper
tropospheric easterlies protruded into the region. Compared to the equatorial sites Gan and R/V Revelle, the
off-equator sites Diego Garcia (Figure 9c) and R/V Mirai (Figure 9d) featured easterly flow at all levels above 3–
4 km. The turning of the low-level winds at the R/V Mirai late on 28 November (Figure 9d) was associated with
the low-pressure systemsmoving south-southwestward through the array. The quick transition from easterly to
westerly occurred as the low’s surface center passed very close to the ship (Figure 9d, 1500–0000 UTC and
Figures 2h and 2k). Considering the R/V Mirai’s proximity slightly upstream of the explosive convective event,
the vertical wind profile at this location is likely best approximating the flow near the explosion. In contrast to
the western two locations shown in Figures 9a and 9c, the wind profile at the R/V Mirai indicates significantly

Figure 8. Satellite-derived atmosphericmotion vectors (AMVs) above the 250 hPa
level at (a) 0500 UTC, (b) 0900 UTC, and (c) 1600 UTC 28 November 2011 over the
tropical Indian Ocean. Wind speed is color-coded (ms�1). Black contours denote
cloud top temperatures <208K from Meteosat-7 IR data.
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reduced shear, similar to what was observed at the R/V Revelle during the period when the ship was near
multiple large convective systems (Figure 9b, 0000–0900 UTC).

In general, a common trend in the four wind profile time series seems to be the reduction of vertical wind
shear during convectively active periods due to significantly weaker upper level easterly flow. The lack of
strong shear is especially pronounced near the R/V Mirai, which was closest to the explosive MCS.

4.3. Thermodynamic Conditions

Deep, moist convection, and organized MCS in particular can only develop when certain atmospheric
conditions are met. Johns and Doswell [1992] popularized an ingredient-based approach to atmospheric
deep moist convection. They stated that deep moist convection only occurs when (1) a sufficiently large
moist layer, (2) moist conditional instability, and (3) a source of lift are present. An analysis of moisture and
instability derived from radiosonde observations will be presented and its role in the development and
intensity of the explosive MCS assessed.

The soundings from the DYNAMO array offer a detailed look at the vertical profiles of temperature and
moisture during the development of the explosive MCS (Figure 10). Convective available potential energy
(CAPE), a quantity representing moist conditional instability, and total precipitable water (TPW), a measure of
the integrated atmospheric water vapor content, were calculated from the sounding observations. The
amount of CAPE is an approximation for the maximum potential intensity of updrafts. However, a direct
conversion of CAPE to updraft velocity is more complex since it involves assumptions about the effects of
liquid water load on a rising air parcel, vertical pressure forces, and entrainment processes. If all the CAPE
were converted to kinetic energy, the vertical velocity of an air parcel would reach wCAPE = [2(CAPE)]0.5 at the
equilibrium level. A simple approximation to account for the aforementioned factors reducing the vertical
velocity of an updraft is to assume a 50% efficiency for the conversion of CAPE into vertical kinetic energy

Figure 9. Time series of 3-hourly vertical profiles of the horizontal wind at (a) Gan, (b) R/V Revelle, (c) Diego Garcia, and (d)
R/V Mirai on 28 November 2011. The radiosonde data were not available at the Revelle and partly missing at the Mirai at
1200 UTC. Wind barbs and color shading represent the direction and wind speed (m s�1), respectively.
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[Zipser, 2003]. In this case the maximum vertical velocity can be calculated according to wCAPE
eff = (CAPE)0.5.

However, the resulting wCAPE
eff of 39m s�1 is much larger than what has been reported in the literature.

According to aircraft observations, a more realistic value for themaximum updraft velocity associated with an
ambient CAPE value of 1500 J kg�1 over the tropical ocean would be around 17m s�1 [LeMone and Zipser,
1980; Jorgensen and LeMone, 1989].

The sounding data in Figure 10 are plotted in conventional Skew-T/Log-P diagram form. Temperature and
dew point curves are black and blue, respectively, and the red lines denote the lifting curve of a hypothetical
air parcel lifted from the surface without entrainment. The area between the red and black curve is
proportional to the CAPE. The data displayed in Figure 10 are from the 1200 UTC radiosonde launches at Gan
(Figure 10a) and Diego Garcia (Figure 10c), and from the 1500 UTC launches at the research vessels
(Figures 10b and 10d). All four soundings show high amounts of atmospheric moisture, and the TPW content
exceeded 60mm at the R/V Revelle (Figure 10b), R/V Mirai (Figure 10d), and Diego Garcia (Figure 10c). The
sounding from Gan (Figure 10a) features a somewhat lower TPW value and exhibits a pronounced dry layer
below 700hPa, related to a dry air intrusion described in Kerns and Chen [2014]. Note that the Skew-T diagram of
the R/V Mirai sounding (Figure 10d) does not show the tropopause, whereas it is depicted in the other 3
soundings between 125 and 100hPa. This hints at the remarkable depth of the troposphere, which was deeper

Figure 10. Radiosonde observations from (a) Gan at 1200 UTC, (b) R/V Revelle at 1500 UTC, (c) Diego Garcia at 1200 UTC,
and (d) R/V Mirai at 1500 UTC 28 November 2011. Temperature profiles are black, dew point profiles blue, and the dashed
red line denotes a hypothetical curve of an air parcel rising from the surface. Total precipitable water (TPW) and convective
available potential energy (CAPE) values are derived from the soundings.
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than 16 km at this location (the 100hPa level corresponds to 16 km altitude). The CAPE values in all soundings
exceed 1000 J kg�1, indicating ample conditional instability. These values are in agreement with previous
studies, which found CAPE values of 1500 J kg�1 representative of the environment near tropical oceanic MCSs.

We can summarize this section by stating that the soundings indicate that all necessary conditions for the
occurrence of vigorous deep convection were met on 28 November 2011. The troposphere in the DYNAMO
region near the explosive MCS was very moist, conditionally unstable, and the low-level circulation supplied a
broad area of lift by convergence in the boundary layer.

5. Summary and Conclusions

The rapid development of a large, explosive convective cloud system on 28 November 2011 provided a unique
opportunity to examine the interactions between organized convection and the large-scale environment in MJO
initiation during DYNAMO. The areal extent of cold cloud tops (Figures 2–4) and ice content (Figure 5) make this
MCS a top-ranked system based on the statistics of IO convective system population. Sounding observations
from the DYNAMO array and ECMWFSLP analyses indicate that a vigorous synoptic-scale equatorial low-pressure
system dominated the lower-level flow within the DYNAMO array on 28 November. The large magnitude of
array-averaged low-level convergence, vertical velocity, and a pronounced maximum in relative vorticity derived
from the sounding data show a strong low-level forcing where the MCS developed (Figures 6 and 7).

The large-scale flow in the equatorial regions was dominated by low-level westerlies and strong upper level
easterlies (above ~10 km), indicating a highly sheared large-scale environment. However, the regions near
and upstream of the explosive MCS featured significantly less wind shear (Figure 9). Upper tropospheric wind
analyses show that the strong zonal flow in the upper troposphere weakened before the initiation of the
explosive convective event (Figure 8). We suspect that multiple MCSs associated with a mixed Rossby-gravity
wave-like system observed during the active phase of the MJO [Kerns and Chen, 2014] may have reduced the
strong upper level easterlies through convective outflow and vertical momentum transfer.

The evolution of the explosive MCS and its large-scale environment can be summarized in a schematic shown
in Figure 11. Prior to the development of the large MCS, multiple convective systems were active upstream of
the DYNAMO array where the upper level winds are predominantly strong easterlies with relatively high
vertical wind shear (Figure 11a). The convective outflow and vertical momentum transport by the deep
convection modulated the environmental flow by reducing the strong upper level easterlies downstream of
the convection. The cyclonic circulation associated with the low-pressure system reduced the equatorial
westerlies. Both factors lead to a reduction in vertical wind shear over the DYNAMO array (Figure 11b).
Enhanced low-level convergence and upper level divergence associated with the equatorial low-pressure
system created favorable conditions for the development of the explosive MCS, which in turn strengthened
the low-level cyclonic circulation at the end (Figure 11c).

The near-circular cold cloud shield of the MCS presented in this study (Figure 2) suggests that this convective
system was not a canonical squall line-type MCS that is typically observed in a strong low-level shear

Figure 11. Schematic of the explosive convective event observed on 28 November 2011 during DYNAMO over the equatorial Indian Ocean: (a) predevelopment, (b)
early development, and (c) mature stages. The black rectangle marks the DYNAMO array with the corner points at Diego Garcia, Gan, R/V Revelle, and R/V Mirai as
shown in Figure 1. Circular arrows indicate the low-level flow associated with the equatorial low (mixed Rossby-gravity wave-like system) and straight arrows show
the upper level environmental easterly winds.
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environment as suggested by Rotunno et al. [1988]. The shear needs to be strong enough to balance the
circulation generated by the squall line’s cold pools in order to sustain the convective line. Observations of
tropical squall lines [e.g., Zipser, 1977; LeMone et al., 1998] showed that the convective lines are usually oriented
perpendicular to the low-level to midlevel shear. In fact, the lack of distinct line-type MCSs was a recurring
observation on many of the NOAA P-3 research flights during DYNAMO. Jorgensen (personal communication,
2011) noted that the structure of convective systems over the IO seems to be more nonsquall line-type than
compared to what had been observed during earlier field experiments in the tropics, such as Global Atmospheric
Research ProgramAtlantic Experiment and TOGACOARE. It is an open questionwhether convective organization
is different during MJO initiation than in other large-scale environments.

In conclusion, in situ sounding observations from DYNAMO provided a rare opportunity for us to examine the
intricate relationship among an equatorial low-pressure system, an explosive convective cloud system
observed by satellite, and the large-scale equatorial flow during the MJO initiation over the Indian Ocean. The
results from this study suggest that there were two key contributors to the explosive development of the
large MCS on 28 November. First, synoptic-scale forcing associated with the low-pressure system provided
strong low-level convergence over the DYNAMO sounding array leading up to the development of the large
MCS. Second, widespread deep convection (that may have been forced by the same low-pressure system)
upstream of the MCS played an important role in reducing vertical wind shear associated with the MJO zonal
flow, which paved the way for more organized convective systems. A significant portion of the convective
activity during MJO initiation was associated with Rossby- or mixed Rossby-gravity wave-like synoptic-scale
systems during DYNAMO as shown in Kerns and Chen [2014]. Furthermore, the large MCS in turn further
strengthened the synoptic-scale cyclonic circulation. These types of multiscale convection-environment
interactions may be a key to better understand and predict MJO initiation over the equatorial Indian Ocean.
Our findings agree with current modeling studies such as Holloway et al. [2013], which also indicate that a
realistic representation of convection-environment feedback processes is crucial to skillfully predicting the
MJO with state-of-the-art numerical weather prediction models.

A final remark on the fate of the equatorial low-pressure system that was intimately linked to the explosive
MCS, it continued on its southwestward path after 28 November 2011 and produced sporadic bursts of deep
convection along the way. Meteo-France upgraded the system to tropical depression status on 6 December
2011 when it was located about 800 km south-southwest of Diego Garcia. The system remained a weak
tropical cyclone, and finally dissipated on 16 December over the southern IO, more than 2weeks after it had
formed during the MJO initiation [Kerns and Chen, 2014] and interacted with the explosive MCS over the
DYNAMO sounding array on 28 November.

References
Benedict, J., and D. A. Randall (2009), Structure of the Madden-Julian Oscillation in the superparameterized CAM, J. Atmos. Sci., 66, 3277–3296,

doi:10.1175/2009JAS3030.1.
Biello, J. A., and A. J. Majda (2005), A new multiscale model for the Madden–Julian Oscillation, J. Atmos. Sci., 62, 1694–1721, doi:10.1175/

JAS3455.1.
Chen, S. S., and R. A. Houze Jr. (1997a), Interannual variability of deep convection over the tropical warm pool, J. Geophys. Res., 102,

25,783–25,795, doi:10.1029/97JD02238.
Chen, S. S., and R. A. Houze Jr. (1997b), Diurnal variation and life-cycle of deep convective systems over the tropical pacific warm pool, Q. J. R.

Meteorol. Soc., 123, 357–388, doi:10.1175/1520-0469(1996)053<1380:MVODCI>2.0.CO;2.
Chen, S. S., R. A. Houze Jr., and B. E. Mapes (1996), Multiscale variability of deep convection in relation to large-scale circulation in TOGA

COARE, J. Atmos. Sci., 53, 1380–1409, doi:10.1175/1520-0469(1996)053<1380:MVODCI>2.0.CO;2.
Dunkerton, T. J., and F. X. Crum (1995), Eastward propagating ~2- to 15-day equatorial convection and its relation to the tropical intrasea-

sonal oscillation, J. Geophys. Res., 100, 25,781–25,790, doi:10.1029/95JD02678.
Gill, A. E. (1980), Some simple solutions for heat-induced tropical circulation, Q. J. R. Meteorol. Soc., 106, 447–462, doi:10.1002/qj.49710644905.
Holloway, C. E., S. J. Woolnough, and G. M. S. Lister (2013), The effects of explicit versus parameterized convection on the MJO in a large-domain

high-resolution tropical case study. Part I: Characterization of large-scale organization and propagation, J. Atmos. Sci., 70, 1342–1369,
doi:10.1175/JAS-D-12-0227.1.

Houze, R. A., Jr. (1977), Structure and dynamics of a tropical squall-line system, Mon. Weather Rev., 105, 1540–1567, doi:10.1175/1520-0493
(1977)105<1540:SADOAT>2.0.CO;2.

Houze, R. A., Jr., S. S. Chen, E. Kingsmill, Y. Serra, and S. E. Yuter (2000), Convection over the Pacific warm pool in relation to the atmospheric
Kelvin-Rossby wave, J. Atmos. Sci., 57, 3058–3089, doi:10.1175/1520-0469(2000)057<3058:COTPWP>2.0.CO;2.

Johns, R. H., and C. A. Doswell (1992), Severe local storms forecasting,Weather Forecast., 7, 588–612, doi:10.1175/1520-0434(1992)007<0588:
SLSF>2.0.CO;2.

Johnson, R. H., and P. E. Ciesielski (2013), Structure and properties of Madden-Julian Oscillations deduced from DYNAMO sounding arrays,
J. Atmos. Sci., 70, 3157–3179, doi:10.1175/JAS-D-13-065.1.

Acknowledgments
We thank Brandon Kerns for his assis-
tance during the course of this study.
The AMV data were provided by the
Cooperative Institute for Meteorological
Satellite Studies (CIMSS)/University of
Wisconsin and the DYNAMO sounding
data by Richard Johnson and Paul
Ciesielski of the Colorado State
University. Ed Zipser and two anonymous
reviewers provided constructive com-
ments and suggestions that helped
improve the manuscript. This research
is supported by research grants from
NSF (AGS1062242), NOAA
(NA11OAR4310077), and ONR
(N000141110562).

Journal of Geophysical Research: Atmospheres 10.1002/2013JD021048

JUDT AND CHEN ©2014. American Geophysical Union. All Rights Reserved. 2794

http://dx.doi.org/10.1175/2009JAS3030.1
http://dx.doi.org/10.1175/JAS3455.1
http://dx.doi.org/10.1175/JAS3455.1
http://dx.doi.org/10.1029/97JD02238
http://dx.doi.org/10.1175/1520&hyphen;0469(1996)053<1380:MVODCI>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0469(1996)053<1380:MVODCI>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0469(1996)053<1380:MVODCI>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0469(1996)053<1380:MVODCI>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0469(1996)053<1380:MVODCI>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0469(1996)053<1380:MVODCI>2.0.CO;2
http://dx.doi.org/10.1029/95JD02678
http://dx.doi.org/10.1002/qj.49710644905
http://dx.doi.org/10.1175/JAS&hyphen;D&hyphen;12&hyphen;0227.1
http://dx.doi.org/10.1175/1520&hyphen;0493(1977)105<1540:SADOAT>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0493(1977)105<1540:SADOAT>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0493(1977)105<1540:SADOAT>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0493(1977)105<1540:SADOAT>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0469(2000)057<3058:COTPWP>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0469(2000)057<3058:COTPWP>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0469(2000)057<3058:COTPWP>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0434(1992)007<0588:SLSF>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0434(1992)007<0588:SLSF>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0434(1992)007<0588:SLSF>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0434(1992)007<0588:SLSF>2.0.CO;2
http://dx.doi.org/10.1175/JAS&hyphen;D&hyphen;13&hyphen;065.1


Jorgensen, D. P., and M. A. LeMone (1989), Vertical velocity characteristics of oceanic convection, J. Atmos. Sci., 46, 621–640, doi:10.1175/
1520-0469(1989)046<0621:VVCOOC>2.0.CO;2.

Kerns, B. W., and S. S. Chen (2014), Equatorial dry air intrusion and related synoptic variability in MJO initiation during DYNAMO, Mon.
Weather Rev., 142, 1326–1343, doi:10.1175/MWR-D-13-00159.1.

LeMone, M. A., and E. J. Zipser (1980), Cumulonimbus vertical velocity events in GATE. Part I: Diameter, intensity and mass flux, J. Atmos. Sci.,
37, 2444–2457, doi:10.1175/1520-0469(1980)037<2444:CVVEIG>2.0.CO;2.

LeMone, M. A., G. M. Barnes, and E. J. Zipser (1984), Momentum flux by lines of cumulonimbus over the tropical oceans, J. Atmos. Sci., 41,
1914–1932, doi:10.1175/1520-0469(1984)041<1914:MFBLOC>2.0.CO;2.

LeMone, M. A., E. J. Zipser, and S. B. Trier (1998), The role of environmental shear and thermodynamic conditions in determining the structure
and evolution of mesoscale convective systems during TOGA COARE, J. Atmos. Sci., 55, 3493–3518, doi:10.1175/1520-0469(1998)055<3493:
TROESA>2.0.CO;2.

Lin, J.-L., et al. (2006), Tropical intraseasonal variability in 14 IPCC AR4 climate models. Part I: Convective signals, J. Clim., 19, 2665–2690,
doi:10.1175/JCLI3735.1.

Lin, H., G. Brunet, and J. Derome (2008), Forecast skill of the Madden–Julian Oscillation in two Canadian atmospheric models, Mon. Weather
Rev., 136, 4130–4149, doi:10.1175/2008MWR2459.1.

Madden, R. A., and P. R. Julian (1971), Detection of a 40-50 day oscillation in the zonal wind in the tropical Pacific, J. Atmos. Sci., 28, 702–708,
doi:10.1175/1520-0469(1971)028<0702:DOADOI>2.0.CO;2.

Madden, R. A., and P. R. Julian (1972), Description of global-scale circulation cells in the tropics with a 40–50 day period, J. Atmos. Sci., 29,
1109–1123, doi:10.1175/1520-0469(1972)029<1109:DOGSCC>2.0.CO;2.

Matthews, A. J. (2008), Primary and successive events in the Madden–Julian Oscillation, Q. J. R. Meteorol. Soc., 134, 439–453, doi:10.1002/qj.224.
Mechem, D. B., S. S. Chen, and R. A. Houze Jr. (2006), Momentum transport processes in the stratiform regions of mesoscale convective

systems over the western Pacific warm pool, Q. J. R. Meteorol. Soc., 132, 709–736, doi:10.1256/qj.04.141.
Mohr, K. I., and E. J. Zipser (1996), Defining mesoscale convective systems by their 85-GHz ice-scattering signatures, Bull. Am. Meteorol. Soc.,

77, 1179–1189, doi:10.1175/1520-0493(1996)124<2417:MCSDBT>2.0.CO;2.
Moncrieff, M. W. (2004), Analytic representation of the large-scale organization of tropical convection, J. Atmos. Sci., 61, 1521–1538,

doi:10.1175/1520-0469(2004)061<1521:AROTLO>2.0.CO;2.
Nasuno, T. (2013), Forecast skill of Madden-Julian Oscillation events in a global nonhydrostatic model during the CINDY2011/DYNAMO

observation period, SOLA, 19, 69–73, doi:10.2151/sola.2013-016.
Parsons, D., et al. (1994), The integrated sounding system: Description and preliminary observations from TOGA COARE, Bull. Am. Meteorol.

Soc., 75, 553–567, doi:10.1175/1520-0477(1994)075<0553:TISSDA>2.0.CO;2.
Poteat, K. O. (1973), A comparison of satellite-derived, low-level and cirrus-level winds with conventional wind observations, J. Appl.

Meteorol., 12, 1416–1419, doi:10.1175/1520-0450(1973)012<1417:ACOSDL>2.0.CO;2.
Rotunno, R., J. B. Klemp, and M. L. Weisman (1988), A theory for strong, long-lived squall lines. J. Atmos. Sci., 45, 463–485, doi:10.1175/1520-

0469(1988)045<0463:ATFSLL>2.0.CO;2.
Sears, J., and C. S. Velden (2012), Validation of satellite-derived atmospheric motion vectors and analyses around tropical disturbances,

J. Appl. Meteorol. Climatol., 51, 1823–1834, doi:10.1175/JAMC-D-12-024.1.
Seo, K. H., W. Q. Wang, J. Gottschalck, Q. Zhang, J. K. E. Schemm, W. R. Higgins, and A. Kumar (2009), Evaluation of MJO forecast skill from

several statistical and dynamical forecast models, J. Clim., 22, 2372–2388, doi:10.1175/2008JCLI2421.1.
Wheeler, M., and G. N. Kiladis (1999), Convectively coupled equatorial waves: Analysis of clouds and temperature in the wavenumber–frequency

domain, J. Atmos. Sci., 56, 374–399, doi:10.1175/15200469(1999)056<0374:CCEWAO>2.0.CO;2.
Yamada, H., K. Yoneyama, M. Katsumata, and R. Shirooka (2010), Observations of a super cloud cluster accompanied by synoptic-scale

eastward-propagating precipitating systems over the Indian Ocean, J. Atmos. Sci., 67, 1456–1473, doi:10.1175/2009JAS3151.1.
Yang, D. (2011), Testing the hypothesis that theMJO is amixed Rossby–gravitywave packet, J. Atmos. Sci., 68, 226–239, doi:10.1175/2010JAS3563.1.
Yoneyama, K., C. Zhang, and C. N. Long (2013), Tracking pulses of the Madden-Julian Oscillation, Bull. Am. Meteorol. Soc., 94, 1871–1891,

doi:10.1175/BAMS-D-12-00157.1.
Zhang, C. (2005), Madden-Julian Oscillation, Rev. Geophys., 43, RG2003, doi:10.1029/2004RG000158.
Zhang, C., M. Dong, S. Gualdi, H. H. Hendon, E. D. Maloney, A. Marshall, K. R. Sperber, and W. Wang (2006), Simulations of the Madden-Julian

Oscillation in four pairs of coupled and uncoupled global models, Clim. Dyn., 27, 573–592, doi:10.1007/s00382-006-0148-2.
Zipser, E. J. (1977), Mesoscale and convective–scale downdrafts as distinct components of squall-line structures, Mon. Weather Rev., 105,

1568–1589, doi:10.1175/1520-0493(1977)105<1568:MACDAD>2.0.CO;2.
Zipser, E. J. (2003), Some views on “Hot Towers” after 50 years of tropical field programs and two years of TRMM data,Meteorol. Monogr., 29,

49–58, doi:10.1175/0065-9401(2003)029<0049:CSVOHT>2.0.CO;2.

Journal of Geophysical Research: Atmospheres 10.1002/2013JD021048

JUDT AND CHEN ©2014. American Geophysical Union. All Rights Reserved. 2795

http://dx.doi.org/10.1175/1520-0469(1989)046<0621:VVCOOC>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1989)046<0621:VVCOOC>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1989)046<0621:VVCOOC>2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1989)046<0621:VVCOOC>2.0.CO;2
http://dx.doi.org/10.1175/MWR&hyphen;D&hyphen;13&hyphen;00159.1
http://dx.doi.org/10.1175/1520&hyphen;0469(1980)037<2444:CVVEIG>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0469(1980)037<2444:CVVEIG>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0469(1980)037<2444:CVVEIG>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0469(1984)041<1914:MFBLOC>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0469(1984)041<1914:MFBLOC>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0469(1984)041<1914:MFBLOC>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0469(1998)055<3493:TROESA>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0469(1998)055<3493:TROESA>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0469(1998)055<3493:TROESA>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0469(1998)055<3493:TROESA>2.0.CO;2
http://dx.doi.org/10.1175/JCLI3735.1
http://dx.doi.org/10.1175/2008MWR2459.1
http://dx.doi.org/10.1175/1520&hyphen;0469(1971)028<0702:DOADOI>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0469(1971)028<0702:DOADOI>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0469(1971)028<0702:DOADOI>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0469(1972)029<1109:DOGSCC>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0469(1972)029<1109:DOGSCC>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0469(1972)029<1109:DOGSCC>2.0.CO;2
http://dx.doi.org/10.1002/qj.224
http://dx.doi.org/10.1256/qj.04.141
http://dx.doi.org/10.1175/1520&hyphen;0493(1996)124<2417:MCSDBT>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0493(1996)124<2417:MCSDBT>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0493(1996)124<2417:MCSDBT>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0469(2004)061<1521:AROTLO>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0469(2004)061<1521:AROTLO>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0469(2004)061<1521:AROTLO>2.0.CO;2
http://dx.doi.org/10.2151/sola.2013&hyphen;016
http://dx.doi.org/10.1175/1520&hyphen;0477(1994)075<0553:TISSDA>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0477(1994)075<0553:TISSDA>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0477(1994)075<0553:TISSDA>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0450(1973)012<1417:ACOSDL>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0450(1973)012<1417:ACOSDL>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0450(1973)012<1417:ACOSDL>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0469(1988)045<0463:ATFSLL>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0469(1988)045<0463:ATFSLL>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0469(1988)045<0463:ATFSLL>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0469(1988)045<0463:ATFSLL>2.0.CO;2
http://dx.doi.org/10.1175/JAMC&hyphen;D&hyphen;12&hyphen;024.1
http://dx.doi.org/10.1175/2008JCLI2421.1
http://dx.doi.org/10.1175/15200469(1999)056<0374:CCEWAO>2.0.CO;2
http://dx.doi.org/10.1175/15200469(1999)056<0374:CCEWAO>2.0.CO;2
http://dx.doi.org/10.1175/15200469(1999)056<0374:CCEWAO>2.0.CO;2
http://dx.doi.org/10.1175/2009JAS3151.1
http://dx.doi.org/10.1175/2010JAS3563.1
http://dx.doi.org/10.1175/BAMS&hyphen;D&hyphen;12&hyphen;00157.1
http://dx.doi.org/10.1029/2004RG000158
http://dx.doi.org/10.1007/s00382&hyphen;006&hyphen;0148&hyphen;2
http://dx.doi.org/10.1175/1520&hyphen;0493(1977)105<1568:MACDAD>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0493(1977)105<1568:MACDAD>2.0.CO;2
http://dx.doi.org/10.1175/1520&hyphen;0493(1977)105<1568:MACDAD>2.0.CO;2
http://dx.doi.org/10.1175/0065&hyphen;9401(2003)029<0049:CSVOHT>2.0.CO;2
http://dx.doi.org/10.1175/0065&hyphen;9401(2003)029<0049:CSVOHT>2.0.CO;2
http://dx.doi.org/10.1175/0065&hyphen;9401(2003)029<0049:CSVOHT>2.0.CO;2


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


