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ABSTRACT 

 

This study examines the westward-propagating convective disturbances with 

quasi-2-day intervals of occurrence identified over Gan Island in the central Indian Ocean 

from mid to late October 2011 during the Dynamics of the Madden-Julian Oscillation 

(DYNAMO) field campaign. Atmospheric sounding, satellite, and radar data are used to 

develop a composite of seven such disturbances.  

Composites and spectral analyses reveal that: (1) the quasi-2-day convective 

events comprise westward-propagating diurnal convective disturbances with phase 

speeds of 10–12 m/s whose amplitudes are modulated on a quasi-2-day time scale on a 

zonal scale of ~1000 km near the longitudes of Gan; (2) the cloud life cycle of quasi-2-

day convective disturbances shows a distinct pattern of tropical cloud population 

evolution—from shallow-to-deep-to-stratiform convection; (3) the time scales of 

mesoscale convective system development and boundary layer modulation play essential 

roles in determining the periodicity of the quasi-2-day convective events; and (4) in some 

of the quasi-2-day events there is evidence of counter-propagating (westward and 

eastward) cloud systems along the lines proposed by Yamada et al. 

Based on these findings, an interpretation is proposed for the mechanisms for the 

quasi-2-day disturbances observed during DYNAMO that combines concepts from prior 

studies of this phenomenon over the western Pacific and the Indian Ocean. 

 

Keywords: quasi-2-day convective disturbance, DYNAMO, Indian Ocean, diurnal, 

mesoscale convective system, stratiform, boundary layer 
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ABSTRACT (Chinese Version) 

�ùïƴ  

 

ĎūŵJđ 2011 ½`Ċ Dynamics of the Madden-Julian Oscillation 
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Ƅr#	JđƄē�
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 Introduction 

As quoted from Aaron B. Sorkin, “The first step in solving any problem is 

recognizing there is one”. Among all challenges facing the community of atmospheric 

sciences, the first step should always be to obtain the necessary observations and 

information, that is, as the main theme of the 97th American Meteorological Society 

annual meeting goes, “Observations lead the way”. Over the decades, many field 

campaigns aiming to advance our understanding of the atmosphere were conducted in 

this philosophy, especially for the understanding of the tropics. 

From time to time, the tropical atmosphere feels the pulses of extraordinary deep 

convection in multiple temporal and spatial scales. It is the broad spectrum of scales and 

the possible interactions between these scales that make the understanding of tropical 

convection difficult (Clayson et al. 2002). For example, Nakazawa (1988) noted that the 

convective envelopes in association with the active intraseasonal oscillations (ISOs) were 

often composed of several smaller-scale individual cloud clusters that tend to propagate 

westward, while the larger-scale ISO convective envelope propagates eastward. 

Specifically, convectively active, westward-propagating disturbances with a quasi-2-day 

periodicity are frequently associated with ISOs over the tropical western Pacific (WPAC; 

Nakazawa 1988, 1995; Hendon and Liebmann 1994; Takayabu 1994a,b; Takayabu et al. 

1996; Chen et al. 1996). 

In particular, these convective disturbances received considerable attention in 

studies based on observations taken during the Tropical Ocean Global Atmosphere 

Coupled Ocean-Atmosphere Response Experiment (TOGA COARE) intensive 

observation period (IOP; experimental domain illustrated in Figure 1.1) in 1992–1993 

over the equatorial WPAC (Nakazawa 1988, 1995; Lau et al. 1991; Takayabu 1994a,b; 
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Takayabu et al. 1996; Chen et al. 1996; Haertel and Johnson 1998; Haertel and Kiladis 

2004). During the TOGA COARE IOPs, two eastward-propagating Madden-Julian 

Oscillations (MJOs) convective systems were observed over the outer sounding array 

(OSA) and the Intensive Flux Array (IFA) in December 1992 and early 1993, respectively 

(Takayabu et al. 1996, Figure 2, as shown in Figure 1.2). Embedded in these systems were 

smaller-scale, mostly westward-propagating convective disturbances which possessed the 

quasi-2-day variation as found in the time series of satellite infrared blackbody 

temperature over IFA in December 1992 (Figure 1.2 bottom). 

Based on TOGA COARE observations, previous studies regarded these 2-day 

convective events as convectively coupled equatorial waves, referred to as “2-day waves”, 

characterized by zonal wavelengths of 2000–4000 km, westward propagation of 10–15 

m/s (Hendon and Liebmann 1994; Takayabu 1994b; Takayabu et al. 1996; Chen et al. 

1996; Haertel and Johnson 1998; Wheeler et al. 2000) and associated with the n=1 inertio-

gravity wave (IGW) with equivalent depths of 12–50 m (Takayabu 1994a; Wheeler and 

Kiladis 1999). Observations from TOGA COARE also revealed that the quasi-2-day 

waves were comprised of westward-propagating organized cloud clusters (Chen et al 

1996; Chen and Houze 1997), and further indicated that the quasi-2-day convective 

disturbances possessed a life cycle similar to that of organized mesoscale convective 

systems (MCSs) or long-lived squall lines (Hendon and Liebmann 1994; Takayabu et al. 

1996). As proposed in the quasi-2-day variation schematics by Takayabu et al. (1996, 

Figure 19, as shown in Figure 1.3), four stages of cloud life cycle were identified from 

predominantly shallow-to-deep-to-stratiform convection (the shallow convection stage, 

the initial tower stage, the mature stage and the decaying stage), which repeated at quasi-

2-day intervals from local observations. 

According to Takayabu et al. (1996), the spatial scales of trailing anvil associated 
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with the quasi-2-day convective systems were observed to be 800–1000 km, much larger 

than those of the squall-line systems. In addition, despite the similar cloud life cycles, the 

recovery time of moisture in the lower troposphere associated with the quasi-2-day 

disturbances, near 24 h, was longer than that of the squall-line systems. Since the 

development of the next vigorous convective stage follows the moisture recovery in the 

lower troposphere, it is speculated in Takayabu et al. (1996) that the required time for the 

recovery of the lower-tropospheric moisture filed sets the timing of the quasi-2-day 

disturbances. 

To explain the quasi-2-day intervals of occurrence, Chen and Houze (1997) 

suggested that the near 2-day periodicity results from an interaction between the “2-day 

waves” and convection. A conceptual mesoscale process involving the nonlinear 

interaction between clouds, radiation, and surface processes was proposed, to explain the 

near 2-day periodicity. As shown in the schematic in Chen and Houze (1997, Figure 18, 

as shown in Figure 1.4), a large convective system which forms in the afternoon, usually 

takes about 6–12 hours to grow and maximize in its areal extent of high cloud-tops (cloud-

top temperature <208 K). As the large systems age, the cloud tops continue to expand and 

become warmer due to the absorption of solar radiation. During the expansion of the 

upper-level clouds, the short-wave absorption by the long-lasting cloud deck stabilizes 

the troposphere (Randall et al. 1991), and low moist-static-energy downdrafts associated 

with the cloud systems radically change the character of the lower-troposphere and the 

boundary layer (Zipser 1977). In their scenario despite diurnal radiative forcing, boundary 

layer (BL) recovery extends to a second day likely due to the expanded stratiform clouds 

of large MCSs, which impacts the timing of the next round of convection, i.e., the new 

intense convective event does not readily initiate at the same location on the next day due 

to the stabilization of the BL and the atmosphere. According to TOGA COARE 
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observations, the BL recovery for a future convective event over a given region is delayed 

for up to 12–18 hours by the previous convective systems. 

This so-called “diurnal dancing” process of convective systems is more prominent 

during the active phase of the ISO since the large convective systems occur more 

frequently. The process can be interpreted in the time-longitude diagram as shown in 

Figure 1.5a (Chen and Houze 1997, Figure 19a) which suggests that the convective 

systems on day 2 are most likely to form in a relatively clear region adjacent to the 

dissipating system form the previous day (day 1). By the time when the atmosphere and 

BL are recovered near the region of convection on day 1, a new convective system can 

be triggered again on day 3, forming a “checkerboard-like” pattern of convection (Figure 

1.5a). In the existence of the “2-day waves” within the ISO envelope, this process may 

phase-lock with the westward-propagating IGWs, helping select the “2-day waves” as the 

dominant mode (Figure 1.5b). As stated in Chen and Houze (1997), this combination of 

2-day IGWs and the diurnal variation is very similar to the observed variation of cold 

cloudiness in TOGA COARE IOP (Chen et al. 1996, Figure 11, as shown in Figure 1.6). 

Similar to TOGA COARE over the WPAC warm pool, quasi-2-day convective 

disturbances were observed in the boreal fall of 2006 during the Mirai Indian Ocean (IO) 

cruise for the Study of the Madden-Julian oscillation convective Onset (MISMO) 

experiment (Yoneyama et al. 2008). Leveraging both satellite IR and microwave data 

along with ground-based radar observations, Yamada et al. (2010) detected a complicated 

relationship between eastward-propagating precipitating systems and westward-moving 

upper-level cloud shields, which yields a 2–4 day periodicity in rainfall at a given 

longitude (Figure 1.7). As summarized in their schematic diagram (Yamada et al. 2010, 

Figure 15, as shown in Figure 1.8), the convective cells propagate eastward while trailing 

stratiform clouds in the upper troposphere move westward, due to the background flows 
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with a westerly in the lower troposphere and easterly aloft. The eastward-propagating 

systems, generally less than 10 km in depth, deepened when they encountered the 

moisture-rich environment of the westward-moving upper-level stratiform clouds. These 

stratiform cloud shields advected by upper-level easterlies were trailing clouds remnants 

from previous eastward-propagating convective systems. The coexistence of eastward 

and westward convective components can cause a 2–4 day cycle of cloud tops and rainfall 

at each longitude (Figure 1.8). 

In addition to these quasi-2-day features observed in previous field campaigns, 

westward-propagating mesoscale convective events with a similar periodicity were also 

prominent over the equatorial IO within the convective envelope of the October MJO 

event during the Dynamics of the Madden-Julian Oscillation (DYNAMO)/Atmospheric 

Radiation Measurement MJO Investigation Experiment (AMIE)/Cooperative Indian 

Ocean experiment on intraseasonal variability in the Year 2011 (CINDY) field campaign 

(Johnson and Ciesielski 2013; Yoneyama et al. 2013; Zuluaga and Houze 2013; Johnson 

et al. 2015). The field campaigns (hereafter DYNAMO) were designed to observe and 

understand the initiation of the MJO over the IO (experimental domain illustrated in 

Figure 1.9). Its observational network consisted of a large suite of measurements of the 

atmosphere and ocean, but for this study, high-resolution upper-air radiosonde data and 

remote sensor retrievals from radars and satellites are utilized.  

During DYNAMO, three MJO convectively active events with cold cloud-tops 

and significant rainfall were observed over the IO (Figure 1.10 and Figure 1.11), the 

events in October and November were more prominent than the event in December 

(Yoneyama et al. 2013; Johnson and Ciesielski 2013), and the period between the first 

two MJO events was about 30 days, shorter than that observed in TOGA COARE. As 

shown in Figure 1.10 and Figure 1.11, a diurnal cycle of westward-moving precipitation 
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features is observed over the longitudes of Sumatra (~95°E –100°E), and in October, the 

diurnal cycle transitioned to a quasi-2-day cycle farther west near the longitudes of the 

DYNAMO sounding arrays (Johnson and Ciesielski 2013). Seven quasi-2-day convective 

events with significant rainfall identified in the last half of October by data from Gan 

Island in the central IO are examined in this study and used to form a composite view of 

the wind, thermodynamic, and diabatic structure of the disturbances. 

The observational datasets used in the study are described in Chapter 2. The 

analysis procedures and the methodology for identifying the quasi-2-day convective 

events are explained in Chapter 3. Large-scale convective features of these events 

including their propagation and the spatial scale are shown in Chapter 4. In Chapter 5, 

differences between the quasi-2-day and diurnal convection are discussed. The composite 

atmospheric structures and life cycle of the quasi-2-day convective disturbances are 

analyzed in Chapter 6. In Chapter 7, an interpretation for the quasi-2-day convective 

disturbances is proposed. Finally, Chapter 8 summarizes the observational results. A 

major portion of this study had been published in Yu et al. (2018). 
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 Data 

The observational datasets employed in this study are described in this chapter, 

including the gridded data over the IO and the datasets based on the observations of 

various instruments at Gan Island. These datasets are mostly available online from the 

EOL DYNAMO data archive (http://data.eol.ucar.edu/master_list/?project=DYNAMO). 

2.1 Gridded data over the Indian Ocean 

2.1.1 Gridded satellite data of infrared brightness temperature and rain rate 

The 5-km resolution, 3-hourly interpolated Meteosat-7 infrared (channel 8) 

brightness temperature (IRBT) data and the 0.25° resolution, 3-hourly rain rate estimates 

from Tropical Rainfall Measuring Mission (TRMM) 3B42V7 dataset are both employed 

in this study. The major purpose of these datasets is to identify the occurrences of the 

quasi-2-day convective events as well as their broad-scale convective features. 

2.1.2 CSU-DYNAMO upper-air and surface gridded analyses 

The gridded analyzed fields including the upper-air horizontal winds were 

obtained from the CSU-DYNAMO upper-air and surface gridded analyses provided by 

CSU Mesoscale Dynamics Group at the Department of Atmospheric Science, Colorado 

State University. This 3-hourly dataset was majorly based on DYNAMO observations 

and was produced on 1° horizontal grids, 25-hPa vertical resolution (1000 to 50 hPa) 

using the multiquadric interpolation scheme of Nuss and Titley (1994). In this study, the 

version 3B dataset, in which the observations were supplemented with ECMWF 

Operational Analyses (OA) in data sparse regions, is specifically used for large-scale 

wind field analysis during DYNAMO. More details about this dataset can be found online 

(http://johnson.atmos.colostate.edu/dynamo/products/gridded/index.html) and in 

Johnson and Ciesielski (2013) and Johnson et al. (2015). 
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2.1.3 NOAA OI Sea Surface Temperature (SST) V2 high resolution dataset 

The 0.25° resolution, daily SST data during October–December from 1998 to 

2012 are used in this study for climatology analysis (section 5.4). This dataset is provided 

by the National Oceanic & Atmospheric Administration, Oceanic and Atmospheric 

Research, Earth System Research Laboratory, Physical Sciences Division 

(NOAA/OAR/ESRL PSD), Boulder, Colorado, USA (from their Web site at 

https://www.esrl.noaa.gov/psd/). 

2.2 Gan Island observations 

2.2.1 Upper-air radiosonde observations 

The DYNAMO enhanced sounding array (ESA) was comprised of six sites 

forming two quadrilateral arrays (northern/southern sounding array) in the central 

equatorial IO during the special observing period (SOP) from 1 October to 30 November 

(Figure 1.9). The purpose of these sounding sites was to observe the evolution of 

atmospheric vertical structures using 3- to 6-hourly, high-vertical resolution radiosondes 

and to compute the large-scale forcing fields as well as heat and moisture budgets 

(Johnson and Ciesielski 2013; Yoneyama et al. 2013; Johnson et al. 2015). This study 

uses primarily the 3-hourly sounding data from Gan during the DYNAMO SOP. The 

high-resolution sounding data were interpolated to 5 hPa for use in this study. More 

information on the sounding systems, observing characteristics, and quality-control 

procedures for DYNAMO soundings are contained in APPENDIX A, further details can 

be found in Ciesielski et al. (2012; 2014) and Yu et al. (2015). 

2.2.2 AMIE-Gan large-scale objective analysis 

Large-scale fields, including apparent heating Q1, apparent drying Q2, and vertical 

motion, were obtained from AMIE-Gan objective analyses patterned after the procedure 
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of Xie et al. (2004). These analyses, covering a nearly circular region with 150 km radius 

centered on Gan (as illustrated in Figure 2.1), were available from 2 October to 31 

December 2011 at 3-hour temporal resolution. The dataset was constructed by using the 

variational analysis method described in Zhang and Lin (1997) and Zhang et al. (2001) 

and constrained by C-band Shared Mobile Atmospheric Research and Teaching Radar 

(SMART-R) rainfall estimates (PSMART-R) adjusted with TRMM rainfall (PTRMM) using the 

following procedure as described in Ciesielski et al (2017), 

 

#$%&'()'	(+,-./01,) =
#$%&'()' ∗ #('%%	(567	89	:1;<=>)

#('%%	($%&'()'	,=9+<>)?  

 

This adjustment retains the variability of the TRMM 3B42 rainfall but with the 

magnitude set by the SMART-R. Use of the surface rainfall constraint in the analyses 

ensures that the vertically integrated large-scale heat and moisture budgets are consistent 

with the observed precipitation over the region. 

2.2.3 Combined Remote Sensor retrieval (CombRet) dataset 

Vertical profiles of the shortwave/longwave radiative fluxes and heating rates 

were obtained from the Pacific Northwest National Laboratory (PNNL) Combined 

Retrieval (CombRet) dataset (Feng et al. 2014). The CombRet radar product includes 

high-resolution data from the SMART-R, NCAR’s S-band dual-polarization Doppler 

radar (S-Pol), and the Ka-band ARM zenith radar (KAZR) deployed on Gan. The 

radiative product was retrieved by using a delta-four-stream correlated k-distribution 

radiative transfer model (Mather et al. 2007, Fu and Liou 1992). CombRet is available at 

1-hour, 25-hPa resolution (from 1000–50 hPa) for the period from 10 October 2011 to 08 

February 2012, and was averaged into 3-hour bins to match the temporal resolution of the 
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satellite, rainfall, and sounding data. The version of CombRet data used in this study was 

produced by replacing the observed 2-m temperature with the SST in the near vicinity of 

Gan, which makes the radiative fields more representative of open-ocean conditions. 

Radiative fields are available for both all-sky and clear-sky conditions allowing us to 

estimate cloud radiative forcing effects. 
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 Analysis Procedures 

3.1 Computation of vertical flux of moist static energy 

The vertical eddy flux of moist static energy (MSE), referred to as FMSE, has been 

widely used to measure the activity of cumulus convection (Yanai et al. 1973; Gallus and 

Johnson 1991; Johnson et al. 2015). In this study, the composite FMSE is estimated 

following Yanai et al. (1973), 

 

@%$A =
5
; ∫ (C5 − CE − C')FG

H
HIJJKLM

≅ − 5
;
ℎPQPRRRRRR, 

 

in which Q1 and Q2 were obtained from AMIE-Gan analysis while QR (total longwave 

and shortwave radiative forcings) is the net radiative heating rate retrieved from CombRet 

data. (Q1 – Q2 – QR) was then integrated downward from 100 hPa (a reasonable cloud top 

pressure where FMSE equals zero) to each pressure level to estimate the FMSE profiles as 

− 5
;
ℎ′Q′RRRRRR. 

3.2 Identification of the quasi-2-day convective events 

This study focuses on the convective activities over the central IO, especially the 

area around Gan (as illustrated in Figure 2.1). During the convectively active period of 

the October MJO over this region (15–31 October 2011), convective activity and 

precipitation tended to occur at quasi-2-day intervals (Zuluaga and Houze 2013) as shown 

in the time series of average and areal percentage of IRBT, averaged TRMM rain rate and 

adjusted SMART-R surface rain rate (Figure 3.1a). The IRBT areal percentage in Figure 

3.1a was calculated by dividing the number of IRBT grid points in 5-K intervals by the 

total number of grid points over the 150-km circular region around Gan. 



doi:10.6342/NTU201801684

 12 

From the time series, seven convective events are identified with quasi-2-day 

periodicity and convective activity characterized by clouds with a mean IRBT minimum 

below 240 K and rain rates higher than 1 mm/hr in TRMM or SMART-R over the 150-

km region near Gan. The criteria and times of these events are listed in Table 3.1 and 

indicated in Figure 3.1a. These times of IRBT minimal peaks were used as the 0-hour for 

the 48-hour window composite analyses. The convective event on 30 October showed an 

averaged IRBT lower than 240 K; however, it was excluded from the composite analyses 

due to the fact that the mean rainfall near Gan was considerably less than the other events 

and the radar reflectivity indicated mostly stratiform clouds over Gan throughout the time 

of event (Figure 3.2). By way of comparison, the first six of the seven convective events 

identified by the IRBT and rain rate signatures in our study were included in the 11-case 

composite of Zuluaga and Houze (2013) based on hourly S-Pol rain accumulation (Table 

3.2). However, their composite analysis also includes events on a 4–6 day time scale 

associated with synoptic-scale waves from the November and December MJOs. Although 

the sample size in our study is small, there appears to be no preferred time of day for the 

0 h occurrence of these events. 
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 Large-scale Convective Features of the 

Quasi-2-day Convective Events 

One of the conspicuous large-scale convective features during DYNAMO SOP 

was the eastward-moving MJO convective envelope passing over Gan and the DYNAMO 

ESA from 15 to 31 October 2011 (Figure 1.10 and Figure 1.11). During this convectively 

active period over the central IO, hereafter referred to as MJO1, seven quasi-2-day 

convective events occurred at Gan. According to the IRBT areal percentage in Figure 

3.1a, during MJO1 the frequency of shallow cloud-tops reached a maximum before the 

rainfall peaks. The clouds then evolved into a deeper structure and reached maturity when 

the lowest IRBT peaks occurred. Following the mature stage, deep convective cores 

gradually dissipated while the frequency of warmer cloud-tops (250–270 K), some of 

which may be stratiform in nature, maximized (Zuluaga and Houze 2013, Zhang and 

Yoneyama 2017). These convective transitions repeated at quasi-2-day intervals during 

MJO1. A second major MJO event occurred over the IO in November with a convectively 

active phase at Gan from 15 to 30 November 2011 (Figure 1.10 and Figure 1.11), however, 

the quasi-2-day convective signal was not statistically significant over the central IO 

region during this period and therefore is not considered in this study (see APPENDIX 

B). The reasons for this difference between the two periods may be related to the different 

MJO propagation features over the DYNAMO ESA, but further examination is needed 

for the full explanation. 

Figure 4.1, similar to Figure 1.10 and Figure 1.11, is a time-longitude diagram of 

IRBT and TRMM rain rate averaged over a 1.5° latitude strip north and south of Gan 

showing the large-scale zonal features of these quasi-2-day convective events. During 

DYNAMO, the convective envelope of the October MJO initiated over 60°E–70°E on 14 
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October, slowly propagated eastward through the DYNAMO ESA (72°E–80°E) during 

15–31 October, which then encountered the diurnally excited, westward-propagating 

convective signal from Sumatra in early November. As observed in many previous studies, 

although the MJO convective signal over IO propagated eastward, the convective 

envelope was comprised of a number of westward-propagating features at shorter time 

scales (Nakazawa 1988, 1995; Hendon and Liebmann 1994; Takayabu 1994a,b; 

Takayabu et al. 1996; Chen et al. 1996). The diurnally pulsing, westward-moving 

convection near the west coast of Sumatra Island (90°E–100°E) may have had some 

linkages to the convection over the central IO (Kubota et al. 2015); however, such a 

linkage is not entirely obvious from Figure 4.1. 

Focusing on the quasi-2-day convective events over Gan, Figure 4.2 depicts the 

time-longitude IRBT, TRMM rain rate and 850-hPa total wind composites of the seven 

events over the DYNAMO ESA. The reference time 0 h, corresponding to the times listed 

in Table 3.1, is characterized by the lowest averaged IRBT over Gan. In Figure 4.2, the 

region of convective activity propagated westward from the eastern portion of the ESA, 

peaking over the area surrounding Gan with dominant cold clouds and heavy rainfall near 

0 h. The 850-hPa total wind field shows in general westerlies to the west of Gan and slight 

easterlies to the eastern ESA. Noted that the zonal wind component shows a low-level 

convergence prior to the onset of deep convection over Gan, and the westerlies extend 

toward the east of Gan as the convective disturbance passes through. The ~500–1000 km 

zonal scale of the area of lower IRBT (< 240 K) suggests the presence of anvil shields 

and is consistent in size with observations made in TOGA COARE (800–1000 km; 

Takayabu et al. 1996). As depicted in the horizontal time evolution of seven-event 

composite (Figure 4.3), after time 0 h, the convective signal continued to move westward 

while the peak IRBT gradually warmed at Gan, suggesting (and confirmed later) that 
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broad areas of stratiform clouds dominated during this period. 

The westward propagation speed of the convective signals can also be estimated 

from Figure 4.2. Considering time-longitude IRBT composites lower than 240 K, the 

convective signal propagated 7°–8° in longitude in 20 hours, while the rainfall signal 

showed a similar speed but extended over a greater zonal distance. The propagation speed 

of the quasi-2-day convective signal is thus approximated to be 10–12 m/s, the same order 

as that observed over different areas in previous studies, i.e., 10–19 m/s over WPAC 

during TOGA COARE IOP in 1992–1993 (Haertel and Johnson 1998 as shown in Figure 

4.4; Takayabu 1994b) and 15 m/s in Hendon and Liebmann (1994). 

While the quasi-2-day convective events over the equatorial IO possess similar 

propagation speeds as those over the WPAC, the zonal scales are different. From Figure 

4.1 to Figure 4.3, the zonal scale of propagation for the 2-day disturbances is ~1000–1500 

km, shorter than the ~2000–4000 km scale observed for the WPAC during the TOGA 

COARE IOP (Chen et al. 1996; Chen and Houze 1997; Clayson et al. 2002). The 

difference could well be related to differences in the environments between the two ocean 

basins, but a full explanation is beyond the scope of this study. 
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 Propagating Convective Waves and 

Stationary Convective Disturbances 

5.1 Fourier power spectral analysis 

During MJO1, the passage of the westward-propagating quasi-2-day convective 

events regulated the cloudiness over Gan. To investigate the cloud variability, Fourier 

spectral analysis is employed to quantify the frequency and intensity of cloud activity 

associated with the quasi-2-day disturbances during MJO1.  

Identical with the procedure in Haertel and Johnson (1998), Figure 5.1 shows the 

Fourier power spectrum of the averaged IRBT over 150-km region around Gan from 

October to December 2011 and during MJO1. Here the spectral components are weighted 

by frequency so that within a certain frequency band, the variance of IRBT time series is 

proportional to the area under the peak. From October to December, significant spectral 

peaks are seen at 30-day, 13-day, 5-day, and close to 2-day (dotted curve in Figure 5.1). 

These results are similar to the findings in TOGA COARE over WPAC (Haertel and 

Johnson 1998) as shown in Figure 5.2 except for the peak near the shorter 30-day period 

in DYNAMO (Figure 1.10, Figure 1.11) compared to the 60-day peak in TOGA COARE, 

which was due to the MJO events passing over Gan in late 2011 with a time interval of 

about 30 days (Johnson and Ciesielski 2013; Yoneyama et al. 2013). The peaks in both 

the diurnal (0.9–1.2 day) and quasi-2-day (1.6–3 day) frequency bands are statistically 

significant but the diurnal oscillation was weaker than quasi-2-day oscillation over this 

region (more details on the significance tests in APPENDIX B). The quasi-2-day (diurnal) 

cloud oscillation contributed approximately 54.7% (12.3%) of the variance during MJO1 

over Gan and about 15.7% (3.2%) from October to December 2011. And the quasi-2-day 
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oscillation contributed about 17% of the variance over the IFA in TOGA COARE from 

November 1992 to February 1993 (Haertel and Johnson 1998). 

5.2 Separation of diurnal and quasi-2-day oscillations 

By applying a Lanczos bandpass filter (Duchon 1979; Thomson and Emery 2014), 

the diurnal and quasi-2-day oscillations in IRBT during MJO1 can be separated as shown 

in Figure 3.1b and Figure 3.1c. The response functions associated with the bandpass filter 

are shown in Figure 5.3. Note that the time difference between minima in the diurnal 

signal ranged from 24–27 hours in Figure 3.1b due to the width of the diurnal filter 

allowing frequencies between 0.9 and 1.2 days to be retained. Having about half the 

amplitude of the quasi-2-day signal, the diurnal signal tends to grow then wane as the 

MJO convective envelope passes. 

By applying this filter along each longitude during MJO1, Figure 5.4 shows time-

longitude diagrams of averaged IRBT and TRMM rain rate within 1.5° latitude north and 

south of Gan for the diurnal (Figure 5.4a, c) and quasi-2-day (Figure 5.4b, d) signals. The 

equatorial diurnal convective signals were stronger near Sumatra than over the open 

ocean, indicating the dominant strong diurnal forcing of convection by topography 

(Yanase et al. 2017). The cloud signals accompanied by a precipitation signal originated 

daily from the terrain of Sumatra in the late afternoon (16–18LT) and propagated 

westward over IO owing to the dominant background easterlies near Sumatra (Yanase et 

al. 2017). As the diurnal convective signal propagated westward away from the terrain, it 

gradually weakened over the IO. Another group of relatively strong diurnal signals 

appeared across the DYNAMO ESA as part of the MJO1 convective envelope, though 

not apparently linked to the diurnal signal coming off of Sumatra. One possible 

explanation for the separated diurnal signals lies in the SST distribution during the period 



doi:10.6342/NTU201801684

 18 

of study. Figure 5.5 shows that diurnal signals coming off Sumatra run into the cooler 

water to the east of the DYNAMO ESA near 90°E�95°E during MJO1, but then SST 

starts to increase between 80°E–85°E and farther west. It is speculated that the diurnal 

signals coming off Sumatra die off due to cooler SST, but then a new cycle of diurnal 

convection initiates farther west associated with warmer SST. While the source of this 

separate regime of diurnal convection is difficult to ascertain, radiative effects were 

undoubtedly playing a prominent role (Gray and Jacobson 1977; Randall et al. 1991; 

Chen and Houze 1997). The gradual advance in the timing of the peaks in the diurnal 

signal at Gan (Figure 3.1b) is generally consistent with the slow eastward drift in the 

origins of the diurnal signals across the ESA (Figure 5.4a). Correspondingly, the peaks in 

the quasi-2-day signals advance slowly with time as well (Figure 3.1c). 

The IRBT and TRMM rain rate signals associated with quasi-2day periodicity 

(Figure 5.4b, d) exhibited starkly different behavior patterns from the diurnal signal. First, 

the convectively active quasi-2-day signal was prominent over the IO in addition to near 

Sumatra terrain at 100°E. Second, and more importantly, the quasi-2-day signal did not 

always propagate as the diurnal signal. In fact, the quasi-2-day convective signals over 

the central IO occasionally exhibited no propagation and at times even eastward 

propagation during MJO1 in contrast to its diurnal counterpart, which almost always 

propagated from east to west. In addition to these features, the active quasi-2-day signal 

displayed a larger amplitude over a relatively large zonal scale (up to 1000 km), and at 

times during MJO1 appeared as a “checkerboard-like pattern” (similar to that in Figure 

1.5a) with alternating areas and periods of enhanced and suppressed convection and 

clouds (e.g. in Figure 5.4b from 15–20 October between 60°E–75°E, and from 22–25 

October between 70°E–100°E). Interestingly, the 2-day signals over Gan appeared in 

most instances to extend only to the eastern boundary of the DYNAMO ESA (80°E) and 
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were mostly disconnected with 2-day variability farther east, even as the active phase of 

MJO1 progressed through the region. This behavior is generally consistent with earlier 

findings in the IO during MISMO (Yamada et al. 2010) but is in contrast with the behavior 

of 2-day disturbances in the WPAC, which tend to progressively migrate eastward with 

the overall MJO convective envelope (Nakazawa 1988). 

Worth noting in Figure 5.4c and Figure 5.4d is that the heavy rainfall (>1 mm/hr) 

of the seven quasi-2-day convective events over the DYNAMO ESA only occurred when 

both the diurnal and quasi-2-day signals were convectively active, hence the quasi-2-day 

intervals of occurrence as shown in Figure 4.1. On the other hand, the rainfall near 

Sumatra (90°E–100°E) corresponds well to the diurnal signal, but not necessarily to the 

quasi-2-day signal (Figure 5.4d), suggesting that the precipitation over the eastern IO was 

dominated by the terrain-induced diurnal convective activity (Yanase et al. 2017), while 

other factors controlled the rainfall patterns over the central IO. 

These differences between quasi-2-day and diurnal signals are further 

demonstrated in time-longitude composite diagrams (Figure 5.6) for the seven convective 

events during MJO1. As evident from Figure 5.6, the quasi-2-day convective events 

associated with significant precipitation over Gan occurred only when the diurnal and 

quasi-2-day signals were both convectively active. The active diurnal signal propagated 

westward through the DYNAMO arrays (Figure 5.6a, c) with an estimated propagation 

speed of ~10–12 m/s, which largely explains the propagation speed of the convective 

events shown in Figure 4.2. In contrast, the quasi-2-day active signals appeared almost 

stationary, and the convective signals possessed a zonal scale up to about 1000 km (Figure 

5.6b, d), a likely result of broadening stratiform clouds. In addition to the considerable 

amount of spatial range of the active clouds and significant precipitation, the quasi-2-day 

composite signal contributed 54.7% of the variance in cloud activity (43.5% in 
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precipitation) over Gan during MJO1.  

As inferred from the above analyses, the quasi-2-day convective events observed 

over Gan during MJO1 were actually comprised of at least two modes of convective 

activity. One was the westward-propagating diurnal convective waves very likely 

corresponding to the westward-propagating IGWs with phase speed of 10–12 m/s 

(Takayabu 1994a,b; Takayabu et al 1996; Haertel and Kiladis 2004; Wheeler and Kiladis 

1999). The other was the near-stationary quasi-2-day convective disturbances with zonal 

scale up to ~1000 km, which contributed approximately half of the convective variance 

over Gan during MJO1. Overall, the combination of both modes contributed substantially 

67% to the variance of cloud activity over Gan during MJO1 (and about 65% in TRMM 

rain rate variance). As a result, the propagation of cloud clusters in the seven quasi-2-day 

convective events was regulated by diurnally-excited convective waves while the 

intensity and spatial range varied in quasi-2-day intervals. 

To estimate the equivalent depth of the westward-propagating diurnal convective 

waves, we follow a similar approach to that taken in Takayabu (1994b). From Figure 5.6a 

we estimate the zonal scale of the diurnal disturbance to be ~1.05×106 m (or zonal 

wavenumber 38) as illustrated in Figure 5.7. The intrinsic frequency (Q<>0 = Q+U/ − VW) 

is computed using Q+U/  = 2π/1day, k = –2π/(1.05×106 m), and the zonal wind U = 3.25 

m/s (taken as the 850-mean hPa at Gan for the period of interest) which results in Q<>0  = 

9.22×10-5 s-1 (or 1.27 cycles/day). These wave characteristics coincide with the dispersion 

curve for a westward-propagating n=1 IGW with an equivalent depth of ~20 m (Figure 

5.8). Also, shown here is the result from Takayabu 1994b for the 2-day disturbance they 

analyzed using TOGA COARE observations. Despite the differences between the zonal 

and temporal scales of the disturbances in these studies, both waves have a similar 

equivalent depth of ~20 m. 
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The quasi-2-day-filtered signals in Figure 5.4 and Figure 5.6 also show at times a 

checkerboard-like pattern. This feature seen in the cloud and rainfall analyses could be 

interpreted in terms of the counter-propagating convective signals seen during MISMO 

which interacted to enhance rainfall locally on a 2–4 day time scale (Yamada et al. 2010, 

Figure 15, as shown in Figure 1.8). In few of the 2-day events depicted in Figure 4.1, it 

appears that an eastward propagating convective signal to the west of Gan encountered a 

westward propagating signal enhancing rainfall in the vicinity of Gan. The environmental 

wind structure (i.e., low-level westerlies underlying upper-level easterlies seen in Figure 

6.6a) during MJO1 would support Yamada’s mechanism of counter-propagating 

convective signals. 

In addition to Yamada’s mechanism, Chen and Houze (1997, Figure 19a, b, as 

shown in Figure 1.5) using TOGA COARE observations showed that the conceptual 

“diurnal dancing” process accounts for a checkerboard pattern of convective systems and 

a 2-day cycle of cloud activity at a given longitude. More precisely, Chen and Houze 

(1997) explain the observed cloud variability in terms of “a combination of 2-day IGWs 

and the diurnal dancing” (Figure 1.5b). In contrast to their findings, our analyses suggest 

that the quasi-2-day convective events during MJO1 were composed of westward-

propagating diurnal convective disturbances and a quasi-2-day modulation of that 

convective signal as shown in the composites (Figure 5.6). That is, the 2-day IGWs were 

not necessarily a component for the propagating feature in these seven events, at least 

within the longitudes of the DYNAMO ESA. Instead, the diurnal convective waves 

controlled the propagation while those diurnal signals were modulated on a quasi-2-day 

time scale in the vicinity of Gan. Later analyses will show that the quasi-2-day periodicity 

is likely more related to the life cycle of the convective systems and associated boundary 

layer modification and recovery. 
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5.3 Spatial distribution of convective signals 

Maps in Figure 5.9 show where these two convective modes (diurnal and quasi-

2-day) were most active during MJO1. The quasi-2-day convective disturbances (Figure 

5.9a) preferentially occurred over open ocean and were mostly confined to near the 

equator between 10°N and 10°S, similar to that observed over the WPAC during TOGA 

COARE (Haertel and Johnson 1998, Figure 7, as shown in Figure 5.10), and the 

disturbances were present throughout the DYNAMO ESA maximizing near Gan during 

MJO1. On the other hand, the stronger diurnal disturbances (Figure 5.9b) were closely 

tied to the terrain of Sumatra Island, Southern India, and the coast of Sri Lanka, being 

about half the amplitude of the quasi-2-day disturbances over the central IO (Figure 3.1b 

and Figure 3.1c).  

In general, compared to the diurnal variances, the quasi-2-day variances in IRBT 

(Figure 5.9c) and in TRMM rain rate (Figure 5.9d) were larger over the central equatorial 

IO and smaller near the coast of Sumatra. And the differences between the quasi-2-day 

and diurnal variances in TRMM rain rate were smaller than that in IRBT. It is not well 

understood at this point why the amplitude of the quasi-2-day variance was so large in 

proximity to Gan during DYNAMO, but it may be related to the MJO1 initiation and sea 

surface temperature (SST) distribution over the central IO as discussed in the next section. 

5.4 Climatological characteristics of convective signals over 

the Indian Ocean 

To determine how the DYNAMO results compare to other years, a climatology of 

quasi-2-day and diurnal variability using IRBT dataset from NOAA (0.07° resolution) is 

investigated for the October to December periods from 1998 to 2012 (15 years). Similar 

patterns of the variances are found for this longer period (Figure 5.11), in which the quasi-
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2-day disturbances preferentially occurred over the IO (Figure 5.11a) while the diurnal 

disturbances were closely tied to the terrain of Sumatra Island, southern India, and the 

coast of Sri Lanka, showing smaller amplitudes over the ocean (Figure 5.11b). According 

to the averaged variances of IRBT and TRMM rain rate near the equator (Figure 5.11c, 

d), the variance of diurnal signals maximizes near 100°E while quasi-2-day convective 

signals become more apparent to the west of 95°E. On average, both signals show an 

overall decreasing trend in variance from the eastern IO toward the west. 

The spatial patterns for each year from 1998 to 2012 are shown in Figure 5.12 

(quasi-2-day) and Figure 5.13 (diurnal). Interestingly, the stronger quasi-2-day signals in 

the central IO as during DYNAMO period are also observed in certain years, e.g. 1999, 

2000, 2006, 2007, 2009 and 2012. During other years, the stronger quasi-2-day signals 

are observed closer to the eastern IO as seen in the averaged pattern (Figure 5.11a). This 

difference in distributions of quasi-2-day convective disturbances is found to be generally 

correlated with the spatial distribution of SST over the eastern and western IO, i.e., the 

Indian Ocean Dipole (IOD; Saji et al. 1999). According to Saji et al. (1999), the index 

describing IOD, also known as the Dipole Mode Index (DMI), is defined by the difference 

in the SST anomaly between the tropical western IO (50°E–70°E, 10°S–10°N) and the 

tropical south-eastern IO (90°E–110°E, 10°S–Equator). As shown in Figure 5.14, during 

MJO1 the occurrence of quasi-2-day signals over the DYNAMO ESA is overall 

coincident with the warmer SST over the central IO and the positive IOD (DMI ~0.34). 

And during the positive phase of IOD such as October–December in 2006 (DMI ~0.63), 

relative warm SSTs occur in the central to western IO (60°E–80°E) as shown in Figure 

5.15a, also during which the stronger quasi-2-day signals occur over the central IO 

(Figure 5.15b). On the other hand, during the periods when IOD is negative (e.g., late 

1998 and late 2010, DMIs are –0.93 and –0.77, respectively), the quasi-2-day signals are 
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more prominent toward the eastern IO near 80°E–100°E (Figure 5.16 and Figure 5.17). 

To explain the connection between the SST and quasi-2-day disturbances over the 

IO, it would certainly be a valuable exercise to investigate the climatology of these 

disturbances and perhaps compare them among different MJO and/or IOD phases. 

However, the DYNAMO period on which this study is focused represents the only time 

period where reliable computations of the heating, moistening, and other detailed aspects 

of the disturbances were available to accompany the satellite analyses. Given the large 

variance in the 2-day signals near Gan during DYNAMO, observations from that island 

should provide insight into the structure of the quasi-2-day convective disturbances. With 

the aid of the AMIE-Gan large-scale analyses and datasets from other observational 

platforms deployed at Gan (e.g., radiosondes, SPOL radar, CombRet radiative 

measurements), the vertical structures of the quasi-2-day convective disturbances are 

examined in Chapter 6. 
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 Composite Features of the Quasi-2-day 

Convective Disturbances 

6.1 Cloud-top population from brightness temperature 

Figure 6.1 shows 48-hour window composites of cloud-top population and rain 

rate over Gan. The composites are centered at 0 h as this time represents a minimum in 

IRBT, which from Figure 3.1 can be seen to be distributed throughout the diurnal cycle. 

The atmospheric cloudiness shows a clear oscillation with a period of 2-day in which 

different stages of cloud activity can be identified. During the first stage of the oscillation 

from –1 d to –9 h, the cloud-tops were generally low and mostly confined to below 700-

hPa, indicating the convectively suppressed stage of the disturbances. Starting from –9 h, 

the composite cloud tops rose and the mean rainfall increased, indicating intensifying 

convection. Heavier rainfall commenced near –6 h and the composite rain rate peak 

occurred before 0 h. It is reasonable that heavier rain occurred when deep convective 

clouds were dominant in the convective events prior to their mature stage. Although the 

satellites are incapable of detecting shallow clouds beneath thick higher clouds, the 

broadening cloud-top population suggests the coexistence of different cloud tops besides 

the dominant deep convective clouds during this stage. This convective intensifying stage 

was similar to that observed and identified as the “initial convective tower stage” in 

Takayabu et al. (1996) with TOGA COARE observations (Figure 1.3). In Figure 6.1b the 

rainfall retrieved from SMART-R was lighter and the peak occurred earlier than that from 

TRMM. This is consistent with findings of Xu and Rutledge (2014) based on radar data 

from the R/V Revelle, where they found that TRMM 3B42 product overestimates rainfall 

during convectively active periods likely due to the abundance of high cloudiness.  
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At 0 h, most cloud clusters were well developed with cloud-top heights above 

200-hPa (~220 K), and the quasi-2-day convective disturbances had reached their 

convectively mature stage while at the same time the mean IRBT showed a minimum 

peak. After 0 h the average rain rate decreased and the dominant cloud-tops dropped 

slightly to near 200-hPa (220–240 K) from +3 h to +6 h likely a result of trailing stratiform 

anvils (Takayabu et al. 1996; Chen and Houze 1997; Haertel and Johnson 1998; Zuluaga 

and Houze 2013). From +6 h to +18 h, the convective components of the quasi-2-day 

disturbances had mostly decayed around Gan with light rain and dominant cloud-tops 

between 250 K and 270 K for nearly 12 hours. 

Four stages in the life cycle of the quasi-2-day convective disturbances over Gan 

during MJO1 can thus be identified in terms of cloud activity: suppressed, convective 

intensifying, mature, and stratiform. This is similar to the observations of TOGA COARE 

(Takayabu et al. 1996; Haertel and Johnson 1998) and is consistent with the “building-

block” life cycle of MCSs proposed by Mapes et al. (2006). 

6.2 Basic fields from Gan radiosonde 

Gan radiosonde moisture and thermodynamics fields of the quasi-2-day life cycle 

in convective disturbances are shown in Figure 6.2 and Figure 6.3. In the suppressed stage, 

the atmosphere was relatively dry with moisture accumulating near and within the BL 

(maximum near –12 h, as shown in Figure 6.2). Moisture then deepened and became 

abundant throughout the troposphere as the convection developed. Figure 6.3 shows 

warm anomalies at low levels in temperature field and mid-level positive pressure 

perturbations (represented in geopotential height anomalies) beginning near –1 d then 

ascending after –18 h. During the intensifying stage, the ascending warm anomalies and 

negative pressure perturbations are presumably associated with the cloud development 
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from shallow cumulus to deep convective clouds in intensifying stage (supported by Q1 

and Q2 profiles, shown later in Figure 6.9). Meanwhile, the BL was relatively warm prior 

to the onset of heavier rainfall near –9 h, and relatively cool during the heavy rain period 

after –9 h for ~18 hours. 

At 0 h, the atmosphere was moistest throughout the troposphere as the quasi-2-

day convective disturbances reached their mature stage (Figure 6.2). From 0 h to +6 h, in 

addition to the warm cores in the convective towers (400–200 hPa) and the associated 

positive pressure perturbations (near 200 hPa), a cool anomaly appeared near and above 

the 200-hPa level (Figure 6.3). This feature is coincident with cloud-top radiative cooling 

shown later in Figure 6.7. A second cool anomaly is evident below 500 hPa, with a peak 

directly below the 0°C level, due to the melting and evaporative cooling. While moisture 

was abundant above the 0°C level, the lower troposphere began to dry and was dominated 

by the positive pressure perturbations after +3 h. Also, after the mature stage, the lower 

troposphere became relatively warm from +6 h to +18 h in the 900–700 hPa layer. These 

are likely signatures of mesoscale downdrafts which also caused “onion-type” profiles in 

the soundings during the stratiform stage (Zipser 1977) as shown in Figure 6.4 below 

600–650 hPa. However, cool anomalies still existed in the BL around +12 h due to 

spreading cold pools from the evaporating precipitation. During the stratiform stage, a 

thin moist layer slightly below 0°C level related to the melting process under stratiform 

anvils (Johnson et al. 1996) can also be seen from +6 to +18 h (Figure 6.2). 

The temperature variation in the BL showed a clear quasi-2-day oscillation within 

the 48-hour window (Figure 6.3), as well as the moisture variation in the BL (Figure 6.2). 

A phase diagram for moisture and temperature anomalies within and near the BL (≤900 

hPa) was generated to represent the BL quasi-2-day cycle (Figure 6.5). As shown in the 

phase diagram, during early suppressed stage (–1 d to -15 h) both moisture and 
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temperature increase (the 1st quadrant) until the convection intensifies and BL moisture 

reaches the maximum near –12 h, indicating the moistening and heating during the 

suppressed stage when shallow convection is dominant. During the convective 

intensifying stage both the moisture and the temperature drop due to increasing rainfall 

(the 2nd quadrant). And as the convection reaches its mature stage, the moisture in the BL 

keeps decreasing while the temperature increases (the 3rd quadrant) as stratiform clouds 

become prominent. The BL moisture anomaly reaches a minimum and the temperature 

anomaly slightly increases during the stratiform stage as a result of the warming and 

drying from mesoscale downdrafts (the 3rd and 4th quadrants). Overall, the composite BL 

cool anomaly lasted for almost a day (from –9 h to +12 h) during the convective 

intensifying and mature stages, and the early stratiform stage (the 2nd and 3rd quadrant). 

This long BL recovery of quasi-2-day disturbances over Gan during DYNAMO supports 

the idea that the convective processes and the BL recovery can be key factors for the 

quasi-2-day periodicity observed in the disturbances, similar to the processes in MCSs 

observed during TOGA COARE in WPAC (Takayabu et al. 1996; Chen and Houze 1997). 

The zonal wind field (Figure 6.6a) shows strong westerlies in the lower 

troposphere below 700 hPa with easterlies above during this active period of the quasi-2-

day disturbances (Zhang and Yoneyama 2017). Prior to the mature stage, a westerly 

anomaly occurred in the lower troposphere (1000–800 hPa) near –6 h (Figure 6.6b). This 

westerly anomaly then shifted upward as the quasi-2-day convection developed with a 

peak in the upper troposphere (200–300 hPa) near +9 h. This result suggests an upward 

transport of westerly momentum associated with the quasi-2-day convective disturbances 

over Gan during MJO1. These zonal wind anomalies are consistent with low-level 

convergence prior to 0 h (Figure 4.2) and upper-level divergence centered around 0 h to 

support deep convection during this period (Figure 6.8, later). There is also evidence from 
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Figure 6.6b and Figure 6.8 of a downward transport of easterly momentum within 

stratiform precipitation regions of the disturbances (from +6 h to +18 h), consistent with 

the TOGA COARE Doppler radar analyses of Houze et al. (2000), which show the 

existence of such transport in what they call the “westerly onset region” of the MJO 

Kelvin-Rossby circulation. Liu and Wang (2012) have argued that easterly momentum 

transport by 2-day waves serves to slow down and convectively enhance moist Kelvin 

waves or the MJO, so such transports may play an important role in the life cycle of the 

MJO itself. 

6.3 Composite feature of radiative forcings 

The radiative impacts of clouds and moisture to the quasi-2-day convective 

disturbances are considered in Figure 6.7 with composites of the total (QR), longwave 

(LW) and shortwave (SW) cloud radiative forcings (CRF) obtained from the CombRet 

dataset. The total cloud radiative cooling (Figure 6.7a) maximized at upper levels above 

200 hPa at 0 h as a result of the strong cloud-top longwave cooling, with peak rates 

approaching 5 K/day (Figure 6.7b). The CRF SW heating profiles (Figure 6.7c) show 

large peaks directly beneath the cloud tops near 200-hPa (Webster and Stephens 1980) in 

the –6 h to 0 h timeframe. Presumably, these large heating rates are related to the events 

with 0 h occurring during the daylight hours when SW effects would be present (see 

Figure 3.1 for local times of 0 h occurrences). For these cases, this upper-level SW heating 

peak would promote a stabilization of the lapse rate and a weakening of the deep 

convection (Randall et al. 1991) that would also enhance midlevel convergence and 

upper-level divergence (Gray and Jacobson 1977), thereby assisting the transition to 

stratiform precipitation. During the mature stage, the CRF composites show a slight 

downward-sloping pattern in the upper troposphere as a result of the trailing stratiform 
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clouds, similar to the squall line structure found in Johnson et al. (1990). From the 

intensifying stage to the stratiform stage, CRF LW heating in the lower troposphere was 

dominant from –9 h to +18 h. 

Although the cloud radiative forcings are prominent as the quasi-2-day convection 

intensifies and reaches its mature stage, fewer impacts are observed during the stratiform 

stage after +6 h. To better understand the structure and variation of the quasi-2-day 

convective disturbances, we make use of AMIE-Gan large-scale objective analysis data 

to investigate the convective features during MJO1. Although the dataset is representative 

of the region with only a 150-km radius around Gan, considering the propagation speed 

(10–12 m/s) and the zonal scale (~1000km) of the quasi-2-day events, it is capable of 

sampling variability within the quasi-2-day convective disturbances. 

6.4 Derived fields based on Gan radiosonde and AMIE-Gan 

large-scale objective analysis 

Figure 6.8 and Figure 6.9 include the 48-hour window composites for horizontal 

wind divergence and large-scale vertical motion, apparent heating (Q1), and apparent 

drying (Q2) from AMIE-Gan objective analysis. During the convective intensifying stage 

(from –9 h to 0 h) upward motion, associated with low-level convergence and upper-level 

divergence, dominated the troposphere with a maximum around 600 hPa (Figure 6.8). As 

the convection matured, the updrafts shifted upward, and low-level downdrafts due to 

stratiform precipitation dominated over the updrafts. Low-level divergence maximized in 

the BL during the mature stage (after +3 h), similar to the findings of Zuluaga and Houze 

(2013). In the mature stage and later in the stratiform stage, a separate peak in updrafts 

was present above 0°C level while mesoscale downdrafts dominated the lower 

troposphere as generally observed in other stratiform regions (Cifelli and Rutledge 1994; 
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Uyeda et al. 1995).  

Starting from –9 h, positive Q1 was observed throughout the troposphere with a 

maximum between 600 and 500 hPa around –6 h and –3 h, which then transitioned to 

near 400 hPa at 0 h (Figure 6.9a). The principal Q2 peak was found below the 600-hPa 

level with maximum at –3 h (Figure 6.9b) when the highest rain rate occurred (Figure 

6.1b). The results are consistent with Yanai et al. (1973) that the vertical separation of the 

Q1 and Q2 peaks is indicative of strong convective eddies fluxes which prevailed during 

the convective intensifying stage from –9 h to 0 h (Figure 6.9c). 

After 0 h, the principal Q1 peak shifted upward above the 0°C level between 500 

and 300-hPa levels while negative Q1 was prevalent below the 0°C level from +3 h to 

+15 h (Figure 6.9a). In Q2 positive peaks occurred above 400-hPa level around +9 h with 

negative values found mostly below the 700-hPa level from +6 h to +18 h (Figure 6.9b). 

These results reflect the typical top-heavy signatures of stratiform precipitation in which 

stronger heating and drying occur in the upper troposphere while cooling and moistening 

due to melting and evaporation occur in the lower troposphere (Johnson 1984; Houze 

1989, 1997). There is an upward shift in the MSF flux during the developing stages of the 

quasi-2-day disturbances (Figure 6.9c), with another peak in the stratiform stage at +6 h. 

This latter feature likely reflects the remnant convective components which occurred after 

0 h in some of the events as seen in NCAR S-Pol radar data (examples as shown in Figure 

6.10). 

The disturbance composite equivalent potential temperature (θe) anomaly field is 

shown in Figure 6.11a. From –18 h to –6 h, the atmosphere was unstable with higher θe 

in the BL as deep convection starts to develop. At –6 h, θe in the BL transitioned from 

relatively high to relatively low as the rain became heavier. Afterward, the lower 

troposphere (900–700 hPa) gradually became more stable with low θe during the mature 
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stage due to a transport of low θe by downdrafts (e.g., Zipser 1977). The low BL θe lasted 

for almost 18 hours (from –6 h to +12 h) in the life cycle of the disturbances. The prevalent, 

long-lasting stable BL over Gan, a result of the convective process, impacted the recovery 

of lower troposphere and the occurrence of the next round of convection over that region 

especially during the stratiform stage, similar to the convective processes during TOGA 

COARE in WPAC (Takayabu et al. 1996; Chen and Houze 1997). 

The atmospheric stable layers based on Gan radiosonde data also show variation 

over the life cycle of the quasi-2-day convective disturbances (Figure 6.11b). Tropical 

convection often shows a trimodal structure in the vertical profiles of cloud population, 

divergence, and cloud detrainment as depicted in the conceptual model of Johnson et al. 

(1999, Figure 13, as shown in Figure 6.12). This structure suggests the impact of three 

major stable layers of the tropical atmosphere from top to bottom, the tropopause 

inversion layer, the melting stable layer near 0°C level, and the trade-wind stable layer in 

the lower troposphere (Schubert et al. 1995; Johnson et al. 1996, 1999; Kikuchi and 

Takayabu 2004). During MJO1 the trimodal structure is clearly identified according to 

the temperature lapse rate profiles (Figure 6.11b). The tropopause inversion layer 

occurred mostly above 125 hPa except during the mature stage when gravity wave 

features excited by the MJO convective envelope lead to its lowering (Johnson and 

Ciesielski 2013). The melting stable layer generally occurred near and slightly above 0°C 

level and was strongest during the mature and stratiform stages when the melting process 

was most prevalent over large areas.  

A trade-wind-like stable layer is observed between 700 and 900 hPa with a more 

complex variation than the other two layers. Previous modeling studies have suggested 

that the overall height of the trade-wind stable layer is controlled by both local 

thermodynamic processes (Albrecht et al. 1979; Sarachik 1985) and large-scale 
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dynamical adjustment across different latitudes (Schubert et al. 1995). Over the temporal 

scale of ~2-day, it appears that local processes played a dominant role in determining its 

height. These processes include radiative effects and moist convection, which tend to 

deepen the trade layer, while large-scale subsidence tends to shallow it. On average, the 

height of the trade stable layer was near 800 hPa throughout MJO1, but during the 

suppressed stage of the quasi-2-day disturbances (from –1 d to –9 h), it moved 

progressively upward to near 700 hPa. This period was marked by overall upward motion 

in the lower troposphere (Figure 6.8), weak cloud-top radiative cooling near 600 hPa 

(Figure 6.7) and unstable conditions at low levels (Figure 6.11a) all of which would 

promote a deepening trade layer. After –6 h, but particularly after 0 h, low-level 

subsidence, mid-level radiative warming and BL cooling predominated resulting in a 

reduction in the trade layer depth. In the mature stage (from 0 h to +6 h), the trade layer 

height showed the largest variance as a result of more downdraft-induced complex 

temperature profiles in the lower troposphere. The trade layer heights were generally low 

(~900 hPa) in the early stratiform stage (from +6 to +12 h) as cooler BL θe air and 

subsidence dominated. 

The composites of convective available potential energy (CAPE) and convective 

inhibition (CIN) derived from Gan sounding data are shown in Figure 6.11c. Although 

these stability indices exhibit considerable variability among the seven cases, their 

composite structure is quite reasonable with larger CAPE prior to the mature stage and a 

minimum at 0 h, as also shown for the composite MJO life cycle by Xu and Rutledge 

(2014). In contrast, the composite CIN was relatively small before the mature stage and 

became larger after 0 h during the mature and stratiform stages due to enhanced stability 

in the lower troposphere.  

The composite quasi-2-day disturbance vertical heating structures, kinematic and 
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thermodynamic fields, radiative profiles, and modification of the boundary layer suggest 

that these phenomena have properties resembling those of individual tropical MCSs, 

evolving from shallow cumulus to congestus to deep convection to stratiform 

precipitation (e.g., Houze 1997; Zipser 1977), as well as 2-day disturbances observed in 

the western Pacific (Takayabu et al. 1996; Chen and Houze 1997). Such structures and 

life cycle behavior are observed not only on the time and space scales of individual MCSs 

and quasi-2-day disturbances but also are characteristic of phenomena all the way up to 

the scales of convectively coupled Kelvin waves and the MJO itself (Mapes et al. 2006; 

Kiladis et al. 2009). 
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 Interpretation of Quasi-2-day Convective 

Disturbances 

Previous studies of 2-day disturbances in the WPAC (e.g., Takayabu et al. 1996; 

Chen and Houze 1997; Haertel and Johnson 1998) and the IO (Yamada et al. 2010) have 

shed considerable light on these phenomena. Drawing upon these studies as well as the 

current findings reported in this study, we offer a new interpretation of mechanisms for 

the quasi-2-day disturbances observed during the October MJO in DYNAMO. 

As a first consideration, we relate our results to the Chen and Houze (1997) 

“diurnal dancing” paradigm (Figure 1.4 and Figure 1.5). The very slow eastward drift of 

the origin of the diurnal signal affecting Gan (~1 m/s; Figure 5.4a) differs significantly 

from the 10–15 m/s eastward movement illustrated in Chen and Houze (1997, Figure 19b, 

as shown in Figure 1.5b). According to their study, that paradigm was based on a series 

of convective systems occurring during the period 11–16 December 1992 (Figure 1.6). 

Moreover, there was mostly easterly flow with little vertical shear throughout the 

troposphere during that period (Chen et al. 1996, Figure 2, as shown in Figure 7.1), in 

contrast with DYNAMO where during the October MJO there were westerlies below 700 

hPa and easterlies above (Figure 6.6a). This much slower eastward movement of the 

diurnal signal in DYNAMO yields an ~1-day signal downstream to the west rather than 

a quasi-2-day signal, so the “diurnal dancing” argument (Figure 1.5b) that may have been 

relevant to the TOGA COARE period they studied does not fit the DYNAMO conditions. 

It is more likely that for some reason yet to be fully understood, a diurnal signal initiates 
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between 80°E and 85°E that is separate from that coming off Sumatra1, moves westward 

at 10–15 m/s and crosses the longitudes of Gan where it encounters an environment that 

contributes to a quasi-2-day time periodicity. 

In an attempt to understand the quasi-2-day signal at Gan and also put it into the 

perspective of convective phenomena with similar periodicity observed during MISMO 

as reported by Yamada et al. (2010), S-Pol radar images for the seven individual events 

have been examined. Several of these DYNAMO cases exhibited eastward movement of 

convective cells with westward movement of stratiform anvils, similar to Yamada et al.’s 

findings. Examples include the eastward moving convective cells to the north of Gan 

along with slightly westward expanding stratiform region observed by NCAR S-Pol on 

24 October (Figure 7.2), and the eastward moving convective system to the east of Gan 

on 28 October (Figure 7.3), which also shows a slight southward propagation. In both 

cases, the convective cells possessed a propagation speed of approximately 13–14 m/s. 

However, other cases exhibited convective cells moving in different directions (e.g., 

northeastward shifting convection observed on 22 October as shown in Figure 7.4). 

Regardless of the motion of the convective cells, however, on average the stratiform 

anvils in each case moved from east to west due to easterly flow aloft (Figure 6.6a). 

Thus, a different scenario for the quasi-2-day variability is proposed (Figure 7.5). 

Diurnally driven convective events initiate between 80°E and 85°E and move westward 

at 10–15 m/s, arriving at the longitude of Gan approximately one day later. Generally, 

only every other diurnal signal is amplified, leading to a quasi-2-day signal at Gan. The 

                                                

1 Preliminary analyses of possible causes suggest that the variable SST over the IO during this period 

may be a potential explanation for the initiation of the diurnal signal between 80°E and 85°E, although 

thorough investigation of this possibility is beyond the scope of current study. 
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stabilization of the BL and lengthy recovery from the first diurnal event (Figure 6.2, 

Figure 6.3, Figure 6.5, Figure 6.8, and Figure 6.11) are likely factors that prevent the next 

diurnal event from amplifying. Contributing to this prolonged stabilization, in addition to 

convective-scale downdrafts, are stratiform anvils that drift westward with time (Figure 

6.6). These anvils, which produce light precipitation and cloud shading, cross the 

longitudes of Gan and modify the BL there. However, even after they pass to the west, 

the low-level westerlies advect the modified low-levels air eastward, helping to contribute 

to the slow BL recovery observed at Gan. Thus, the idea advanced by Chen and Houze 

(1997) that BL modification is a factor in the quasi-2-day periodicity is supported by our 

findings, though the different vertical shears and eastward speed of movement of the 

origin of the diurnal signals for the two periods of study in the two ocean basins argues 

for a different interpretation of the quasi-2-day periodicity. 
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 Summary and Concluding Remarks 

Convective events with a quasi-2-day periodicity were observed in the central 

equatorial Indian Ocean (IO) during the convectively active phase of the Madden-Julian 

Oscillation (MJO) from 15 to 31 October 2011 (MJO1) in the DYNAMO/AMIE/CINDY 

2011 (DYNAMO) field campaign. Seven quasi-2-day convective events with significant 

convective activity were identified over Gan Island, which were analyzed with the aid of 

various observational platforms including radiosondes, radar, satellite, and surface 

observations. Properties of the convective features and the atmospheric structures of these 

events are summarized as follows.  

(1) Seven convective events were identified over Gan as westward-propagating 

convective episodes which moved through the central IO repeatedly in a quasi-2-day 

interval during MJO1. The propagation speed of these convective signals was estimated 

by satellite infrared brightness temperatures (IRBT) to be 10–12 m/s, which is similar to 

that observed over the equatorial WPAC during TOGA COARE (10–19 m/s; Haertel and 

Johnson 1998; Takayabu 1994b). However, the zonal scale of propagation was 

approximately 1000–1500 km, less than that found during TOGA COARE (2000–4000 

km; Chen et al. 1996; Chen and Houze 1997; Clayson et al. 2002). 

(2) By isolating the quasi-2-day (1.6–3 day) and the diurnal (0.9–1.2 day) 

frequencies, spectral analyses reveal that the seven quasi-2-day convective events were 

comprised of two primary modes of convection, (i) a westward-propagating diurnal 

convective signal with phase speed of 10–12 m/s, very likely corresponding to an n=1 

westward-propagating IGWs with an equivalent depth of 20 m (Takayabu 1994a,b; 

Takayabu et al 1996; Wheeler and Kiladis 1999; Haertel and Kiladis 2004), and (ii) a 

quasi-2-day convective signal having an ~1000 km zonal scale that modulated the diurnal 
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signals in the vicinity of Gan. The latter mode strongly influenced the magnitude and the 

spatial distribution of the precipitation and contributed to over half of the cloud variance 

(54.7%) over Gan during MJO1. 

(3) The horizontal distributions of the two convective modes, as determined by 

IRBT variance, were different over the IO during MJO1. The quasi-2-day convective 

disturbances were prominent over the open ocean and near Sumatra but were confined to 

near the equator between 10°N and 10°S, similar to that in the TOGA COARE 

observations (Haertel and Johnson 1998). The convective variance on the diurnal time 

scale was closely tied to the terrain of Sumatra Island, Southern India, and Sri Lanka, and 

possessed a much smaller amplitude and spatial scale than that of the quasi-2-day 

disturbances over the central IO. 

(4) In the 48-hour window composites (–24 h to +24 h) of moisture and cloud 

activity centered at the times of the lowest averaged IRBT (0 h) in the 150-km region over 

Gan, four stages of convection were identified in the life cycle of the quasi-2-day 

convective disturbances, (i) a convective suppressed stage (from –1 d to –9 h) with 

moisture confined in the lower troposphere, (ii) a convective intensifying stage (from –9 

h to 0 h) in which convection transitioned to dominant deep convective clouds, (iii) a 

mature stage (from 0 h to +6 h) when convective systems were well-developed and 

transitioned from convective to stratiform precipitation, and (iv) a stratiform stage (from 

+6 h to +18 h) when most of the convective elements decayed into stratiform systems 

dominating much of the 150-km region over Gan. This life cycle represents a similar 

pattern not only to mesoscale convective systems (MCSs) life cycle but also to that 

observed on longer time scales all the way up to that of the MJO (Kiladis et al. 2009). 

(5) Radiative forcings and apparent heat sources and moisture sinks for the 

composite quasi-2-day disturbances have been determined. Top-heavy cloud radiative 
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heating may play a role in promoting the longevity of the stratiform region after the 

disturbance mature stage. Diagnosed heat sources and moisture sinks are consistent with 

the shallow-to-deep-to-stratiform transition within the composite disturbances. The long 

duration of low BL θe air during the stratiform stage supports the notion that the life cycle 

of the MCSs may be an important factor contributing to the quasi-2-day periodicity of the 

disturbances over Gan along the lines proposed by Chen and Houze (1997). 

The schematics of convective activity in the quasi-2-day convective disturbances 

during DYNAMO (Figure 7.5) is similar to that depicted in the schematic diagram 

presented in Takayabu et al. (1996, Figure 19, as shown in Figure 1.3) using TOGA 

COARE observations. Both campaigns showed the convection to have many common 

features with long-lived convective systems including a rather long convective life cycle 

and duration of the stratiform stage. Some of the seven events indeed were also 

characterized by the passage of squall-line systems as observed from the NCAR S-Pol 

radar data at Gan (Figure 7.2 to Figure 7.4). 

The interpretation of the quasi-2-day disturbances within the convective envelope 

of MJO1, much like those originally identified by Nakazawa (1988), is that they are 

manifestations of westward-propagating, diurnal disturbances (very likely IGWs) whose 

convective signal becomes modulated over the central IO on a quasi-2-day time scale, a 

combination of the propagating diurnal IGWs and the quasi-2-day convective activity. 

There is evidence, in at least some of the cases, that counter-propagating cloud systems 

with height were present that owed their existence in part to strong vertical shear 

(westerlies at low levels, easterlies aloft), as hypothesized by Yamada et al. (2010). 

Composites of the quasi-2-day disturbances support the idea that the quasi-2-day intervals 

of occurrence may be a consequence of the longer time scale of mesoscale convective 

system development and BL modification, a concept invoked by Chen and Houze (1997) 
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to account for what they called “diurnal dancing”. However, the very slow eastward drift 

of the initiation locations of the diurnally driven signals over the central IO, which moved 

westward and contributed to quasi-2-day convective disturbances over Gan, argues for a 

different interpretation of the mechanisms for these phenomena occurring during 

DYNAMO (described in Chapter 7) that incorporates ideas from earlier TOGA COARE 

(Takayabu et al. 1996; Chen and Houze 1997) and MISMO (Yamada et al. 2010) studies. 

Nevertheless, questions remain regarding a number of aspects of these phenomena. 

Why do quasi-2-day convective disturbances prevail during the convectively active 

phases of some MJOs but not others? For example, why were the disturbances so 

prominent over the DYNAMO array during the October MJO, but not the November MJO? 

What environmental conditions are needed to sustain these disturbances and what 

determines their horizontal scale? What roles do quasi-2-day convective disturbances 

play in the moistening of the atmosphere and momentum transport during the onset stage 

of the MJO? Further analyses with the radar data from Gan and cloud-resolving numerical 

simulations may help us characterize the convective structures of these disturbances and 

gain a better understanding of this intriguing phenomenon. 
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APPENDIX A Upper-air Radiosonde Observations 

and Data Quality Control in 

DYNAMO 

The upper-air sounding network for DYNAMO (as illustrated in Figure 1.9) has 

provided an unprecedented set of observations for studying the MJO along with its 

convective activities over the IO. The network covers the tropics from eastern Africa to 

the western Pacific with 72 rawinsonde sites and 13 aircraft missions. In total 25,938 

soundings were collected from this network during the DYNAMO extended observing 

period (EOP) from October 2011 to March 2012, and slightly more than half of those 

(13,074) are at high vertical resolution (hi-res; Ciesielski et al. 2014). 

The primary component of this sounding network is six core sounding sites in the 

central IO that formed two quadrilateral sounding arrays (Figure 2.1). These arrays were 

intact for the DYNAMO SOP from 1 October to 30 November with an overall success 

rate ~98% (defined as the ratio of successful sounding launches to those planned). Five 

of the six core sites used research-quality Vaisala RS92 radiosondes (Table A.1). And as 

the main focus of this study, Gan Island located on a vertex of both the northern and 

southern sounding arrays (73.15°E, 0.69°S), was a supersite where multiple radars were 

deployed (Yoneyama 2013, Figure 3, as shown in Figure A.1) and the reliable 

computations of the heating, moistening, and other detailed observations of the 

disturbances were made based on various instruments in addition to the soundings 

(Yoneyama 2013). 

In order to meet the scientific goals of the experiment and to create the “best 

possible” set of radiosonde observations, particular attention is given to the quality 
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control of the radiosonde dataset. Rigorous post-field phase processing of the radiosonde 

data includes several levels of quality checks (Table A.2 and Figure A.2) and a variety of 

corrections that address a number of issues (e.g., daytime dry bias, baseline surface data 

errors, ship deck heating effects, and artificial dry spikes in slow-ascent soundings), in 

which a significant effort was directed toward improving the quality of the humidity 

observations. 

The quality control (QC) procedure applied to the hi-res radiosonde data follows 

the schemes outlined in Loehrer et al. (1996) and Ciesielski et al. (2012). A flowchart is 

presented by Ciesielski et al. (2012, Figure 1, as shown in Figure A.2) outlining this 

procedure with four stages (or levels) of data processing. The first step was to convert the 

raw level 0 (L0 in Table A.2) sounding data from the various data formats created by the 

different data systems into a single, easily utilized format that we refer to as level 1 (L1) 

processing. All hi-res radiosonde data (L1 through L3) contain the basic fields (pressure, 

height, temperature, relative humidity, and winds) as well as ancillary fields (e.g., sonde 

ascent rate and geolocation information) as a function of time. Header lines in each 

sounding include the exact time of the radiosonde launch and the radiosonde serial 

number, which provide information on the manufacture date and can prove helpful in 

developing corrections. 

These efforts were followed by level 2 (L2) processing in which the hi-res 

soundings were passed through a series of automated QC algorithms (Loehrer et al. 1996) 

and visual inspection to systematically detect suspicious data values. An example of such 

an automated tool, the Atmospheric Sounding Processing Environment (ASPEN) 

developed by the NCAR Earth Observing Laboratory (EOL) can remove egregious data 

points based on several QC checks, filter the winds, compute geopotential height, smooth 

pressure, and write out the processed hi-res data in one of many convenient formats. This 
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software and its complete documentation can be obtained online (see 

www.eol.ucar.edu/isf/facilities /software/aspen/aspen.html). 

In level 3 (L3) processing, errors and biases in the data especially for humidity 

observations were identified and corrected, if possible. This level of processing resulted 

in the final high-resolution datasets to which corrections have been applied. To evaluate 

the humidity corrections, two different correction algorithms—the DigiCORA 

(proprietary correction algorithm built in the Vaisala ground station software) and Global 

Climate Observing System Reference Upper-Air Network (GRUAN; open-sourced 

correction algorithm containing uncertainty estimates; Immler et al. 2010; Immler and 

Sommer 2011; Dirksen et al. 2014)—are examined specifically for Vaisala RS92 

radiosondes at Gan (and other sounding sites as described in Yu et al. 2015).  

The analysis of mean RH profiles for Gan as shown in Figure A.3 suggests that 

both daytime and nighttime DigiCORA-corrected measurements lie within the 

uncertainty of the GRUAN measurements (left panels in Figure A.3), and the GRUAN- 

and DigiCORA-corrected RHs are statistically consistent at nearly all levels (right panels 

in Figure A.3) according to the consistency testing approach identical to that of Immler 

et al. 2010 (Yu et al. 2015). 

To further evaluate the corrections, total-column precipitable water (TPW) 

retrieved from two radiosonde-independent data sources, i.e., ground-based global 

positioning system (GPS) estimates and microwave radiometer (MWR), are used. Figure 

A.4 shows a comparison over the diurnal cycle for Gan between the uncorrected and 

corrected radiosonde estimates of TPW along with the GPS and MWR estimates. This 

analysis considers only the times when all estimates are available with the number of 

comparison observations in each period shown along the bottom of the top panel. Also 

shown here is the uncertainty range of TPW based on the uncertainty of GRUAN RH 



doi:10.6342/NTU201801684

 45 

measurements. To calculate the uncertainty range of TPW, the mean vertical profiles of 

RH uncertainty range were converted to mixing ratio and then integrated through the 

entire column. 

According to Figure A.4, excellent agreement was found at all sites between 

radiosonde and MWR values of TPW. Relative to the MWR estimates, all sounding 

corrections show a small (<2%) daytime dry bias and a similarly small nighttime moist 

bias. These differences are well within the uncertainties provided as part of the GRUAN 

data and suggest that the correction algorithms examined herein perform well at Gan (and 

over a wide range of tropical moisture conditions as shown in Yu et al. 2015). On the 

other hand, GPS TPW shows a systematic dry bias relative to the corrected radiosonde 

and MWR estimates of ~5% (or about 2 mm). 

Finally, after the level 3 corrections, in level 4 (L4) processing a more ‘‘user-

friendly’’ version of the sounding dataset was created with QC flags assigned to each 

variable, providing a measure of the data reliability. L4 processing was performed on sites 

with both GTS resolution and hi-res data, where L3 hi-res data were vertically 

interpolated to create values at uniform pressure intervals, specifically at 5-hPa. 

Suspicious data were identified through application of objective QC test as in Loehrer et 

al. (1996) and a subjective adjustment of QC flags by visual inspection (Ciesielski et al. 

2012). While tedious, visual inspection was necessary to ensure a research-quality dataset, 

since subtle errors in radiosonde data (e.g., superadiabatic layers near cloud top due to 

wet bulbing effects, layers of suspicious wind shear, boundary layer abnormalities, etc.) 

are often difficult to identify with objective procedures. By flagging suspect data values, 

the reliable data are easily retrievable with the users deciding what level of quality is 

acceptable for their analyses. 

In terms of performance, considering both quantity and quality of upper-air 
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radiosonde observations, operations in DYNAMO should be considered an extraordinary 

success, which is due to countless students, staff, and scientists from many agencies and 

universities in the United States, Japan, the Maldives, and Taiwan. 

All radiosonde data described herein, including the documentation describing the 

processing performed at each site, are available from the EOL DYNAMO data archive 

online (http://data.eol.ucar.edu/master_list/?project=DYNAMO). This part of the study 

on DYNAMO upper-air radiosonde observations and data quality control has been 

published, more discussion and details can be found in Ciesielski et al. (2012; 2014) and 

Yu et al. (2015). 
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APPENDIX B Statistical Significance of the Quasi-2-

day Convective Disturbances during 

DYNAMO 

During DYNAMO SOP from October to November 2011, two MJO convective 

envelopes passing over Gan were observed and identified as MJO1 in October (15–31 

October 2011) and MJO2 in November (15–30 November 2011) respectively. These two 

MJOs were certainly different as documented in Zhang et al. (2013) and Johnson et al. 

(2015). The main reason that the analysis during MJO2 was not included in this study is 

that the variances of both diurnal and quasi-2-day convective signals (IRBT) over Gan 

are not statistically at the 95% confidence level with p-values 6.38×10-12 and 6.85×10-8 

for diurnal and quasi-2-day oscillation, respectively (Figure B.1). In fact, as seen in Figure 

B.2, the spectral power of the convective signal during MJO2 is less significant than the 

red noise spectrum at the 95% confidence level (Figure B.2, right panel); while during 

MJO1 (Figure B.2, left panel) both the diurnal and quasi-2-day signals are significant at 

the 95% level. Similar results are found in TRMM rain rate analysis (Figure B.3). 

Even though both diurnal and quasi-2-day convective signals were robust during 

MJO1, as stated in Chapter 5, the variance of diurnal oscillation was statistically weaker 

than that of quasi-2-day oscillation over Gan at the 95% confidence level (p-value = 

2.4×10-22). Nevertheless, it is apparent that the quasi-2-day convective signal was robust 

during MJO1 and less significant during MJO2. As a result, despite the small sample size, 

the seven quasi-2-day convective disturbances observed at Gan during MJO1 in 

DYNAMO SOP are the focus of this study. 

In order to answer the question of whether these seven selected convective events 
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represent common features of quasi-2-day disturbances, the standard deviations (stdev) 

of the composites were examined. Figure B.4 shows the composite of IRBT stdev among 

seven cases (shaded) and the area with IRBT composite <240 K (green hatched). The 

significance test (t-test) suggests that the stdev within the green hatched region (IRBT 

<240 K) is significantly less than the overall stdev at the 95% confidence level (p-value 

= 3.6×10-25). This indicates that the selected seven convective events share statistically 

significant common zonal features of propagating quasi-2-day perturbations when the 

IRBT is lower due to higher cloud tops associated with deeper convection. 

For the vertical structures from Gan radiosonde, the t-test for the stdev of RH from 

Gan radiosonde (Figure B.5) suggests that the stdev is significantly smaller when the RH 

is higher than 75%. Throughout the convective intensifying and mature stage, the stdev 

is smaller than the overall stdev at the 95% confidence level (p-value = 0.0004), indicating 

a strong commonality in the vertical moisture structures among the seven selected cases 

when the convection is active. It does show some larger deviations during the stratiform 

stage, but according to Figure B.5 the impacts occur at higher altitude, the seven cases 

are more consistent in the lower troposphere where the effects of stratiform clouds and 

the BL modulation occur. 

Similar analyses were also applied to the composites of IRBT vertical structure. 

The t-test suggests that for the averaged vertical cloud top population >6 %, the seven 

individual cases as shown in Figure B.6 have common vertical structures to the composite 

(top left in Figure B.6), i.e. the stdev among the seven cases are significantly small at the 

95% confidence level (p-value = 0.03). 

Similar results come from analyses on w, Q1, and Q2 (Figure B.7 and Figure B.8), 

which suggest that the seven convective events show a statistically similar pattern 

(smaller stdev at the 95% confidence level) when w is smaller than –4 hPa/hr and larger 
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than +2 hPa/hr (p-value = 0.008 and 0.003, respectively), and Q1 (Q2) is larger than 4 

K/day with p-value = 0.0028 (0.02).  

In summary, the seven cases exhibit strong commonality with the composite being 

the best representative of individual events during periods when the convection is 

developing and more active. In addition, the seven quasi-2-day convective events display 

differences from a Eulerian view at Gan due to differences in smaller-scale convection 

along with the slow eastward propagation of the MJO1 convective envelope. 
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APPENDIX C Chapter 7 Interpretation of Quasi-2-

day Convective Disturbances (Chinese 

Version) ŀȎÿ­ĸòY�ƿǴ 

æƲǦj�Ƴ�¼ĵƣeÁĵ	ŀȎÿ­ĸòYşƷĿȪTakayabu et al. 

1996ȯChen and Houze 1997ȯHaertel and Johnson 1998ȯYamada et al. 2010ȫȬĎū

ŵĖð DYNAMO/AMIE/CINDY 2011ȪDYNAMOȫ©ȡ�eÁĵşƷĿîI�ȗ

üşƿǴȬƹǴ� 2011 ½`Ċ Madden-Julian OscillationȪMJOȫ­ĸķǔČǿ

ȪMJO1ȫȬ� Gan IslandäƷĿPşŀȎÿ­ĸòYĠQlEōĦŝŖǣČ� 

ǦjĖð TOGA COARE©ȡȬChen and Houze Ȫ1997ȫćOŘ 1992½`

�Ċ 11 ÿƠ 16 ÿIŒ�ǐǧƳ�¼ĵş�ƀL­ĸķYȬîIäǇ�diurnal 

dancing�Ȫ� 1.4�1.5ȫĠQƹǴŀȎÿ­ĸòY�ŉƙȬ� TOGA COAREČǿ

`�ĊäŝŖş MJO­ĸƀƆEĐƮǡÁƁňĨů 10–15C±Ȫ� 1.5b�1.6ȫȬ

ƙ DYNAMOČǿ`Ċ
ĀǠǦ�eÁĵşMJO­ĸƀƆȬR#ƁňĨů 1C±

Ȫ� 5.4aȫşǡÁtĐ;ǩ�Ĥ�Ȭ� TOGA COAREŀȎÿ­ĸòYŝŖČǿȬ

ǐǧƳ�¼ĵ�ƴĄmšƮĐȜÉȖ�Ŕ��ťȜKǖ Ȫ̄� 7.1ȫȯŦǖþ�MJO1

ČǿȬǐǧ�eÁĵ 700Ş¸#
ş+­ĸ³šƮƳȜ�#	RšƮĐȜȬ�ťȜ

Kǖ�Ȫ� 6.6aȫ��ĤŔ�À
Ȭǖ¯±ÁşƳƮ�ÿǌ]òYmtĐƌÜŰƮ

şMJO­ĸƀƆíQȬ� Gan IslandȁǚxŒ�ÿǌ]�tƳ;ǩş­ĸƺƬ�

ĤƄēƣ Chen and Houze Ȫ1997ȫşƹǴċä�sȬțŭĖð TOGA COAREƷ

ĿäîIşĠQ
�Ɲ¥AƹǴ DYNAMO ČǿşŀȎÿ­ĸòY��©	Ȭ

DYNAMOƷĿțŭ�MJO1ČǿȬȄ��ĐeÁĵmƪǽžƞ´�Çäńŝş�

ÿǌ]òY��Ȭ�ǐǧ�eÁĵȪĐƇ 80ÁƠ 85Áȫĵȕ	mE!qƝi�ń

ŝş�ÿǌ]­ĸƺƬȬ#Ĩů 10–15 C±şǡÁtƳ;ǩ
ǠǦ Gan Island ȁ

ǚȬ�ǁ_�mŔ�ÉȖȬ­ĸşŝŖǣČƱǅ÷ňŀȎÿ� 

ċǻþǐǧ�eÁĵƣǐǧƳ�¼ĵ�sşȜKŔ�ȬĎūŵ�OŘǮƓ

� Gan Islandş NCAR S-PolȒǨȬJđMJO1Čǿş�ƃŀȎÿ­ĸòY6ė�

S-Pol ȒǨJđțŭȬMJO1 ČǿşǮJŀȎÿ­ĸòY6ėŜ�IŒ­ĸƜtĐ
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ŰƮ�Ȣ³³ŎȑƀtƳ;ǩş­ĸƀƆŝŖȬș( Yamada et al. Ȫ2010ȫäî

IşŀȎÿ­ĸòYǲƒȬ1�Ȯ`Ċ 24ÿl 28ÿş6ėȪ� 7.2�7.3ȫȬŜ�

­ĸƜ#ƁĨů 13–14 C±şǡÁtĐŰY�ŉƙȬ�ƃ6ėŜ� ċǮJ6ė

țŭ�sş­ĸƜŰƮýtȬ1�IŒ�`Ċ 22ÿ6ė�t^ŰYş­ĸƜȪ�

7.4ȫ�f3�ƃ6ė\v��sş­ĸƜŰYýtȬäċ6ėŜ�ş³ŎȑlȑŬ

ǰmPȢ³ĐȜşÉȖȪ� 6.6aȫřĐtƳ;ǩ� 

�ĤȬǸ­ŀȎÿ­ĸòYşǌ]ǣČȬĎūŵîI��sþ Chen and 

Houze Ȫ1997ȫƣ Yamada et al. Ȫ2010ȫşƿǴ�ȟ?ȬqƝ'Ȋ 2011½`ĊMJO

­ĸƀƆƛ�Ȭ�ÿǌ]­ĸĳY�ǐǧeÁĵĐƇ 80 ÁƠ 85 Á_�IŒȬ


#Ĩů 10–15 C±şǡÁtƳ;ǩȬƁƦ���#ÎǠǦ DYNAMO ©ȡ_��

JđƄēêIȬĨ�tƳ;ǩş­ĸĳY�ǠǦ Gan Island_�ąȬĨB�<ĉƱ

ńŝ�Ģ�ÇáƍtŶǿ±ÁƁň 500–1000CǵşƃƏÕ­ĸƀƆȬ�Ĥ� Gan 

IslandIŒŀȎÿş­ĸŝŖǣČ�ƙ�ÿǌ]­ĸĳYĨB�<Ʊńŝ�Ģşi

�ȬÍċqƝĄmPS��ƃƏÕ­ĸƀƆÉȖ�řþS��­ĸƀƆÎČ+­ĸ

³ş�±ÁįȂȬ_�@À³�īlǭŚ³ǒþŴ¦Ȭ/ÏǭŚ³ÖÑPƝ�ńŝ

­ĸòYşąǿÂǼȬÉȖ�
�Ģ�ÿǌ]­ĸĳYşńŝȪ� 6.3�6.5�6.8�

6.11ȫ�Ȅ��±ÁşİȂĉ/ǭŚ³Ŵ¦��ȬtƳŰƮş³ŎȑƀäǢáş³

ŎȂĬl�ſ�ȑƵƩȪ� 6.6ȫȬ�ĉǅ÷ Gan Island_�ȁǚş+³�īlǭŚ

³ȬÂǼǭŚ³şÖÑąǿ�f3³ŎȑƀéƑmȢ³ĐȜÉȖtƳŰƮȬMJO1

Čǿ Gan Island_�ȁǚş+­ĸ³ƳȜ ĉ¬Ŵ¦şŶītĐ¼ĸƠ Gan IslandȬ

ċWþǁ_�@Ŵ¦ǭŚ³şƉéȬťP�ÿǌ]­ĸĳYHĢƱńŝ� 

�ĤȬĖðDYNAMOƷĿƄēȬĎūŵşƿǴ æƲChen and Houze Ȫ1997ȫ

ĠQŜ�ȀþǭŚ³ÖÑąǿÂǼşěÔ�ŉƙȬřþǐǧ�eÁĵƣǐǧƳ�¼

ĵ�sşȜKŔ�l�sşMJO;ǩǡÁȬĎūŵǮJıŘ Yamada et al. Ȫ2010ȫ

äîIşěÔĞ�ȬîI�sþ Chen and Houze Ȫ1997ȫşƿǴȬƹǴŝŖ�ǐ

ǧ�eÁĵMJO1ČǿşŀȎÿǣČ­ĸòY� 
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APPENDIX D Chapter 8 Summary and Concluding 

Remarks (Chinese Version)  

ǶƴƄǆƣūŵƎƄ 

ĎūŵJđ 2011½`Ċ 15Ơ 31ÿ�ǐǧ�eÁĵMadden-Julian Oscillation 

ȪMJOȫ­ĸķǔČǿȬDYNAMO/AMIE/CINDY 2011ȪDYNAMOȫ©ȡäƷĿ

P�ŝŖǣČƁƦňB�şƳƮ­ĸòYȪŀȎÿ­ĸòYȫ� 

ǥŘ DYNAMO©ȡČǿşìŶƷĿ�ưă�ȒǨǏúlEƯŖŗ{ȬĎū

ŵǸ­��eÁĵ Gan IslandĿŸäƷĿPş�ƃŀȎÿ­ĸòY6ėȬǤƮ\v

ráJđƣĳǊJđŽ§ƷJđ�ǶƴJđƄēĘL�
Ȯ 

�� 

ưăƂ�Ƌ�ÁŁÁȪIRBTȫƣ TRMMưăȂȐǏúțŭȬGan IslandĿ

Ÿ¦ȧƷĿPş�ƃŀȎÿ­ĸòY6ėȬ©ȉ	ň 2011 ½`Ċ MJO ­ĸķǔ

ČǿȪMJO1ȫƳƮǠǦ�eÁĵş­ĸƀƆǢá�ǁ­ĸƀƆ#�ƁB�şǣČ

IŒ�
#Ĩů 10–12 C±şǡÁtƳ;ǩ�ǁ;ǩǡÁƣǦj 1992–1993 ½�

ǐǧƳ�¼ĵ TOGA COARE ƷĿ©ȡäŝŒPşŀȎÿ­ĸòY;ǩǡÁ±Á

�ơȪĨů 10–19 C±ȯHaertel and Johnson 1998ȯTakayabu 1994bȫȯ) DYNAMO 

MJO1 ČǿòYtƳŰƮ 1000�1500 CǵşƍtŶǿ±Ág¯þ TOGA COARE

©ȡƷĿPş 2000–4000CǵȪChen et al. 1996ȯChen and Houze 1997ȯClayson et 

al. 2002ȫ� 

�� 

ĳǊJđ�Ȭâ7OŘ LanczosņĳýÄJȏ�ÿǣČȪ0.9–1.2�ȫƺƬƣ

ŀȎÿǣČȪ1.6–3�ȫƺƬȬƄēțŭĤ�ƃŀȎÿ­ĸòY6ė\vBŲ�ƴ

ş­ĸ�Û�ż�Ųň#Ĩů 10–12 C±ǡÁtƳ;ǩş�ÿǌ]­ĸĳY�J

đƄēțŭǁĳYĚċqƝƣŦŜhÁň 20C±�n=1şƳƮÝÕǶUĳȪinertial 

gravity waves; IGWsȫċȀȪTakayabu 1994a,bȯTakayabu et al 1996ȯWheeler and 

Kiladis 1999ȯHaertel and Kiladis 2004ȫ�ż�ŲňƍtŶǿ±ÁƁ 1000Cǵ��

Gan Islandȁǚ_�ŝ²şŀȎÿ­ĸòY��MJO1ČǿȬǁòYňíQ�eÁ
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ĵ�ōNĄ Gan IslandȁǚȂĬÆÁl­ĸŝ²Ŷǿ±Áş�ƴ� Ȭ
ƹǴǑǦ

�aş�ÁŁÁƺƬǌśȪ54.7%ȫ�țŭ_�ÕşŀȎÿ­ĸòYȬċô�¬ƳƮ

Ơ Gan Islandȁǚş�ÿǌ]­ĸĳYǅ÷ňŀȎÿşŝŖǣČ� 

�� 

ưăǏúJđțŭȬMJO1ČǿŀȎÿǣČƣ�ÿǣČş­ĸòY�eÁĵ

Fċ�sşJ·ōÒ�ŀȎÿ­ĸòY�ƴJ·�^ƍ 10 ÁƠbƍ 10 Áşǐǧ

ĵȕȬȒsþ TOGA COAREşƷĿȪHaertel and Johnson 1998ȫ��ÿǣČş­ĸ

òYRƣeÁĵyǫş�ÇƊ¨ȀƚȬ�ƴJ·�ƪǽžƞ´�eÁbź�#lû

ǵƫdȬțŭ�ÿǣČş­ĸòY�ƴĄm�Çäńŝ�ƙ��eÁĵǾóĵȕ	Ȭ

ŀȎÿǣČ­ĸòYşÆÁƣŶǿ±ÁǪ�þ�ÿǣČş­ĸòY� 

�� 

ráJđŜ�Ȭâ7#MJO1Čǿ Gan Islandȁǚ 150Cǵ_�@�¼��

ÁŁÁIŒŦ­+8şąǿň�ŀȪ0 hȫȬǤƮ�ƃŀȎÿ­ĸòY6ėş 48¯

ąráȬġƶ­ĸòY@ş�ť�īōÒ�ƄēțŭŀȎÿ­ĸòYşŖzČFċ

G��±Á­ĸƀƆȪMCSsȫşǌ]ōÒȮf�ļ­ĸȭĻ­ĸȭ³Ŏȑ�şǌ

]��ĤȬŀȎÿ­ĸòYşŖzČq_Jň
ǜ�6ȈħȮ 

1�­ĸçQČȪconvective suppressed stageȯ–1 dƠ–9 hȫȮĬī�ƴȍ��

ǭŚ³l+­ĸ³�+­ĸ³mļųȑ�®� 

2�­ĸŝ²ČȪconvective intensifying stageȯ–9 hƠ 0 hȫȮŜ�ǖļş­

ĸȑǞŃŝ²ňĻ­ĸȑȬȄ�Ǣá Gan Islandȁǚ_�@şȂĬÆÁ�VȬ��

®_�@ş�ī�ťƄĜ� 

3�­ĸáŋČȪmature stageȯ0 hƠ+6 hȫȮĻ­ĸȑŝ²āš�ȑŬǾ�

IŒ�áŋȈħÎČĻ­ĸȑǞŃǙ]ň³Ŏȑ� 

4�³ŎȑČȪstratiform stageȯ+6 hƠ+18 hȫȮGan Island_�@�ǮJş

­ĸȑǰĹö�Ǚ]ň³Ŏȑl³ŎȂĬ�®ş�īƄĜ� 

ŀȎÿ­ĸòYşŖzČȄ�ƣ�±Á­ĸƀƆș(Ȭ�ƣǖ�±Áş­

ĸķY��£@ȓţȪISOsȫşŖzČǌ]ș(ȪKiladis et al. 2009ȫ� 

�� 

ráJđsąġȡŀȎÿ­ĸòYŜ�şǘ«ôÞ�Q1Ȫapparent heat 
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sourcesȫ�Q2Ȫapparent moisture sinksȫlE!�īŎÛǌøş�ťƄĜȮ�ŦŜ*

ŁlŁÁǩľŐ�ƄēțŭȬ­ĸŝ²Ǧű�Ļ­ĸȑ@şǘ«VŌȬqƝĉȠ/

áŋȈħÎČ­ĸȑǙ]ň³ŎȑşǦű�Q1l Q2ş�ťƄĜǌ]�ƣ­ĸȑǙ

]ň³ŎȑşǦű�ơ��³ŎȑȈħȬm�±Á­ĸǦűÉȖƙIŒ�ǭŚ³@�

ǼǨ`¿¯ąş+ŦŜ*ŁJ·Ȭ�țŭŀȎÿǣČşIŒȬqƝĄmP�±Á­

ĸǦűşÉȖȬEĠQș(þ Chen and Houze Ȫ1997ȫĖð TOGA COARE©ȡ

äîIşƷȧ� 

ƈ÷#	JđƄē�
ĖðǦj�Ƴ�¼ĵƣeÁĵşƷĿȬĎūŵîI�

ȗěÔĞ�ȬƿǴ DYNAMO ©ȡČǿäƷĿPşŀȎÿ­ĸòYȪ�� 7.5 ä

ŭȫ�ĖðŭÙ�ȬŀȎÿ­ĸòYşŖzČș( TakayabuŽOŘƳ�¼ĵ TOGA 

COARE ƷĿşƄēȮFċ�ļ­ĸȭĻ­ĸȭ³Ŏȑ�şǌ]ȪTakayabu et al. 

1996�� 19ȯ�� 1.3äŭȫ�DYNAMOl TOGA COAREBȗƷĿ©ȡŠțŭȬ

ŀȎÿ­ĸòYşŖzČŜ�FċǖǼş³ŎȑȈħȬș(ǼŖzČş�±Á­

ĸƀƆãȝƋƀƆ�ƙ� DYNAMO©ȡČǿş�ƃ6ė�ȬNCAR S-PolȒǨǏ

ú�țŭǮJ6ė¢�ǼŖzČşȝƋȪ� 7.2Ơ 7.4ȫ� 

ĖðưăƷĿ#lǦj Nakazawa Ȫ1988ȫäîIşØĲȬŝŖ�ǐǧ�e

ÁĵMJO1ČǿşŀȎÿǣČ­ĸòYȬĈMĄmPMJO­ĸķǔČǿtƳŰƮ

ş�ÿǌ]­ĸĳYȪÝÕǶUĳȫ�®ȯǁ­ĸĳY��eÁĵ�ōNĄ Gan 

Island_�ȁǚȬm�±Á­ĸǦűÉȖƙƱǅ÷ňŀȎÿǣČş­ĸòY��ĤȬ

ŀȎÿ­ĸòYşIŒqƱƶňtƳ;ǩşǶUĳƣ_�ÕŀȎÿǣČ­ĸķY

şráƄē�Ĥ�ȬȒǨJđ�țŭ�ƷĿPş�ƃ6ėŜ�ȬǮJ¢�mȜKŔ

�ÉȖƙ��ŰƮş­ĸȑƀƆȮ\vmÀ³ƳȜÉȖƙtĐŰƮş­ĸȑ�#l

mȢ³ĐȜÉȖƙtƳ;ǩş³ŎȑŽȢ³ȑƀ�ǁƄēș( 2006 ½eÁĵ

MISMO©ȡşŝŒȬ#l Yamada et al. Ȫ2010ȫǸ­eÁĵŀȎÿ­ĸòYîI

şqƝĠQ� 

ĖðráJđȬǅ÷ƳƮ�ÿǌ]­ĸĳYş_�ÕŀȎÿ­ĸòYȬ�ƛ

�þǖǼąǿş�±Á­ĸŝ²Ǧű#lǖǼąǿşǭŚ³ÖÑȬș( Chen and 

Houze Ȫ1997ȫîIş�diurnal dancing�ĠQ�ŉƙȬƣ Chen and Houzeş TOGA 

COARE ƷĿƄē�sȬ� DYNAMOČǿȬtĐŰƮş MJO­ĸƺƬȪMJO1ȫ
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��eÁĵşŰƮǡÁŦ­ƌÜȬ/ÏtƳŰƮş¯±Á�ÿǌ]­ĸĳY��

eÁĵ_�Ʊċô�ǅ÷ňŀȎÿǣČ��ĤȬ�sþ Chen and HouzeşƹǴȬ

Ďūŵ�ƿǴ	Ȫ�ż 7ŹäǜȫȬ¬MJO1ČǿŝŖşŀȎÿ­ĸòYƶňtƳ

;ǩş�ÿǣČ­ĸĳYȪǶUĳȫ�ƣ_�ÕŀȎÿǣČ�±Á­ĸķY��-

Ř
şƄē� 

ŉƙȬ�ĎūŵşƿǴäĺƩſ���ȬŀȎÿ­ĸòY ċƼ�³ȕş~

Ș ÌƹĮ�ň,ŀȎÿ­ĸòYIŒ�Ĕ� MJO ­ĸķǔąČȬ� 2011 ½`

Ċ&ş MJOȯƙ�Ĕ� MJOŜ�RčƱŝŒȪ� 2011½`�Ċl`�ĊȫȰĤ

�Ȭ�ȤğşŔ�Ę%ĉƉéŀȎÿ­ĸòYşIŒȰƙ�ȤğşĘ%Į¦EŰ

ƮşĬ¼Ŷǿ±ÁȰHƘȬŀȎÿ­ĸòY�MJOƛ�ČǿȬ­þŅ]­ĸ³ƣ

YǷ;Ǘ	kåł�ȤğşƸƥȰ 

ÎƑǸ­ DYNAMO ȒǨǏúşǂŢJđ#lȑƹđø8ĞñȬãƝ�ž

#	~ȘȬ
Ǥ�ĥ»Wâ7Ũƹǐǧĵȕ	şŀȎÿ­ĸòYŒǍ� 
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TABLES 

 

 Date Time (UTC) 
Event 1 16 Oct. 2011 1200 
Event 2 18 Oct. 2011 2100 
Event 3 20 Oct. 2011 2100 
Event 4 22 Oct. 2011 0300 
Event 5 24 Oct. 2011 0600 
Event 6 26 Oct. 2011 0600 
Event 7 28 Oct. 2011 1200 

 

Table 3.1. Date and time of the minimum peaks of 6-hourly averaged IRBT over 150-km 

radius circular region around Gan. The seven most convectively active events with quasi-

2-day intervals of occurrence were selected during 15–31 October 2011 in DYNAMO. 

LT = UTC + 5. 

  



doi:10.6342/NTU201801684

 65 

Date Time (UTC) 
16 Oct. 2011 0800 
18 Oct. 2011 1800 
20 Oct. 2011 2000 
22 Oct. 2011 0100 
24 Oct. 2011 0300 
26 Oct. 2011 0200 
18 Nov. 2011 0300 
23 Nov. 2011 0700 
27 Nov. 2011 0200 
20 Dec. 2011 2100 
23 Dec. 2011 2000 

 

Table 3.2. Date and time of the selected maxima in rain accumulation based on hourly S-

Pol rain accumulation for the 11 rainiest events during the October 2011–January 2012 

period of the DYNAMO campaign. (Table 3 in Zuluaga and Houze 2013) 
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Site Station ID Radiosonde 
type 

Native 
resolution 

(s) 

No. of 
soundings 

Dates of 
retrieved data 

Colombo 43466 Meisei 
RS06G 1 258 1 Oct 2011– 

28 Dec 2011 

Diego Garcia DRG Vaisala 
RS92-SGP 1 679 30 Sep 2011– 

15 Jan 2012 

Gan 43599 Vaisala 
RS92-SGP 2 1250 15 Jun 2011– 

8 Apr 2012 

Malé 43555 Vaisala 
RS92-SGP 2 323 29 Sep 2011– 

15 Dec 2011 

R/V Mirai JNSR Vaisala 
RS92-SGP 2 518 26 Sep 2011– 

10 Dec 2011 

R/V Revelle KAOU Vaisala 
RS92-SGP 1 635 30 Aug 2011– 

10 Feb 2012 
 

Table A.1. DYNAMO site information for the six core stations. Native resolution 

refers to the vertical time resolution of the data received at NCAR EOL. (Table 2 in 

Ciesielski et al. 2014) 
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Level Description 

Level 0 (L0) Raw, unprocessed hi-res data in original formats 

Level 1 (L1) Initial hi-res data: uniform, easily readable format. 

Level 2 (L2) Preliminary hi-res data: processed with automated and 
visual QC. 

Level 3 (L3) Final hi-res data: corrected for biases and errors if 
necessary. 

Level 4 (L4) 
Uniform vertical resolution data created from hi-res 

datasets and GTS resolution soundings processed with 
objective QC checks and visual inspection. 

 

Table A.2. Post-processing stages for DYNAMO radiosonde dataset with a brief 

description of the dataset at each level. (Table 5 in Ciesielski et al. 2014) 
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FIGURES 

 

 
 
Figure 1.1. The entire TOGA COARE domain during the IOP. The legends beneath 

the panels refer to the symbols used to represent the observational platforms. The large-

scale domain (LSD), the outer sounding array (OSA) and the intensive flux array (IFA) 

are outlined. (Figure 14 in Webster and Lukas 1992) 
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Figure 1.2. (top) Time-longitude diagram of 3-hourly infrared brightness temperature 

from Japanese Geostationary Meteorological Satellite (GMS) along 1.5-2.5°S for TOGA 

COARE period, (Figure 2 in Takayabu et al. 1996) and (bottom) time variations of the 
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averaged brightness temperature over IFA (thicker line) and OSA (thinner line) for 

December 1992. The vertical dashed lines indicate the 8 quasi-2-day events examined. 

(Figure 4 in Takayabu et al. 1996) 
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Figure 1.3. Schematics for the quasi-2-day variation in TOGA COARE. Straight 

arrows indicate the vertical air motion and wavy arrows indicate the surface heat flux. 

(Figure 19 in Takayabu et al. 1996) 
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Figure 1.4. Schematic of the 2-day cycle of surface-cloud-radiation interaction for 

large convective systems. Tair is the surface air temperature. (Figure 18 in Chen and Houze 

1997) 
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Figure 1.5. Schematics of the time-longitude variation of cold cloud tops of large 

convective systems during the active phase of the ISO. (a) Spatial variation of the large 

convective systems within the envelope of the ISO caused by the diurnal behavior of these 

large systems alone (solid circles <208 K, dashed circles ~235–260 K). The smallest 

circle represents the early stage of the system (first afternoon cross-section in Figure 1.4), 

the largest circle represents the mature stage with the maximum areal extent of cold cloud 

tops (pre-dawn cross-section in Figure 1.4), and the dashed circles represent the warmer 

cloud deck (last cross-section in Figure 1.4). (b) The westward-propagating speed of 2-

day equatorial inertial gravity waves is added to the westward displacement of the starting 

location of a new convective system. The pattern in (b) is the sum of the effects of the 

ISO, 2-day waves and the diurnal cycle of large convective systems. (Figure 19 in Chen 

and Houze 1997) 
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Figure 1.6. Time-longitude diagram of deep convection with cloud-top temperature 

<208 K for December 1992. The contours are the number of pixels colder than 208 K in 

a 10° latitude band along each longitude grid. The arrows are 850-hPa total wind (m/s) 

averaged over the 10° latitude band. The position of the IFA is indicated at the top of the 

figure. (Figure 9b in Chen et al. 1996) 
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Figure 1.7. Time-longitude diagrams of (a) the cloud-top temperature and (b) rainfall 

rate. Solid and dashed lines indicate eastward-propagating precipitating systems (EP1–

EP4) and westward-propagating cloud shields (WS1–WS9), respectively. (c) 

Classification of 12-hourly observational points into three types. The longitude of each 

point corresponds to the center of the zonal axis in the composite datasets. (Figure 8 in 

Yamada et al. 2010) 
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Figure 1.8. Schematic of the mesoscale structure of the super cloud cluster (SCC) 

during MISMO, (a) view in the zonal–time section and (b)–(f) series of the zonal–vertical 

sections. (Figure 15 in Yamada et al. 2010) 
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Figure 1.9. DYNAMO–CINDY–AMIE radiosonde observation network for the 

period October–December 2011, including high-frequency soundings (4 and 8 launches 

per day; yellow and red dots, respectively) and operational sounding sites (1 or 2 launches 

per day; black dots). Solid lines indicate the enhanced southern/northern sounding arrays 

during the SOP in the central IO, which consists of Gan Island (Addu Atoll) and Male, 

Maldives; Diego Garcia Island, Colombo, Sri Lanka; and two ship sites at 0°, 80.5°E and 

8°S, 80.5°E. (Figure 1 in Johnson et al 2015) 

  

Details of the sounding systems, observing characteris-
tics, and quality-control procedures are contained in
Ciesielski et al. (2014a). Incorporated into our analyses
are corrections for flow distortion and island heating ef-
fects by themountainous island of Sri Lanka onColombo
soundings (Ciesielski et al. 2014b). Blockage of the low-
level flow by the island terrain frequently disrupts the
winds at Colombo below about 2km. This local effect is
aliased onto larger scales and impairs computations of
divergence over the NSA. The procedure developed by
Ciesielski et al. (2014b) mitigates the impacts of Sri
Lanka flow blocking on budgets over the NSA by using
European Centre for Medium-RangeWeather Forecasts
(ECMWF) Operational Analysis (OA) data away from
the island to estimate what the wind, temperature, and
moisture would be in the lowest 2 km at Colombo were
the island not present.
The previous study of the thermodynamic and kine-

matic fields during the DYNAMO special observing pe-
riod (SOP) (October and November 2011) by Johnson
and Ciesielski (2013) was based on a preliminary version
of the sounding data, which did not include corrections
for humidity sensor biases at all sites. This study uses the
complete set of corrections for humidity biases based
on procedures described in Ciesielski et al. (2014a). In
DYNAMO, Vaisala RS92 systems were used at five of
the six SSA and NSA sites, while Colombo used a Meisei
system. The humidity biases for the RS92s have been
found to be relatively small—namely, daytime dry biases
of ; 2% in the lower troposphere and 5%–6% in the
upper troposphere, which are only a third of the magni-
tude of the biases for the Vaisala RS80 sensors used in
TOGACOARE(Wang et al. 2002; Ciesielski et al. 2003).

In addition to upsonde data, dropsonde data from the
National Oceanic and Atmospheric Administration
(NOAA) P-3 aircraft were incorporated into the gridded
analyses described below. There were 469 dropsonde
observations from 13 flights in proximity to the sounding
arrays during the period 9 November–13 December.
To supplement conventional sounding winds, two

sources of satellite winds were employed. First, surface
winds over the ocean were obtained from the Advanced
Scatterometer (ASCAT) on the MetOp-A satellite,
which provides wind estimates nominally twice per day
(0300–0600 and 1500–1800 UTC over the Indian Ocean)
on a 12.5-km grid (Figa-Saldaña et al. 2002). To facilitate
their use in our objective analysis, nonrain contaminated
level 2ASCATwinds were averaged into 3-h, 2.58 bins. In
addition to these surface winds, we utilized upper-level
atmospheric motion vector data derived fromMeteosat-7
visible, infrared, and water vapor data (Holmlund et al.
2001) produced by the Cooperative Institute of Mete-
orological Studies (CIMSS). For our analysis, these
hourly wind vectors were averaged into 3-h, 25-hPa,
58-resolution bins and used, only if at least three high-
quality wind observations were present in a given bin.
With this criterion, averaged satellite winds over the
central Indian Ocean were available at 58 resolution
.80% of the time for levels between 300 and 175 hPa
and ; 20% of the time for levels between 825 and
775 hPa with few observations at other levels.
Sounding thermodynamic data were supplemented

with radio occultation (RO) profiles ofT and Td from the
Constellation Observing System for Meteorology, Iono-
sphere and Climate (COSMIC) wetPrf product based on
a 1D variational analysis using ECMWF analysis as a first

FIG. 1. DYNAMO–CINDY–AMIE sounding network for the period October–December 2011. Analysis domain includes high-
frequency soundings (4 and 8 day21; yellow and red dots, respectively) and operational sounding sites (1 or 2 day21; black dots). Data from
R/V Sagar Kanya (S. K.) and R/V Baruna Jaya (B. J.), which were on station for brief periods (25 Sep–19 Oct for S. K. and 5–18 Dec for
B. J.), were also utilized in the analyses. Sites with enhanced sounding frequency during the SOP are labeled.
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Figure 1.10. Time-longitude diagram of satellite infrared brightness temperature (K, 

colored) averaged over 150 km north and south of the latitude of Gan over the IO region 

from 10 October to 28 December 2011. The blue dashed lines, from left to right, indicate 

the longitudes of sites at Gan Island (73.15°E), R/V Revelle (80.5°E) and Padang on 

Sumatra Island (100.35°E). The ordinate is the date-time in UTC (00Z), and the upper 

abscissa is the local time zone to Greenwich Mean Time (GMT). 
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Figure 1.11. Similar to Figure 1.10 except for TRMM rain rate. 
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Figure 2.1. The DYNAMO enhanced sounding array (ESA) in the central equatorial 

IO during DYNAMO SOP. High frequency sounding sites with 8 launches (4 launches) 

per day are indicated with red (yellow) circles. Most analyses in this study focus on Gan 

at 0.69°S, 73.15°E. The outer black circle around Gan indicates the 150-km radius. 

circular region for satellite data averaging and the AMIE-Gan large-scale objective 

analysis domain. 
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Figure 3.1. (a) Time series of IRBT areal percentage in 5 K intervals (%; colored) and 

6-hourly running averaged IRBT (K; red solid curve), TRMM 3B42 rain rate (mm/hr; 

blue solid curve) and adjusted SMART-R surface rain rate (mm/hr; blue dotted curve) 

over the 150-km radius circular region around Gan (as indicated in Figure 2.1) during late 

October 2011. The times of seven selected quasi-2-day (q2d.) convective events are 

indicated with black dots and labeled with local time at Gan (GMT+5). The criteria for 

the convectively active events are indicated with IRBT peaks <240 K (red dashed line) 

and averaged TRMM rain rate peaks >1 mm/hr (blue dashed line). (b) Time series of 

filtered IRBT signal within a diurnal frequency band (0.9–1.2 day). The dashed black line 

indicates zero. (c) Same as (b) except for quasi-2-day frequency band (1.6–3 day). Times 

of low peaks are indicated in both (b) and (c) with black dots and labeled with local time 

at Gan (GMT+5). Note that the ordinate for IRBT on the left of (a) is in reverse order. 

And the abscissa indicates the date-time in UTC (00Z).  
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Figure 3.2. Images of SMART-R range height indicator (RHI) scans at Gan on 30 

October 2011. From (a) to (f), 00:30Z, 01:30Z, 02:30Z, 03:30Z, 04:30Z, and 05:30Z. The 

averaged rain rate over Gan reached a maximum around 03Z according to Figure 3.1. The 

azimuthal angle is 147° out to a range of 100 km. Images are available at 

http://catalog.eol.ucar.edu/cgi-

bin/dynamo/research/prod_browse?platform=SMARTR&prod=smartr_DBZ_RHI_147d

eg&howmany=Use+Start%2FEnd+Dates+-

%3E&start=20111029&end=20111031&submit=retrieve+products.  
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Figure 4.1. Time-longitude diagram of IRBT (K, colored) and TRMM rain rate (green 

contours for 1 mm/hr) averaged over 150 km north and south of the latitude of Gan over 

the IO region from 10 October to 10 November 2011. The blue dashed lines, from left to 

right, indicate the longitudes of sites at Gan Island (73.15°E), R/V Revelle (80.5°E) and 

Padang on Sumatra Island (100.35°E). The red dots along the longitude of Gan Island 

indicate the time of convective events listed in Table 3.1. The ordinate is the date-time in 

UTC (00Z), and the upper abscissa is the local time zone to GMT. 
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Figure 4.2. Similar to Figure 4.1 except for the quasi-2-day convective events 

composite. The red dot in the center indicates 0 h of each case. The green hatched contours 

indicate the TRMM rain rate composite >1 mm/hr, the gray arrows the 850-hPa total wind 

composite, and the two blue dashed lines, the longitudes of Gan Island (left) and R/V 

Revelle (right). 
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Figure 4.3. Composite IRBT (colored) and TRMM rain rate (green contours for 1 

mm/hr) horizontal distributions of the quasi-2-day convective events. The 150-km region 

around Gan was indicated in a black circle. The times relative to 0 h are indicated on the 

bottom right in each subfigure. The composites are shown from –12 h to +12 h which 

comprises the time window of primary convective activity associated with the quasi-2-

day events. 
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Figure 4.4. Composite time-longitude series of brightness temperature (°C). 

Averaging is done from 5°S to 5°N for all but two cases during TOGA COARE (22, 24 

Dec. 1992). For these cases, the averaging is done from 10°S to the equator. (Figure 9 in 

Haertel and Johnson 1998) 
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Figure 5.1. Fourier power spectrum of averaged IRBT over the 150-km region around 

Gan during October-December 2011 (gray dotted) and MJO1 period (black solid). The 

vertical dashed lines from left to right correspond to the periods of 3, 1.6, 1.2, and 0.9 

days, as labeled. 
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Figure 5.2. Fourier power spectrum of averaged brightness temperature over IFA for 

the period from November 1992 to February 1993 during TOGA COARE. The vertical 

dotted lines correspond to periods of 1.6 and 3.0 days. (Figure 5 in Haertel and Johnson 

1998) 
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Figure 5.3. The response functions for diurnal (dc.; left) and quasi-2-day (q2d.; right) 

frequency bands associated with the Lanczos bandpass filter used in this study. 
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Figure 5.4. (a), (b): Time-longitude diagrams of the filtered IRBT variations with (a) 

diurnal periodicity (0.9–1.2 day) and (b) quasi-2-day periodicity (1.6–3 day) during 

MJO1. The black contours in both figures indicate the unfiltered averaged IRBT <240 K. 

(c), (d): as in (a) and (b), except for the filtered TRMM rain rate variations. The black 

contours here indicate the unfiltered averaged TRMM rain rate >1 mm/hr. In all 

subfigures, the blue dashed lines, from left to right, indicate the longitudes of sites at Gan 

Island (73.15°E), R/V Revelle (80.5°E) and Padang on Sumatra Island (100.35°E). The 

red dots along the longitude of Gan Island indicate the time of convective events listed in 

Table 3.1. The ordinate is the date-time in UTC (00Z), and the upper abscissa is the local 

time zone to GMT. 
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Figure 5.5. Time-longitude diagram of NOAA High Resolution SST (°C, colored) 

provided by the NOAA/OAR/ESRL PSD (data available at 

https://www.esrl.noaa.gov/psd/data/gridded/data.noaa.oisst.v2.highres.html) and IRBT 

(green contours for 240K) averaged over 150 km north and south of the latitude of Gan 

over the IO region from 14 October to 5 November 2011. The blue dashed lines, from left 

to right, indicate the longitudes of sites at Gan Island (73.15°E), R/V Revelle (80.5°E) 

and Padang on Sumatra Island (100.35°E). The red dots along the longitude of Gan Island 

indicate the time of convective events listed in Table 3.1. The ordinate is the date-time in 

UTC (00Z), and the upper abscissa is the local time zone to GMT. 
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Figure 5.6. Similar to Figure 5.4 except for the seven convective events composites. 

The black hatched contours indicate the unfiltered average IRBT composite <240 K in (a) 

and (b), and unfiltered average TRMM rain rate composite >1 mm/hr in (c) and (d). Red 

dots in all subfigures denotes 0 h for the quasi-2-day events. 
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Figure 5.7. Similar to Figure 5.6a except the longitude ranges from 60°E to 90°E. The 

red double arrows indicate the estimated zonal spatial scales of propagating diurnal 

signals. 
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Figure 5.8. Dispersion diagram with an estimated characteristic value of the 

propagating diurnal signals within the seven quasi-2-day convective events obtained from 

the composite during DYNAMO (black dot), and that estimated in Takayabu 1994b 

(black circle). Similar to Figure 8 in Takayabu 1994b, the dispersion curves indicate the 

n=1 westward-propagating inertia-gravity waves (solid) and n=1 Rossby waves (dashed) 

with the equivalent depths of 10m, 20m, and 30m, respectively. 
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Figure 5.9. Maps of IRBT and TRMM rain rate variances over tropical IO during 

MJO1 for (a) quasi-2-day (1.6–3 day) and (b) diurnal (0.9–1.2 day) periodicity. The 

colored regions indicate the IRBT variance, the green contours indicate the TRMM rain 

rate variance >0.64 mm2/hr2. (c): The mean variances of IRBT over 150-km north and 

south of Gan during MJO1. The red (blue) curve indicates the quasi-2-day (diurnal) 

variance as a function of longitude, and the blue vertical dashed lines indicate from left 

to right the longitudes of Gan Island, R/V Revelle and Padang on Sumatra Island. (d): 

Same as (c) except for the mean variances of TRMM rain rate. 
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Figure 5.10. The percentage of brightness temperature variance associated with 1.6 to 

3-day Fourier components for the period 11 November 1992 to 19 February 1993. (Figure 

7 in Haertel and Johnson 1998) 
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Figure 5.11. Same as Figure 5.9 except for the averaged variance distribution during 

October, November, and December from 1998 to 2012. 
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Figure 5.12. Each sub-figure shows the variance distribution of quasi-2-day signal over 

the IO from October to December for years from 1998 to 2012. 
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Figure 5.13. Identical to Figure 5.12 except for the variance distribution of the diurnal 

signal. 

  



doi:10.6342/NTU201801684

 100 

 

 

Figure 5.14. (top) Spatial distribution of mean SST over the IO averaged during MJO1 

from NOAA OISST V2 dataset (0.25° resolution). The dashed blue boxes indicate the 

SST averaging areas for IOD index calculation according to Saji et al. (1999), the 

averaged values of SST are shown in the top left of each box and the calculated IOD index 

is shown in the title. (bottom) Spatial distribution of quasi-2-day signal variance same as 

Figure 5.9a. 

  



doi:10.6342/NTU201801684

 101 

 

 

Figure 5.15. (top) Spatial distribution of mean SST over the IO averaged from October 

to December in 2006. The dashed blue boxes indicate the SST averaging areas for IOD 

index calculation according to Saji et al. (1999), the averaged values of SST are shown in 

the top left of each box and the calculated IOD index is shown in the legend. (bottom) 

Spatial distribution of quasi-2-day signal variance similar to Figure 5.11a except for 

October to December 2006. 

  



doi:10.6342/NTU201801684

 102 

 

 

Figure 5.16. Identical to Figure 5.15 except for the year 1998. 
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Figure 5.17. Identical to Figure 5.15 except for the year 2010. 
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Figure 6.1. The 48-hours window composites for the quasi-2-day convective events. 

(a) Composite IRBT areal percentage (%) calculated as in Figure 3.1a. Black solid 

contours indicate percentages from 6% to 14% with intervals of 2%. The black dotted 

line near 600 hPa (blue dashed line near 950 hPa) indicates the period-mean 0°C level 

height (boundary layer height) calculated from Gan radiosonde. The boundary layer 

heights in the composite analysis are based on mixed layer depths reported in Johnson 

and Ciesielski (2017). (b) Averaged IRBT (red dashed), averaged TRMM rain rate (blue 

solid) and adjusted SMART-R surface rain rate (green dash-dotted) over Gan. The vertical 

gray dotted line indicates 0 h. 
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Figure 6.2. The 48-hours window composites for the quasi-2-day convective events, 

including RH from Gan radiosonde with respect to ice for T < 0°C (colored) and water 

vapor mixing ratio (q) anomaly from AMIE-Gan objective analysis (g/kg; positive values 

in black solid contours and negative values in black dashed contours). The period-mean 

0°C level height and the boundary layer height are indicated the same as in Figure 6.1. 
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Figure 6.3. Composites similar to Figure 6.2, except for the temperature anomaly (K; 

colored) from radiosonde at Gan overlaid with (a) the IRBT areal percentage from 6% to 

14% same as Figure 6.1a (black contour), and (b) geopotential height anomaly (m; 

positive values in black contour and negative values in dashed black contour) from Gan 

radiosonde. The period-mean 0°C level height and the boundary layer height in each 

subfigure are indicated the same as in Figure 6.1. 
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Figure 6.4. An example of “onion-type” radiosonde profile in the high vertical 

resolution skew-T log-P diagram of Gan radiosonde at 02Z on 17 October 2011, 

corresponding to +18 h in the quasi-2-day life cycle. The red and green solid lines indicate 

the temperature and dew-point temperature profiles respectively. The blue dashed line 

indicates the 0°C level. 
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Figure 6.5. Phase diagram for the composites of temperature anomaly (abscissa) and 

moisture anomaly (ordinate) under 900-hPa in the quasi-2-day convective disturbances. 

The 3-hourly times in the 48-hour window are indicated in gray, four stages of convection 

— suppressed, convective intensifying, mature and stratiform — are represented in circle, 

triangle, diamond, and square, respectively. 
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Figure 6.6. Composites similar to Figure 6.2, except for (a) the zonal wind (m/s), and 

(b) the zonal wind anomaly (m/s) from radiosonde at Gan. The period-mean 0°C level 

height and the boundary layer height in each subfigure are indicated the same as in Figure 

6.1. 
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Figure 6.7. Similar composites to Figure 6.2 except for the variations of cloud 

radiative forcings (CRF; K/day) from the CombRet dataset. Figure 6.7a to Figure 6.7c 

indicates the total cloud radiative heating rate (QR = LW + SW), the longwave (LW) cloud 

heating rate, and shortwave (SW) cloud heating rate respectively. The period-mean 0°C 

level height and the boundary layer height in each subfigure are indicated the same as in 

Figure 6.1. 
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Figure 6.8. Composite similar to Figure 6.2, except for the horizontal wind divergence 

(colored; in units of 10-5s-1) and the vertical motions (in units of hPa/hr; upward motions 

in solid contours and downward motions in dashed contours). The period-mean 0°C level 

height and the boundary layer height in each subfigure are indicated the same as in Figure 

6.1. 
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Figure 6.9. Composite similar to Figure 6.2, except for (a) the apparent heating Q1 

(K/day), (b) the apparent drying Q2 (K/day), and (c) the vertical eddy flux of MSE (Jm-

2s-1) calculated from AMIE-Gan large-scale objective analysis and CombRet dataset. The 

period-mean 0°C level height and the boundary layer height in each subfigure are 

indicated the same as in Figure 6.1. 
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Figure 6.10. Images of NCAR S-Pol radar reflectivity over a 150-km radius region 

around Gan during MJO1. The time of each radar image corresponds to +6 h in the quasi-
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2-day life cycle (from top to bottom: 03:02Z on 10/21, 12:02Z on 10/24, and 12:02Z on 

10/26). Images available at  

http://catalog.eol.ucar.edu/cgi-

bin/dynamo/research/prod_browse?platform=SPOL_S_BAND&prod=sband_DBZ_150

km&howmany=All&start=Start+Date&end=End+Date&submit=retrieve+products. 
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Figure 6.11. Composites similar to Figure 6.2 except for (a) the equivalent potential 

temperature anomaly computed by subtracting the MJO1 time-period mean from the 

composite fields (K; colored), (b) the atmospheric temperature lapse rate (K/km), and (c) 

the CAPE (black solid) and CIN (green dashed) calculated from radiosonde at Gan. In 

(b), the average heights of the top 10% most stable levels within the melting stable layer 

(trade-wind stable layer) are highlighted in dark red line with diamond (circle) markers. 

The period-mean 0°C level height and the boundary layer height in subfigures were 

indicated the same as in Figure 6.1. 
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Figure 6.12. A conceptual model of tropical cumulus cloud distributions according to 

TOGA COARE IOP observations. Three main cloud types are indicated: shallow cumulus, 

cumulus congestus, and cumulonimbus, along with three stable layers indicated, the 

trade-wind stable layer in the lower troposphere, the melting stable layer near 0°C level, 

and the tropopause inversion layer. Arrows indicate meridional circulation. (Figure 13b 

in Johnson et al. 1999) 
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Figure 7.1. The percentage of high cloudiness (shaded), the mean SST (contours) and 

the mean global wind analysis (arrows) for November 1992 through February 1993. (a) 

High cloudiness with cloud-top temperature <208 K and wind at 200 hPa. (b) Cloud-top 

temperature <235 K and wind at 850 hPa. Wind vectors are scaled such that 10 m/s wind 

is represented by a vector that would be 2.5° in length on the map. The TOGA COARE 

IFA is outlined. (Figure 2 in Chen et al. 1996) 
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Figure 7.2. Images of NCAR S-Pol radar reflectivity over a 150-km radius region 

around Gan on 24 October 2011. From (a) to (f), 04:02Z, 04:32Z, 05:02Z, 05:32Z, 06:02Z, 

and 06:32Z. The yellow dotted vertical lines in subfigures (a) to (e) indicate the edges of 

eastward shifting convection. Images available at 

http://catalog.eol.ucar.edu/cgi-

bin/dynamo/research/prod_browse?platform=SPOL_S_BAND&prod=sband_DBZ_150

km&howmany=All&start=Start+Date&end=End+Date&submit=retrieve+products. 
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Figure 7.3. Images of NCAR S-Pol radar reflectivity over a 150-km radius region 

around Gan on 28 October 2011. From (a) to (f), 10:02Z, 10:32Z, 11:02Z, 11:32Z, 12:02Z, 

and 12:32Z. The yellow dotted horizontal lines in subfigures (a) to (f) indicate the edges 

of convective cells near Gan. Images available at 

http://catalog.eol.ucar.edu/cgi-

bin/dynamo/research/prod_browse?platform=SPOL_S_BAND&prod=sband_DBZ_150

km&howmany=All&start=Start+Date&end=End+Date&submit=retrieve+products. 
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Figure 7.4. Images of NCAR S-Pol radar reflectivity over a 150-km radius region 

around Gan on 22 October 2011. From (a) to (f), 01:02Z, 01:32Z, 02:02Z, 02:32Z, 03:02Z, 

and 03:32Z. The yellow dotted horizontal lines in subfigures (a) to (c) and (d) to (e) 

indicate the edges of northward shifting convection near Gan from 01Z to 02Z and from 

02Z to 03Z, respectively. Images available at 

http://catalog.eol.ucar.edu/cgi-

bin/dynamo/research/prod_browse?platform=SPOL_S_BAND&prod=sband_DBZ_150

km&howmany=All&start=Start+Date&end=End+Date&submit=retrieve+products.  



doi:10.6342/NTU201801684

 121 

 

 

Figure 7.5. Schematics for the quasi-2-day convective disturbances over the central 

IO during DYNAMO. The horizontal panel shows the time-longitude schematics of low-

level zonal winds (orange arrows) and westward-propagating convective disturbance 

(similar to Figure 4.2). The vertical panel shows the schematics of cloud development, 

with four stages indicated, and vertical motions (upward motions in red arrows and 

downward motions in blue), in addition to the equivalent potential temperature anomaly 

(as in Figure 6.11a) in the BL. The BL heights were indicated in dashed blue line. 
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Figure A.1. A super (radar) site on Addu Atoll, Maldives (Gan Island). (top) locations 

of three radar sites and an aircraft base. (bottom) the second ARM Mobile Facility (AMF2) 

deployed at the Gan airport. (Figure 3 in Yoneyama et al. 2013) 

  

in the Maldives and subsequent civil unrest led to 
an early termination of the campaign at Addu Atoll 
on 9 February 2012. Observations at Manus Island 
continued as planned until the end of the EOP.

More detailed descriptions of each campaign com-
ponent are given below. Detailed information on the 
measurement systems is given in Tables ES1–ES5 in 
the electronic supplement.

Soundings. Central to the campaign were two quad-
rilateral sounding arrays over the central equatorial 
IO (outlined by dashed lines in Fig. 1). Their main 
mission was to observe the evolution of atmospheric 
vertical structures in wind, temperature, humidity, 
energy, and moisture budgets using radiosondes. 
The southern array was formed by two islands at Gan 
Island of Addu Atoll (0.7°S, 73.2°E) and Diego Garcia 
(7.3°S, 72.4°E), marked as red dots in Fig. 1, and two 
ship sites, one at 0°, 80.5°E (NE) and one at 8°S, 80.5°E 
(SE), marked as red stars in Fig. 1. The northern array 
was formed by NE and three land sites at Gan Island, 
Hulhule Island of Male Atoll (4.2°N, 73.5°E), and 
Colombo (6.9°N, 79.8°E), marked as yellow dots in 
Fig. 1 and Gan Island.

Surrounding the two quadrilater-
al sounding arrays is a broad sound-
ing network that includes sites over 
East Africa (Nairobi) to the western 
Pacif ic (Manus Island) (Fig. 1). 
This sounding network monitored 
atmospheric state from MJO initia-
tion stages over the western/central 
IO, its modulation by the Maritime 
Continent, to its mature stages over 
the western Pacif ic. Additional 
dropsondes were launched from 
an airplane during the SOP. The 
launch success rate was 98% for the 
two sounding arrays and 99.8% for 
the aircraft dropsondes. In total, 
near 20,000 radiosondes and 5,000 
pibals were launched during the 
campaign, including nearly 13,000 
high-resolution soundings. The 
mean termination level is 60 hPa 
(20 km). The radiosonde and surface 
meteorological data were immedi-
ately sent to the NWP centers via 
the GTS during the campaign with 
a 95% success rate to assist real-time 
numerical weather prediction.

Radars. Accompanying the sounding 
arrays and equally essential to the field campaign was 
a radar network. It included three radar sites in the 
IO (Addu Atoll, NE, and SE) and one in the western 
Pacific (Manus Island). Radars with multiple wave-
lengths were deployed at all these sites to observe the 
broad spectrum of cloud population.

Addu Atoll, which occupied the vertex of both the 
northern and southern arrays, was selected as a “radar 
supersite” where a unique radar triad consisting of the 
S-PolKa, SMART-R, and KAZR was deployed (Fig. 3).

The KAZR is a profiling Doppler radar that oper-
ates at a Ka band (8.6-mm wavelength). Located at 
the Gan Island airport (0.69°S, 73.15°E) as part of 
the DOE AMF2. It determines the first three radar 
moments (reflectivity, mean Doppler velocity, and 
spectrum width) with a range resolution of 30 m from 
near the ground to nearly 20 km in altitude.

The S-PolKa is an advanced dual-polarimetric, 
dual-wavelength (10 cm for S band and 0.8 cm for 
Ka band) radar. It was located near the wharf of 
Hithadhoo Island (0.63°S, 73.10°E), 8.62 km from 
the KAZR. Its dual-polarimetric capabilities yielded 
improved precipitation estimates over the range 
available on conventional radars, as well as real-time 

FIG. 3. A super radar site on Addu Atoll, Maldives. (top) Locations 
of three radar sites and an aircraft base. (bottom) AMF-2 deployed 
at the Gan airport.
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Figure A.2. Flowchart showing various stages for developing a research-quality 

radiosonde dataset. (Figure 1 in Ciesielski et al. 2012) 
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Figure A.3. Mean vertical profiles of RH at Gan for (top) daytime and (bottom) 

nighttime soundings with uncorrected and corrected data and uncertainty range for (left) 

GRUAN corrections, (middle) relative RH corrections, and (right) consistency of 

correction. Levels with k ≤1 indicate good consistency between corrections. Freezing 

level and the number of sounding (N) in each period are also shown (left). 
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Figure A.4. (top) Mean diurnal cycle of TPW (mm) for Gan with uncorrected sounding 

data (black line), GRUAN-corrected data (blue line), DigiCORA-corrected data (red line), 

MWR (green line), and GPS (magenta line). Light yellow shading indicates the TPW 

uncertainty based on GRUAN estimates. Gray shading indicates nighttime hours. (bottom) 

TPW difference (mm) between uncorrected and corrected soundings and MWR. Note that 

the time axis is (top) UTC time and (bottom) local time. 
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Figure B.1. Similar to Figure 5.1 except for the Fourier power spectrum of the 

averaged IRBT over the 150-km region around Gan during MJO2 (15–30 November 2011; 

dotted) and MJO1 (15–31 October 2011; solid). 
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Figure B.2. As in Figure B.1 except for MJO1 (left) and MJO2 (right), respectively. 

The red solid lines in both figures indicate the power spectrum of red noise at the 

confidence level of 95% through c2-test. 
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Figure B.3. Same as Figure B.2 except for the averaged TRMM rain rate over the 150-

km region around Gan. 
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Figure B.4. Similar to Figure 4.2 except the shading indicates the stdev composite of 

IRBT among the seven cases and the green hatched region indicates the averaged IRBT 

composite <240 K. 
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Figure B.5. Similar to Figure 6.2 except the shading indicates the stdev composite of 

RH with respect to ice derived from Gan radiosonde among the seven cases and the green 

contours indicate the RH of 80%, 85%, and 90%. 
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Figure B.6. The 48-hours window composite (top left) and time variations (others) of 

IRBT populations for the quasi-2-day convective events. Percentages of 6% and 12% are 

indicated in solid black contours. The composite (top left) is identical to Figure 6.1a; other 

sub-figures are plotted in the same manner except centered at times of each event as listed 

in Table 3.1. 
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Figure B.7. Similar to Figure B.6 except for the horizontal divergence (10-5s-1, colored) 

and the vertical motions of –4 and –8 (+4) hPa/hr in solid (dashed) black contours. 
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Figure B.8. Similar to Figure B.6 except for Q1 (K/day, colored) and Q2 of +4 (–4) 

K/day in solid (dashed) black contours. 




