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ABSTRACT: This study uses shipborne (R/V Roger Revelle and R/V Mirai) radar, upper-air, ocean, and surface mete-

orology datasets from the DYNAMO field campaign to investigate the diurnal cycle (DC) of precipitation over the central

Indian Ocean related to two distinct Madden–Julian oscillations (MJOs) observed. This study extends earlier studies on the

MJO DC by examining the relationship between the DC of convective organization and the local environment and com-

paring these results on- and off-equator. During the suppressed phase on-equator, the DC of rain rates exhibited two weak

maxima at 1500 and 0100 LT, which was largely controlled by the presence of sub-MCS nonlinear precipitation features

(PFs). During the active phase on-equator, MCS nonlinear features dominated the rain volume, and the greatest increase in

rain rates occurred between 2100 and 0100 LT. This maximum coincided with the maxima in convective available potential

energy (CAPE) and sensible heat flux, and the columnmoistened significantly overnight. Off-equator, the environment was

much drier and there was little large-scale upwardmotion as a result of limited deep convection. TheDCof rain rates during

the active phase off-equator wasmost similar to theDCobserved during the suppressed phase on-equator, while rainfall off-

equator during the suppressed phase did not vary much throughout the day. The DC of MCS nonlinear PFs closely re-

sembled the DC of rainfall during both phases off-equator, and the DC of environmental parameters, including sea surface

temperature, CAPE, and latent heat flux, was typically much weaker off-equator compared to on-equator.

KEYWORDS: Madden-Julian oscillation; Air-sea interaction; Mesoscale processes; In situ atmospheric observations;

Radars/Radar observations

1. Introduction

Despite numerous studies, the Madden–Julian oscillation

(MJO; Madden and Julian 1971, 1972), a large-scale tropical

phenomenon which contributes the majority of intraseasonal

variability and bridges the realm between weather and climate

(Zhang 2005, 2013), is still not well simulated by numerical

models and therefore has low predictability (Bechtold et al.

2008; Kim et al. 2009; Vitart and Molteni 2010; Lin et al. 2006;

Hung et al. 2013). Cloud and precipitation parameterizations

are considered to be the primary cause of poor model perfor-

mance for the MJO (Randall et al. 2003; Lin et al. 2006; Zhang

et al. 2006; Benedict and Randall 2009; Zhao and Nasuno

2020). To improve these parameterizations, it is important to

fully understand the connection between convective organi-

zation (squall type versus nonsquall type, mesoscale versus

submesoscale in terms of feature size, etc.) and the environ-

ment in the context of the MJO. Another particular interest is

the diurnal cycle (DC) of precipitation over the Indian Ocean

(IO), where the MJO forms, from both modeling and obser-

vational perspectives. The lack of in situ observations in the IO

to investigate each of these processes was a primary motivator

for the Dynamics of the MJO (DYNAMO) field campaign in

late 2011–early 2012 (Yoneyama et al. 2013). The resulting

dataset from DYNAMO is extensive and includes radar, ra-

diosonde, ocean, and surface data from ships and islands in the

central IO. In the current study, this dataset will be used to

improve our understanding of how the convective organization

of precipitation features (PFs) impacts the precipitation DC

and how convective organization varies between the sup-

pressed and active phases of the MJO. Additionally, this study

directly contrasts the convective populations and associated

DCs on- and off-equator (08 and 88S).
The evolution of convective organization and its relation-

ship to the environment needs to be well understood to accu-

rately simulate the DC of rainfall. Convective organization

plays a major role in the general circulation and energy budget

through horizontal and vertical heat andmomentum fluxes and

has been shown to impact the hydrological cycle (Rickenbach

and Rutledge 1998, hereafter RR98; Cheng et al. 2018, and

references therein). RR98 analyzed the radar population from

the Tropical Ocean and Global Atmosphere Coupled Ocean–

Atmosphere Response Experiment (TOGA COARE) and

found that MCSs (linear and nonlinear) had the highest rain

rates, while sub-MCS nonlinear events were present most of-

ten. Xu and Rutledge (2015, hereafter XR15) performed a

similar analysis with the DYNAMO radar population and

determined MCS events represented only 10% of the pop-

ulation but contributed 70% of the total precipitation, with

sub-MCS nonlinear features occurring most frequently. XR15

analyzed the population by MJO phase and found sub-MCS
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features were dominant in the suppressed phase and MCSs

were far more prevalent in the active phase. Several studies

have also connected convective organization to the local envi-

ronment by analyzing the air–sea fluxes, sea surface temperature

(SST), and lower tropospheric moisture (Saxen and Rutledge

1998; XR15; Skyllingstad et al. 2019). Studies have shown air–

sea fluxes are highest in the active phase (Saxen and Rutledge

1998; Yokoi and Yoneyama 2014; XR15; Sakaeda et al. 2018)

and are coupled to MCS events (Saxen and Rutledge 1998).

For example, descending rear inflows (Smull and Houze, 1985),

which can increase near-surface winds, act to enhance sensi-

ble and latent heat fluxes. The recent modeling study by

Skyllingstad et al. (2019) showed that air–sea fluxes were key

factors in convective forcing, with latent heat flux becoming

increasingly important in higher background wind simulations

(U 5 12m s21). These higher wind simulations also produced

smaller, disorganized cells, while weaker wind simulations

(U 5 6m s21) produced persistent linear systems. Results

from amodeling study by Zhao andNasuno (2020) suggest that

models need to have high-frequency air–sea coupling (less than

1-h temporal scale) to accurately depict SSTs and convection

during the MJO. Thus, the complex interaction between con-

vective organization and the environment can have a large

impact on the amount of precipitation, especially when these

parameters vary throughout the day.

Numerous studies have been conducted that examined the

DC of convection over land and ocean using satellite obser-

vations, rain gauge measurements, and radar-based estimates.

Results from these studies have consistently revealed a maxi-

mum in oceanic convection during the early morning hours

(0000–0600 LT; Gray and Jacobson 1977; Janowiak et al. 1994;

Chen and Houze 1997; Sui et al. 1997; Yang and Slingo 2001;

Tian et al. 2006; Suzuki 2009; Sakaeda et al. 2017, 2018; Rowe

et al. 2019). Several mechanisms have been proposed to ex-

plain this nighttime maximum including differential radiative

cooling (Gray and Jacobson 1977), increases in tropospheric

moisture (Sui et al. 1997; Ruppert and Johnson 2015), and the

life cycle of convective systems (Chen and Houze 1997). This

nighttime maximum is found in both active and suppressed

phases of the MJO. Studies have also shown the suppressed

phases of the MJO exhibit an additional peak in rainfall during

the afternoon hours (Chen and Houze 1997; Sui et al. 1997;

Tian et al. 2006; Suzuki 2009; Ruppert and Johnson 2015;

Sakaeda et al. 2017, 2018). This afternoon maximum has been

hypothesized to be related to heating of the ocean’s surface and

the creation of diurnal warm layers in the near-surface layer

(Bellenger et al. 2010; Moum et al. 2014; Thompson et al.

2018). During the active phase, ocean surface heating is not as

pronounced, and diurnal warm layers are not typically present

because of the enhanced cloudiness from larger disturbances

and associated higher wind speeds. Thus, the afternoon peak in

rainfall is not observed (Bellenger et al. 2010). Additionally,

several studies have reported differences in rainfall and theDC

of rainfall between different locations within the tropics, in-

cluding the IO and west Pacific (Tian et al. 2006; Suzuki 2009;

Xu et al. 2015; Sakaeda et al. 2017). In particular, Xu et al.

(2015) used radar data from DYNAMO to investigate rainfall

statistics at three sites within the IO, two on-equator sites (Gan

Island and R/V Roger Revelle) and one off-equator site (R/V

Mirai). They found a strong MJO signal on-equator, but the

off-equator site was only weakly impacted by the MJO, with

more shallow warm rain convection and considerably less

mesoscale organization. The on-equator sites were about

800 km apart and also exhibited differences, with more gradual

deepening of convection at the eastern site, and more vari-

ability in precipitation at the western site. Quantifying these

local differences is important for understanding the MJOs in-

fluence both within and beyond the convective envelope.

Until DYNAMO, most of the studies that examined the DC

of oceanic convection used satellite data due to the lack of

in situ measurements in the central IO. Specifically, early

studies used infrared brightness temperatures to categorize

convection by cloud-top height (Janowiak et al. 1994; Chen and

Houze 1997; Sui et al. 1997; Yang and Slingo 2001; Tian et al.

2006; Suzuki 2009), but this method currently has difficulty

distinguishing precipitating from nonprecipitating clouds and

convective from stratiform clouds. More recent studies have

used the Tropical Rainfall Measuring Mission (TRMM) pre-

cipitation algorithm to analyze the DC of convection (Nesbitt

et al. 2000; Liu et al. 2008; Liu and Zipser 2013), but resolution

limitations prevent isolated convection frombeing fully resolved

(Kummerow et al. 1998;Huffman et al. 2007). This study sets out

to examine the DC of MJO precipitation and determine the

contributions of PF type to the DC using high-resolution radar

data. To further our understanding of the MJOs impact within

the central IO, results from the R/V Roger Revelle on-equator

and R/V Mirai off-equator are directly contrasted.

2. Data and methodology

This study uses DYNAMO sounding, surface meteorologi-

cal, oceanographic, and radar data from the R/VRoger Revelle

(hereafter Revelle) and the R/V Mirai (hereafter Mirai).

For this study, the primary focus was on the strongest and

most complete MJO cycles during DYNAMOwhich occurred in

October and November 2011 (Yoneyama et al. 2013; Gottschalck

et al. 2013; Xu and Rutledge 2014; XR15). To ensure the results

represented an open ocean environment at a consistent location,

data were only analyzed when the ships were on station.

a. Sounding and ship-based data

The DYNAMO sounding array consisted of six sites in the

domain, two of which were on the Revelle and Mirai (Johnson

and Ciesielski 2013, hereafter JC13). Most days have sounding

data available every three hours (JC13). The sounding dataset

includes directly measured and derived parameters interpo-

lated to a 5-hPa vertical grid (JC13) and quality controlled with

details found in Ciesielski et al. (2014).

Both the Revelle and Mirai were outfitted with a suite of

instruments to measure surface and atmospheric parameters

(Moum et al. 2014; Yokoi andYoneyama 2014; de Szoeke et al.

2015). The ship-based surface data were recorded in 10-min

intervals throughout DYNAMO. Most meteorological instru-

ments were located on the forward mast of both ships, whereas

SSTwasmeasured by a towed thermistor known as a sea snake.

The sea snake was set to a depth of 5 cm for the duration of the
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cruises, and a warm layer correction was applied following the

field campaign (Edson et al. 2017).

The latent and sensible heat fluxes from both ships were cal-

culated using the COARE 3.5 bulk flux algorithm (Edson et al.

2013; de Szoeke et al. 2015). The COARE algorithm uses a

combination of ocean and atmospheric parameters to compute

bulk air–sea fluxes based on the equationsQs 5 rcpChjujDT and

QL5 rLyCejujDq, whereQs is sensible heat flux,QL is latent heat

flux, r is surface air density, cp is the specific heat of air at constant

pressure, Ly is the latent heat of vaporization, Ch and Ce are

transfer coefficients, juj is 10m wind speed, and DT and Dq are

temperature and specific humidity differences between the ocean

and the near-surface atmosphere (SST 2 Tair; SSq 2 qair; Fairall

et al. 1996, 2003; Edson et al. 2013; de Szoeke et al. 2015).

b. ERA5

ERA5 data (Copernicus Climate Change Service 2017) were

used to examine the large-scale flow and surface conditions

over the central IO. The reanalysis dataset has 0.258 3 0.258
resolution (approximately 28 km horizontal grid spacing in the

DYNAMO array), 37 vertical grid levels, and hourly temporal

resolution. Any latitudinal or longitudinal averaging applied

was calculated 65 grid points from the Revelle or Mirai loca-

tions to represent the approximate radar domains.

c. Radar data

Both the Revelle and Mirai operated C-band radars for the

duration of their respective cruises. The National Aeronautics

and Space Administration (NASA) TOGA radar on board the

Revelle was operated by Colorado State University (CSU) and

NASA and cycled through designed radar scans every 10min

(Xu et al. 2015), collecting radar reflectivity, Doppler velocity,

and spectral width. The radar on board the Mirai was operated

by the Japan Agency for Marine-Earth Science and Technology

(JAMSTEC) and also cycled through scans every 10min (Xuet al.

2015). TheRevelle radar data were quality controlled byCSU and

NASA (details in Xu and Rutledge 2014), and an attenuation

correction algorithm, derived from the drop size distribution

collected during DYNAMO (Thompson et al. 2015), was applied

to reflectivity. Similar quality control and attenuation correc-

tions were applied to theMirai radar by JAMSTEC (Katsumata

et al. 2008) and CSU (Xu et al. 2015). After a preliminary

analysis of the Mirai data, it was found that sea clutter was still

abundant.Additional filtering was performed on theMirai radar

which masked all pixels with an echo-top height less than 2 km.

d. Radar-derived products

After quality control was performed, the polar-coordinate

radar data were interpolated to a grid with horizontal and

vertical resolutions of 1 and 0.5 km, respectively (Dolan et al.

2017). From the gridded data, radar reflectivity was classified as

either convective or stratiform using the algorithm detailed in

Steiner et al. (1995). We note that this algorithm does have

limitations, especially in the tropical oceans where isolated and

weak convection, with reflectivity values less than 40 dBZ, is

frequently categorized as stratiform (Powell et al. 2016). Thus,

we classified all grid points associated with isolated PFs as

convective in nature. From this classification, convective and

stratiform rain rates were calculated using Z–R relationships

derived from the DYNAMO drop size distribution measure-

ments (Thompson et al. 2015). Convective rain rate is given

by Z 5 130.51R1.45 and stratiform rain rate is derived from

Z 5 294.61R1.55 (Xu and Rutledge 2014). These relationships

were applied to both the Revelle and Mirai radars.

e. Radar-based PFs

To study PF organization and intensity as a function of MJO

phase andDC, a PF identification algorithm, similar to ones used

in TRMM PF studies (Nesbitt et al. 2000, 2006; Liu et al. 2008;

Liu and Zipser 2013; XR15), was employed that automatically

classified each PF in a given radar volume. This identification

algorithm fits an ellipse to each PF and calculates the major and

minor axes of the ellipse (Medioni et al. 2000; Nesbitt et al. 2006;

XR15). From each ellipse, statistics including the length, area,

convective/stratiform partitioning, convective/stratiform rain

rates, and radar echo statistics can be derived. This study in-

cluded PFs with at least 0 dBZ reflectivity values at 2 km above

mean sea level (MSL), unlike past TRMM Precipitation Radar

studies which could only detect PFs greater than 17 dBZ. This

algorithm also produces statistics from convective-only ellipses,

which were calculated around at least 20 contiguous pixels de-

fined as convective [using the Steiner et al. (1995) algorithm]

within a given PF. The convective ellipse was used to classify

systems as linear versus nonlinear, based on the configuration of

the convective elements internal to the PF.

Once PFs were identified, they were classified into one of five

categories. These categories were based on a PF morphology

study conducted by RR98 using radar data from TOGA

COARE. The flow diagram for PF classification is shown in

Fig. 1. The length of the total PF ellipse determines whether the

feature is MCS, sub-MCS, or isolated (i.e., isolated features

are,20km in length, sub-MCS scales range from 20 to 100 km,

andMCS features are.100 km in length). The length and aspect

ratio (defined as the ratio of the minor to major axis) of the

associated convective ellipse then determines whether the PFs

FIG. 1. PF identification framework.
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are linear or nonlinear (i.e., linear events have a convective as-

pect ratio , 0.3). This method differs from XR15 who used the

aspect ratio of the overall PF ellipse to determine linearity, but

we assume that the linearity is better defined by the convective

elements of the PF, not the overall PF area. Radar examples of

each PF type are shown in Fig. 2.

f. MJO indices

To determine which days represented the suppressed or ac-

tive MJO phase, the Wheeler–Hendon Real-Time Multivariate

MJO (RMM) index (Wheeler and Hendon 2004) was used. The

RMM index was computed using the large-scale outgoing

longwave radiation and 850 and 200 hPa zonal wind and has

been shown to be an effective representation of MJO activity in

the tropics (Lau and Wu 2010; Riley et al. 2011; Barnes and

Houze 2013). MJO phases correspond to an RMM index be-

tween one and eight. At the Revelle, phases 1–3 were associated

with an active MJO, and phases 5–8 were generally associated

with suppressed MJO conditions (Xu and Rutledge 2014;

Ciesielski et al. 2018). BetweenOctober and November, 25 days

were classified as suppressed and 30 days were classified as active.

However, this study only analyzed data when the ships were on

station, so there were 15 days representing the suppressed phase

(5–15 October; 12–17 November) and 27 days representing the

active phase (15–28 October; 17 November–1 December) at the

Revelle, and 25 days in both phase groups (active: 15–24 October;

1–4 November; 17–29 November; suppressed: 1–15 October;

6–17 November) at the Mirai. The associated number of PFs

identified within each phase at each location is shown in Table 1.

g. Statistical testing

A binomial signs test was used to determine if differences

between active and suppressed phase environmental parame-

ters were statistically significant at the 95% confidence level.

This test is beneficial since it does not require any assumptions

about the underlying distributions of the data. Furthermore,

this test works equally well with small and large sample sizes.

3. MJO evolution

The focus of this study is on two MJOs that occurred during

DYNAMO in October (MJO1) and November (MJO2) 2011

(Xu and Rutledge 2014). In addition to the MJOs, there were

also embedded equatorial Rossby waves and Kelvin waves

that passed over the DYNAMO array and contributed to the

precipitation accumulation (Gottschalck et al. 2013). These

synoptic-scale waves have been shown to contribute to the DC

of rainfall (Rowe et al. 2019). However, we will not specifically

investigate the role of synoptic waves in this study.

During the suppressed phase in the beginning of October,

the large-scale circulation over the Revelle was weak (Fig. 3a).

There was weak subsidence throughout the column and little

convergence near the surface. Off-equator the intertropical

convergence zone (ITCZ) was active, and there was a maxi-

mum in upward motion achieved near 68S. The extent of the

ITCZ reached from about 28–9.58S, with the Mirai capturing a

fair amount of mesoscale activity. At the surface within the

FIG. 2. Examples of different PF morphologies from the Revelle. MCS-L (MCS linear), MCS-NL (MCS non-

linear), SubL (sub-MCS linear), SubNL (sub-MCSnonlinear), and ISO (isolated). Black ellipses represent total PFs

while blue ellipses represent convective PFs.

TABLE 1. Distribution of the number of PFs within each category

(isolated, sub-MCS nonlinear, sub-MCS linear, MCS nonlinear,

MCS linear) and phase at the Revelle and Mirai.

Phase Suppressed Active

Revelle (15 days) (27 days)

Isolated 84 960 182 640

Sub-MCS nonlinear 6884 23 469

Sub-MCS linear 23 125

MCS nonlinear 183 2811

MCS linear 1 62

Mirai (25 days) (25 days)

Isolated 312 392 187 593

Sub-MCS nonlinear 18 510 10 553

Sub-MCS linear 23 35

MCS nonlinear 1403 709

MCS linear 35 30
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ITCZ band, convergence was maximized at 21025 s21, and

divergence reached a maximum aloft around 200 hPa. These

results are consistent with those from Ciesielski et al. (2018),

despite the difference in datasets used (ERA5 in this study vs

interpolated sounding data in Ciesielski et al. 2018). As the

MJO entered the active period, the maximum in upward mo-

tion shifted north toward the equator, maximizing near 28S
at 26 hPa h21 (Fig. 3b). At this time, the location of the Mirai

was subjected to subsidence.

The environment following the first MJO was characterized

by a weak circulation within the central IO (Fig. 3c). There was

no strong vertical motion observed at the Revelle orMirai, and

only small pockets of surface convergence were evident. As the

second MJO became more pronounced, vertical motion sig-

nificantly increased throughout the region and was consider-

ably more widespread than the first MJO active period

(Fig. 3d). Strong upward motion (.26 hPa h21) was seen over

the entire Revelle radar domain and toward the north around

48N, while vertical motion and surface convergence remained

limited around the Mirai.

a. Revelle results

A Revelle time series of atmospheric parameters including

lapse rate and relative humidity (RH) profiles for each MJO is

shown in Fig. 4. The lapse rate profiles (Fig. 4a) depict three

stable layers (2dT/dz , 5Kkm21), consistent with results

from Johnson et al. (1996, 1999): the trade wind–like inversion,

the 08C level, and the tropopause. Both MJOs exhibited a

stable layer around 800 hPa that resembled the trade wind in-

version prevalent in the tropics. This inversion is largely due to

large-scale subsidence from the Hadley and Walker circula-

tions but can be modulated by local processes including radi-

ation and convection (Yu et al. 2018). This stable layer, along

with the tropopause near 125 hPa, can act to inhibit cloud

growth and thus contribute to the distribution of PF types. A

weaker stable layer was also evident around 550 hPa which

closely aligned with the 08C level. As shown in Johnson et al.

(1996), this stable layer was likely due to hydrometeor melting

and resultant cooling associated with large stratiform rain

areas. Therefore, this stable layer did not impact the distribu-

tion of PFs, but rather was a result of PFs, most notably, the

presence of deep convection which produced stratiform pre-

cipitation. This stable layer was especially strong in the active

phase of MJO2 which contained significant stratiform rain

areas (Fig. 4d). As commented by Johnson et al. (1996) and

evident in Fig. 4d, such stable layers can persist after the deep

convection and stratiform precipitation dissipates.

During the suppressed phases, there was considerable dry

air above the 08C level, especially during MJO1 (RH , 50%;

Fig. 4b). This, along with drier air below the 08C level, acted to

impede convection, and as a result, the suppressed phases were

dominated by isolated PFs that produced small amounts of rain

(Figs. 4c,d). As theMJOmoved across the IO, the troposphere

began to moisten (due to an increase in moderately deep

FIG. 3. Latitudinal cross section of vertical motion (shaded, hPa h21) and divergence (contoured, 1026 s21) from

ERA5 averaged longitudinally across the radar volume and across times associatedwith the (a)October suppressed

phase, (b) October active phase, (c) November suppressed phase, and (d) November active phase. Solid vertical

lines mark the locations of theRevelle (EQ) andMirai (88S) while dashed lines mark the edge of the radar volumes.

JULY 2021 ROCQUE AND RUTLEDGE 2291

Brought to you by Colorado State University Libraries | Unauthenticated | Downloaded 07/02/21 02:09 PM UTC



convection; Powell and Houze 2015; Takemi 2015; Xu and

Rutledge 2016; Powell 2016), which created a favorable envi-

ronment for mesoscale systems to develop and persist (Fig. 4b).

Areal mean rain rates during both MJOs were highest during

the active phases, with MJO1 exhibiting more episodic events

that were shorter and more intense compared to MJO2

(Fig. 4c). This relates back to the large-scale vertical motion

which was more widespread during MJO2 compared to MJO1

(Figs. 3b,d). There was significantly more stratiform area as-

sociated with mesoscale events during the active phase of

MJO2 (;75% of the domain), which lowered the areal mean

rain rates (Figs. 4c,d). These larger stratiform events coincided

with an increase in deep tropospheric shear (850–200 hPa;

Fig. 4d), which likely acted to distribute ice particles detrained

from deep convection (Houze 2004; Yamada et al. 2010).

Additionally, two westerly wind bursts (WWB) were observed

during the active phase ofMJO2 (Moum et al. 2014; Thompson

et al. 2018), which were characterized by sustained surface

winds. 7m s21 for more than 24 h (Harrison and Vecchi 1997;

Thompson et al. 2018). These WWBs were also associated

with a significant increase in boundary layer convergence

(.21024 s21; Fig. 5) and the generation of shallow convection.

This shallow convection then dissipated into widespread strati-

form precipitation and likely contributed to the enhancement in

stratiform area during these time periods.

b. Mirai results

A similar analysis was performed at the Mirai for both

MJOs. The lapse rate profile over the Mirai was considerably

different from the Revelle (Fig. 6a). The trade wind–like in-

version was more defined at the Mirai, with low-level lapse

rates ;2Kkm21 lower on average compared to lapse rates

observed over the Revelle. This increased stability could have

been caused by overall weaker convection that disrupted the

stable layer less so compared to intense convection. This

weaker convectionmay be partially explained by the extremely

dry air (,20%RH) within the midlevels during the majority of

both MJO events (Fig. 6b). These dry-air intrusions from the

subtropics (similar to ones observed during TOGA COARE;

DeMott and Rutledge 1998) acted to suppress convection

within the ITCZ, located south of the equator near the Mirai

(Fig. 3), especially leading up toMJO2 (Kerns and Chen 2014).

ITCZ-induced subsidence over the equator was then reduced,

which caused an equatorward shift in precipitation, and may

have aided in the initiation of MJO2 (Fig. 3; Kerns and Chen

2014). A recent study by Zelinsky et al. (2019) showed that the

ITCZ was not a necessary feature for MJO initiation but could

impact the large-scale circulation and moisture field to make

conditions favorable for MJO initiation.

In addition to the stronger trade wind–like inversion, there

was no prominent stable layer at the 08C level, consistent with

the near absence of large stratiform rain events (Figs. 6a,d). In

agreement with Xu et al. (2015), large rain events were much

less frequent, weaker when they were present, and did not

occur in specific phases like at theRevelle (Fig. 6c). Around the

Mirai, the largest rain event in MJO1 occurred in the sup-

pressed phase and had similar characteristics as the largest

event in MJO2, which occurred during the active phase, with

FIG. 4. Time series fromMJO1 and MJO2 of the Revelle. (a) Lapse rate profiles (K km21), (b) relative humidity

profiles (%), (c) areal mean rain rate (mm h21), and (d) percent of total domain associated with convective (red)

and stratiform (blue) rain from radar PFs and 850–200 hPa wind shear (black, m s21). Dashed black line in (a) and

(b) represents approximate height of 08C isotherm. WH MJO phases shown on the top axes.
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roughly 40%–50% of the domain associated with stratiform

precipitation (Fig. 6d). Consistent with results from the Revelle,

stratiform area was enhanced in the presence of stronger deep

tropospheric wind shear (Fig. 6d). However, around the Mirai,

there was less stratiform area associated with mesoscale rain

events compared to around the Revelle. This agrees with Lin

et al. (2004), who found that higher percentages of stratiform

rain were associated with the MJO compared to the global

tropical mean.

4. PF statistics

It is important to first consider how the morphology of

PFs vary between phases of theMJO before examining the DC

FIG. 5. Time–longitude diagram of mean 1000–800 hPa divergence (1025 s21) fromERA5, averaged latitudinally

around the Revelle. Solid vertical line marks the Revelle location while dashed lines mark the edge of the radar

volume. WH MJO phases shown on the right axes.

FIG. 6. As in Fig. 4, but for the Mirai. Note different dates and WH phases.
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of PFs. The goal here is to be able to relate changes in rain

statistics from individual PF categories to changes in environ-

mental parameters to understand some of the processes that

control PF type, especially linked to interactions between the

ocean and atmosphere.

a. Revelle results

Rain statistics including percent of total population, time

present, rain volume contribution, and 30-dBZ convective echo-

top heights for each of the five PF morphologies documented by

the Revelle C-band radar are shown in Fig. 7 for the suppressed

and active phases. Isolated features dominated the frequency

distribution, with sub-MCS nonlinear events a distant second

(Fig. 7a). Sub-MCS linear, MCS nonlinear, and MCS linear

events represented the remaining ;2% of the population.

Isolated PFs were observed in nearly every radar volume scan,

while sub-MCS nonlinear events were present on average 82%

of the time (Fig. 7b). However, the likelihood of a sub-MCS

nonlinear event being identified during the active phase was

higher (more than 90%) than during the suppressed phase

(;70%). A substantial reduction in the total precipitable water

(significant at the 95%confidence level) was observed during the

suppressed phase (average of 50mm) compared to the active

phase (average of 59mm), which likely played a role in sup-

pressing convection (Fig. 8a). Additionally, the average surface

moisture, SST, and sensible heat flux were lower during the

suppressed phase (Figs. 8b,c,f), all of which created a less-than-

favorable environment for larger convective systems to develop.

FIG. 7. PF rain statistics by phase and morphology from the Revelle. (a),(bottom) Fraction of the population and

(a),(top) zoomed in on MCS nonlinear PFs, (b) percent of the time present, (c) rain volume fraction, and

(d) 30-dBZ convective echo-top height (km).
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MCS nonlinear events occurred predominately during the ac-

tive phase with about half of all radar volume scans in this phase

group having an MCS nonlinear event (Fig. 7b). The percent of

rain volume contribution from MCS nonlinear events was sig-

nificantly different between the suppressed (;10%) and active

phases (;65%; Fig. 7c). The active phase was marked by higher

precipitable water and stronger sensible heat flux on average

(Figs. 8a,f). Additionally, stronger latent heat fluxes were more

likely to occur during the active phase (Fig. 8e). Several studies

have shown that convection can enhance air–sea fluxes through

processes including convective outflows, which work to enhance

surface winds and reduce near-surface temperatures (Johnson

andNicholls 1983; Jabouille et al. 1996; Saxen andRutledge 1998;

Yokoi and Yoneyama 2014). The enhancement of sensible heat

flux during the active phase due to near-surface temperature re-

duction (Fig. 8d; significant at the 95%confidence level) and near-

surface wind enhancement (Fig. 8g) was evident at the Revelle.

The PF convective 30-dBZ echo-top heights increased with

increasing size and degree of linear organization of PFs (i.e.,

the convective cores of linear events were deeper than those of

nonlinear events within each PF size; Fig. 7d). Isolated features

had average peak heights near 4.3 km MSL, just below the

freezing level, suggesting the vast majority of these echoes were

governed by warm rain processes. MCS linear events had con-

vective heights on average around 9.2 km MSL, about 1 km

higher than MCS nonlinear events. In fact, rain rates were gen-

erally higher within individual linear systems (not shown) com-

pared to nonlinear systems. One hypothesis for these differences

is the so-calledRKWtheory (Rotunno et al. 1988;Weisman et al.

1988) in which vorticity generated by the advancing cold pool is

balanced by the environmental shear. When this happens, the

deepest lifting occurs along the leading edge and convection is

enhanced (Weisman and Rotunno 2004). However, idealized

simulations of tropical convection by Grant et al. (2018) suggest

that gravity waves may be more important in determining me-

soscale organization. It is important to point out that the sample

size of linear features was considerably lower than isolated and

nonlinear features (Table 1), and thus it would be interesting to

see whether a similar trend in echo-top heights is seen in larger

datasets, for example, a TRMM (GPM)-based climatology.

In addition to differences in convective echo tops between PF

morphologies, there were small variations in heights between

phases, with heights being slightly larger during the active phase

compared to the suppressed phase. There were no significant

differences in CAPE between the two phases, although the

range of CAPE was larger during the active phase, consistent

with the life cycle of mesoscale systems (Fig. 8h). The greatest

lower tropospheric wind shear values occurred during the active

phase, which could have played a role in the increased echo-top

heights (consistent with RKW theory; Fig. 8i). This increase in

echo-top heights observed during the active phase is consis-

tent with the analysis from Xu and Rutledge (2014), who

found the frequency of deep, intense convection was maxi-

mized in phase 1.

b. Mirai results

A similar analysis was performed at the Mirai. Like at the

Revelle, isolated PFs again accounted for a large fraction of the

FIG. 8. Boxplots of environmental conditions observedat theRevelle

during the suppressed (blue) and active (red) phases. (a) Total pre-

cipitable water (mm), (b) SST (8C), (c) 10m specific humidity (g kg21),

(d) 10m temperature (8C), (e) latent heat flux (Wm22), (f) sensible

heat flux (Wm22), (g) 10mwind (m s21), (h)CAPE (J kg21), (i) 1000–

700hPa wind shear (m s21), and (j) 850–200hPa wind shear (m s21).

The solid (dashed) line represents the median (mean), the box spans

the lower and upper quartiles of the data, and the whiskers extend to

1.5 times the interquartile range. Wider boxplots show parameters

whose suppressed and active phase medians are significantly different

at the 95% confidence level (according to the binomial test).
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PFs observed at 94% (90% at the Revelle; Fig. 9a). Sub-MCS

nonlinear events occurred more often during the suppressed

phase, opposite from the results at the Revelle (Fig. 9b). MCS

nonlinear events were observed 30% of the time during the

active phase and 15% of the time during the suppressed phase.

This increase in the number of features agrees with Xu et al.

(2015), who found deeper convection developed off-equator

when conditions were suppressed along the equator. Total

precipitable water was significantly higher on average during

the suppressed phase (47mm) compared to the active phase

(42mm; Fig. 10a). SSTs did not vary much throughout the field

campaign, but were greater during the suppressed phase (sig-

nificant at the 95% confidence level; Fig. 10b). Air–sea fluxes

were also enhanced during the suppressed phase at the Mirai,

primarily due to increased surface winds and reduced tem-

peratures (Figs. 10d,e,f,g).

Isolated features contributed significantly less to the total

rain volume at the Mirai compared to the Revelle, especially

during the suppressed phase (Fig. 9c). However, there was

not a large difference in the PF rain volume contributions

between suppressed and active phases at the Mirai. MCS

nonlinear events accounted for;65% of the total rain volume

during the suppressed phase and ;50% of the total rain vol-

ume during the active phase. The range of CAPE was larger in

the presence of enhanced MCS activity, although CAPE was

much lower than at the Revelle on average (about 50% re-

duced, primarily due to drier and slightly cooler surface con-

ditions; Figs. 10c,d,h). Convective 30-dBZ echo-top heights

similarly increased with increasing size and degree of organi-

zation like at the Revelle, and echo tops were typically highest

in the suppressed phase (Fig. 9d). The low-level wind shear

observed at the Mirai was larger than at the Revelle, primarily

FIG. 9. As in Fig. 7, but for the Mirai.
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due to increased surface winds (Figs. 10g,i). In fact, average

surface wind speeds observed at the Mirai were nearly 50%

greater than those observed at the Revelle. The deep layer

wind shear was reduced at the Mirai during both phases

compared to the Revelle, which may have played a role in

constraining the size of any mesoscale systems that did de-

velop (Fig. 10j).

5. DC of PFs

This section aims to describe the evolution of precipitation

and convective organization over the course of the DC and

how these quantities vary during suppressed and active MJO

periods both on- and off-equator in the central IO. Similar

studies have investigated how PFs evolve within active periods

of the MJO (i.e., growth of deep convective cores to broad

stratiform regions; Zuluaga andHouze 2013; Rowe et al. 2019),

but these DYNAMO studies did not evaluate how convective

organization is related to the DC of rainfall, nor did they

consider the off-equator location and the contrast that location

offers relative to the on-equator location.

a. Revelle results

The DC of the frequency and areal mean rain rates for all

PFs as a function of time of day and phase group at the Revelle

is shown in Fig. 11. The frequency represents the percentage of

PFs found during any given hour. The diurnal variability of the

frequency of events in the active phase was smaller than in the

suppressed phase, and a frequency maximum was achieved

between 0000 and 0300 LT during the suppressed phase

(Fig. 11a).

There were large differences in the areal mean rain rates

during the suppressed and active phases at theRevelle (Fig. 11b).

Rain rates were much larger, averaging ;11mmday21 during

the active phase and only;2.5mmday21 during the suppressed

phase. The DC showed an increase in rain rates from 1300 LT

to amaximumat 0100LT during the active phase with a range of

about 6mmday21. TheDCduring the suppressed phase was not

as strong, with two local maxima occurring around 1500 and

0100 LT and a range of about 1mmday21.

The convective rain fraction was higher on average during

the suppressed phase at 90%–95%, but there was little diurnal

variation (Fig. 11c). There was more variability during the

active phase though, with an increase in convective rain frac-

tion from ;75% to ;80% in the afternoon. The stratiform

fraction was highest during the active phase, averaging around

20% and consistent with greaterMCS activity (Fig. 11d). These

results generally agree with Thompson et al. (2015), who found

the average convective/stratiform rain fraction over the tropi-

cal IO was 80/20 (derived from disdrometer data opposed to

radar observations here).

To investigate how individual PF morphologies contributed

to the total rain rates and frequency, the DCs of rain volume

fraction of each PF type were analyzed. During the suppressed

phase, isolated and sub-MCS nonlinear events contributed the

most to the total rain volume at any given time (Fig. 12a).

Isolated features peaked in average rain volume contribution

at 1200 LT, after which the rain volume fraction for sub-MCS

nonlinear features began to increase throughout the evening

and early morning hours. Sub-MCS nonlinear events repre-

sented ;40% of the total rain volume on average by 0500 LT.

MCS nonlinear rain volume fraction peaked at 1500 LT and

again at 0000 LT consistent with the afternoon and early

morning maxima in rain rates (Fig. 11b). During the active

phase, MCS nonlinear rain volume contribution increased af-

ter 1500 LT until the next morning where it reached peak

FIG. 10. As in Fig. 8, but for the Mirai.
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values at around 50% at 0200 LT (Fig. 12b). This rain volume

distribution was most similar to the DC of rain rates observed

in Fig. 11b. Additionally, upon further analysis it was found

that the rain volume of MCS nonlinear features during the

active phase was significantly larger compared to the sup-

pressed phase (not shown). Sub-MCS nonlinear features ap-

peared to dominate the DC of rainfall during the suppressed

phase, while MCS nonlinear features governed the DC during

the active phase. During both phases, linear events did not

have a significant contribution since they occurred at very low

frequency.

To analyze how the DC of PFs was related to the environ-

ment, profiles of RH, vertical motion, and divergence as a

function of time are shown in Fig. 13. During the suppressed

phase, there was dry air (RH, 50%) above the 08C level which

did not varymuch throughout the day (Fig. 13a). Below the 08C

FIG. 11. Diurnal cycle of (a) frequency, (b) areal mean rain rate, (c) convective rain fraction, and (d) stratiform

rain fraction from Revelle PFs for suppressed (blue) and active (red) phases. Shaded areas represent one standard

deviation above and below the mean; 1–2–1 triangular smoothing was applied to each group.

FIG. 12. Diurnal cycle of rain volume fractions for each PF morphology at the Revelle during the (a) suppressed

and (b) active phases. Shaded areas represent one standard deviation above and below the mean; 1–2–1 triangular

smoothing was applied to each group.
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level, moist air (RH . 80%) was mainly contained within

the boundary layer, and RH slightly increased overnight. In

contrast, the column was moister during the active phase,

with the maximum RH achieved at midnight at the surface

and around the 08C level, consistent with mesoscale activity

(Figs. 12b, 13b).

Looking at vertical motion and divergence during the sup-

pressed phase, there was very little upward motion throughout

the day, with subsidence dominating the region (Fig. 13c). This

was consistent with the large-scale average subsidence ob-

served at the Revelle (Fig. 3). Additionally, there was only

weak surface convergence which was observed around 1800 LT.

During the active phase, there was very strong upward mo-

tion all day, which maximized around 400 hPa between 1800

and 2100 LT (.26 hPa h21; Fig. 13d). Coinciding with this

maximum was the maximum in convergence at the surface

(26 3 1026 s21). A secondary maximum in convergence was

observed around the 08C level between 2100 and 0000 LT.

During this time, rain rates were enhanced, and MCS non-

linear rain volume fraction was increasing (Figs. 11b, 12b).

An analysis of the DC of surface environmental parameters

including SST, CAPE, and air–sea fluxes is shown in Fig. 14.

During both phases, SST peaked around 1400 LT (Fig. 14a),

about 2 h after the peak in local solar heating (Fig. 14b). These

peaks in SST and solar heating were statistically significant.

The amplitude of SST was stronger in the suppressed phase

compared to the active phase. A reduction in solar heating due

to increased MCS activity (Fig. 14b) and a slight increase in

average surface winds during the active phase (Fig. 14c)

prevented diurnal warm layers from forming (Thompson

et al. 2018) and likely drove the weaker DC in SST. The

diurnal range of CAPE was about 500 J kg21, which peaked

around midnight (Fig. 14d). This peak in CAPE around

0000 LT was statistically significant during the suppressed

phase and matched the variation in surface dewpoint tem-

peratures (not shown), which was likely driven by cumulus

moistening and air–sea fluxes (Sui et al. 1997; Ruppert and

Johnson 2015; Sakaeda et al. 2018). A similar CAPEDCwas

found during TOGA COARE (Petersen et al. 1996) and the

Mirai Indian Ocean Cruise for the Study of the MJO-Convection

Onset experiment (MISMO; Bellenger et al. 2010). Bellenger

et al. (2010) suggested CAPE remains high overnight due to ra-

diational cooling in the mid- to upper troposphere.

Both latent and sensible heat fluxes showed some degree of

diurnal variability between phases. Latent heat flux was very

similar between phases during themorning and early afternoon

hours, reaching a single peak 1600–1700 LT (Fig. 14e). Latent

heat flux then decreased more gradually on average during the

active phase compared to the suppressed phase. This differ-

ence was most likely due to the difference in Dq between the

two phases (Fig. 14f). The DC of Dq was larger during the

suppressed phase compared to the active phase (although Dq
differences between 1200 and 0000 LT were statistically sig-

nificant in both phases), and there was a sharper decrease in the

FIG. 13. Diurnal cycle of relative humidity during (a) suppressed and (b) active phases. (c),(d) As in (a) and (b),

but showing vertical motion (shaded, hPa h21) and divergence (contoured, 1026 s21) from ERA5, averaged within

the Revelle radar volume. Dashed black line represents approximate height of 08C isotherm.
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afternoon. Sensible heat flux varied more between the sup-

pressed and active phases and showed a more bimodal DC

(Fig. 14g). Sensible heat flux was higher on average during the

active phase and reached maxima in the afternoon and just

after midnight. The DC of sensible heat flux correlated well

with the DC of DT, with the afternoon peak corresponding to

the peak SST, and the smaller early morning peak due to a

sharper decrease in Tair (Fig. 14h). JC13 found a similar near-

surface cool anomaly over the northern sounding array during

the active phase which they attributed to precipitation and

convective downdrafts. A similar DC was observed during the

suppressed phase, although the morning peak was not as sig-

nificant, consistent with a weaker DC in DT.

b. Mirai results

The DC of precipitation, convective organization, and en-

vironmental parameters was significantly different at theMirai

compared to the Revelle. The DC of the frequency of PFs

exhibited a single peak in the early morning hours (Fig. 15a).

The DC of rain rates during the suppressed phase was weak,

with values holding steady at around 6mmday21 (Fig. 15b).

During the active phase, the rain rate distribution was bimodal,

with peaks occurring at 1500 and 0100 LT, consistent with the

suppressed phase at the Revelle. However, the rain rates were

much lower than what was observed at the Revelle, with the

two maxima reaching only about 4mmday21. In addition, the

convective and stratiform rain fractions for both phases were

fairly similar, with convective rain representing 80%–90% of

the total rain volume, and stratiform representing the re-

maining 10%–20% (Figs. 15c,d).

The DC of PF rain volume fraction also varied between

suppressed and active phases at theMirai (Fig. 16). During the

suppressed phase, isolated features contributed the most to the

total rain volume on average around 1200 LT (40%; Fig. 16a).

After 1200 LT, sub-MCS nonlinear features began to increase

in rain volume fraction, whileMCS nonlinear features began to

decrease. MCS nonlinear features then began to increase in

rain volume fraction near 2100 LT and reached peak contri-

butions at sunrise (consistent with results from Ciesielski et al.

2018). The DC of rain volume fraction during the active phase

at the Mirai was similar to the suppressed phase at the Revelle

(Fig. 16b). Isolated features contributed the most to the total

rain volume, followed by sub-MCS nonlinear features and

MCS nonlinear features. Isolated features peaked in the late

morning hours, after which sub-MCS nonlinear features began

to increase in rain volume contribution. MCS nonlinear fea-

tures contributed ,10% on average to the rain volume

throughout the day, although there was a slight increase ob-

served just after midnight, consistent with an increase in rain

rates (Fig. 15b). Similar to the Revelle, linear features did not

contribute much to the total rain volume in either phase at

the Mirai.

The DC of RH, vertical motion, and divergence averaged

around the Mirai is shown in Fig. 17. The RH profiles look

similar between the active and suppressed phases. Moist

air was limited to below 700 hPa in the suppressed phase

(Fig. 17a), and within the boundary layer during the active

phase (Fig. 17b). There was little variability throughout the day

in low-level RH. Above the 08C level, the driest air occurred

overnight during the suppressed phase and during the day for

the active phase. Overall, the column was drier throughout the

day during the active phase, consistent with reduced total

precipitable water (Fig. 10a).

One noticeable difference between the Revelle and Mirai

environments was the lack of strong upwardmotion around the

Mirai. The suppressed phase was characterized by weak up-

ward motion which increased in height from around 800 hPa

at 0900–1200 LT to 450 hPa at 1200–1500 LT (Fig. 17c).

FIG. 14. Diurnal cycle of environmental parameters from the Revelle during suppressed (blue) and active (red) phases. (a) SST (8C),
(b) downward solar flux (Wm22), (c) 10m wind speeds (m s21), (d) CAPE (J kg21), (e) latent heat flux (Wm22), (f) Dq (SSq 2 qair;

g kg21), (g) sensible heat flux (Wm22), and (h) DT (SST2 Tair; 8C). Shaded areas represent one standard deviation above and below the

mean. Largermarkers indicate themedians of each parameter at local noon andmidnight are significantly different at the 95% confidence

level (according to the binomial test); 1–2–1 triangular smoothing was applied to each group.
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This similar pattern was also observed starting at midnight.

Ciesielski et al. (2018) found the maximum vertical motion

within the ITCZ occurred 0500–0800 LT during the October

suppressed period. However, from the large-scale vertical motion

observed in Fig. 3, the majority of the vertical motion is located

north of the Mirai’s location. Additionally, the November

suppressed period exhibited weak vertical motion, so aver-

aging both suppressed periods provides a different result

than Ciesielski et al. (2018). The strongest divergence dur-

ing the suppressed phase occurred 1800–2100 LT, corre-

sponding to an increase in the sub-MCS nonlinear rain

volume fraction (Fig. 16a). During the active phase, there

was very little upward vertical motion observed across

the Mirai, and there was no surface level convergence

(Fig. 17d). This was most similar to the suppressed phase at

the Revelle and highlights the lack of deep convection in

the area.

Looking into the environmental parameters (Fig. 18), one

noticeable result is that the variability between phases at the

Mirai was much less than compared to the Revelle. The DC of

SST was strongly damped, and SSTs were on average 0.58–18C
cooler than at the Revelle (Fig. 18a). There was not a large

difference between the solar flux observed during the sup-

pressed and active phases (Fig. 18b). Surface winds were higher

FIG. 15. As in Fig. 11, but for the Mirai.

FIG. 16. As in Fig. 12, but for the Mirai.
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than at the Revelle due to the influence of the southeasterly

trades (Fig. 18c; Kerns and Chen 2014). There was little diurnal

variability in CAPE, and CAPE was about half of what was

observed at the Revelle (Fig. 18d).

Latent heat fluxes were higher at the Mirai than at the

Revelle, most likely due to stronger surface winds (Fig. 18e).

However, there was no diurnal variability in the latent heat

fluxes, which mostly resembled the weak variability in winds.

The variability in Dq was lower than at the Revelle, with peaks

occurring around 1400 LT, consistent with the peak in solar

heating. (Fig. 18f). During the suppressed phase, a broad

maximum in sensible heat flux was achieved in the afternoon,

and a second peak was observed at sunrise (Fig. 18g). This DC

in sensible heat flux during the suppressed phase was statisti-

cally significant and was consistent with the DC of DT
(Fig. 18h), with the afternoon peak due to a weak increase in

SST, and the morning maximum due to a decrease in near-

surface temperature. The active phase showed much weaker

FIG. 17. As in Fig. 13, but for the Mirai.

FIG. 18. As in Fig. 14, but for the Mirai.
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sensible heat flux values, with a singlemaximumoccurring near

0300 LT. This corresponded well with DT, as well as the sec-

ondary peak in rain rates (Fig. 15b).

6. Discussion and summary

This study focused on comparing PFs (isolated, sub-MCS

nonlinear, sub-MCS linear, MCS nonlinear, and MCS linear)

between suppressed and active phases of the MJO at two lo-

cations within the central IO during DYNAMO. In the MJO

evolution section, we showed that the large-scale environments

differed on- and off-equator during both MJO events. In the

suppressed phase ofOctober, therewasweak verticalmotion and

little surface convergence observed over the Revelle, the atmo-

spheric column was dry, and there were no large rain events

observed. South of the equator, the ITCZ was present near the

Mirai and embeddedwithin the ITCZwere some largemesoscale

systems (Ciesielski et al. 2018). As the MJO entered the active

phase toward the end of October, the maximum in upward mo-

tion shifted toward the equator and therewas a steadymoistening

of the column observed over the Revelle corresponding to high-

intensity but short-livedmesoscale systems.Over theMirai, weak

subsidence was prevalent and a strong dry-air intrusion from the

subtropics suppressed convection (Kerns and Chen 2014).

After the first MJO exited the region, there was little large-

scale vertical motion within this area of the deep tropics and

drier conditions were found over the Revelle and Mirai, limit-

ing mesoscale activity. Toward the end of November though,

widespread upward motion dominated. Large, persistent sys-

tems were observed over the Revelle that had a considerable

stratiform rainfall component. These events coincided with two

WWBs with enhanced surface convergence that propagated

eastward across the central IO. Also during this time, a strong

stable layer developed near the 08C level associated with the

stratiform region. Over the Mirai, an increase in mesoscale ac-

tivity happened within the last 2 days of the observing period,

which contributed significantly to the total rainfall observed.

The percentage of PFs observed during the active and sup-

pressed phases near the Revelle and Mirai was fairly similar,

with isolated features representing about 90%–95% of the

total population. However, upon closer analysis, we found that

these features contributed nearly 40% to the total rain volume

during the suppressed phase at the Revelle, and only around

10% during the active phase and during both phases at the

Mirai. At the Revelle, sub-MCS nonlinear, sub-MCS linear,

MCS nonlinear, and MCS linear features all occurred more

frequently during the active phase compared to the suppressed

phase.MCS nonlinear features contributed themost to the rain

volume during the active phase, and environmental parameters

such as total precipitable water, air–sea fluxes, SST, and surface

moisture were all larger on average, which was statistically

significant.

A similar but reversed pattern was observed at the Mirai,

although the differences between suppressed and active phases

off-equator were not nearly as extreme compared to the

Revelle. At the Mirai, sub-MCS nonlinear and MCS nonlinear

features were more prevalent during the suppressed phase,

with MCS nonlinear features contributing the most to the total

rain volume during this phase. Once again, total precipitable

water, air–sea fluxes, SST, and surface-level moisture, in ad-

dition to surface winds, were all larger during the suppressed

phase. Additionally, during both phases on- and off-equator

30-dBZ echo-top heights increased with increasing size and

degree of organization. Isolated features had the lowest

30-dBZ heights near the 08C level, while MCS linear features

had the tallest 30-dBZ echoes around 9 km.

The DC of rainfall varied significantly on average between

the suppressed and active phases at the Revelle. During the

suppressed phase, two local peaks in rainfall were observed in

the afternoon and just after midnight. These weak enhance-

ments corresponded to an increase in the sub-MCS nonlinear

and MCS nonlinear rain volume fractions. The afternoon peak

was likely driven by solar heating, which increased SST and

air–sea fluxes, and a maximum in surface convergence was

observed. The later peak in rainfall coincided with the maxi-

mum in CAPE and may have been driven by radiative cooling

of the mid- to upper troposphere, although more analysis is

needed to state this with certainty. The DC during the active

phase was much stronger, and a single peak in rainfall occurred

just after midnight, consistent with other studies regarding the

DC of tropical oceanic convection in the active MJO phases

(Sui et al. 1997; Tian et al. 2006; Suzuki 2009; Sakaeda et al.

2017, 2018; Rowe et al. 2019). Rain rates were 5–10mmday21

greater during the active phase, and the maximum near

midnight corresponded to an increase in MCS nonlinear

rain volume fraction (which started in the afternoon). This

increase in MCS nonlinear rain volume fraction also coin-

cided with column moistening and enhanced vertical mo-

tion throughout the afternoon. Solar heating was reduced

due to increased cloudiness and likely played a role in re-

ducing the DC of SST. Isolated and sub-MCS nonlinear

features contributed the most to the rain volume during the

afternoon, but this had little effect on the DC compared to

the larger MCS events that reached peak maturity in the

early morning hours.

Using data from the NCAR S-pol radar on Gan Island,

Rowe et al. (2019) showed that the DCs observed during the

active phases of MJO1 and MJO2 differed. We also analyzed

this at the Revelle and found the amplitude of the DC of MCS

nonlinear rain volume fraction was reduced from 40% in

MJO1 to 20% in MJO2. There was much less variability in the

DC of overall precipitation during MJO2 as well. These dif-

ferences can be inferred from the time series where rain events

in MJO1 were more episodic in nature, while rain events in

MJO2 were longer lived and produced significantly more

stratiform rain. Enhanced convection in MJO2 coincided with

the passage of a strong Kelvin wave (Gottschalck et al. 2013)

which forced twoWWBs. TheseWWBs significantly enhanced

the feedback between the ocean and atmosphere through air–

sea fluxes and deep wind shear and were associated with strong

surface-level convergence, which allowed for convection to

persist, thus reducing the DC. Hence, these results agree with

Rowe et al. (2019) and demonstrate that features such as

synoptic waves can influence the DC of rainfall.

The DC of rainfall observed over the Mirai was fairly dif-

ferent from the Revelle. Rain rates were higher during the
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suppressed phase at theMirai, but only reached a maximum of

;6mmday21 (compared to 14mmday21 during the active

phase at theRevelle). The DC during the suppressed phase was

quite weak, while the DC during the active phase had a bi-

modal distribution with peaks in the afternoon and early

morning (consistent with the suppressed phase on-equator).

The diurnal variability of MCS nonlinear rain volume fraction

was greatest during the suppressed phase, in which peak rain

volume contribution was achieved at sunrise. Furthermore, the

diurnal variability of MCS nonlinear rain volume fraction

during the active phase off-equator was basically the same as

that during the suppressed phase on-equator. ThemeanDCs of

environmental parameters off-equator were similar between

suppressed and active phases, suggesting some additional fac-

tors may be playing a larger role in the DC of precipitation.

This study highlighted the impacts of the local environment

on the DC of precipitation and convective organization within

the MJO and local differences in the DC within the central IO.

Unfortunately, the analysis was limited to the two coherentMJOs

observed during the DYNAMO intensive observing period.

Thus, future work may involve a similar analysis from a clima-

tological perspective, identifying PFs from TRMM/GPM radar.

With additional data, the evolution of PFs and the DC of PFs

between specific phases of the MJO (e.g., phases 1–8 rather than

suppressed versus active) could also be investigated.Additionally,

this study was limited to only analyzing observations. Modeling

experiments could be designed to determine the major factors

that contribute to the evolution of PFs and precipitation on the

intraseasonal and diurnal time scales within the central IO.
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