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ABSTRACT

This study uses high-resolution rainfall estimates from the S-Polka radar during the DYNAMO field

campaign to examine variability of the diurnal cycle of rainfall associated with MJO convection over the

IndianOcean. Two types of diurnal rainfall peaks were found: 1) a late afternoon rainfall peak associated with

the diurnal peak in sea surface temperatures (SSTs) and surface fluxes and 2) an early to late morning rainfall

peak associated with increased low-tropospheric moisture. Both peaks appear during the MJO suppressed

phase, which tends to have stronger SSTwarming in the afternoon, while themorning peak is dominant during

theMJOenhanced phase. Themorning peak occurs on average at 0000–0300 LST during theMJO suppressed

phase, while it is delayed until 0400–0800 LST during theMJO enhanced phase. This delay partly results from

an increased upscale growth of deep convection to broader stratiform rain regions during the MJO enhanced

phase. During theMJO suppressed phase, rainfall is dominated by deep and isolated convective cells that are

short-lived and peak in association with either the afternoon SST warming or nocturnal moisture increase.

This study demonstrates that knowledge of the evolution of cloud and rain types is critical to explaining the

diurnal cycle of rainfall and its variability. Some insights into the role of the complex interactions between

radiation, moisture, and clouds in driving the diurnal cycle of rainfall are also discussed.

1. Introduction

Intraseasonal variability in the atmosphere bridges an

important time scale between climate and weather. A

key phenomenon that occurs on intraseasonal time

scales in the tropics is the Madden–Julian oscillation

(MJO; Madden and Julian 1971, 1972). The MJO is

known to influence a wide range of spatial and temporal

weather and climate phenomena (Lau and Waliser

2011), including the diurnal cycle of rain, which is the

focus of this study. The diurnal cycle in precipitation

is one of the fundamental modes of atmospheric

variability, yet it is not completely understood what

drives it or how it varies with large-scale atmospheric

variability, especially over the open ocean (Yang and

Slingo 2001). A number of studies have examined the

relationship between the diurnal cycle of rainfall and the

MJO (e.g., Sui et al. 1997; Chen and Houze 1997; Tian

et al. 2006; Suzuki 2009; Fujita et al. 2011; Oh et al. 2012;

Rauniyar and Walsh 2011; Sakaeda et al. 2017). How-

ever, many details of the relationship between the di-

urnal cycle of rainfall and the MJO remain to be

answered. The physical processes underlying the re-

lationship between the MJO and the diurnal evolution

of cloud and rain types were unclear in Sakaeda et al.

(2017) because the analysis was limited to satelliteCorresponding author: Naoko Sakaeda, nsakaeda@ou.edu
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estimates of cloud types and rain rates. Here we extend

the results of Sakaeda et al. (2017) by using observations

collected during the Dynamics of the MJO (DYNAMO;

Yoneyama et al. 2013) field campaign to further examine

the diurnal cycle by rain types and associated large-scale

atmospheric variability.

It has been suggested that the interaction between the

diurnal cycle and the MJO leads to a two-way feedback.

A number of studies have shown that the amplitude of

the diurnal cycle of rainfall and deep convection is en-

hanced within the enhanced convective envelope of the

MJO, especially over the ocean (Sui et al. 1997; Chen

and Houze 1997; Tian et al. 2006; Suzuki 2009; Fujita

et al. 2011; Rauniyar and Walsh 2011; Sakaeda et al.

2017). Within the suppressed envelope of the MJO,

isolated cumulus congestus clouds are more abundant

than organized deep convection. Ruppert and Johnson

(2015) and Ruppert (2016) suggested that the diurnal

cycle of these cumulus congestus clouds during the

suppressed phase of the MJO is important for moisten-

ing and preconditioning the troposphere for a newMJO

convective initiation. Over the islands of the Maritime

Continent, the amplitude of the diurnal cycle tends to

peak a few days prior to the arrival of MJO convective

centers (Sui and Lau 1992; Ichikawa and Yasunari 2006,

2008; Oh et al. 2012; Kanamori et al. 2013; Peatman et al.

2015; Sakaeda et al. 2017). The enhancement of the di-

urnal cycle prior to the arrival of the MJO led Peatman

et al. (2014, 2015) to suggest that the diurnal cycle of

rainfall may rectify onto intraseasonal time scales over the

Maritime Continent, playing a role in MJO propagation

over the region. Majda and Yang (2016) also suggested

that the diurnal cycle feeds back onto the intraseasonal

variability of temperature and momentum, partly gener-

ating the large-scale circulation consistent with the ob-

servedMJO. Therefore, the accurate representation of the

diurnal cycle may be crucial for improving simulations of

the MJO, since models frequently do not have realistic

diurnal variability (Slingo et al. 2003; Peatman et al. 2015).

The diurnal cycle varies significantly depending on the

cloud and rain types examined, such as high versus low

clouds or heavy versus light rain rates (Albright et al.

1985; Janowiak et al. 1994; Chen andHouze 1997; Cairns

1995; Sakaeda et al. 2017). In past studies, clouds were

generally categorized by infrared brightness temperature

(Albright et al. 1985; Janowiak et al. 1994; Chen and

Houze 1997) or cloud-top pressure estimated from

brightness temperatures (Cairns 1995; Sakaeda et al.

2017). This method enables general classification of

clouds by their height, but it cannot distinguish between

deep convective cores and surrounding stratiform clouds

within organized convective systems. Distinguishing be-

tween these cloud types (e.g., convective, stratiform) is

important as they produce different vertical heating pro-

files, which yield different responses in the atmospheric

circulation. Cloud populations generally evolve from iso-

lated, shallow individual convective cells during the MJO

suppressed phase to more organized, deep convective and

stratiform clouds during the enhanced phase (Johnson

et al. 1999;Kikuchi andTakayabu 2004; Barnes andHouze

2013; Zuluaga and Houze 2013; Powell and Houze 2013;

Xu and Rutledge 2014; Powell and Houze 2015; Xu and

Rutledge 2015). Sakaeda et al. (2017) showed that the in-

creased stratiform rain following the deep convection tends

to delay the peak timing of diurnal rainfall cycle within the

convectively enhanced envelopes of theMJO compared to

the suppressed envelopes. Therefore, further examination

of how rain and cloud types vary diurnally and with the

MJO is critical for a better understanding the diurnal cycle

and its interactions with large-scale variability.

Over open tropical oceans, the diurnal cycle of rainfall

tends to have peak total rainfall in the early morning

hours, in contrast to the late afternoon peaks over land

(Yang and Slingo 2001; Nesbitt and Zipser 2003;

Kikuchi and Wang 2008). This early morning peak in

rainfall over oceans has been proposed to be driven by

several mechanisms such as 1) upper-tropospheric de-

stabilization associated with nighttime radiative cooling

at the top of clouds (Kraus 1963; Randall et al. 1991), 2)

stronger radiative cooling of tropospheric temperature

at night over clear than cloudy area that enhances low-

level convergence into cloudy areas (Gray and Jacobson

1977), 3) greater tropospheric relative humidity and

moisture at night (Sui et al. 1997; Frenkel et al. 2011),

and 4) the life cycle of cloud systems that are triggered in

the afternoon and develop into mesoscale convective

systems (MCSs) that mature in the early morning hours

(Chen and Houze 1997). While the climatological di-

urnal cycle of total rainfall is known to be largely con-

tributed by the MCSs (Chen and Houze 1997; Nesbitt

and Zipser 2003), the relative roles of the first three

suggested mechanisms leading to their overnight de-

velopment is unclear. By examining the variability in the

diurnal cycle of rainfall and atmospheric profiles asso-

ciated with the MJO, we aim to provide some insights

into which of these proposed mechanisms explain the

diurnal cycle of rainfall.

This study focuses on the relationship between the

diurnal cycle of rainfall and the MJO over the tropical

Indian Ocean, where the DYNAMO field campaign

took place during October 2011–February 2012. The

main objective of this field campaign was to collect in-

tensive observations in order to analyze and understand

MJO dynamics, especially its convective initiation pro-

cesses. Three MJO events were observed during this

field campaign. TheDYNAMOdata allow for a detailed
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examination of the diurnal cycle of rainfall and atmo-

spheric conditions and their evolution during the pas-

sage of the three events. By taking advantage of the

collected observations during DYNAMO, this study

addresses three main questions:

1) How does the population of raining clouds evolve

diurnally?

2) How does its diurnal cycle vary with the MJO?

3) What large-scale environmental factors are associ-

ated with changes in the diurnal cycle of rainfall?

2. Data and methodology

Radar and sounding-based data collected dur-

ing DYNAMO are primarily used to examine the di-

urnal cycle of rainfall and atmospheric environmental

conditions. Further details on the setup of the observa-

tional network during DYNAMO can be found in

Yoneyama et al. (2013). Three-hourly, 0.258-horizontal-
resolution rainfall rates from the Tropical Rainfall

Measuring Mission (TRMM) 3B42 version 7 (Huffman

et al. 2007) are also used for comparison to the DY-

NAMO data in the appendix.

a. S-Polka radar-estimated rainfall rate and rain-type
classification

The dual-polarimetric, dual-wavelength S-Polka ra-

dar from theNational Center for Atmospheric Research

(Keeler et al. 2000) utilizes wavelengths of 10 cm for the

S-band and 0.8 cm for the Ka band, and is used here to

identify rainfall and rain types. The radar was located at

0.638S, 73.108E, at Addu Atoll in the Maldives. The ra-

dar operated surveillance (SUR) scans at elevation an-

gles between 0.58 and 118 and range–height indicator

(RHI) scans that scanned at elevation angles up to 458
over azimuths ranging from 48 to 828 and 1148 to 1408
(Zuluaga andHouze 2013; Powell andHouze 2013). The

combined SUR and RHI scans complete a cycle in

15min, covering an area up to 150 km away from the

radar. This radar dataset is available from 1 October

2011 through 16 January 2012. Rain rates are estimated

from the S-band reflectivity, differential reflectivity, and

derived specific differential phase using an algorithm

from Colorado State University (CSU). The rain-rate

relationships with the above three variables were de-

rived in Thompson et al. (2015, 2018). This study uses

the 1 km3 1 km S-Polka rain rates from the DYNAMO

dataset at http://dynamo.fl-ext.ucar.edu/rsmas/dynamo_

legacy/, which includes best-estimate rain rate that used

in this study.

Rain types are classified following the algorithm of

Powell et al. (2016). The algorithm uses the information

on both the amplitude and spatial extent of radar re-

flectivity to classify rainfall into six types: deep con-

vection, stratiform, mixed (deep convection and/or

stratiform), isolated convective core, isolated convective

fringe, and weak rain. Deep convective rain is identified

when reflectivity exceeds 38 dBZ or when it exceeds the

background reflectivity defined as the mean reflectivity

of echoes within 5 km. Echoes weaker than 7dBZ are

classified as weak rain. Echoes that are not convective or

weak based on the criteria above and also reside within

echo objects greater than 2000km2 are considered

stratiform. Echoes that are adjacent to deep convective

cores are classified as regions of mixed convective and

stratiform rainfall, based on heating profiles in such re-

gions that contain characteristics of both convective and

stratiform precipitation (e.g., Schumacher et al. 2004).

Other echoes with smaller horizontal area are classified

as isolated convective cores or fringe, depending on the

reflectivity values. The threshold parameters used here

are adjusted from Powell et al. (2016) for the 1 km 3
1 km–horizontal-resolution data to best match ratios of

stratiform to convective rain volume observed in dis-

trometer data by Thompson et al. (2015). In this study,

we combine the isolated convective categories since

they have a similar diurnal cycle. The diurnal cycle of

presumed rainfall from weak rain is also not presented

as it only contributes to less than 1% of total rain.

b. DYNAMO gridded dataset

This study uses CSU-DYNAMO upper-air and sur-

face gridded analysis version 3b data (Ciesielski et al.

2014), which combines several observational datasets

including soundings, satellite data, and European Cen-

tre for Medium-Range Weather Forecasts operational

analysis to generate 3-hourly, 18 3 18 data with a vertical

resolution of 25 hPa from 1 October 2011 to 31 Decem-

ber 2011. Further details on the gridded dataset are

provided by Ciesielski et al. (2014) and Johnson et al.

(2015). This dataset provides the diurnal variability of

large-scale atmospheric profiles during the DYNAMO

period, which allows us to examine how the radar-

detected diurnal rainfall and large-scale atmospheric

conditions relate to each other. This gridded dataset also

provides derived variables that are not available from a

single station’s rawinsonde data such as vertical velocity,

and apparent heating and drying.We have also repeated

the analysis using version 3a of this dataset, which was

generated by using observations only. The main con-

clusions are insensitive to the selection of these two

versions, but the mean spatial patterns of the derived

variables that were not directly observed (e.g., pressure

velocity) showed a better agreement with reanalyses

products using version 3b (see also Hannah et al. 2016).
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c. R/V Revelle air–sea flux data

The research vessel R/V Revelle, located east of the

S-Polka at around 0.108N, 80.508E, collected surface

and ocean subsurface thermodynamic variables during

DYNAMO. This dataset provides surface fluxes at

10-min intervals during 3–22 September, 1–30 October,

8 November–8 December, and 17 December–1 January,

allowing us to examine the potential role of air–sea in-

teractions in driving the diurnal cycle of rainfall.

d. MJO identification

MJO convective events are identified using daily,

2.58 3 2.58 outgoing longwave radiation (OLR;

Liebmann and Smith 1996) filtered for the MJO spa-

tiotemporal frequency band (20–100 days and eastward

zonal wavenumbers 1–5). Threshold values for en-

hanced and suppressedMJO convection are determined

as the lower and upper 15th percentiles of the filtered

OLR anomaly from 158N to 158S globally during

October through January 1979–2015, which is around

68Wm22 (Sakaeda et al. 2017; Dias et al. 2017). The

MJO-filtered OLR anomaly is then averaged over a 58
box around S-Polka (2.58S–2.58N, 708–758E). When this

MJO-filtered OLR anomaly is below the lower-

15th-percentile threshold value and above the upper-

15th-percentile threshold value, S-Polka is determined

to be within the envelope of MJO enhanced or sup-

pressed convection, respectively. This method identified

32 days of MJO enhanced and 44 days of MJO sup-

pressed phases. The specific dates of the MJO enhanced

and suppressed phases are listed in Table 1. The iden-

tified dates generally agree withMJO dates identified by

other studies (e.g., Yoneyama et al. 2013; Johnson and

Ciesielski 2013; DePasquale et al. 2014; Ruppert and

Johnson 2015; Xu and Rutledge 2015; Kim et al. 2018).

To identify MJO events at Revelle, the same method

was repeated using MJO-filtered OLR averaged around

the location of the Revelle (2.58S–2.58N, 77.58–82.58E).
By slightly shifting the location eastward of S-Polka, the

identifiedMJOevents are also shifted later by a few days

than at S-Polka. The included dates of MJO events to

examine air–sea fluxes are also limited by the avail-

ability of the measurements at the Revelle. The MJO

events that are used to composite the Revelle surface

flux measurements are also summarized in Table 1.

All statistical significance and error bars in this study

are calculated by using a 1000-iteration bootstrap

resampling test and 95% confidence level. To bootstrap,

days that are used to calculate a probability or com-

posite value are resampled with replacement.

3. Results

Figure 1 shows daily time series of total and MJO-

filtered OLR anomalies averaged around the S-Polka

location (2.58S–2.58N, 708–758E) and S-Polka area-

averaged rain rates. The periods of enhanced and sup-

pressed MJO phases are indicated by blue and pink

shading (Fig. 1; see dates in Table 1). The daily rainfall

variability agrees well with TRMM 3B42 data (not

shown), and the comparison between the S-Polka and

TRMM is further discussed in the appendix. Days with

strong negative OLR anomaly (i.e., MJO enhanced

phase) generally have higher rain rates that are largely

attributed to increased stratiform and convective rain

(Zuluaga and Houze 2013; Barnes and Houze 2013; Xu

and Rutledge 2015; Powell and Houze 2015). The rest of

this study examines the diurnal cycle during the identi-

fied dates of the MJO enhanced and suppressed phases.

The diurnal cycle during the neutral phase of the MJO

or for the entire DYNAMO period shows mixed char-

acteristics of the enhanced and suppressed phases, and

so will not be discussed in detail.

a. The diurnal cycle by rainfall type

Figures 2a and 2b show hourly mean area-averaged

diurnal rain rate from S-Polka by rain type during the

MJO enhanced and suppressed phases. The daily mean

and diurnal amplitude of total rain (black) is stronger

within the MJO enhanced than the suppressed phase

(note the scale difference on the vertical axes). Within

the MJO enhanced phase, all rain types generally peak

around 0600 LST, while stratiform peaks a few hours

later. The total rain is partitioned into primarily deep

convection, followed by mixed, then stratiform, and fi-

nally isolated convective rain. In contrast, Fig. 2b

shows a double peak with rainfall maxima at 0300 and

1800 LST, this timemade up primarily of convective and

isolated rain types. This bimodal peak is not driven

primarily by the rainfall variability associated with solar

TABLE 1. Dates of the MJO enhanced and suppressed phases over S-Polka and R/V Revelle during October 2011–January 2012.

Enhanced (at S-Polka) Suppressed (at S-Polka) Enhanced (at Revelle) Suppressed (at Revelle)

3–14 Oct 6–17 Oct

20–30 Oct 4–16 Nov 22–30 Oct 6–19 Nov

20 Nov–1 Dec 5–9 Dec 22 Nov–2 Dec 6–8 Dec

14–22 Dec 26 Dec–8 Jan 17–25 Dec 28 Dec–1 Jan

1310 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 75



semidiurnal tide shown by Kohyama and Wallace

(2016), who document that such rainfall rates are less

than 10% of the values shown in Fig. 2b. In addition, the

bimodal peaks in Fig. 2b are not 12 h apart. The

secondary 1800 LST peak in Fig. 2b is often less prom-

inent in some earlier studies that used TRMM3B42 (Oh

et al. 2012; Rauniyar and Walsh 2011; Sakaeda et al.

2017), likely due to sampling issues (see appendix). In

FIG. 1. Daily time series of (a) total and MJO-filtered OLR anomalies averaged over 2.58S–
2.58N, 708–758E and (b) area-weighted rainfall rate (mmh21) estimated from the S-Polka radar

averaged over the coverage area by rain type. In (b), black solid line shows total, red dashed line

shows deep convective, blue dashed line shows stratiform, gray dotted–dashed line shows convective

and stratiform mixed, and green dotted line shows isolated convective rain. Light blue and pink

shading indicate dates identified as the MJO enhanced and suppressed phases, respectively.

FIG. 2. Hourly mean area-weighted rain rate from S-Polka during (a) the MJO enhanced and (b) suppressed

phases by rain type: total (black solid), deep convective (red dashed), stratiform (blue dashed), convective–

stratiform mixed (gray dotted–dashed), and isolated (green dotted) rain. (c) Mean hourly difference between the

MJO enhanced and suppressed phases. (d) Hourly difference of the percentage contribution by each rain type to

the total rain between the MJO enhanced and suppressed phases. Hourly values are all smoothed by using a 1–2–1

triangular smoothing function.
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Fig. 2c, the difference in the mean rain rate between the

MJO enhanced and suppressed phase shows a statisti-

cally significant increase in all rain types within theMJO

enhanced phase except for isolated convective rain.

Figure 2d shows the difference in the percentage of

contribution of each rain type to total rain between the

MJO enhanced and suppressed phases. Stratiform and

mixed contributemore within theMJO enhanced phase,

while isolated convective rain contributes more within

the suppressed phase, in agreement with previous

studies (Zuluaga and Houze 2013; Barnes and Houze

2013; Xu and Rutledge 2015; Powell and Houze 2015).

However, there is no significant diurnal variability in the

contributions by each rain type between the MJO pha-

ses. This result indicates that the phase of the diurnal

cycle of all rain types is modulated by the MJO in a

similar manner, and the contribution of each rain type to

total rain changes between the MJO phases at the sim-

ilar rate at all hours of the day. For the rest of the study,

deep convection and mixed rain types are combined

since they display similar diurnal characteristics.

1) DISTRIBUTION OF DIURNAL RANGE AND PEAK

HOUR

Figure 3 shows the probability distribution of the

diurnal range and peak hour of each rain type from

S-Polka during theMJO enhanced (blue) and suppressed

(red) phases. The dots on the horizontal axis show the

mean values during theMJO phases. The diurnal range is

the difference between the maximum and minimum

rainfall rate at each day and the diurnal peak hour in-

dicates the local solar time (LST) when the maximum

rainfall rate occurs during each day. We have also cal-

culated the amplitude of the diurnal harmonic as done in

Sakaeda et al. (2017) and obtained consistent results to

using the diurnal range (not shown). The rain rates are

averaged hourly and regridded to a 0.258 3 0.258 grids to
match the horizontal resolution of TRMM 3B42 that has

been commonly used in previous studies to examine the

diurnal cycle of rain (e.g., Yang and Smith 2006; Kikuchi

and Wang 2008; Peatman et al. 2015). The data are re-

gridded by applying weighted averaging, so that the total

area-integrated rainfall is conserved.

The diurnal range of total rain increases from the

MJO suppressed to the enhanced phase because of the

increased diurnal range in all rain types except isolated

convective rain. Within the MJO enhanced phase, all

rain types tend to peak most frequently around 0400–

0600 LST. In comparison, within the MJO suppressed

phase, the probability of the diurnal peak of all rain

types tends to decrease in the later morning hours

(0600–0900 LST), while the probability increases

slightly between 1800 and 0300 LST. Stratiform rain

within the suppressed phase also shows a more distinct

bimodal peak at around 0200–0400 and 1700–2000 LST.

The distribution curves of the diurnal peak hour are not

completely different between the MJO enhanced and

suppressed phases, but they exhibit some shift in the

overall pattern. The main differences between the MJO

enhanced and suppressed phases are that the morning

peak tends to occur earlier and a peak occurs more

frequently in the late afternoon and evening within the

MJO suppressed phase.

To better understand the diurnal distribution of rain

rate, Fig. 4 shows the hourly probability distribution of

the 15-min rain rate by rain type. The left column of

Fig. 4 is the probability distribution of rain rate from all

hours of the day (i.e., the all-hour distribution). The

probability is only shown for nonzero rain rates, but the

distribution integrates to 100% when the probability of

no rain is included. The center and right columns show

the anomalous probability distribution from the all-hour

distribution at each hour of the day, calculated following

Sakaeda et al. (2017). Positive anomalies indicate that the

probability of the rain rate at that hour is higher than

other hours of the day. Black and gray crosses show

points where the values are statistically significantly dif-

ferent from zero at the 95% and 80% confidence levels.

Within the MJO enhanced phase, isolated convective

rain at all rates becomes most frequent around 0200–

0600 LST (Fig. 4k). Deep convective and mixed rain is

most frequent around 0400–0900 LST (Fig. 4e). The

probabilities of isolated and deep convective rain sug-

gest that some isolated convection develops into deeper

convection and intensifies in the morning until around

0600–0800 LST. Although the confidence level is lower,

relatively strong stratiform rain (above 1mmh21) is

more frequent around 0600–1200 LST (Fig. 4h), sug-

gesting the transition of deep convection into stratiform.

The stratiform rain then weakens toward the afternoon

until around 1500 LST.

Within the MJO suppressed phase, all rain types

show a peak in the early morning hours (0000–0300

LST) and another weaker secondary peak around 1800–

2100 LST. The probability of isolated convective rain is

nearly equal between the MJO enhanced and sup-

pressed phases, although the timing of the occurrence is

different (Figs. 4j–l). The intensification of convective

rain or upscale growth of convective to stratiform rain is

not apparent during the MJO suppressed phase,

suggesting a shorter life cycle and less organization of

clouds. These results suggest that, in the MJO sup-

pressed phase, rainfall that initiates in the afternoon

does not continuously intensify throughout the night

before peaking in the morning. The rain that initiates in

the afternoon appears to dissipate before redeveloping
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after midnight. Within the MJO enhanced phase, cloud

systems instead seem to begin developing or intensifying

after midnight and exhibit a longer lifetime.

2) FACTORS CONTRIBUTING TO THE DIURNAL

CYCLE OF RAINFALL

The diurnal cycle of rain over an area domain can be

influenced by two factors: diurnal changes in the fraction

of raining area and the intensity of rain. Figures 5a and

5b show the mean hourly time series of raining areal

coverage (note the scale difference on the vertical axes),

and Figs. 5c and 5d show the conditional rain rate over

the radar domain during the MJO enhanced and sup-

pressed phases. Raining areal coverage represents the

fraction of the radar area that is raining. Conditional

rain rate is calculated as the mean rain rate within the

raining area, providing better estimates of rain intensity.

Weak rain is excluded from both estimates because of its

frequent appearance and small contribution to the di-

urnal cycle of total rainfall.

Daily mean areal coverage of all rain types is greater

within the MJO enhanced phase as shown in previous

studies (e.g., Chen et al. 1996; Riley et al. 2011; Barnes

and Houze 2013; Powell and Houze 2013; Xu et al.

2015), but the conditional rain rates do not vary much

between the MJO phases, except for the slightly stron-

ger deep convective and mixed rainfall during the MJO

suppressed phase. The conditional probability distribu-

tions of rain rates (i.e., rain-rate probability normalized

by the number of raining points, instead of all data

FIG. 3. Probability distribution function (%) of (left) diurnal range of rainfall rate (mmh21) and (right) local hour

of diurnal peak rainfall for (a),(b) total; (c),(d) sum of convective and uncertain; (e),(f) stratiform; and (g),(h)

isolated rain types from hourly S-Polka data at 0.258 horizontal resolution. Blue and red lines show the distribution

during the MJO enhanced and suppressed phases, respectively. Dots on the horizontal axis represent mean values.

Error bars show the 95% confidence interval. The distributions are all smoothed using a 1–2–1 triangular smoothing

function.
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points as in Fig. 4) also did not show significant vari-

ability between the MJO phases (not shown). These

results confirm that total rain increases within the MJO

enhanced phase because of increased coverage in the

raining area. Although the mean conditional rainfall

rates do not vary much as a function of the MJO phase,

the heights of echoes above some thresholds (e.g., 0 and

20 dBZ) increase within the MJO enhanced phase (not

shown), consistent with previous studies (Powell and

Houze 2013; Xu et al. 2015). Our results here sug-

gest that the increase in echo-top heights is not repre-

sentative of changes in mean rainfall intensity. The areal

coverage of stratiform rain increases the most from the

suppressed to enhanced MJO phase (Figs. 4a,b), but its

contribution to total area-averaged rain is still small

(Fig. 2) because the intensity of stratiform rain is rela-

tively weak (Fig. 4 and Figs. 5c,d).

While the areal coverage does show some diurnal

variability that is generally in phase with the area-

averaged rain rates for most rain types (Fig. 2), the

conditional rain rates do not show much diurnal vari-

ability within either MJO phase. To quantify the con-

tribution of the raining areal coverage and conditional

rain, the area-averaged rainR (Fig. 2) can be first written

FIG. 4. (left) Probability distribution function (%) of S-Polka rain rate from all hours of the day. The distribution does not show the

probability of no rainfall, but integrates to 100%when the probability of no rain is included. Blue and red lines show the distribution during

the MJO enhanced and suppressed phases, respectively. (center),(right) The anomalous hourly probability (%) from the distribution shown in

the left column. Anomalous hourly probability distribution within the (b),(e),(h),(k) MJO enhanced phase and (c),(f),(i),(l) suppressed phase.

Black crosses indicate that the anomaly is significantly different from zero at the 95% confidence level, and gray crosses indicate the 80%

confidence level.(top)–(bottom)Different rain types: total, convective andmixed, stratiform, and isolated rain, respectively. The probabilities are

calculated using 15-min rain rates fromS-Polka. The distributions are all smoothed using a 1–2–1 triangular smoothing function in one dimension

for the left column and in two dimensions for the center and right columns.
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as a product of raining area fraction Ar and conditional

rain rate Rc:

R5R
c
A

r
. (1)

Each variable is then decomposed into its daily mean

(overbar) and deviation from the daily mean (prime):

R5R1R0 . (2)

Then, the diurnal variability of area-averaged rainfall

rate R0 can be represented as the sum of three terms:

R0 5R
c
A0

r 1R0
cAr

1 (R0
cA

0
r)

0 , (3)

where the first term on the right-hand side (rhs) of

Eq. (3) represents the contribution by the diurnal vari-

ability of raining area fraction, the second term

represents the contribution by the diurnal variability of con-

ditional rain rates, and the third term represents the contri-

bution by the covarying diurnal variability of both factors.

Figures 5e and 5f show the mean fraction of each term

on the rhs of Eq. (3) to R0 for each rain type during the

MJO phases. To eliminate points with near-zero de-

nominator (i.e., R0 ’ 0), we excluded the times when R0

was within the upper and lower 95% confidence in-

tervals ofR for each rain type, which is equivalent to the

confidence intervals shown in Fig. 2 averaged over all

hours. When the mean fraction is close to one, it in-

dicates that the term contributes dominantly toR0, while
near-zero or negative fractions indicate that the term

only weakly contributes or opposesR0. Figures 5e and 5f

clearly show that the diurnal variability of area-averaged

rain R0 of each rain type is primarily driven by the di-

urnal variability of raining areal coverage RcA
0
r during

FIG. 5. Hourly mean time series of (a),(b) raining areal coverage (%) and (c),(d) conditional rain rate (mmh21)

within the radar-covered region during the MJO (left) enhanced and (right) suppressed phases. Black line shows

the raining areal coverage of total rain not including weak rain type, red dashed line shows deep convection and

convective–stratiform mixed, blue dashed line shows stratiform, and green dotted line shows isolated convective

rain. Hourly values are all smoothed by using 1–2–1 triangular smoothing function. (e),(f) Contribution of areal

coverage and conditional rain rate to diurnal rainfall variability shown as the mean ratios of each term on the rhs of

Eq. (3) to R0. See text for more details on how these ratios are calculated. The 95% confidence intervals are shown

with shadings in (a)–(d) and with black lines in (e) and (f).
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both MJO phases. An exception appears for total rain

rate during the MJO enhanced phase which has more

similar contributions by the areal coverage and condi-

tional rain rate, although even in that case the areal

coverage is still the primary contributor, in agreement

withNesbitt andZipser (2003), Biasutti et al. (2012), and

Sakaeda et al. (2017). The raining areal coverage fluc-

tuates diurnally mostly due to changes in the number of

raining clusters rather than the size of clusters (not shown),

as shown by previous studies (Barnes and Houze 2013;

Dias et al. 2017). This result does notmean that the raining

clusters do not grow in size overnight as suggested byChen

and Houze (1997), but rather that while some raining

clusters grow, new smaller clusters also form, maintaining

the mean and probability distribution of cluster sizes, with

the number of raining clusters contributing to the changes

in the total areal coverage.

b. Large-scale diurnal variability of the troposphere

To better understand what drives the diurnal cycle of

rainfall, this section examines diurnal variability of

large-scale atmospheric conditions using 18 3 18
DYNAMO gridded analysis (section 2b) and compares

them with the diurnal cycle of rainfall during the two

MJO phases. As discussed in section 1, diurnal rainfall

variability may be due to interactions of clouds with

radiation (Kraus 1963; Gray and Jacobson 1977; Randall

et al. 1991; Frenkel et al. 2011) and moisture (Sui et al.

1997; Frenkel et al. 2011), air–sea interactions (Sui et al.

1997; Chen and Houze 1997; Ruppert and Johnson

2015), or large-scale atmospheric variability associated

with atmospheric tides (Lindzen 1978; Ueyama and

Deser 2008; Kohyama andWallace 2016).Wewill assess

the relevance of those proposed mechanisms by exam-

ining the diurnal cycle of atmospheric temperature,

moisture, circulation, air–sea fluxes, and apparent

heating and drying terms defined by Yanai et al. (1973).

The DYNAMO gridded analysis data include estimates

of apparent heating Q1 and apparent drying Q2 as the

residuals of the dry static energy (s 5 cpT 1 gz) and

latent heat energy (qLy) budget, where cp is the specific

heat of dry air at constant pressure,T is the temperature,

z is the geopotential height, q is the water vapor mixing

ratio, and Ly is the latent heat of vaporization.

As shown in Yanai et al. (1973),Q1 can be expressed as

Q
1
5Q

R
1L

y
(c2 e)2

›

›p
s*v*, (4)

representing the sum of radiative heating QR, diabatic

heating associated with condensation c and evaporation

e, and vertical eddy flux convergence of dry static energy

where v is pressure velocity and asterisks indicate scales

unresolved by 18 3 18 grids (i.e., eddies).

VariableQ2 represents the sum of moisture sinks and

sources by condensation and evaporation and the ver-

tical eddy flux convergence of moisture:

Q
2
5L

y
(c2 e)1L

y

›

›p
q*v*. (5)

If the changes in the diurnal cycle of rainfall are driven

by radiation as suggested by Kraus (1963) and Randall

et al. (1991), the diurnal cycle of Q1 and rainfall should

vary consistently with the MJO phases. Likewise, if the

moisture variability drives the diurnal cycle of rainfall,

and if clouds themselves drive the moisture variability, q

and Q2 must also vary consistently with the rainfall.

The vertical profiles in the left column of Fig. 6 show

mean potential temperature, water vapor mixing ratio,

and pressure velocity averaged over all available dates

and hours during DYNAMO (i.e., the mean vertical

profiles) around the location of S-Polka (28S–18N, 718–
758E). The shaded time–pressure diagrams in the same

column are 3-hourly anomalies of these variables from

their daily mean values, showing the mean diurnal cycle

during the DYNAMO period. The center and right

columns of Fig. 6 show the same daily profiles and

3-hourly anomalies for the MJO phases after removing

their mean over the entire DYNAMO period (i.e.,

anomalies from the left column of Fig. 6). The anoma-

lous vertical profiles reveal well-known signals associ-

ated with convective regimes (e.g., Kiladis et al. 2005;

Johnson and Ciesielski 2013), with a more moist envi-

ronment (Fig. 6e) and enhanced rising motion (negative

v, represented by blue shading in Fig. 6h). A slight

cooling at the lowest levels with warmth in the upper

troposphere (Fig. 6b) also appears during the MJO en-

hanced phase, with the opposite anomalies seen during

the suppressed phase.

Figure 6a depicts an overall colder troposphere in the

morning and warm anomalies in the afternoon, with the

largest signals at the surface and a secondary maximum

at around 250 hPa. As is well known, the surface signal

slightly lags the diurnal cycle of solar radiation, and the

upper-tropospheric temperature in turn lags the surface

temperature, peaking in the late afternoon. Within the

MJO enhanced convection, potential temperature shows

an anomalous cold signal near the top of deep clouds (i.e.,

200–400hPa) in the morning, which is mostly driven byQ1

(Fig. 7b). This less thermally stable upper troposphere

might encourage the development of deeper clouds in the

morning, as suggested by Kraus (1963) and Randall et al.

(1991). However, it is unclear whether this is a cause or

effect of rainfall and high clouds.

Surface temperature variability reflects a diurnal SST

cycle that has higher amplitude of variability within the

MJO suppressed phase (Sui et al. 1997; Johnson et al. 1999;
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Matthews et al. 2014; Ruppert and Johnson 2015). Using a

cloud-resolving model, Ruppert and Johnson (2016)

showed that this diurnal SST warming and associated

surface fluxes trigger nonprecipitating cumulus clouds

around noon, followed by precipitating clouds during

late afternoon. In Fig. 7c, this near-surface warming is

driven by Q1, which is stronger before 1200 LST within

the MJO suppressed phase (Figs. 7b,c), indicating a

contribution of heat flux from the ocean or through ra-

diation. Measurements from the R/V Revelle show that

surface fluxes are stronger during the MJO enhanced

phase, and this is primarily due to increased wind speed

(not shown). The sum of sensible and latent heat flux

peaks in the afternoon during bothMJO phases (Fig. 8).

This indicates that surface fluxes alone cannot explain

the existence and nonexistence of afternoon rainfall

peak during the MJO suppressed and enhanced phases.

Therefore, the thermal destabilization of lower tropo-

sphere associated with radiative heating rather than air–

sea fluxes perhaps plays a primary role in triggering the

afternoon rainfall during theMJO suppressed phase, but

not during the enhanced phase.

On average during the entire DYNAMO period

(Fig. 6d), diurnal variability of water vapor mixing ratio

shows a more pronounced 24-h cycle in the lower tro-

posphere with a nocturnal peak (below 850hPa), while a

semidiurnal cycle appears in the mid- to upper tropo-

sphere with peaks at around 0500 and 1700 LST. This

semidiurnal cycle of water vapor mixing ratio could be

associated with the semidiurnal solar tide, as recently

documented by Kohyama andWallace (2016), while the

lower-tropospheric water vapor is driven by the diurnal

cycle of air–sea fluxes (Ruppert and Johnson 2015).

Within the MJO suppressed phase (Fig. 6f), moistening

begins near the surface around noon then gradually

builds upward, reaching 800–600 hPa at around mid-

night. In contrast, within the MJO enhanced phase,

lower-tropospheric moisture begins to build up from

early morning into early afternoon (Fig. 6e). This lag in

lower-tropospheric moisture is consistent with the delayed

FIG. 6. (left) Black line in the left plot of each panel shows the vertical profiles of daily mean (a) potential temperature (K), (d) water

vapor mixing ratio (g kg21), and (g) pressure velocity (hPa s21) averaged over the S-Polka radar region (28S–18N, 718–758E) and over the

entire DYNAMO period. Shading in the right plot of each panel shows the time–pressure diagrams of 3-hourly anomalies of those

variables from their daily mean values. (center),(right) As in the left column, but averaged during the MJO (b),(e),(h) enhanced and

(c),(f),(i) suppressed phases after removing the mean over the entire DYNAMO period. The plotted values are smoothed in the vertical

direction using a 1–2–1 triangular smoothing function. Black solid and dashed contours outline the positive and negative anomalies that

are statistically significantly different from zero at the 95% confidence level and thin gray contours show the 80% confidence level.
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morning rainfall within the MJO enhanced phase. The

earlier morning peak within the MJO suppressed phase

(0000–0300 LST) is consistent with the earlier buildup of

moisture that peaks around midnight, while the later

peak within the MJO enhanced phase (0400–0800 LST)

is consistent with the delayed buildup of moisture that

peaks in late morning. The consistent variability be-

tween the lower-tropospheric (700–1000hPa) moisture

and the timing of early morning rainfall peak supports

the importance of moisture buildup during the prior

evening (Sui et al. 1997; Frenkel et al. 2011).

The diurnal variability of latent heat energy Lyq
0 or

moisture is driven by advection and Q0
2:

L
y

›q0

›t
52L

y

�
v � =q0 1v

›q0

›p
1 v0 � =q1v0›q

›p

�
2Q0

2 ,

(6)

where v denotes horizontal wind on pressure surfaces.

Figures 7d–f show that Ly›q
0/›t is almost entirely driven

by Q0
2 as the contours (Ly›q

0/›t) and shadings (2Q0
2)

coincide with the samemagnitude. These figures plot the

negative of the Q2 term, so positive (red) anomalies

indicate apparent moistening. The correlation between

Ly›q
0/›t and 2Q0

2 is also 0.8–0.98 between 600 and

1000hPa (not shown). In contrast, Ruppert and Johnson

(2016) showed that, within the MJO suppressed phase,

column-integrated moisture increases in the afternoon

hours by the vertical advection of moisture by anoma-

lous large-scale ascent. While vertical advection can

become important in the midtroposphere and impact

the column-integrated moisture budget (not shown), it

does not dominate the diurnal moisture variability in the

lower troposphere.

The sum ofQ1 and2Q2 cancels out Ly(c2 e) (Eq. 7)

and drives moist static energy m 5 s 1 Lyq (Eq. 8):

Q
1
2Q

2
5Q

R
2

›

›p
s*v*2L

y

›

›p
q*v* and (7)

›m0

›t
52

�
v �m0 1v

›m0

›p
1 v0 �m1v0›m

›p

�

1 (Q0
1 2Q0

2) . (8)

The anomalous moistening around midnight to early

morning occurring within the MJO enhanced phase

(Fig. 7e) leads to a positive moisture anomaly in the

morning hours (Fig. 6e). The appearance of a similar

pattern betweenQ2 (Figs. 7e,f) andQ1 2Q2 (Figs. 7h,i)

indicates that the diurnal variability of lower-

tropospheric moisture (Ly›q
0/›t) is driven by the eddy

FIG. 7. As in Fig. 6, but showing (top)Q1, (middle)2Q2, and (bottom)Q1 2Q2. Black contours show the time tendency of (a)–(c) dry

static energy (›s/›t), (d)–(f) latent heat energy (›Lyq/›t), and (g)–(i) moist static energy (›m/›t) at intervals of (left) 0.01 and (center),

(right) 0.005 J kg21 s21, where solid (dashed) lines indicate positive (negative) values.
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flux convergence [second term in Eq. (5)], since the

evaporation/condensation term is cancelled inQ1 2Q2.

Within the MJO suppressed phase, more cumulus and

convective clouds are triggered in the afternoon than in

the MJO enhanced phase, which is thought to lead to

stronger moistening at those hours (Johnson et al. 1999;

Benedict and Randall 2007; Waite and Khouider 2010;

Frenkel et al. 2011; Powell and Houze 2013). The

moistening also extends up to 600 hPa during the MJO

suppressed phase in the afternoon, which can likely be

ascribed to more abundant cumulus congestus clouds

(Johnson et al. 1999; Ruppert and Johnson 2015) that

are not necessarily captured by S-Polka if they are not

precipitating. In contrast, during the MJO enhanced

phase, the lack of the afternoon triggering of cumulus

congestus clouds could potentially lead to a delayed

moistening of the lower troposphere and peak rainfall in

the morning hours. More abundant total moisture in the

troposphere and a larger horizontal scale of raining

clusters within theMJO enhanced phase may also lead to

slower decay rate of clouds and rainfall that peak in the

latemorning hours by reducing the entrainment of dry air

into clouds. Surface fluxes cannot explain these differ-

ences in the diurnal anomaly of lower-tropospheric

moisture because, in both phases of the MJO, surface

latent heat fluxes peak in the afternoon (Fig. 8b).

The vertical ascent is reduced (i.e., there is anomalous

descent) during the morning hours on average (Fig. 6g),

even though rainfall tends to peak then. It turns out that

this anomalous descent in the morning is dominated by

those days with weak or no rain (not shown). A similar

result was obtained by Ueyama and Deser (2008), who

found that the near-surface divergence also peaks

around 0700 LST at the equator over the Pacific basin

using the buoy wind data. This is consistent with

anomalous descent in the morning hours based on mass

conservation, despite the fact that this is also the time of

peak rainfall over that region (Yang and Slingo 2001;

Sakaeda et al. 2017). The enhanced large-scale ascent

favors the development of deep convective clouds and

associated rainfall by sustaining the updraft within

clouds. However, the mismatch between the diurnal

cycle of rainfall and vertical motion suggests that the

diurnal cycle of the large-scale atmospheric circulation,

which is associated with winds that are primarily driven

by the diurnal variability of pressure gradient force

(Ueyama and Deser 2008), is not the dominant driver of

the diurnal cycle of rainfall.

Although the significance level is weak, within the

MJO enhanced phase, the diurnal variability of pressure

velocity shows anomalous ascent between 0300 and 0600

LST at around 600–800hPa and in the upper tropo-

sphere (200–400 hPa) at around 1500–1800 LST. These

signals are consistent with the timing of deep convection

and stratiform rain (Figs. 4e,h), suggesting that these

signals in the vertical motion appear as a consequence of

the diurnal cycle of rainfall. During theMJO suppressed

phase, vertical motion does not show morning and af-

ternoon bimodal peaks as is apparent in the rainfall

signal (Fig. 2b). This again suggests that the large-scale

atmospheric circulation associated with tides is not the

main driver of the diurnal cycle of rainfall, although the

enhanced ascent in the afternoon could contribute to

the afternoon rainfall within theMJO suppressed phase.

4. Summary and conclusions

This study examines the diurnal cycle of rainfall by

rain types within the enhanced and suppressed MJO

convective envelopes duringDYNAMO, and associated

variability in large-scale atmospheric conditions, using

high-spatial- and -temporal-resolution rain-rate esti-

mates from the S-Polka radar along with the gridded

dataset provided by Ciesielski et al. (2014). Previous

studies have found that, over the tropical ocean, the

amplitude of the diurnal cycle increases and the peak

diurnal rainfall tends to occur during the later morning

hours within the convectively enhanced envelopes of

the MJO when compared to the suppressed envelope

FIG. 8. Hourly time series of mean (a) sensible heat flux and

(b) latent heat flux, measured at the R/V Revelle during the MJO

enhanced (blue) and suppressed (red) phases around the location

of the ship (2.58S–2.58N, 77.58–82.58E). The hourly time series are

all smoothed by using a 1–2–1 triangular smoothing function. The

shading shows the 95% confidence interval.
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(Oh et al. 2012; Rauniyar and Walsh 2011; Sakaeda et al.

2017). This signal has been attributed to an increase in

rain associated with stratiform cloud development that

follows deep convection (Sakaeda et al. 2017). To follow

up on the findings of previous studies, we used the radar

rain-type classification algorithm developed by Powell

et al. (2016) to examine the diurnal cycle of isolated

shallow convective elements, deeper convection, and

broader stratiform regions.

We find that the increase in the diurnal range of

rainfall from the MJO suppressed to enhanced phase is

not driven by increased precipitation from all rainfall

types, but is primarily due to deep convective and

stratiform rain, with relatively little change in isolated

convective rain (Fig. 3). Morning rainfall tends to peak

at later hours within theMJOenhanced compared to the

suppressed phase (i.e., 0400–0600 vs 0000–0300 LST),

consistent with previous studies (Oh et al. 2012;

Rauniyar and Walsh 2011; Sakaeda et al. 2017). An af-

ternoon rainfall peak is also observed during the MJO

suppressed phase, in agreement with Sui et al. (1997),

Chen and Houze (1997), Johnson et al. (1999), and

Ruppert and Johnson (2015). The afternoon peak dur-

ing the MJO suppressed phase is often not captured by

previous studies that used satellite-based rainfall and

cloudiness data (Tian et al. 2006; Suzuki 2009; Oh et al.

2012; Rauniyar and Walsh 2011; Sakaeda et al. 2017)

because instrumental resolution and sensitivity are not

high enough to capture small-scale, light-rain events

(see appendix).

Separation of rainfall types leads to a better un-

derstanding of how the timing of diurnal rainfall changes

with the MJO. Figure 9 summarizes the general char-

acteristics of the diurnal cycle of rainfall during theMJO

enhanced and suppressed phases. During the MJO en-

hanced phase (Fig. 9a), total rainfall tends to peak

around 0400–0600 LST, composed of isolated convec-

tive rain that peaks around 0300–0500 LST, with deeper

convective rain peaking around 0400–0600 LST, fol-

lowed by stratiform rain that peaks broadly around

0500–1000 LST (Figs. 3, 4). During the MJO suppressed

phase (Fig. 9b), deep and isolated convective rain con-

tributes to about 80% of total rain, and all rain types

tend to have bimodal peaks at around 0300–0500 and

1800–2100 LST. The lack of upscale growth of deep

convective to stratiform rain during theMJO suppressed

phase gives rise to a shorter time lag in the peak hour of

rain between rainfall types and an earlier peak in total

rain during the morning. This diurnal variability of

rainfall over the S-Polka domain is mostly due to

FIG. 9. Schematic of the diurnal cycle of rainfall, clouds, lower-tropospheric moisture, and

SST during the MJO (a) enhanced and (b) suppressed phases during the DYNAMO field

campaign. Green and red shading at the top of each panel represent the diurnal variability of

lower-tropospheric (averaged from 700 to 1000 hPa) water vapor mixing ratio and SST. Blue

lines at the bottom of each panel represent the diurnal variability of total rainfall over the area

covered by the S-Polka radar. Tall clouds indicate convective and accompanying wide thin

clouds represent stratiform–anvil clouds. Other shallower clouds represent those associated

with isolated convective rain.
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changes in the areal coverage of rainfall rather than its

intensity (Fig. 5). The diurnal variability of the raining

areal coverage is mostly driven by the variability in the

number of raining clusters rather than their size (not

shown). These results do not necessarily indicate that each

raining cluster does not grow in size during the day. While

some raining clusters do grow in size (Chen and Houze

1997), at the same timeother clustersmust shrink in size, or

new smaller clusters form to maintain a similar mean and

distribution of cluster sizes throughout the day.

The difference in the timing of morning rainfall is as-

sociatedwith the diurnal variability of lower-tropospheric

moisture (Figs. 6, 7). Figure 9 shows the diurnal vari-

ability of lower-tropospheric moisture and SST during

the twoMJO phases. During the MJO suppressed phase,

when there is less large-scale convective activity, stronger

solar radiative fluxes and weaker surface wind speeds

allow the SST and near-surface air temperature to warm

more in the afternoon (Sui et al. 1997; Johnson et al. 1999;

Matthews et al. 2014; Ruppert and Johnson 2015). This

higher SST and associated surface fluxes in the afternoon

trigger shallow cumulus and cumulus congestus clouds

that contribute to the moistening of the lower tropo-

sphere (Ruppert and Johnson 2016), yielding a peak in

lower-tropospheric moisture during the late evening,

followed by a peak in rainfall shortly after midnight. The

nonprecipitating cumulus congestus clouds are not nec-

essarily captured by S-Polka, but the development of

isolated convective rain (i.e., moderately deep cumulo-

nimbus) is evident in the increasing echo-top heights of

isolated convective rain from late morning to afternoon

(not shown). In contrast, during theMJO enhanced phase,

weaker SST warming in the afternoonmay lead to weaker

development of cumulus congestus clouds (Johnson et al.

1999), which would in turn delay the moistening of the

lower troposphere and subsequent rainfall to later

morning hours.

The observed consistency between the timing of

morning rainfall and lower-tropospheric moisture buildup

(Figs. 6, 9) supports the importance of tropospheric rela-

tive humidity andmoisture inmodulating the diurnal cycle

of rainfall over tropical ocean (Sui et al. 1997; Frenkel et al.

2011). Our results suggest that cumulus clouds contribute

to this lower-tropospheric moisture buildup {i.e., through

Ly= � [v*q*1 ›(v*q*)/›p] within Q2}, which could occur

through the nocturnal enhancement of low-level conver-

gence within cloudy area due to differential radiative

heatingwithin cloudy and clear areas, as proposed byGray

and Jacobson (1977). Other previously proposed mecha-

nisms of the diurnal cycle of rainfall and cloudiness

(discussed in section 1) seem to apply conditionally de-

pending on the large-scale conditions (e.g.,MJO phases).

For instance, the role of afternoon SST warming suggested

by Chen and Houze (1997) and Ruppert and Johnson

(2015) is more significant when large-scale disturbances

suppress convective activity and do not appear to play a

significant role during the periods of enhanced convection.

Our results suggest a feedback between clouds, radi-

ation, and moisture that drives the diurnal cycle of

rainfall and its variability within the MJO. The cloud

fraction influences the incoming solar radiation reaching

the surface and the strength of the afternoon SST

warming, which in turn influences the triggering of cu-

mulus clouds. The formation of such clouds affects the

moistening of the lower troposphere in the evening,

which then influenced the growth of clouds overnight.

These potential feedbacks need to be better quantified

by atmospheric thermodynamical data that resolve

cloud scales, along with cloud-resolving models.

Whether the relationships documented here carry over

to periods or regions outside DYNAMO also needs to

be tested. The feedback of the diurnal cycle onto the

intraseasonal time scales and its role in MJO dynamics

also remains to be quantified from observational data

and will likely require further modeling studies to

completely sort out.
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APPENDIX

Comparison of S-Polka and TRMM 3B42

This section presents a comparison between the di-

urnal cycle of rainfall from S-Polka and TRMM 3B42,

which has been commonly used to study the diurnal

cycle of rainfall and its relationship with the MJO

(Rauniyar andWalsh 2011; Oh et al. 2012; Peatman et al.

2014; Sakaeda et al. 2017). The comparison allows us to

address whether the relationship between the diurnal

cycle of rainfall and the MJO we observe can be gen-

eralized beyond the limited space and time sampling
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during the DYNAMO. The resolution of the S-Polka

rain-rate data used in this comparison is regridded to

the spatiotemporal resolution of the TRMM 3B42 data

(i.e., 3-hourly averages on a 0.258 3 0.258 grid). Re-

gridding is done using the same method as explained in

section 3a(2).

Figure A1 shows the probability distributions of the

daily mean, diurnal range, and diurnal peak hour of rain

rate using only grid points and days where both TRMM

3B42 and S-Polka data were available. The distributions

and mean values of the daily mean and diurnal range

(dots along the horizontal axes) are similar between

TRMM and S-Polka during the MJO enhanced phase

(blue) or the entire period (black), but are lower in

TRMM 3B42 during the MJO suppressed phase (red),

likely in part because TRMM 3B42 tends to un-

derestimate light rain (Huffman et al. 2007; Tabata et al.

2011). Figure A2a shows the distribution of the re-

gridded S-Polka rain rates among points identified as

raining by S-Polka but missed as nonraining by TRMM

3B42 and among points identified as raining by both

S-Polka and TRMM3B42. This shows that TRMM3B42

not only tends to miss light rain, but it can also miss

moderate rain rates (i.e., 1–5mmh21). We speculate

that some moderate rain rates are missed by TRMM

3B42 when some rain clusters were short-lived or too

small in their horizontal extent to be detected by the

instantaneous passages. Fig. A2b shows that TRMM

FIG. A1. Probability distribution (%) of (a),(b) daily mean; (c),(d) diurnal range; and (e),(f) diurnal peak hour of

rain rate from (left) TRMMand (right) S-Polka. Rain rates from S-Polka are regridded tomatch the space and time

resolution of TRMM and the distribution is calculated only using those points and days when both data are

available. Blue and red lines show distributions on days within the MJO enhanced and suppressed phases, re-

spectively, and the black dashed lines show distributions based on all days during DYNAMO. Dots on the hori-

zontal axes show mean values. Error bars and shading show the 95% confidence intervals.
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3B42 more frequently misses rain with small horizontal

scales, which would appear more frequently during the

MJO suppressed phase (Chen et al. 1996).

During the MJO enhanced phase, the diurnal peak of

rain occurs around 0300–0600 LST in both TRMM3B42

and S-Polka (Figs. A1e,f), consistent with Sakaeda et al.

(2017). The distribution of the diurnal peak hours using

the entire period is closer to the distribution during the

MJO enhanced phase because there are more rain days

during those periods. The major contrast between

TRMM 3B42 and S-Polka appears in the distribution of

the diurnal peak hour within the MJO suppressed phase

(Figs. 1e,f). TRMM 3B42 has bimodal peaks around

0300–0600 and 1800 LST, while S-Polka has a primary

peak at 0300 LST and a weaker, broader secondary peak

at around 2100 LST.

The peak around 1800 LST in TRMM3B42 during the

MJO suppressed phase (Fig. A1e) was not apparent in

some prior work using that dataset (Tian et al. 2006;

Suzuki 2009; Oh et al. 2012; Sakaeda et al. 2017).

The strong peak around 1800 LST partially results

from differences in the sampling region. The peak at

1800 LST in TRMM becomes weaker and the peak at

0300–0600 LST becomes the stronger primary peak as

we widen the sampling region within the Indian Ocean

(not shown). Other likely reasons for the absence of

the 1800 LST peak in Sakaeda et al. (2017) are the dif-

ference in sample time period and decadal drift in the

frequency of microwave versus infrared (IR) rain

estimates in TRMM 3B42 (Fig. A3). TRMM 3B42

combines rain-rate estimates by filling missing micro-

wave data points with IR data (Huffman et al.

2007). Most of the microwave data come from sun-

synchronized, polar-orbiting satellites, which cross the

equator around the same local time, generating

spurious diurnal variability due to aliasing. During the

DYNAMO period over the S-Polka region, TRMM

3B42 rain rates are estimated by microwave data more

frequently around 0200–0800 and 1400–2000 LST

(Fig. A3a), while IR estimates are more frequently used

during the intervening hours. Further complications

arise because the equator crossing time changes because

of orbital precession and the input number of satellite

data changes over time (Huffman et al. 2007). Prior to

2005, the local times of most frequent microwave esti-

mates were around 0900 and 2100 LST (Fig. A3b).

Therefore, during those years, rain during the time of

the secondary diurnal peak within the MJO suppressed

phase (i.e., 1800 LST; Figs. A1e,f) was less frequently

captured by microwave data. This likely contributes to

the absence of the secondary afternoon peak in the di-

urnal phase within the MJO suppressed phase in studies

that used earlier years of the TRMM 3B42 data (Oh

et al. 2012; Rauniyar and Walsh 2011; Sakaeda

et al. 2017).

The diurnal variability in the source of rain estimates

in TRMM 3B42 contributes to the difference in

the distribution of diurnal peak hour during the MJO

suppressed phase between the TRMM and S-Polka

(Figs. A1e,f). Gridpoint-by-gridpoint comparisons show

that the TRMM 3B42 rain rate can drop sharply to zero

as their source switches from microwave to IR, even

while S-Polka continued to detect some rain (not

shown). This underestimation by IR occurs more fre-

quently during the MJO suppressed phase when total

rain is predominantly composed of shallow warm clouds

(not shown). Therefore, the diurnal variability in the

frequency of microwave estimates in TRMM 3B42 can

lead to artificial diurnal peak hours that are synchro-

nized to microwave data availability, especially during

the MJO suppressed phase. Henderson et al. (2017) also

showed that biases in TRMM rain estimates from pre-

cipitation radar (PR) and radiometer (TMI) are de-

pendent on precipitation regimes.

In conclusion, TRMM and S-Polka agree in the

characteristics of the diurnal cycle of rain and how it

changes between the enhanced and suppressed MJO

phases. However, some discrepancy appears within the

MJO suppressed phase because of prevalent light and

small-scale rain that is not reliably measured by TRMM

3B42. A more detailed assessment of precise causes of

the discrepancies between TRMM 3B42 and S-Polka is

FIG. A2. (a) Probability of 3-hourly, 0.258 S-Polka rain rates

within points where S-Polka identified some rain but TRMM

classified as nonraining (dashed) and where both S-Polka and

TRMM identified as raining (solid). (b) Frequency of occurrence

by raining cluster size from S-Polka within the same set of grid

points in (a). Raining cluster sizes are calculated after regridding

the near-surface rain rates to 1 km 3 1 km grids.
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beyond the scope of this study. The quality of TRMM

3B42 and its comparison with the radar data are de-

pendent on the regimes of large-scale variability (i.e.,

MJO enhanced versus suppressed). Future studies of the

diurnal cycle of rainfall using TRMM 3B42 should take

into account the higher uncertainties in the diurnal cycle

during suppressed rainfall periods.
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