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ABSTRACT

This study examines the diurnal cycle of rainfall and cloudiness associatedwith theMadden–Julian oscillation

(MJO) using TRMM rainfall rate and ISCCP multilevel cloud fraction data. There are statistically significant

differences in diurnal cycle amplitude and phase between suppressed and enhanced envelopes of MJO con-

vection. The amplitude of the diurnal rainfall rate and middle–deep cloudiness increases within enhancedMJO

convection, especially over the ocean. However, the differences in diurnal cycle amplitude between enhanced

and suppressed MJO are generally smaller than the differences in daily mean values, so that its relative con-

tribution to total rainfall or cloudiness variance within enhanced MJO convection becomes smaller. Near the

coastlines of islands within the Maritime Continent, the diurnal cycle amplitude tends to increase 5–10 days

prior to the arrival of the peak enhancedMJO convection, but this relationship is weaker over the interior areas

of larger islands where the climatological diurnal amplitude is already large. Within enhancedMJO convection,

the diurnal rainfall peak is frequently delayed by about 3 h and cloud height decays at slower rate compared to

suppressed conditions. More stratiform rainfall occurs following the peak convective rainfall within enhanced

MJO convection, delaying the total rainfall peak by a few hours as a result of its greater horizontal extent. The

results of this study suggest that the MJO modulates both the amplitude and phase of the diurnal cycle of

tropical rainfall and cloudiness by influencing cloud type population distribution and associated rainfall rates.

1. Introduction

The Madden–Julian oscillation (MJO; Madden and

Julian 1971, 1972) is a multiscale phenomenon, consist-

ing of a hierarchy of cloud systems from synoptic scale to

individual cumulus clouds within its planetary envelope

of organized convection (e.g., Nakazawa 1988; Hendon

and Liebmann 1994; Dias et al. 2013, 2017). In this study,

we focus on the relationship between the MJO and the

diurnal cycle of rainfall and cloudiness.

The diurnal cycle and other embedded sub-MJO-scale

phenomena such as mesoscale convective systems and

convectively coupled equatorial waves are generally en-

hanced within the envelope of enhanced MJO convection

(Chen andHouze 1997; Straub andKiladis 2003;Yasunaga

and Mapes 2012; Dias et al. 2013, 2017). Some studies

suggest that these subscale features are the drivers of the

MJO, transferring heat, momentum, and moisture upscale

to generate the planetary features of the MJO (e.g., Biello

and Majda 2005; Majda and Stechmann 2009; Maloney

2009) or forming a planetary-scale wave packet (Yang and

Ingersoll 2011, 2013). If these features are indeed impor-

tant to MJO dynamics, then some systematic relationships

may be expected between MJO characteristics and the

embedded subscale phenomena. However, the manner in

which these phenomena vary with the MJO is not well

documented. To better understand the potential signifi-

cance of the subscale phenomena to the MJO, this study

specifically focuses on the diurnal cycle to supplement the

recent work of Dias et al. (2017) and Kikuchi et al. (2017),

who examine synoptic and mesoscale organization em-

bedded within the MJO.

As one of the fundamental modes of atmospheric

variability, the diurnal cycle explains a large portion of

the variance of tropical cloudiness and rainfall (Yang
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and Slingo 2001; Kikuchi and Wang 2008). Theoretical

and observational studies suggest that the diurnal cycle

of rainfall and cloudiness can be important for pre-

conditioning the convective onset or propagation of the

MJO and other equatorial waves (Johnson et al. 1999;

Raupp and Silva Dias 2009; Peatman et al. 2014;

Ruppert and Johnson 2015; Majda and Yang 2016).

Better representation of the diurnal cycle and its inter-

action with the MJO also appears to improve simulation

skill of the MJO and seasonality in some general circu-

lation models (Neale and Slingo 2003; Bernie et al. 2008).

Peatman et al. (2014, 2015) suggest that the accurate

representation of the interaction between the MJO and

diurnal cycle is key to realistic simulation of propagation

and spatial and temporal scales of the MJO, especially

over the Maritime Continent (MC). Previous studies

have shown that the diurnal cycle can vary with the

MJO and other equatorial waves, yet a majority of

those studies are limited in region or in their sample

size of MJO events (e.g., Chen and Houze 1997; Sui

et al. 1997; Rauniyar and Walsh 2011; Oh et al. 2012;

Fujita et al. 2011; Vincent et al. 2016). For example, Sui

and Lau (1992) and Oh et al. (2012) found that the

amplitude of the diurnal rainfall cycle over the islands

of theMC is weaker whenMJO enhanced convection is

present. Over the ocean, Sui et al. (1997), Tian et al.

(2006), Fujita et al. (2011), and Rauniyar and Walsh

(2011) found that the diurnal cycle amplitude of rainfall

and deep convection is enhanced within MJO enhanced

convection, suggesting that the influence of the MJO on

the diurnal cycle amplitude differs between land and

ocean. In addition, there are varying results from pre-

vious studies on how the MJO may impact the diurnal

phase of rainfall and cloudiness. For example, Chen and

Houze (1997), Fujita et al. (2011), Oh et al. (2012), and

Rauniyar and Walsh (2011) found an MJO influence on

the diurnal phase, but Tian et al. (2006) and Suzuki (2009)

suggest that there is no such relationship.

There is a long history of research on the diurnal cycle

of rainfall and cloudiness in the tropics, beginning with

surface-based observations over land, ships, and small

islands (e.g., Kraus 1963; Gray and Jacobson 1977;

Dorman and Bourke 1979; Kousky 1980). The advent of

satellite products enabled the examination of the diurnal

cycle from a global perspective over the open ocean. A

number of studies used satellite longwave irradiance

(Hartmann and Recker 1986, Augustine 1984; Albright

et al. 1985; Hendon and Woodberry 1993; Janowiak

et al. 1994; Cairns 1995; Yang and Slingo 2001) and the

Tropical Rainfall Measuring Mission (TRMM) satellite

Precipitation Radar and microwave imagery (e.g., Nesbitt

and Zipser 2003; Kikuchi andWang 2008; Yang and Smith

2008) to examine the global diurnal cycle over the tropical

ocean. In general, these past studies showed clear dif-

ferences in the diurnal cycle over land versus ocean.

Over land, the primary peak in rainfall tends to occur in

the afternoon, driven by thermal destabilization of the

atmosphere from solar radiative heating of Earth’s sur-

face during daytime (Yang and Smith 2006). Over the

ocean, the diurnal amplitude is relatively weak compared

to land, but rainfall tends to peak between midnight and

early morning.

Several differing theories have been proposed to ex-

plain the nocturnal peak of the rainfall over open water.

One speculates that nocturnal radiative cooling at cloud

tops destabilizes the upper troposphere and raises the

height of the tropopause, thus encouraging high clouds

and rainfall to peak at night time (Kraus 1963; Randall

et al. 1991). A second mechanism relies on the difference

in the radiative heating between cloudy and clear-sky

regions. At night, there would be relatively more radia-

tive cooling within clear than cloudy regions, resulting in

low-level convergence into cloudy regions, helping to

further organize convection (Gray and Jacobson 1977).

Yet another mechanism also considers interactions

between convection and the ocean surface to be im-

portant. Large diurnal variability of sea surface tem-

perature (SST) has been observed, especially during

days with clear skies and calm winds (Matthews et al.

2014; Ruppert and Johnson 2015). Following the di-

urnal peak of tropical SST in the afternoon, clouds are

observed to form and some of those continue to grow

and mature at night (Chen and Houze 1997). Other

studies suggest an effect of the semidiurnal tides on the

early morning rainfall over water (Deser and Smith

1998; Dai 2001). Near the coasts, diurnal propagation

of rainfall between land and ocean tends to occur

through gravity waves and land–sea breezes (Dai 2001;

Yang and Slingo 2001; Mapes et al. 2003; Kikuchi and

Wang 2008; Tulich and Kiladis 2012; Biasutti

et al. 2012).

Despite its prominence, no consensus has been

reached on the mechanisms responsible for the diurnal

cycle, especially over the open tropical ocean. This is

likely because the diurnal cycle of rainfall and cloudi-

ness results from complicated interactions among radi-

ation, moisture, clouds, and surface characteristics that

are yet to be accurately modeled. These local interac-

tions can be altered by large-scale environmental vari-

ability associated with intraseasonal, interannual, and

seasonally varying states. This study attempts to under-

stand how the diurnal characteristics of cloud types

and rainfall vary with respect to the MJO through the

use of multiple global satellite datasets. In addition to

the amplitude and phase of diurnal cycle, which have

been examined previously, this study provides a more
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detailed analysis of how the diurnal distribution of

rainfall rate and cloud height varies between enhanced

and suppressed phases of the MJO. We anticipate that

these diagnostics will also prove useful for evaluating

the skill of models in representing the relationship

between the MJO and the diurnal cycle.

2. Data and methodology

a. Analysis of rainfall and cloudiness diurnal cycle

The diurnal cycle of rainfall is examined using the

TRMM 3B42 version 7 product with 3-hourly and 0.258
horizontal resolution (Huffman et al. 2007). TRMM3B42

products combinemicrowave data frommultiple satellites

including the TRMM Microwave Imager (TMI; 2A12;

Kummerow et al. 2001), Precipitation Radar (PR; 2A25;

Iguchi et al. 2000), satellite infrared (IR), and rain gauge

data to generate high spatial and temporal coverage. This

study also uses TRMM 3G68 version 7 PR data, which

contain hourly rainfall rate estimates at 0.58 horizontal

resolution (this data are available through the NASA

precipitation processing system https://pps.gsfc.nasa.gov).

The temporal and spatial coverage of TRMM 3G68 PR is

more sparse than the 3B42 product, yet it allows us to

better examine rainfall characteristics such as convective

versus nonconvective rainfall. To maintain a consistent

resolution between TRMM 3B42 and 3G68 data, the

3B42 rainfall rate data are regridded from its original

0.258 to 0.58 horizontal resolution, and the temporal

resolution of TRMM 3G68 data is reduced by averag-

ing on bins centered at the same 3-hourly span (in

UTC) as 3B42 data.

The diurnal cycle of cloudiness is examined using

3-hourly and 2.58 horizontal resolution IR cloud frac-

tion by cloud-top pressure from the International Sat-

ellite Cloud Climatology Project (ISCCP) D1 cloud

product (Rossow and Schiffer 1999). The horizontal

resolution of the cloud fraction data is coarser than the

TRMMdata, but ISCCP allows us to examine the diurnal

evolution of cloud type and height. Some previous studies

used higher-resolution brightness temperature to exam-

ine the diurnal cycle of cloudiness (e.g., Albright et al.

1985; Hendon and Woodberry 1993; Chen and Houze

1997; Yang and Slingo 2001; Suzuki 2009). In those

studies, threshold values are often used to separate the

diurnal cycle by cold and warm clouds and also to elim-

inate the diurnal cycle from clear-sky surface tempera-

ture. Thresholding can be useful for separating clouds

according to their cloud-top temperature, but it is not

suitable for examining the variability of diurnal cycle with

theMJO, since a large number of days would be removed

under suppressed MJO conditions. It is also difficult to

objectively separate the diurnal cycle of clouds from

clear-sky surface temperature fluctuations. For these

reasons, we instead use the ISCCP cloud fraction data,

which estimate the cloud-top pressure by using retrieved

cloud-top temperature and atmospheric temperature

profiles with pressure, eliminating the use of subjective

threshold values.

We focus on the overlapping years of TRMM and

ISCCP data, 1998 through 2009, to examine the diurnal

cycle associated with a consistent set of MJO events.

This study examinesNovember throughMarch (NDJFM)

because this is the period when the MJO is climato-

logically most active (Roundy and Frank 2004; Zhang

and Dong 2004). The diurnal amplitude and phase are

estimated through harmonic analysis (e.g., Hartmann and

Recker 1986; Yang and Slingo 2001). Days with any miss-

ing 3-hourly data are excluded. The same harmonic anal-

ysis is not applied to TRMM3B68 PRdata, which does not

have enough samples to resolve the diurnal cycle at

each grid point. Negri et al. (2002) suggested combining

TRMM PR data over 128wide or greater areas in order

to adequately capture the diurnal cycle. Using this ap-

proach, the diurnal probability distribution of rainfall rates

over selected geographical domains is used to compare

TRMM3G68 PR and 3B42 data in this study. Throughout

the paper, the amplitude of diurnal cycle refers to that of

the first diurnal harmonic. We have repeated the analysis

using the diurnal range (i.e., difference betweenmaximum

and minimum value within a day) as the amplitude of di-

urnal cycle, and the general qualitative conclusions remain

the same.

NOAA/NESDIS ETOPO1 topography data (Amante

and Eakins 2009) are used to classify land and ocean grid

points. The percentage of ETOPO1 grid points with an

altitude greater than 0 within each grid cell of TRMM

and ISCCP is used to calculate the fractional coverage

of land in each grid cell. In the present study, any grid

cell with greater than 10% land coverage is categorized

as land. The same analysis is repeated with the per-

centage land coverage threshold as 100%, in order to

test the sensitivity of results to the inclusion of coastal

land. The sensitivity to this threshold value is discussed

throughout the paper.

TRMM 3B42 data have known issues in capturing

rainfall over high topography (Dai et al. 2007; Romilly

and Gebremichael 2011; Matthews et al. 2013), so this

study focuses on the general impact of the MJO over all

land and ocean regions, separately, within the Indo-Pacific

basin rather than focusing on any particular region.

The temporal resolution of the datasets also limits us

to only obtaining estimates of the timing of the diurnal

cycle to within 3-h increments. The statistical significance

of all results is tested using a 1000-member bootstrap
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resampling test at the 95% confidence level. The error

intervals throughout the manuscript are based on the 5th

and 95th percentile of the bootstrapped samples.

b. MJO identification

Daily 2.58 horizontal resolution NOAA interpolated

outgoing longwave radiation (OLR; Liebmann and Smith

1996) is used to isolate the MJO signal. The annual

cycle and its first three harmonics are first removed, and

anomalies are filtered using the MJO space–time fre-

quency band (30–96-day periods and eastward wave-

numbers 1–9 plus wavenumber 0; Wheeler and Kiladis

1999). Enhanced MJO convection is determined to be

present at a grid point when the MJO-filtered OLR

anomaly is below the lower 15th percentile of its

NDJFM values between 158N and 158S during the study
period, and the upper 15th percentile is used to identify

MJO suppressed convection. The 15th percentile

values are about 68Wm22, which is close to one

standard deviation of the MJO-filtered anomaly at the

edges of active MJO convective basins (e.g., Indo-

Pacific basin) during NDJFM (see Fig. 1 of Kiladis

et al. 2005). When combining the MJO-filtered OLR

anomaly with higher horizontal resolution TRMM, the

presence of the MJO is determined by the value of the

OLR anomaly in the grid box that contains the higher-

resolution point. This MJO-filtered OLR is used rather

than other commonly used indices such as the real-time

multivariable MJO index (RMM; Wheeler and Hendon

2004), since those indices are not as suitable for determining

local convective activity of the MJO (Straub 2013; Kiladis

et al. 2014).

3. Results

a. November–March climatology

Figure 1 shows the NDJFM mean of daily mean value,

amplitude, and phase of the diurnal cycle from TRMM

3B42 rainfall rate. Yang and Slingo (2001) calculated the

mean phase of the diurnal cycle by first finding the mean

diurnal time series of rainfall rate and then finding the

phase, but this method can lead to misrepresentation of

the mean phase in cases where the diurnal phase has a

bimodal distribution (Yang and Smith 2006; Nitta and

Sekine 1994). For example, while most rainfall peaks at

around 0300 local solar time (LST), less frequent but

strong peaks around 1800 LST can cause themean diurnal

time series to peak erroneously at around 1800 LST. To

avoid this problem, the diurnal phase is first estimated for

each day in LST. The mean of the daily diurnal phase is

calculated after shifting the phase to be centered around

its mode during NDJFM at each grid point, then shifting

the mean back to the original quantity.

Consistent with previous studies, the diurnal ampli-

tude (Fig. 1b) broadly follows the mean values (Fig. 1a)

and is greater over land than ocean, while coastal re-

gions tend to have a amplitude similar to that of adjacent

land. The diurnal amplitude tends to exceed the daily

mean value over land, as was also found by Peatman

FIG. 1. NDJFM climatology of TRMM3B42 rainfall rate (a) daily mean (mmh21), (b) diurnal amplitude (mmh21), and (c) diurnal phase

(LST hour of day).
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et al. (2014) over the MC (Figs. 1a,b). There is a clear

contrast in the phase of the diurnal cycle between land and

ocean (Fig. 1c), peaking between the late afternoon and

evening over land and between midnight and morning

over the ocean (e.g., Yang and Slingo 2001; Nesbitt and

Zipser 2003;Kikuchi andWang 2008). The gradients in the

diurnal cycle phase near coastal areas reflect the diurnal

propagation of rain (Dai 2001; Mapes et al. 2003; Mori

et al. 2004; Sakurai et al. 2005; Biasutti et al. 2012).

A few studies have found that the general amplitude

and phase of the diurnal cycle agree between the

TRMM 3B42 and 3G68 PR data, except that the diurnal

peak in the TRMM 3B42 data tends to lag that in the

TRMM PR data by 3 h (Yang and Smith 2006;

Yamamoto et al. 2008; Kikuchi and Wang 2008). We

also found similar phase lags between these datasets as

will be further discussed in section 3b(2).

Cloud fraction from ISCCP is separated by cloud-top

pressure Pc as low cloud (680 , Pc # 1000hPa), middle

cloud(440,Pc# 680hPa),highcloud(180,Pc# 440hPa),

and deep cloud (Pc # 180 hPa). Deep cloud is often

combined with high cloud in previous studies (Cairns

1995; Myers and Waliser 2003); however, they are sep-

arated here because we find that they have a different

diurnal phasing. The term ‘‘deep cloud’’ is adopted, but

clouds at those altitudes are not necessary vertically

thick, as for example would be the case for cirrus clouds.

However, the deep cloud fraction defined here is highly

correlated with rainfall rate, suggesting that it is mostly

dominated by precipitating, vertically thick clouds.

Figure 2 shows the NDJFMmean of daily mean cloud

fraction for each cloud type (Figs. 2a–d) and for total

cloud (Fig. 2e). The fraction of low cloud is generally

higher over ocean than land, especially over the eastern

Pacific and eastern Atlantic basins, and subtropical lati-

tudes where the total cloud fraction and rainfall rate

(Fig. 1a) are low but where marine stratus decks prevail.

In contrast to low cloud fraction, middle and high cloud

fraction tend to be higher over land than ocean.

The geographical patterns in the diurnal amplitude of

cloud fraction are generally similar to the patterns of

their daily mean value for each cloud type fraction

(Fig. 3). The diurnal cycle amplitude of low cloud is

higher over the ocean, whereas the opposite is true for

middle, high, and deep cloud fraction. It is notable that

the amplitude of the diurnal cycle of total cloud fraction

over the ocean is highest over the regions of marine

stratus (Fig. 3e) because of the large amplitude of the

low cloud fraction amount, whereas in regions of high

rainfall rate over the warm pool there is weaker diurnal

variability. Figure 4 shows that this is because the phase

of the diurnal cycle differs vastly with cloud type. Low

cloud fraction tends to peak in the early afternoon over

land, whereas it tends to peak between midnight and late

morning over the ocean (Fig. 4a). Middle cloud fraction

tends to peak 3–9h earlier than low cloud fraction over

both land and ocean. The peak of middle cloud fraction

generally follows that of high cloud fraction, which tends

to peak between the afternoon and midnight over ocean

and around midnight over land (Fig. 4c). These phasings

agree with the results of Cairns (1995); however, Cairns

(1995) did not show the difference in the diurnal cycle

phase between high and deep cloud fraction, which were

combined in his study. The deep cloud fraction tends to

peak in the earlymorning hours over the ocean and from

the late afternoon to early evening hours over land, and

its peak leads that of high clouds by 3–6h over land and

by 3–9h over the ocean, depending on the basin consid-

ered. The diurnal cycle of deep clouds is closest to being in

phase with that of rainfall rate (Fig. 1c), which is likely a

result of the highest rainfall rates being associated with

deep cloud fraction even though this type is the least fre-

quent when compared with the others (Fig. 2).

To summarize, the climatological diurnal phase of

total cloud fraction represents the diurnal phase of cloud

types that are most abundant at each region, which in

turn display large contrasts between land and ocean.

Rainfall rate and deep cloud fraction tend to peak dur-

ing the afternoon over land and from aroundmidnight to

the early morning hours over the ocean.

b. Variability associated with the MJO

1) AMPLITUDE OF DIURNAL CYCLE

The relationship between the amplitude of the TRMM

3B42 diurnal cycle and MJO-filtered OLR is first exam-

ined through point-by-point cross-spectral analysis. For

the cross-spectral analysis, missing dates are filled with a

climatological value of that day of year in order to gen-

erate a continuous time series. The coherence and phase

between daily time series of MJO-filtered OLR anoma-

lies and the amplitude of the diurnal cycle of TRMM

3B42 rainfall rate are calculated using a 193-day window

centered on every 15 January. Each window is tapered

by a squared cosine function and Fourier coefficients are

averaged over intraseasonal frequencies (i.e., between 30

and 96 days) before the coherence and phase are calcu-

lated. The distribution of this coherence is generated by

bootstrap sampling the centered days of moving windows

within January 1000 times, and this distribution is com-

pared with a distribution of noise to test the statisti-

cal significance. Following the method of Kiladis et al.

(2016), the noise distribution is calculated by applying the

same cross-spectral analysis and bootstrap sampling to

one of the time series reversed in time to preserve its

temporal autocorrelation.
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Figure 5 shows the coherence squared and phase be-

tween the daily MJO-filtered OLR anomaly and daily

amplitude of the diurnal cycle of TRMM3B42 rainfall rate.

Figure 5c shows the confidence level where the coherence

squared is statistically significantly different from noise.

Rather thanmasking the region that is under a significance

threshold level, we show the significance level separately to

reveal how sharply the coherence varies geographically.

The phase is plotted with respect to the negative extremes

inMJO-filteredOLR (i.e., enhancedMJO), with a positive

phase indicating that the peak in the amplitude of diurnal

cycle lags the negative peak in MJO-filtered OLR anom-

aly. The average MJO period is 40–50 days, so a 908 phase
indicates a lag of around 10–13 days.

Significant coherence between the MJO-filtered OLR

anomaly and the amplitude of the diurnal cycle of rainfall

rate appearsmostly over the oceanic regions of the Indian

Ocean through western Pacific basins (Fig. 5a) with a

generally slight negative phase lag (Fig. 5b). This means

that the amplitude of the diurnal cycle of rainfall peaks

within the convectively enhanced envelope of the MJO,

yet the peak in the amplitude of the diurnal cycle tends to

lead the peak in the intensity of MJO enhanced convec-

tion by 1–3 days. The phase lag becomes greater near the

coastlines of the MC, where the negative 308–908 phase
indicates around a 5–10-day lag. Although the coherence

is small, larger phase lags appear over parts of Sumatra

and Java. Over western Borneo, Sulawesi, and New

Guinea, the diurnal amplitude and MJO convection

tend to be out of phase (i.e., enhanced diurnal ampli-

tude under suppressed MJO convection), while the

opposite phasing appears on the eastern side of the

FIG. 2. NDJFM climatology of daily mean cloud fraction. (a) Low cloud fraction with 680 , Pc # 1000 hPa; (b) middle cloud fraction

with 440, Pc # 680 hPa; (c) high cloud fraction with 180, Pc # 440 hPa; (d) deep cloud fraction with Pc # 180 hPa; and (e) total cloud

fraction [sum of (a)–(d)].
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islands. Using the RMM, Peatman et al. (2014) and Oh

et al. (2012) similarly found that, over both land and

ocean, the peak in the amplitude of the diurnal cycle

leads the minimum in daily brightness temperature or

the maximum in daily rainfall rate. However, the gen-

erally low coherence suggests that the relationship

between the diurnal amplitude and MJO convection is

not especially systematic over the islands of the MC,

where the largest climatological diurnal cycle ampli-

tudes are observed (Fig. 1b).

We also used the RMM and OLR MJO index (OMI;

Kiladis et al. 2014) to composite the anomalous amplitude

of rainfall diurnal cycle, as done in Peatman et al. (2014)

and Oh et al. (2012). The OMI is an index similar to the

RMM, but uses only filtered OLR to capture the global

convective activity of the MJO. Using both the OMI and

RMM, we again found that the composited amplitude of

the diurnal cycle is not statistically significantly different

from zero over most of the MC land (not shown). These

results also support Fig. 5, which suggests that the re-

lationship between MJO convection and diurnal ampli-

tude over the MC islands is less systematic than that over

the open ocean. Consistent with this result, Houze et al.

(1981) and Kanamori et al. (2013) also showed that the

MJO and other large-scale disturbances have a weaker

effect on the diurnal cycle over the interior region of

northwestern Borneo than in the coastal regions and

surrounding ocean.

Figure 6 shows the coherence squared and phase be-

tween daily negative MJO-filtered OLR anomalies and

the daily diurnal cycle amplitude of different cloud type

fractions. The diurnal cycle amplitude of low cloud

fraction varies most significantly over the MC and this

tends to be out of phase there and elsewhere (Figs. 6a,b),

indicating that the amplitude of the diurnal cycle of low

cloud fraction tends to be at a minimum within the

FIG. 3. As in Fig. 2, but showing the diurnal amplitude of cloud fraction.
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convectively enhanced envelope of the MJO. The cli-

matological diurnal peak of low clouds over land is at

around 1200–1500 LST (Fig. 4), suggesting that isolated

shallow cumulus clouds are initiated following thermal

destabilization of the atmosphere from shortwave radia-

tive heating of the surface (Yang and Smith 2006). The

out-of-phase relationship with MJO convection (Fig. 6b)

likely means that this destabilization is suppressed when

enhancedMJO convection is present as a result of overall

cloudier conditions. In addition, shallow clouds may be

less detectable within enhancedMJO convection because

of the more abundant higher clouds that overlie the low

clouds, which could also lead to its weaker diurnal cycle

signal. The diurnal cycle amplitude of middle–deep cloud

fraction tends to increase within the enhanced envelope

of the MJO over the ocean, as indicated by its strong

coherence and near-zero phase lag (Figs. 6d–l). Similarly

to the TRMM rainfall rate, the peak in the diurnal cycle

amplitude of deep cloud tends to lead the negative peak

in MJO-filtered OLR by a few days (Fig. 6k) near the

coastlines.

The diurnal cycle amplitude must be zero on clear

days; therefore, the inclusion of more clear days would

lower the mean diurnal cycle amplitude during sup-

pressedMJO convection. To test the impact of including

clear-sky days, probability distributions of the amplitude

of the diurnal cycle are compared between enhanced

and suppressed MJO convection, using only days with a

nonzero daily mean rainfall rate. Figures 7a and 7b show

the distributions of TRMM 3B42 rainfall diurnal am-

plitude within MJO enhanced (blue) and suppressed

(red) convection and all dates (climatology, black)

during NDJFM over 158N–158S, 608E–1808. Throughout
the paper, when geographical averaging is used as in

Fig. 7, these are weighted by grid cell area. The dots

along the abscissa in Fig. 7 show mean values of diurnal

FIG. 4. As in Fig. 2, but showing the diurnal phase (LST hour) of cloud fraction.
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cycle amplitude within each set. About 13.5% of the grid

points are classified as land and 86.5% as ocean, and

therefore the smaller sample size for land results in awider

confidence interval in Fig. 7. Differences in the distribu-

tion and mean value of the amplitude of the diurnal

cycle of rainfall rate between enhanced and suppressed

MJO convection are greater over ocean than land.

Over land, the probability distribution within sup-

pressed MJO convection differs only slightly from cli-

matology, whereas over ocean the distribution clearly

shifts to higher diurnal amplitude within enhanced

MJO convection. The distributions over land become

statistically indistinguishable between enhanced and

suppressed MJO convection when coastal grid points

are removed, indicating that the differences seen in

Fig. 7a mostly come from coastal land (not shown).

Similar changes in the distribution are found with daily

mean rainfall rates (Figs. 7c,d) because the diurnal

amplitude and daily mean value are highly correlated

in time over the entire tropics (not shown).

Because the upper bound of diurnal amplitude is

set by the daily mean value, an increase in diurnal

amplitude does not necessarily mean that its ratio to

the daily mean also increases. Figures 7e and 7f show

the mean and probability distribution of the ratio of

diurnal amplitude to daily mean TRMM rainfall rate.

In contrast to the diurnal amplitude and daily mean

(Figs. 7a–d), the ratio tends to be smaller within en-

hanced than suppressed MJO convection. This in-

dicates that the increase in the diurnal cycle amplitude

of rainfall rate from suppressed to enhanced MJO

convection is smaller than the increase in the daily

mean rainfall rate. The ratio of total variance explained

by intradiurnal variability is also smaller within en-

hanced MJO convection than suppressed MJO con-

vection (not shown).

Figure 8 shows similar probability distributions as in

Figs. 7a and 7b for low, middle, high, and deep cloud

fraction, excluding days with zero cloud fraction. Con-

sistent with Fig. 6a, the mean value and distribution of

low cloud fraction are significantly skewed toward lower

values within enhanced compared to suppressed MJO

convection over land (Fig. 8a), while no significant mean

differences appear over ocean (Fig. 8b). However, the

FIG. 5. Point-by-point (a) coherence squared and (b) phase (degrees) between daily MJO-

filtered OLR anomaly and the diurnal amplitude of TRMM 3B42 rainfall rate during

NDJFM. In (b), negative degree indicates that the diurnal amplitude leads negative MJO-

filteredOLR and positive indicates the opposite. (c) Confidence level at where the coherence

squared is statistically significantly different from noise.
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ratio of the diurnal cycle amplitude to the daily mean

value of low cloud fraction is greater within enhanced

than suppressed MJO convection (not shown), which

means that the daily mean value of low cloud fraction

decreases more significantly than its diurnal amplitude

within enhanced MJO convection. For cloud fractions

with higher cloud-top heights, the amplitude is greater

within MJO enhanced convection (Figs. 8c,h) over both

land and ocean. However, as with rainfall rates, the

distribution difference over land between enhanced and

suppressed MJO convection mostly comes from coastal

land. In contrast to low cloud fraction, but similar to

rainfall rate, the ratios of diurnal cycle amplitude to the

dailymean value of cloud fraction with higher cloud tops

are smaller within enhanced MJO convection (not

shown), indicating that the daily mean value of the cloud

fraction tends to increase at a greater rate than its di-

urnal amplitude from suppressed to enhanced MJO

convection.

This section showed that diurnal variability of

middle–deep cloud fraction and rainfall rate increases

when transitioning from suppressed to enhanced MJO

convection, and that the influence of the MJO on the

diurnal variability is generally greater and more sys-

tematic over ocean than land. However, the rate of

increase in the diurnal cycle amplitude from sup-

pressed to enhanced MJO convection is smaller com-

pared to the rate of increase in their daily mean rainfall

rates. An exception is found with low cloud fraction,

which tends to have a lower diurnal cycle amplitude

within enhanced MJO convection and is more influ-

enced by the MJO over land than ocean. This result

suggests that driving mechanisms of the diurnal cycle of

low, nonprecipitating clouds are different from pre-

cipitating deeper clouds. The same analysis was re-

peated by separating the basins into the Indian Ocean

(608–908E), MC (908–1508E), and western Pacific

(1508E–1808) basins, and similar changes in the distri-

bution and mean values of rainfall rate and cloudiness

diurnal cycle amplitude with theMJO are found among

these basins (not shown).

2) PHASE OF DIURNAL CYCLE

Figure 9 shows the probability distribution of the di-

urnal phase of rainfall rate over 158N–158S, 608E–1808.
Over both land and ocean, the mean and mode of the

diurnal cycle phase do not change between enhanced

and suppressed MJO convection, with both showing

peaks in the afternoon over land and in the early

morning over ocean. However, there are small but

significant changes in the distribution. Over land, the

diurnal peak becomes more frequent around midnight

and less frequent between 1500 and 1800 LST within

enhanced MJO convection, indicating a slight shift of

the diurnal phase to later times compared to sup-

pressed MJO convection. Over the ocean, the proba-

bility of peak diurnal rainfall decreases in the morning

hours and increases in the early afternoon hours, im-

plying that the timing of the diurnal cycle shifts to

later times.

To better understand the changes in the probabil-

ity distribution of the diurnal phase, Fig. 10 shows

3-hourly anomalous probability distributions of

TRMM 3B42 rainfall rate, where the horizontal axis

FIG. 6. Point-by-point (left) coherence squared and (middle) phase (degrees) between daily MJO-filtered OLR anomaly and ISCCP

cloud fractions, and (right) confidence level at where the coherence squared is statistically significantly different from zero, for (a)–(c) low,

(d)–(f) middle, (g)–(i) high, and (j)–(l) deep cloud fraction. Statistical significance is shown in the same manner as in Fig. 5. Gray crosses

indicate points with not enough continuous data to apply cross-spectral analysis.
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represents LST and the vertical axis represents

rainfall rate. In Fig. 10, the black line plot on the left

shows probability distributions of rainfall rates from

all hours [i.e., daily distribution, Fd(x)] as calculated

in (1), where N(h, x) is the number of data points in

each 3-hourly bin of LST hour h (H 5 8) and rainfall

rate bin on a natural log scale x, whereX is the number

of bins:

Fd(x)5 �
H

h51

N(h, x) �
H

h51
�
X

x51

N(h, x).

,
(1)

The shading in Fig. 10 shows the anomalous probability

distribution of rainfall rate F 0(h, x) at each 3-hourly LST

from the daily probability distribution:

F 0(h, x)5

"
N(h, x) �

X

x51

N(h, x)

#
2Fd(x) .

,
(2)

To calculate the anomalous probability, the distribution

is normalized by the number of data points within each

3-hourly bin, since this can differ, especially in TRMM

3G68 data. The bin with the smallest rain rate includes

zero rain rates, so it primarily represents the frequency

of no rain occurrences. These anomalous probabilities

show the hour at which the occurrence of rain rates

becomes more or less frequent than its daily probability.

The black line plot across the top in Fig. 10 shows the

mean rainfall rate in each 3-hourly LST bin. Figures 10e

and 10f) show the difference in each plotted quantity

FIG. 7. Area-weighted probability distribution of (a),(b) diurnal cycle amplitude, (c),(d) daily mean value, and

(e),(f) the ratio of diurnal amplitude to daily mean value over (left) land and (right) ocean over 158N–158S, 608E–
1808 from TRMM 3B42 rainfall rate. Only days with nonzero precipitation are included. The black line shows the

distribution of the NDJFM climatology, and red and blue lines show the distribution of days within enhanced and

suppressedMJO convective envelopes. Gray, magenta, and cyan shading shows the 95% confidence interval for the

NDJFM climatology and enhanced and suppressed MJO convection, respectively. The dots on the x axis show the

mean value within the three sets using their corresponding line colors. The 95% confidence intervals only appear

when they are greater than the size of the dots.
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between enhanced and suppressed MJO convection

(note change in scale). The anomalous probability and

its difference are only shaded where they are signifi-

cantly different from zero at the 95% confidence level;

otherwise, they appear white. Positive differences in the

anomalous probability indicate that the difference at

those hours is greater than the difference in daily

probability.

Over land (Figs. 10a,c), rainfall becomes more fre-

quent after noon and increases in amplitude toward the

evening. The general diurnal patterns are similar be-

tween enhanced (Fig. 10a) and suppressed (Fig. 10c)

MJO convection, but the difference between the two

(Fig. 10e) shows that the probability of rainfall becomes

higher around midnight during enhanced MJO convec-

tion (Kanamori et al. 2013). This more frequent rainfall

around midnight contributes to the shifts in the distri-

bution of diurnal cycle phase (Fig. 9a). The strongest

rainfall rates (above 10mmh21) around midnight tend

to occur over coastal land, but midnight rainfall still

becomes more frequent inland (not shown). Ichikawa

and Yasunari (2006, 2008) also showed that the con-

vective rain that initiates inland of MC islands around

afternoon tends to propagate faster toward coastlines

and enhance coastal rainfall around midnight during

enhanced MJO convective phases.

Over the ocean (Figs. 10b,d), rainfall at all rates is

most frequent around 0600 LST, and the strong rainfall

rate that peaks around 0600 LST gradually decays to-

ward late afternoon. This gradual decrease in the am-

plitude of rainfall rate from early morning into

afternoon is less apparent during suppressed MJO con-

vection (Fig. 10d). Strong rainfall rates (above 5mmh21)

are further concentrated during the morning hours

(0300–0900 LST) during enhanced MJO convection

(Fig. 10f), but the largest difference in the probability

between the enhanced and suppressed MJO convection

occurs at moderate rainfall rates (1–5mmh21) in the

FIG. 8. As in Fig. 7, but showing the diurnal cycle amplitude of (a),(b) low, (c),(d), middle, (e),(f) high, and (g),

(h) deep cloud fraction.
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afternoon. This more frequent moderate rain in the af-

ternoon results in the shift of the diurnal phase distribu-

tion in Fig. 9b. This shift is also consistent with Oh et al.

(2012) and Rauniyar and Walsh (2011), who showed a

slight delay in the diurnal phase within enhanced MJO

convection. However, since the hours of maximum

probability of strong rainfall rate do not vary asmuch, the

diurnal peak of themean rainfall rate remains at 0600LST

regardless of the phase of the MJO (top black lines of

Figs. 10b,d).

As mentioned in the introduction, there is disagree-

ment in a number of previous studies on whether the

MJO has an effect on the diurnal phase of rainfall. The

results presented here suggest that this may be due to

the parameters studied and the methods of analysis. For

example, past studies that have examined the average

diurnal cycle (Tian et al. 2006; Suzuki 2009) or deep

cloud fraction (Tian et al. 2006) concluded that theMJO

does not significantly impact diurnal phase. On the other

hand, some changes in the diurnal phase of rainfall with

the MJO were found by other studies that examined the

diurnal cycle through probability distributions or modal

decomposition such as empirical orthogonal function

analysis (Chen and Houze 1997; Fujita et al. 2011; Oh

et al. 2012; Rauniyar andWalsh 2011). The results of this

study show that the mean diurnal phase does not vary

much with the MJO, but the MJO influences the

probability distribution of the diurnal phase. The

overall probability distribution of rainfall rates be-

tween enhanced and suppressed MJOs are similar,

with differences amounting only to a few percent.

However, the differences are statistically significant,

suggesting that there are subtle but significant changes

in the diurnal cycle of rainfall and cloud populations

with the MJO.

The same two-dimensional probability distributions

of rainfall rate as in Fig. 10 were generated from TRMM

3G68 PR rainfall rate (Fig. 11). Over both land and

ocean, the diurnal peak in probability and mean rainfall

rates tend to occur about 3 h earlier in the TRMM 3G68

PR than the 3B42 data, as documented by other studies

(discussed in section 3a). Although there is a slight phase

lag in the diurnal cycle, the TRMM 3G68 PR data also

shows an afternoon maximum in rainfall over land and

early morning maximum over the ocean. The distribu-

tion is noisier in the TRMM3G68 PR data because of its

smaller sample size (about 5% of the TRMM 3B42

sample size), especially over land. Over the ocean, the

difference between enhanced and suppressed MJOs

(Fig. 11f) shows a similar pattern as in TRMM3B42 data

(Fig. 10f), with increased probability of strong rainfall

rates in the early morning hours and of moderate–weak

rainfall rates in the afternoon. The mean diurnal cycle

within MJO enhanced and suppressed phases (top black

lines in Figs. 11b,d) shows a 3-h difference in timing

when compared to the TRMM 3B42 data. This amounts

to a peak at 0600 LST during enhanced and at 0300 LST

during suppressed MJO convection, whereas the peak

appears at 0600 LST during both phases from the

TRMM 3B42 data (Fig. 10). This contrast between

TRMM 3B42 and 3G68 PR data suggests that the

changes in the diurnal cycle with the MJO are better

captured by more sensitive and higher-resolution in-

struments such as the TRMM PR.

To compare the diurnal cycle of rainfall rate to cloud

fraction, Fig. 12 shows the 3-hourly mean fraction of

clouds at each resolved cloud-top pressure from ISCCP.

In Fig. 12, the black line on the left shows the daily mean

fraction of clouds at each cloud-top pressure while the

mean cloud fraction anomaly from its daily mean value

is shaded. Consistent with Fig. 2, the fraction of high

clouds is greater over land than ocean, with more

abundant low cloud over the ocean. Over both land and

ocean, daily mean fraction of middle–deep cloud in-

creases while low cloud decreases within enhancedMJO

convection (Figs. 12e,f).

Over land, high and deep cloud fractions tend to peak

from the late evening to midnight, followed by a de-

crease in cloud-top height through morning into after-

noon, leading to the maximum low cloud fraction in

FIG. 9. As in Fig. 7, but showing the probability distribution of daily diurnal phase (LST hours).
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early afternoon (consistent with Fig. 4). The difference

between enhanced and suppressed MJO convection

over land shows increased high cloud fraction around

midnight within enhanced MJO convection, perhaps

associated with the rainfall peaks around midnight

shown in Figs. 10 and 11. Middle cloud fraction also

increases between late morning and noon within en-

hancedMJO convection, suggesting a slower decay time

of the high clouds that peak in the evening in Fig. 12.

Over the ocean, deep cloud fraction peaks in the

morning, followed by a decrease in cloud-top height

throughout the afternoon and evening into morning.

The period of this decay in cloud-top height is slower

over ocean than land, as is also reflected in the clima-

tology (Fig. 4). Figure 12f shows an increase in the di-

urnal amplitude of deep and high cloud fraction within

enhancedMJO convection, and a slight slowdown in the

decay time of cloud heights. These changes in cloud

FIG. 10. The black line plot across the top shows mean rainfall rate (mmh21) at each 3-hourly LST. The shading shows the diurnal

anomalous probability distribution (%) of TRMM 3B42 rainfall rate at each 3-hourly LST, where the horizontal axes show 3-hourly

LST and the vertical axes show rainfall rates on a natural logarithmic scale. The black line plot on the left shows the probability

distribution (%, horizontal axis) of rainfall rate from all hours of day, where the probability is plotted on natural logarithmic scale.

Shown are days within MJO (a),(b) enhanced and (c),(d) suppressed convection and (e),(f) the difference between enhanced and

suppressed convection over 158N–158S, 608E–1808, over (left) land and (right) ocean. The diurnal anomalous probability is only

shaded in color (i.e., nonwhite) if the diurnal anomaly in (a)–(d) or the differences in (e) and (f) are significantly different from zero at

95% confidence level.
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fraction indicate that more oceanic deep clouds in the

morning within the enhanced MJO is associated with

higher rainfall rates and the subsequent increase in high

clouds in the afternoon is associated with greater mod-

erate rainfall rates then (Figs. 10f and 11f). Middle and

low cloud fractions also increase in late morning to noon

within enhanced MJO convection, suggesting a slower

decay time of cloud-top height or increased formation of

the shallower clouds induced by downdrafts of deep

convective clouds (Feng et al. 2015; Ruppert and

Johnson 2015; Rowe and Houze 2015). However, it is

difficult to distinguish decaying clouds and newly

forming clouds from the diagnostics used here. These

changes in the diurnal variability of cloudiness and

rainfall rate between enhanced and suppressed MJO

convection are also found when the Indian Ocean, MC,

and western Pacific basins are examined separately.

3) DIURNAL CYCLE OF RAIN CHARACTERISTICS

This section further examines the diurnal cycle of rain

characteristics using TRMM 3G68 PR data. Despite the

disadvantages of a smaller sample size, TRMM 3G68

data allow a more detailed analysis of the factors con-

tributing to diurnal cycle changes. The rainfall rates

presented in previous sections are the areal mean rates

at each grid cell R, which can be represented as the

product of conditional rainfall rate Rc and raining area

fraction Ar:

FIG. 11. As in Fig. 10, but using TRMM 3G68 PR rainfall rate (mmh21).
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R5R
c
A

r
. (3)

Raining area fraction is calculated as the ratio of the

number of raining pixels to total pixels within a grid cell.

The conditional rainfall rate is defined as themean rainfall

rate within raining pixels, which is a better estimate of the

intensity of rainfall. The areal-mean and conditional

rainfall rates are further decomposed to convective Rconv

and nonconvective Rstrat (mostly stratiform):

R5Rconv 1Rstrat 5 (Rconv
c 1Rstrat

c )A
r
. (4)

Figure 13 shows the average diurnal time series of de-

composed rainfall rates within enhanced (solid lines)

and suppressed (dashed lines) MJO convection. As

discussed previously, Figs. 13a,b show that overall

rainfall rates are increased within theMJO and there is a

3 hourly delay in the peak rainfall, especially evident

over land. Over both land and ocean, raining area

fraction Ar (Figs. 13i,j) peaks at the same hour as the

areal mean rainfallR (Figs. 13a,b), while the conditional

rainfall rateRc (Figs. 13e,f) leads by about 3 h, indicating

that the raining area fraction dominates the diurnal

variability (Nesbitt and Zipser 2003; Biasutti et al. 2012).

Over land, more than 50% of the diurnal peak in the

afternoon is from convective rainfall, while the strati-

form and convective rainfall contribute more equally

around midnight (Fig. 13c). Within enhanced MJO

FIG. 12. As in Figs. 10 and 11, but shading shows the diurnal anomaly of mean cloud fraction at each cloud-top pressure and 3-hourly LST

and the black line plot on the left shows the mean cloud fraction at each cloud-top pressure at all hours of the day.

4014 JOURNAL OF CL IMATE VOLUME 30



convection, the stratiform contribution increases from

evening through early morning, and it even exceeds the

convective rainfall from 0000 to 0900 LST. Therefore,

more frequent weak rainfall around midnight within

MJO enhanced convection over land (Figs. 10 and 11) is

associated with an increase in stratiform rain. Condi-

tional rainfall tends to peak about 3h earlier than rain-

ing area fraction because conditional rainfall is

more dominated by convective rain that peaks around

1500 LST, while raining area fraction is dominated by

stratiform rain that broadly maximizes from 1800 to

0300 LST.

Over ocean, in contrast to land, convective and

stratiform rain contribute more equally to the total

areal-mean rainfall at all hours, but stratiform-to-

convective ratio increases within enhanced MJO con-

vection (Fig. 13d), as shown by previous studies (Barnes

and Houze 2013; Zuluaga and Houze 2013; Xu and

Rutledge 2014; Powell and Houze 2015). The condi-

tional rainfall rate has small diurnal variability (Nesbitt

and Zipser 2003; Biasutti et al. 2012) but it tends to peak

around 0000–0300 LST (Fig. 13f) while raining area

fraction peaks around 0300–0600 LST (Fig. 13j). This is

again because total conditional rainfall rate tends to be

dominated by convective rain that peaks around 0000–

0300 LST while raining area fraction is dominated by

stratiform rain that peaks around 0600–0900 LST

(Fig. 13h). The peak of stratiform rain following con-

vective rain suggests that the stratiform rain tends to

develop as anvil clouds associated with deep convection

within mesoscale convective systems (Houze et al.

1981). Therefore, more abundant stratiform rainfall

within enhanced MJO convection leads to the slightly

delayed peak of total areal-mean or conditional rainfall

rate (Figs. 13b,f) and the shift in the probability distri-

bution of the diurnal phase (Figs. 9–11).

4. Summary and discussion

This study examines the tropical diurnal cycle of

cloudiness and rainfall and its variability associated with

MJO convection using TRMM rainfall rate and ISCCP

cloud fraction data during November–March for 1998

through 2009. As has been shown in past studies, we

found that the climatological characteristics of the di-

urnal cycle in rainfall and cloudiness differ greatly be-

tween land and ocean and they also vary locally with

respect to the presence or absence of the MJO. The

amplitude of the diurnal cycle of rainfall generally in-

creases within the envelope of enhanced MJO convec-

tion and decreases within regions of suppressed MJO

convection, and this signal is especially prominent over

the ocean. Over the islands of the MC near coastlines,

the amplitude of the diurnal cycle tends to increase

5–10 days prior to the arrival of minimum OLR associ-

ated with the MJO, however the coherence between the

diurnal cycle amplitude and MJO-filtered OLR is weak

over most of the islands, where the climatological di-

urnal cycle amplitude is large (Houze et al. 1981;

Kanamori et al. 2013). The phase relationship between

the diurnal amplitude and MJO convection also varies

geographically over MC islands. Previous studies also

found some relationship between the MJO and diurnal

rainfall rate over the islands of the MC (Ichikawa and

Yasunari 2006, 2008; Oh et al. 2012; Rauniyar andWalsh

2011; Peatman et al. 2014). However, the statistical tests

shown here suggest that such relationships appear to be

statistically insignificant, especially away from the

coasts. The reason for this less systematic relationship

between the MJO and diurnal cycle over the islands of

theMC is not clear, but it suggests that their interactions

are complicated by land–sea effects and topography.

The diurnal cycle amplitudes of middle, high, and

deep cloud fractions also increase within enhancedMJO

convection, again especially over the ocean. In contrast,

the diurnal amplitude of low cloud fraction decreases

within enhanced MJO convection and this change tends

to be stronger over land. In general, the diurnal cycle

amplitude of rainfall rate and cloudiness increase from

suppressed to enhanced MJO convection when their

daily mean values also increase. However, the change in

diurnal cycle amplitude between suppressed and en-

hancedMJO convection is often smaller than the change

in daily mean values. In other words, while the diurnal

cycle amplitude increases from suppressed to enhanced

MJO convection, its ratio to the daily mean value de-

creases. Conversely, the diurnal cycle amplitude of low

clouds decreases within enhanced MJO convection,

while its ratio to the daily mean value increases.

Therefore, even though the amplitude of the diurnal

cycle becomes greater within enhanced MJO convec-

tion, its relative contribution to total rainfall or cloudi-

ness variance within MJO convection becomes smaller,

except for the case of low clouds. The MJO also in-

fluences the phasing of the diurnal cycle in rainfall rate

and cloudiness. Over land, rainfall peaks more fre-

quently around midnight within enhanced MJO con-

vection, especially near coastlines, because of an

increased areal extent of stratiform rain. The modula-

tion of the diurnal phasing over the islands of theMC by

the MJO is also geographically dependent (see also

Ichikawa and Yasunari 2006, 2008; Fujita et al. 2011).

The schematic in Fig. 14 summarizes how the diurnal

cycle varies with the MJO over the ocean. Within en-

hancedMJO convection, the peak in rainfall rate during

the early morning hours is followed by moderate–weak
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rainfall rates becoming more frequent in the afternoon

and evening resulting from an increase in stratiform

rain. The more frequent occurrence of organized con-

vection within the MJO leads to increased formation of

stratiform anvil clouds, which have greater horizontal

extent than convective clouds and contribute largely to

the areal mean rainfall rates (Barnes and Houze 2013;

Zuluaga andHouze 2013; Xu andRutledge 2014; Powell

and Houze 2015). The less frequent occurrence of

stratiform rain within suppressed MJO convection re-

sults in a shift of the diurnal rainfall peak to earlier hours

of the day. These changes lead to more frequent diurnal

peaks occurring a few hours later within enhanced MJO

convection over the ocean. However, since strong rain-

fall rates are still concentrated in the early morning, the

mean diurnal rainfall rate retains its maximum in those

hours in TRMM 3B42 data (Fig. 10), while a change in

the mean appears in TRMM 3G68 PR data (Fig. 11).

Although the diurnal peak occurs more frequently at a

later time of day, the mean and mode of the diurnal

phase do not vary significantly with the MJO in TRMM

3B42 data. Furthermore, the variability in the phase of

diurnal cycle with the MJO also depends on the exact

parameter in question. Strong rainfall rates and deep

convective cloud fraction peak during the early morning

hours in both phases of the MJO, which has led some

FIG. 13. Average diurnal time series of (a),(b) areal-mean, (c),(d) areal-mean convective (red) and stratiform (blue), (e),(f) conditional,

and (g),(h) conditional convective (red) and stratiform (blue) rainfall rates (mmh21) and (i),( j) raining area fraction within enhanced

(solid lines) and suppressed (dashed lines) MJO convection.
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previous studies to conclude that the MJO has no influ-

ence on the phase of diurnal cycle (Tian et al. 2006; Suzuki

2009). However, more variability in the diurnal distribu-

tion occurs with low–middle cloud fraction andmoderate–

weak rainfall rates between enhanced and suppressed

MJO convection because of changes in the cloud pop-

ulation. Other studies that have examined the variability

and distribution of the diurnal cycle, as done in this study,

concluded that the MJO has some influence on the phase

of diurnal cycle (Chen and Houze 1997; Fujita et al. 2011;

Oh et al. 2012; Rauniyar and Walsh 2011).

In contrast to the open ocean, the relationship be-

tween the MJO and the diurnal cycle is more com-

plicated within the MC. The diurnal evolution of

cloudiness and rainfall over the MC varies geo-

graphically depending on topography and associated

diurnal land–sea and mountain–valley breezes and

cloud-induced gravity waves (Mori et al. 2004; Sakurai

et al. 2005; Keenan and Carbone 2008; Biasutti et al.

2012; Hassim et al. 2016). Interactions between the

MJO and the diurnal cycle over the MC have been hy-

pothesized to influence the propagation of the MJO

(Slingo et al. 2003; Peatman et al. 2014; Hagos et al. 2016).

However, the geographic variability of the relationship

between the MJO and the diurnal cycle suggests that in-

depth studies on regional scales are necessary (e.g., island

by island) to understand the potential role of the diurnal

cycle on MJO propagation. Our study also suggests that

the behavior of the diurnal cycle over the MC islands has

large event-to-event variability (Fig. 5), which may be

important for understanding different propagation char-

acteristics of individual MJOs (Jones et al. 2004; Kerns

and Chen 2016).

While this study provides insights into the character-

istics and variability of the diurnal cycle of cloudiness

and rainfall associated with the MJO, further analyses

are required to understand the physical mechanisms

behind the variability of the diurnal cycle of rainfall and

cloud type populations. Sui et al. (1997) and Ruppert

and Johnson (2015) observed the formation of clouds

following the warming of SST in the afternoon, espe-

cially within suppressed MJO convection, yet such a

development of cloudiness or rainfall is not well detected

in this study. This discrepancy may be due to the differ-

ence in event sample size, geographical location, or in-

strument resolution (ground-based radar vs satellites)

since the resolution of TRMM is known to be too coarse

to capture small-scale rain (Tabata et al. 2011). Using a

high-resolution regional model, Birch et al. (2016) showed

that the diurnal land–sea contrast over Sumatra depends

on the modulation of incoming solar radiation, moisture,

and surface fluxes that are associatedwith theMJO.While

some mechanisms of how the MJO could impact the di-

urnal cycle over the MC islands have been proposed

(Ichikawa and Yasunari 2008; Oh et al. 2012; Peatman

et al. 2014; Birch et al. 2016), how this modulation occurs

over the open ocean is less clear. The roles of moisture,

radiation, large-scale circulation, and cloud life cycles,

along with their interactions, need to be examined in

greater detail to understand the physical mechanisms that

FIG. 14. Schematic of the diurnal cycle over the tropical open ocean during (a) enhanced

and (b) suppressedMJO convection. Convective and stratiform rain is represented by the rain

at the bottom of convective towers and anvils, respectively. The dotted blue line represents

the mean diurnal rainfall rate.
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drive the diurnal cycle and its geographical variability.

Another important question to be addressed in the future

is whether the changes in the characteristics of diurnal

cycle feed back and play a role in MJO initiation or

evolution.
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