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Abstract16

This study analyzes radiosonde observations and other datasets to examine variability in17

the moist static energy (MSE) budget over eastern part of the Maritime Continent during18

the CINDY2011/DYNAMO field campaign project from October 2011 through March 2012.19

During this period, five events bearing key characteristics of the Madden–Julian oscillation20

(MJO) are identified. Our analysis focuses both on these events, and on the longer-term21

seasonal evolution of the MSE budget terms.22

On the seasonal time scale, the characteristics of the column-integrated MSE budget are23

different between periods before and after the Australasian summer monsoon onset, whose24

timing coincides with that of the second MJO event’s active phase in early December. Both25

the net diabatic source term (the sum of surface turbulent fluxes and radiative heating) and26

the net advection term (the sum of horizontal and vertical advection of MSE) have small27

magnitudes before the onset. After the onset, the source term becomes large and positive28

while the advection term becomes large and negative after the onset.29

On the intraseasonal scale, both the source and advection terms fluctuate as the MJO30

events come and go. It is shown that the surface fluxes and radiative heating contribute31

to the maintenance of the amplitude of column-integrated MSE anomaly and thus to the32

intensity of the MJO. The vertical advection term, along with horizontal advection term,33

seems to contribute to the phase progression and eastward propagation of MJO, mainly34

due to lower-tropospheric descent after the precipitation and MSE maxima, presumably35

associated with rain re-evaporation. On the other hand, the source term tends to hinder36

eastward propagation.37

This study also examines how the MSE budget would be different if key components of the38
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budget were parameterized by two assumptions that have been used in recent idealized models39

of the MJO: (1) the column-integrated radiative heating anomaly is taken proportional to the40

column water vapor anomaly, and (2) the normalized gross moist stability is taken constant.41

We find that the former tends to speed up the phase progression of MJO, while the latter42

tends to slow it down.43

1 Introduction44

Since its discovery in 1971, Madden–Julian oscillation (MJO; Madden and Julian 1971,45

1972) has posed one of the central problems of tropical meteorology. Since the MJO has46

widespread impact on daily weather not only in the tropics but also in the extratropics, and47

since the MJO has an intraseasonal (30–60 day) time scale that is longer than the typical48

synoptic scale of midlatitude weather, we may expect that improvements in MJO prediction49

may lead to improvements in medium-range weather forecasts (Gottschalck et al. 2010).50

On the other hand, dynamical understanding of the MJO’s essential mechanisms, which we51

expect to be important for improving prediction skill, is still elusive despite much research.52

A variety of different idealized models has been proposed to explain the dynamics behind the53

MJO’s intraseasonal time scale, planetary horizontal scale, and eastward propagation speed.54

One school of thought holds that the MJO is a moisture mode, meaning a mode that55

depends on a prognostic moisture equation and thus has no counterpart in a dry atmosphere56

(e.g., Fuchs and Raymond 2002, 2005, 2007; Majda and Stechmann 2009; Sugiyama 2009a,57

b; Sobel and Maloney 2012, 2013; Sobel et al. 2014, and others). We advocate the view that58

the MJO in particular is a moisture mode in which the interactions of surface turbulent fluxes59
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and atmospheric radiation with cumulus convective activity are important (Sobel et al. 2008,60

2010). Since these processes are sources of column-integrated moist static energy (MSE) or61

moist entropy, it may be useful to focus attention on the budget of that quantity as it varies62

in association with MJO events. The column-integrated MSE and moist entropy budgets63

have been studied using numerical simulation outputs (Maloney 2009; Andersen and Kuang64

2012; Hannah and Maloney 2014; Benedict et al. 2014; Wang et al. 2015), and reanalysis65

datasets (Kiranmayi and Maloney 2011; Kim et al. 2014).66

The necessary data to examine the MSE budget in detail can be sought in the results of67

several field campaigns which have been conducted in the tropics. The Tropical Ocean Global68

Atmosphere program Coupled Ocean–Atmosphere Research Experiment (TOGA COARE;69

Webster and Lukas 1992) conducted a field campaign over the equatorial western Pacific70

in 1992/93 austral summer, and the Cooperative Indian Ocean Experiment on Intrasea-71

sonal Variability in the Year 2011 (CINDY2011)/Dynamics of the MJO (DYNAMO) project72

conducted a field campaign focusing on central Indian Ocean in 2011/12 austral summer73

(Yoneyama et al. 2013). There have been a number of studies performing budget analyses74

using data obtained during these campaigns (e.g. Lin and Johnson 1996a, b; Johnson and75

Ciesielski 2000, 2013; Sobel et al. 2014; Johnson et al. 2015; Inoue and Back 2015, and76

others). Among them, Sobel et al. (2014, hereafter SWK) examined the column-integrated77

MSE budget over the Indian Ocean using datasets collected by the CINDY2011/DYNAMO78

project together with complementary data. Their results were broadly consistent with the79

view of the MJO as a moisture mode whose growth and maintenance depend on the surface80

fluxes and radiation, while its propagation depends on horizontal moisture advection, and to81

some extent vertical advection of MSE as well.82
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Between the western Pacific and Indian Ocean lies the Maritime Continent (MC) re-83

gion. The MC covers the equatorial band from 90◦E through 160◦E, and is characterized by84

complicated geography with tremendous islands of various shapes and sizes. These islands85

certainly alter the structure and behavior of the MJO, though different studies emphasize86

different mechanisms by which they do so. Peatman et al. (2014) revealed that the convec-87

tive response to the MJO has different features over land and ocean; active convection over88

land tends to precede that over the surrounding ocean by about a week. The structure of89

circulation anomalies associated with the MJO is also modulated by topography (Hsu and90

Lee 2005). The diurnal cycle in convective activity over and around islands (Mori et al. 2004)91

interacts with MJO (Ichikawa and Yasunari 2008; Rauniyar and Walsh 2011; Peatman et al.92

2014), which may contribute to its eastward propagation (Ichikawa and Yasunari 2007). On93

the other hand, the view of the MJO as driven by surface fluxes and radiation implies that94

the low heat capacity of the land surface should cause MJO-related intraseasonal variability95

in convection to weaken over land, consistent with what is observed (Sobel and Gildor 2003;96

Sobel et al. 2010).97

Because of these differences between the MJO’s properties over the MC and those over98

the Indian Ocean and western Pacific, it seems worth examining the MSE budget over99

the MC. However, the MC has received less attention so far than have the ocean basins100

to its west and east, presumably because of the shortage of adequate observations. The101

CINDY2011/DYNAMO project supplemented routine radiosonde stations over the MC (see102

Fig. 1) increasing the frequency of observations during the field campaign period. During this103

period, several MJO events developed and traveled across the MC (Yoneyama et al. 2013;104

Gottschalck et al. 2013). Although the sounding interval is 12 hr, longer than that over west-105
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ern Pacific during TOGA COARE and over Indian Ocean during CINDY2011/DYNAMO,106

it is still worth attempting to perform the budget analysis using the enhanced radiosonde107

data over the MC and comparing the results with previous studies in these regions, which108

are main purposes of this study.109

The MSE budget equation is further used to develop mathematical models of the MJO.110

Sobel and Maloney (2012, 2013, hereafter SM) used a variant of column-integrated MSE111

budget equation as the single prognostic equation in a simplified mathematical model. In112

designing such mathematical models, we usually make a number of assumptions to simplify113

the governing equations, making possible analytical treatment of the models. While validity114

of these assumptions is usually tested by statistical relationship, we expect that field obser-115

vation campaigns are good opportunities to further test the validity through detailed case116

studies. This study will use the radiosonde data collected during CINDY2011/DYNAMO to117

test assumptions about radiative heating and vertical advection that were made, for example,118

by SM.119

The reminder of this paper is organized as follows. In sections 2, we describe the datasets120

and analysis method. We present the overall characteristics of the observations during the121

target period in section 3.1, and then MSE budget in section 3.2. Section 3.3 presents results122

of the validity test of the assumptions about the radiative heating and vertical advection.123

Finally, a summary is presented in Section 4.124
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2 Data and methods125

2.1 Data126

We analyzed radiosonde sounding data obtained at eight stations marked by the letters A–127

H in Fig. 1 and listed in Table 1. Stations A–G constitute a heptagonal sounding array with128

station H located near its center. While the MC is characterized by complicated geography129

with several very large islands, more than 90% of the array area is covered with ocean.130

Twice-daily (00UTC and 12UTC) observations for the period from 1 October 2011 through131

31 March 2012 were analyzed. Observations were performed four times daily at station D,132

but we did not use the 06UTC and 18UTC data, for consistency with the other stations.133

Variables analyzed include pressure, horizontal wind, geopotential height, temperature, and134

relative humidity. Mean sea level pressure was also analyzed, which was calculated using the135

hydrostatic equation and assuming constant potential temperature.136

While the observed data were stored at 2 seconds (station D) or 1 second (other stations)137

intervals, we averaged them into 10-hPa bins, and then applied vertical interpolation to fill in138

any missing data. Furthermore, there are about 5% of soundings that data were almost wholly139

missing. We applied temporal interpolation to fill in the missing data in this case. Before140

applying temporal interpolation, we calculated 7-day running mean for 00UTC and 12UTC141

data separately, and subtracted the difference between them (running mean for 00UTC minus142

that for 12UTC) from the 00UTC data to diminish the diurnal cycle component. After the143

interpolation, we added the difference to the 00UTC data. These interpolation procedures144

enable us to examine the MSE budget over the entire 6-month target except for short periods145

in late November 2011 and in early January 2012.146

7



In addition to the radiosonde observations, we analyzed data from the European Centre147

for Medium–Range Weather Forecast (ECMWF) Interim Reanalysis (ERA-Interim, Dee et al.148

2011) and Japan Meteorological Agency (JMA) 55-Year Reanalysis (JRA-55; Kobayashi et al.149

2015) for comparison. The horizontal resolution of ERA-Interim is 0.75◦, while that of JRA-150

55 is 1.25◦. Both are available at 6-hour time intervals. The three-dimensional distributions151

of horizontal wind, vertical wind, temperature, geopotential height, and specific humidity as152

well as mean sea level pressure from these data were analyzed.153

We used the Tropical Rainfall Measurement Mission (TRMM) 3B42 version 7A (Huff-154

man et al. 2007) and Global Precipitation Climatology Project 1-Degree Daily Combination155

version 1.2 (GPCP-1DD; Huffman et al. 2009) data to calculate precipitation averaged156

over the sounding area. We also used data from Clouds and Earth’s Radiant Energy Sys-157

tem (CERES; Wielicki et al. 1996) to calculate area-averaged column-integrated radiative158

heating, Objectively Analyzed air–sea Fluxes (OAFlux; Yu et al. 2008) to calculate area-159

averaged surface sensible heat flux (SHF) and latent heat flux (LHF), and Special Sensor160

Microwave Imager/Sounder (SSMIS; Wentz 2013) to calculate area-averaged column water161

vapor (column-integrated moisture). Note that OAFlux and SSMIS data are available only162

over the ocean.163

2.2 Methods164

The MSE, h, is defined as h ≡ s+ q, where s ≡ CpT +gz is the dry static energy (DSE),165

q is the specific humidity having the energy unit [J kg−1] after multiplication by the specific166

heat of vaporization L = 2.5× 106 [J kg−1], Cp = 1004 [J kg−1 K−1] is the specific heat with167

constant pressure, T is temperature, g = 9.8 [m s−2] is the gravitational acceleration, and z168
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is the geopotential height. The budget equations of column-integrated DSE, moisture, and169

MSE are170

< ∂ts > + < u · ∇s > + < ω∂ps >=< R > +P +H ≡< Q1 >, (1)171

172

< ∂tq > + < u · ∇q > + < ω∂pq >= E − P ≡ − < Q2 >, and (2)173

174

< ∂th > + < u · ∇h > + < ω∂ph >=< R > +E +H ≡< Q1 −Q2 >, (3)175

respectively, where u is the horizontal wind vector, ω is the vertical pressure velocity, R is176

the radiative heating, P is precipitation, H is the SHF, and E is the LHF. Q1 and Q2 are the177

so-called apparent heat source and apparent moisture sink, respectively (Yanai et al. 1973).178

The angle brackets indicate mass-weighted vertical integration over the troposphere:179

< (·) >≡ 1

g

∫ ps

pt
(·)dp (4)180

where pt is pressure at a nominal constant tropopause pressure and ps is mean sea level181

pressure. Here we assume pt = 100 [hPa].182

Equation 3 states that tendency of column-integrated MSE (< ∂th >) is caused by hor-183

izontal advection (− < u · ∇h >), vertical advection (− < ω∂ph >), and the net source184

(< Q1 −Q2 >), the latter of which consists of the sum of column-integrated radiative heat-185

ing, LHF and SHF. The tendency, horizontal advection, and vertical advection terms are186

estimated from radiosonde sounding data or reanalysis data, while radiative heating is ob-187

tained from the CERES dataset, and LHF and SHF are obtained from the OAFlux dataset.188

While there have been numerous studies of DSE and moisture budgets, only a few studies189

have performed MSE budget analysis using data collected during field observation campaigns,190
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as argued by SWK. Besides the fact that MSE budget is central to the moisture mode view191

as introduced in Section 1, we are motivated by the fact that the tendency term is not negli-192

gible in the MSE budget on the intraseasonal time scale, whereas the tendency terms in the193

DSE and moisture budgets are negligible to first order in their respective budgets. Figure 2194

shows the amplitude of the intraseasonal anomalies of column-integrated DSE, moisture, and195

MSE budget terms over the target period, measured by the standard deviation. Here, the196

intraseasonal-scale anomaly is defined as the sum of terms in the Fourier series corresponding197

to frequencies of 3, 4, 5, and 6 cycles in 183 days (30.5–61 day periods). The amplitudes198

are normalized by those of the vertical advection terms in the individual equations. For the199

DSE budget (Fig. 2a), the vertical advection and apparent heat source terms dominate, with200

amplitudes more than 10 times larger than those of the tendency and horizontal advection201

terms. This justifies application of the weak temperature gradient approximation (Charney202

1963; Sobel et al. 2001) to the intraseasonal variability. The moisture budget (Fig. 2b) is203

similar, with tendency term’s amplitude only slightly greater than 10% of those of the vertical204

advection and apparent moisture sink terms. The smallness of the tendency terms implies205

that it is hard to assess the mechanisms for the temporal evolution of the DSE and moisture206

through analysis of the budget equations; these equations primarily represent balances be-207

tween vertical advection and source/sink terms. The MSE tendency term, on the other hand,208

has an amplitude which is about 50% of those of vertical advection and source terms (Fig.209

2c). This simplifies attribution of MSE variations to terms in the budget, including allowing210

us to understand how different terms contribute to growth and maintenance vs. propagation211

of the MSE anomalies.212

Figures 2a, b further show that precipitation has much larger amplitude than LHF and213
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SHF. Since the precipitation term cancels out when combining Eqs. 1 and 2, the amplitudes214

of the source term in the MSE budget equation becomes considerably smaller than those215

of the apparent heat source and moisture sink terms in the DSE and moisture budgets,216

respectively. Of the components of the column-integrated MSE source term (< Q1 −Q2 >),217

the LHF has the largest amplitude, and radiative heating takes second place, while SHF is218

much smaller.219

3 Results and discussion220

3.1 Overall characteristics221

Before presenting the MSE budget results, we present an overview of convective activ-222

ity and atmospheric conditions during the target period (October 2011–March 2012). The223

longitude–time distribution of TRMM 3B42 precipitation averaged over the 15◦S–5◦N band224

is shown in Fig. 3. The most striking signal propagating eastward from the Indian Ocean225

to the western Pacific is found during February–March of 2012. It passes over the sounding226

array in the first half of March. Three additional eastward-propagating signals pass over227

the sounding array in early November, early December, and late December of 2011, though228

the precipitation resulting from these events over the array is much smaller than that from229

the February–March event. These four events are identified as MJO events by Yoneyama et230

al. (2013), while Gottschalck et al. (2013) did not consider third event as an MJO event.231

Whether a certain event is an MJO event or not is sometimes debatable, as there is no232

universally recognized definition.233

In addition to these four events, there are three heavy precipitation signals in January234
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2012 at around 110◦E, 130◦E (middle of the sounding array), and 160◦E, which seem to be235

associated with an eastward-propagating signal. Local phase relationships over the sounding236

array between moisture, precipitation, and wind associated with this signal are reminiscent237

of the MJO, as will be shown later. Furthermore, the multivariate MJO index (Wheeler and238

Hendon 2004) shows eastward propagation from the MC to the western Pacific with non-239

negligible amplitude (e.g. Fig. 11 of Gottschalck et al. 2013). Based on these diagnostics,240

we consider this event to be an additional MJO event, though previous studies did not. In241

total, during the target period, there are five MJO events, which are shown by ellipses with242

bold dashed line in Fig. 3. Note that MJO-5 (the fifth event) in this study was referred to243

as MJO-4 in Yoneyama et al. (2013).244

Time series of 5-day running mean precipitation averaged over the sounding array are245

plotted in Fig. 4a. Precipitation estimated from Eq. 2 with the use of radiosonde data246

and OAFlux LHF agrees well with GPCP-1DD and TRMM 3B42. Maxima in precipitation247

are observed when the five MJO events pass over the sounding array, indicated by dashed248

vertical lines. Among the five MJO events, MJO-5 is associated with heaviest precipitation.249

In addition to the precipitation maxima apparently associated with these events, there are250

several other maxima in late October, late November, and February. The time intervals251

between these and MJO-related maxima suggest that precipitation over the sounding array252

has a component with a quasi-biweekly time scale, especially during November–January.253

Figure 4b presents the 5-day running mean of column water vapor averaged over the254

sounding array, showing that the radiosonde data agree well with SSMIS. It exhibits an in-255

creasing trend over October–December, followed by a near-zero trend through March. The256

precipitation maxima associated with the five MJO events are accompanied by column water257

12



vapor maxima, with precipitation slightly lagging water vapor. This phase relationship be-258

tween precipitation and column water vapor has been reported by previous studies (Yasunaga259

and Mapes 2012; SWK). In addition, several of the non-MJO precipitation maxima are also260

accompanied by column water vapor maxima. Similar to precipitation, column water vapor261

seems to have a quasi-biweekly component. This quasi-biweekly feature is intriguing and262

deserves further research, although this is beyond the scope of the present paper.263

Figure 5 shows 5-day running mean vertical profiles of various variables averaged over264

the sounding array as observed by the radiosondes. Zonal wind (Fig. 5a) in the lower265

troposphere is dominated by easterlies in October–November, followed by an abrupt shift to266

westerlies in early December, which is associated with the passage of MJO-2. This shift can267

be interpreted as the onset of the Australasian summer monsoon (Holland 1986; Hendon and268

Liebmann 1990a). After the onset, westerly winds last until early February, and then weak269

easterlies are observed until early March, followed by strong westerlies.270

On the intraseasonal time scale, lower-tropospheric westerly wind strengthens — or east-271

erly wind weakens, indicating westerly anomalies compared to the longer-term mean — after272

the precipitation maxima associated with the MJO events. In the upper troposphere, east-273

erly winds amplify after the precipitation maxima do, except in the case of MJO-3. These274

result in increases in easterly vertical shear. The phase lag between lower tropospheric zonal275

wind and precipitation is consistent with the statistical study of sounding data at Darwin276

by Hendon and Liebmann (1990b), and is a characteristic of the MJO in the Indian Ocean277

rather than in the western Pacific (e.g. Zhang 2005).278

Vertical profile of meridional wind (Fig. 5b) in the lower troposphere is characterized by279

amplification of northerly wind after the precipitation maxima of MJO-2, MJO-3, MJO-4,280
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and MJO-5. The height of strongest northerly wind is below that of westerly wind maxima.281

The northerly wind was also pointed out by Hendon and Liebmann (1990b), although they282

reported no phase lag between meridional wind and precipitation.283

The seasonal march of relative humidity (Fig. 5c) is characterized by increases from Oc-284

tober through November, particularly in the lower free troposphere above the 800-hPa level.285

During December–March, periods with high relative humidity coincide with precipitation286

maxima. Relative humidity variability associated with MJO-5 exhibits the largest ampli-287

tude of the period and shares several aspects with MJO events reported in previous studies.288

Lower-tropospheric moisture increases gradually during the period from 24 February through289

4 March, about 1–2 weeks before the precipitation maximum. The middle troposphere then290

moistens quickly, close to the time of the precipitation maximum. After the maximum, rapid291

drying is observed in the 800–600 hPa layer. These features are consistent with previous292

studies using field campaign data over the Indian Ocean (Johnson and Ciesielski 2013) and293

the western Pacific (Lin and Johnson 1996a), and satellite data (Tian et al. 2006). The other294

MJO events exhibit similar temporal evolution but weaker amplitude.295

Precise estimation of the vertical pressure velocity is essential for estimation of the vertical296

advection of MSE, since it is sensitive not just to the magnitude, but also the detailed297

structure of the vertical profile of vertical pressure velocity. Figure 5d shows the vertical298

profile of vertical pressure velocity estimated from radiosonde data. Periods of strong, deep299

ascent coincide with precipitation maxima associated with the five MJO events. In MJO-5,300

shallow ascent in the lower troposphere first appears in 25 February–4 March, followed by301

deep ascent during the precipitation maximum. Then lower-tropospheric descent emerges302

beneath the remaining ascent. Similar features can also be observed in MJO-2, MJO-3, and303
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MJO-4. Results from reanalysis data are broadly similar (Fig. 6).304

Consistent with the vertical pressure velocity, the evolution of the horizontal divergence305

profile associated with MJO-5 is characterized by elevation of horizontal convergence from306

the lower troposphere (around 25 February) through the middle troposphere (around 20307

March), with shallow divergence in the lower troposphere after the precipitation maximum.308

These are well-known features of MJO events, as pointed out by a number of studies, and are309

considered to be associated with the transition from shallow congestus to deep convection,310

followed by stratiform precipitation (Lin and Johnson 1996b; Kemball-Cook and Weare 2001;311

Sperber 2003; Kikuchi and Takayabu 2004; Lin et al. 2004; Kiladis et al. 2005; Mapes 2006).312

In the stratiform precipitation regime, lower tropospheric descent is considered to be an313

adiabatic response to cooling associated with re-evaporation of rainfall. On the other hand,314

coexistence of surface divergence and lower-tropospheric westerly wind, which can be found315

not only after MJO-5 but also MJO-3 and MJO-4, is reminiscent of frictional divergence. The316

surface convergence ahead of the precipitation maxima, however, is not frictional (Ekman)317

in origin, as the lower tropospheric wind is either westerly or at most weak easterly except318

in the case of MJO-1.319

3.2 MSE budget320

In this section, the temporal evolution of the column-integrated MSE budget is examined.321

First, we compare time series of variables estimated from radiosonde data with those from322

reanalysis, CERES, and OAFlux data. The red line in Fig. 7a shows the 5-day running mean323

column-integrated MSE derived from radiosonde data, and Fig. 7b shows those derived from324

two reanalysis datasets. Apart from systematic offsets, these three time series exhibit quite325
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similar features. Figures 7c–f shows time series of various terms in column-integrated MSE326

budget equation (3). The red line in Fig. 7c shows the source term estimated from radiosonde327

data, while the blue line shows that calculated from CERES and OAFlux. While the former328

is noisy compared with the latter in October–November, they are in good agreement during329

December–March. The horizontal and vertical advection terms estimated from radiosonde330

data (red lines in Figs. 7d and 7e, respectively) are also generally in good agreement with331

those from reanalysis datasets (black and blue lines), although the horizontal advection term332

from the radiosonde data has a positive bias compared with that from the reanalysis data333

throughout the period.334

The column-integrated MSE exhibits an overall increasing trend during October–December,335

and then decreases back to its early December level in January and February, followed by336

an intraseasonal-scale fluctuation in March associated with MJO-5. While the subseasonal-337

scale fluctuations during October–January have a significant quasi-biweekly-component, MSE338

maxima are approximately coincident with the precipitation maxima of MJO-1, MJO-2, and339

MJO-4. As for MJO-3, although a local MSE minimum is observed at the precipitation340

maximum, an intraseasonal-scale increase occurs in the second half of December followed by341

a decrease in the first half of January. It can be said that the MSE before the monsoon342

onset in early December is characterized by an increase trend, while that after the onset is343

dominated by subseasonal variability with almost no seasonal-scale trend. These features are344

broadly consistent with those in column water vapor (Fig. 4b).345

The seasonal characteristics of the MSE budget, like those of the MSE itself, are different346

before and after the monsoon onset in early December. Before the onset, both the source and347

advection terms are very small (Fig. 7c). The source term becomes large and positive after348
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the onset, due to increases in both the radiative heating and LHF with comparable magnitude349

(Fig. 7d). The advection term becomes large and negative after the onset, primarily due to350

the vertical advection term (Fig. 7f). These results mean that, during the summer monsoon351

season, atmospheric circulation vigorously exports MSE that is supplied by surface fluxes352

and decreased radiative cooling.353

Figure 8a shows 5-day running mean vertical profiles of the source term estimated from354

radiosonde data. Before the monsoon onset, negative values are found in the lower tropo-355

sphere below the 700-hPa level and positive values above, nearly cancelling in the vertical356

integral. The negative values are primarily due to positive apparent moisture sink (Fig. 8e).357

On the other hand, after the onset, the source term increases both in the lower and upper358

troposphere. In the upper troposphere, both the apparent heat source (Fig. 8d) and moisture359

sink increase, the apparent heat source more rapidly. In the lower troposphere, the apparent360

heat source does not change significantly, but the apparent moisture sink decreases.361

Before the onset, the vertical advection term estimated from radiosonde data (Fig. 8c)362

exhibits positive values in the lower troposphere below 600 hPa and negative values above,363

which nearly cancel in the integral. After the onset, the term in the upper troposphere tends364

to become more negative. This difference between periods before and after the onset is due365

to differences in the vertical profile of vertical pressure velocity; the profile after the onset is366

more top-heavy than that before the onset (e.g. Figs. 5d, 6).367

On the subseasonal time scale, the source term (Fig. 7c) increases in the buildup to the368

MJO events’ precipitation maxima and reaches its own maxima approximately simultane-369

ously, with the exception of MJO-1. After the precipitation maxima associated with the370

latter four MJO events, the source term decreases. For MJO-3, MJO-4, and MJO-5, this371
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decrease seems to be more gradual than the increase just before it. For example, associated372

with MJO-5, the source term increases from nearly zero in late February, when an MSE373

minimum is found, to about 120–130 W m−2 at the time of the precipitation maximum, and374

then remains nearly constant for 10 days. The LHF and column-integrated radiative heating375

(Fig. 7d) contribute to these features with comparable magnitude. The fact that the source376

term tends to co-vary with MSE fluctuations associated with the MJO suggests that this377

term contributes to the maintenance of the amplitude of the MSE anomalies and thus to the378

intensity of the MJO. On the other hand, the more gradual decreases afterwards suggest that379

this term tends to hinder the phase progression of the MSE anomaly and thus the eastward380

propagation of the MJO.381

The advection term varies nearly oppositely to the source term (Fig. 7c). For all of the five382

MJO events, this term decreases before the precipitation maxima and increases afterwards,383

and the increase tends to be more gradual than the decrease. The horizontal advection term384

(Fig. 7e) decreases at and around the time of precipitation maxima; it is more negative385

after the precipitation maxima than before them. This means that this term co-varies with386

the MSE tendency, and thus — assuming that the tendency is associated more with phase387

progression than with disturbance growth — contributes to the phase progression of the MSE388

anomalies in all of the MJO events. The negative values after the precipitation maxima are389

found particularly in the lower free troposphere between 900 and 500 hPa (Fig. 8b).390

On the other hand, the vertical advection term (Fig. 7f) decreases before the precipitation391

maxima of all five MJO events. After that, this term remains large and negative for MJO-3392

and MJO-4, and decreases further for several days in the case of MJO-5. ERA-Interim tends393

to underestimate the intraseasonal-scale amplitude compared with radiosonde and JRA-55.394
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The vertical profile (Fig. 8c) reveals that, after the precipitation maxima of MJO-3, MJO-395

4, and MJO-5, negative values are observed not only in the upper troposphere but also in396

the lower troposphere, with a secondary negative maximum at around 900 hPa. The lower-397

tropospheric negative values are caused by descending motion (Fig. 4d), since MSE decreases398

with height in the lower troposphere. These mean that the vertical advection term opposes399

the maintaining effect of the source term for all of the MJO events, and furthermore, tends400

to contribute to the phase progression for MJO-3, MJO-4, and MJO-5.401

These results are qualitatively very similar to those of SWK, and confirm the idea that the402

radiative heating and LHF are important for the maintenance of intraseasonal MSE anomalies403

associated with MJO, while the advection term contributes to the phase progression and404

eastward propagation (Sobel et al. 2008, 2010; Maloney 2009; Kiranmayi and Maloney 2012;405

Andersen and Kuang 2012; SM; Kim et al. 2014; Benedict et al. 2014; Kerns and Chen 2014).406

Also consistently with SWK, we find that while the horizontal advection term contributes407

most consistently to phase propagation, the vertical advection term sometimes contributes408

significantly as well.409

3.3 Impact of assumptions for simplification410

In this section we examine two assumptions sometimes made in idealized models of trop-411

ical dynamics, including that of SM for the MJO.412

The first one is that the column-integrated radiative heating anomaly is proportional to413

the precipitation anomaly, which is further assumed to be proportional to the column water414

vapor anomaly. This assumption is justified by a statistically-significant linear relationship415

between radiative heating and precipitation anomalies (Bretherton and Sobel 2002; Lin and416
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Mapes 2004), and a linearized representation of the nonlinear relationship between precipi-417

tation and column water vapor (Bretherton et al. 2004; Peters and Neelin 2006). However,418

the well-known transition feature of convective characteristics over the course of MJO phase419

(Lin and Johnson 1996b; Kemball-Cook and Weare 2001; Kikuchi and Takayabu 2004; Lin et420

al. 2004; Mapes 2006) suggests that the statistical relationship between them varies over the421

course of MJO phase, as broad upper-tropospheric cloud deck in the stratiform regime is ex-422

pected to cause larger reduction rate of the radiative cooling per unit precipitation anomaly423

during this regime than during the preceding congestus and deep convection regimes.424

To examine the validity of this assumption in the MSE budgets shown above, we calcu-425

lated anomalies from the seasonal march, defined here as the sum of the time mean, linear426

trend, and first two harmonics (with 183- and 92.5-day periods) of the 6-month time se-427

ries. Then we calculated linear regression coefficients between 5-day running means of the428

column-integrated radiative heating anomaly from CERES data and of the column water va-429

por anomalies from both radiosonde and reanalysis data (second column of Table 2). Using430

these values, the anomaly of column-integrated radiative heating is estimated from its sea-431

sonal march and column water vapor anomaly. Figures 9a–c compare the column-integrated432

radiative heating from the CERES data alone (black) and estimated using the relationship433

to the water vapor anomaly as just described (red). The estimated radiative heating follows434

that observed well during October–early November, while fluctuating with smaller ampli-435

tude than the observed during December–February. When focusing on MJO-5, we can find436

that, while the estimated radiative heating using both radiosonde and reanalysis data has437

a maximum value at the precipitation maximum which is close to that of the original one,438

an overestimation and underestimation are found before and after, respectively, the pre-439
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cipitation maximum. Similar features can also be found during the other MJO events. A440

pair of such overestimation and underestimation can be observed for the precipitation max-441

imum of MJO-1, though their magnitudes are smaller than those associated with MJO-5.442

After the MJO-4 precipitation maximum, another maximum of original radiative heating in443

early February is not reproduced by the estimated one, resulting in underestimation. Such444

overestimation before the precipitation maximum and underestimation after it indicate that445

making this assumption in an idealized model will cause the model to lack retarding effect446

on phase propagation that the radiative heating anomalies are found to have in our results.447

The maximum values around the time of the precipitation maxima are reasonably estimated448

for MJO-1, MJO-4, and MJO-5. For MJO-2 and MJO-3, this assumption does not represent449

the fluctuation of the radiative heating well, as the radiative heating anomalies are larger450

than those estimated from water vapor.451

SM also assumed that the normalized gross moist stability (NGMS; Neelin and Held 1987;452

Raymond et al. 2009) is constant. Their definition of NGMS is the ratio between the anomaly453

of column-integrated vertical advection of MSE to that of DSE. Testing this assumption is454

complicated by the difficulty of precisely estimating the NGMS from observations, but several455

modeling and observational studies indicate that NGMS varies significantly with MJO phase456

(Benedict et al. 2014; SWK; Wang et al. 2015; Inoue and Back 2015). SWK found that457

NGMS increases as MJO convective active phase passes. This will cause underestimation458

(overestimation) of the vertical advection term before (after) the precipitation maximum.459

To examine the validity of this assumption, we first calculated the NGMS averaged over460

the 6-month period. To perform a stable calculation, we estimated it as a linear regression461

coefficient between the 5-day running mean anomaly of column-integrated vertical advection462
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of MSE and that of DSE over the period. The resulting regression coefficients for radiosonde463

and two reanalysis datasets are shown in the 3rd column of Table 2. These values are close to464

the NGMS averaged over the region covering eastern Indian Ocean and western MC and over465

the November–April period of 1989–2004 estimated experimentally by Yokoi (2015) using466

JRA-55. Using these values, the column-integrated vertical advection of MSE is estimated467

as the sum of its seasonal march and the anomaly of column-integrated vertical advection of468

DSE. Note that we parameterize only the anomaly of the MSE vertical advection to focus our469

discussion on the variability associated with the MJO events. The column-integrated vertical470

advection of MSE thus estimated is compared to that observed in Figs. 9d–f. Although471

the estimated advection is broadly consistent with the original one, a peculiar difference is472

found around the time of the MJO-5 precipitation maximum for all of the three estimates.473

An underestimation is found before the precipitation maximum, particularly for radiosonde474

data, and overestimation is found after that. The overestimation is also observed after the475

precipitation maxima of MJO-1 and MJO-2 for the two reanalysis datasets, and MJO-4 for476

the estimates with all three datasets. These results are consistent with the above argument477

based on the result of SWK and suggest that the assumption of constant NGMS implies478

an underestimate of the contribution of vertical advection to the MJO’s phase progression.479

It seems that this effect is stronger than the effect of the assumption on radiative heating480

examined above; for example, the difference between the original and estimated vertical481

advection after the precipitation maximum of MJO-5 in Fig. 9d is about three times greater482

than the difference between the original and estimated column-integrated radiative heating483

in Fig. 9a. On the other hand, the negative maxima of the vertical advection of MSE near484

the times of the precipitation maxima are reasonably estimated except for MJO-2 in Fig. 9d,485
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which means that this assumption does not have much influence on the aspect of the MSE486

budget associated with the maintenance of the MJO’s intensity.487

4 Summary488

We have examined the MSE budget over the eastern Maritime Continent using upper489

air sounding data obtained at eight radiosonde stations during October 2011–March 2012490

as a part of the CINDY2011/DYNAMO field campaign and other contemporary datasets491

including reanalysis products, CERES, OAFlux, TRMM 3B42, and GPCP-1DD. Seven of492

the eight stations constitute a heptagonal sounding array located at approximately 12.5◦S–493

2.5◦N, 120◦–140◦E, and the eighth is near the center of the heptagon. During the 6-month494

period, five MJO events traversed the MC.495

Since the radiosonde data were available at time intervals as long as 12 hr — as opposed496

to the 6-hour or shorter intervals that are desirable and most often used in sounding bud-497

get studies — and since the islands in the region lead to considerably non-uniform surface498

conditions and produce strong diurnal cycles, it is of scientific interest to ask whether we499

can perform the budget analysis using these radiosonde data with enough accuracy to be500

relevant for MJO dynamics. We compared the results with those from reanalysis data and501

independently-estimated radiative heating and surface flux data to confirm that the source502

term and horizontal and vertical advection terms of MSE estimated by the radiosonde data503

agree well with these other datasets, although several disagreements are also found.504

We focus not only on intraseasonal-scale phenomena, but also on the difference in seasonal505

features before and after the Australasian summer monsoon onset. The onset occurs in early506
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December, associated with the second MJO event (MJO-2), when low-level easterly winds507

are replaced with westerly winds and relative humidity increases abruptly. Column water508

vapor and column-integrated MSE show overall increasing trends before the onset, while their509

time series are dominated by subseasonal components with almost no seasonal trend after510

the onset. The gross characteristics of the MSE budget are also different before and after the511

onset. Before the onset, both the source term and advection term have small magnitudes.512

After the onset, the source term becomes large and positive, with comparable contributions513

from radiative heating and surface latent heat flux, and the advection term becomes large514

and negative, primarily due to the vertical advection term. This means that, during the515

summer monsoon season, the atmospheric circulation exports MSE from the atmospheric516

column while surface fluxes and decrease in radiative cooling compensate the export.517

Precipitation signals associated with five MJO events pass over the sounding array in early518

November (MJO-1), early December (MJO-2), late December (MJO-3), during the second519

half of January (MJO-4), and the first half of March (MJO-5). While the classification of520

the third and fourth events as MJO events may be debatable, we include them as such as521

they show both eastward propagation and local phase relationships among variables that522

are consistent with a typical MJO. Although there are several differences among these five523

events, the majority of them share several characteristics over the sounding array:524

• Column water vapor and column-integrated MSE tend to co-vary with precipitation,525

exhibiting maxima approximately coincident with the precipitation maxima of MJO526

events.527

• The net diabatic source of MSE (the sum of surface fluxes and radiative heating) also528
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co-varies with precipitation, while its decreases after the precipitation maxima tends to529

be more gradual than its increases before the precipitation maxima. The surface latent530

heat flux and column-integrated radiative heating contribute to the fluctuations of the531

source term with comparable magnitude, whereas the amplitude of the sensible heat532

flux fluctuation is much smaller. These results suggest that the source term contributes533

to the maintenance of the amplitude of the MJO’s MSE anomaly, while hindering its534

phase progression and eastward propagation.535

• The column-integrated horizontal advection term tends to co-vary with column-integrated536

MSE tendency and exhibits larger negative values after the precipitation maxima than537

before them, suggesting that this term contributes to the phase progression. The large538

negative values after the precipitation maxima are due primarily to the advection in539

the lower troposphere (900–500-hPa levels). This is consistent with the results of SWK540

as well as the idealized theoretical model of Sobel and Maloney (2013).541

• The column-integrated vertical advection term tends to co-vary with precipitation in542

the opposite direction to the source term. It decreases before the precipitation max-543

ima, achieving large negative values close to the time of those maxima. After the544

precipitation maxima, it increases at smaller rate than the preceding decrease, or keeps545

decreasing for several days, due mainly to the negative values in the lower troposphere546

below the 800-hPa level. These negative values result from descending motion, perhaps547

an adiabatic response to cooling associated with re-evaporation of rainfall in the strat-548

iform precipitation regime following the deep convection regime (e.g. Lin et al. 2004;549

Kiladis et al. 2005; Mapes 2006). The descent may be due also to frictional divergence550

25



at the surface. This term thus counterbalances the maintenance effect of the source551

term while contributing to the MJO’s phase progression.552

These results are broadly consistent with previous data analysis studies and confirm the553

view that the MJO is a moisture mode destabilized by surface fluxes and radiative heating,554

and phase progression and eastward propagation is achieved by advective effect (Sobel et al.555

2008, 2010; Sugiyama 2009a, b; Maloney 2009; Kiranmayi and Maloney 2011; Anderson and556

Kuang 2012; SM; Kim et al. 2014; Benedict et al. 2014; Kerns and Chen 2014; SWK). Not557

only the horizontal advection term but also vertical advection term contributes to the phase558

progression, at least in several cases.559

We further used the MSE budget results to test the assumptions made in some idealized560

dynamical models that (1) the column-integrated radiative heating anomaly is proportional561

to the column water vapor anomaly, and (2) the normalized gross moist stability is constant.562

We found that these assumptions seem to have only small impact on the aspects of the563

budget associated with the maintenance of the MJO’s intensity. On the other hand, the564

former assumption implies an underestimate of the hindrance effect of the column-integrated565

radiative heating on phase progression, while the latter one implies an underestimate of the566

positive effect of the vertical advection term on phase progression. Quantitatively, the error567

in the second assumption is greater than that in the first one, implying that a model which568

makes both assumptions will underestimate the eastward phase speed of the MJO.569
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Table 1: Name, location, and altitude of radiosonde stations.

ID Station name Longitude Latitude Altitude

A Manado 124.92◦E 1.54◦N 80m

B Biak 136.10◦E 1.19◦S 10m

C Merauke 140.41◦E 0.52◦S 3m

D Darwin 130.89◦E 12.42◦S 30m

E Kupang 123.67◦E 10.18◦S 137m

F Makassar 119.53◦E 5.06◦S 12m

G Palu 119.91◦E 0.92◦S 84m

H Ambon 128.10◦E 3.71◦S 10m

Table 2: Regression coefficient between anomalies used for estimation of column-integrated
radiative heating and vertical advection of MSE.

< R > and column water vapor − < ω∂ph > and − < ω∂ps >

[W m−2 mm−1]

Radiosonde 3.9 0.16

ERA-Interim 4.2 0.14

JRA-55 5.1 0.18
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Figure 1: Radiosonde stations over and around the MC participating in the
CINDY2011/DYNAMO field campaign. Data at eight stations marked by the letters A–
H are analyzed in this study. The heptagon represents the sounding array, the target area of
this study.
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Figure 2: Standard deviation of intraseasonal-scale anomalies of terms in budget equations
of (a) column-integrated DSE, (b) column water vapor, and (c) column-integrated MSE,
normalized by those of respective vertical advection terms.
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Figure 3: Longitude–time cross section of TRMM 3B42 precipitation [mm day−1] averaged
over 15◦S-5◦N. Thin vertical dashed lines indicate location of the sounding array. Ellipses
with bold dashed line enclose five MJO events.
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Figure 4: Five-day running mean (a) precipitation and (b) column water vapor averaged
over the sounding array. Data plotted in (a) are (black) GPCP-1DD, (blue) TRMM 3B42,
and (red) estimations using Eq. 2 with radiosonde and OAFlux data, and those in (b)
are (black) SSMIS and (red) radiosonde data. Vertical dashed lines indicate precipitation
maxima associated with MJO events.
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Figure 5: Five-day running mean of vertical profiles of (a) zonal wind, (b) meridional wind,
(c) relative humidity, (d) vertical pressure velocity, and (e) horizontal divergence derived
from radiosonde data averaged over the sounding array. Information of contour interval is
shown at the upper right of each panel. Solid (dashed) contours represent positive (negative)
values. Gray tone indicates missing data. Vertical dashed lines are the same as in Fig. 4.
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Figure 6: The same as in Fig. 5d, but (a) ERA-Interim and (b) JRA-55.
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Figure 7: Five-day running mean of column-integrated MSE and its budget terms. (a) (red)
MSE derived from radiosonde data with vertical axis values on the right, and (blue) its
tendency with vertical axis values on the left. (b) MSE derived from (black) ERA-Interim
and (blue) JRA-55 data. (c) Source term calculated (blue) from CERES and OAFlux, and
(red) from radiosonde data, and (black) a sum of horizontal and vertical advection of MSE
calculated from radiosonde data. (d) (blue) OAFlux LHF, (black) OAFlux SHF, and (red)
CERES radiative heating. (e) Horizontal advection term estimated from (red) radiosonde,
(black) ERA-Interim, and (blue) JRA-55 data. (e) The same as (d) but vertical advection
term. Vertical dashed lines are the same as in Fig. 4.
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Figure 8: The same as in Fig. 5, but (a) source term, (b) horizontal advection term, and (c)
vertical advection term of MSE budget equation (Eq. 3), and (d) apparent heat source (Q1)
and (e) apparent moisture sink (Q2) terms.
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Figure 9: (a–c) Five-day running mean of column-integrated radiative heating. Black and red
lines indicate, respectively, original time series derived from CERES dataset, and estimated
one with the use of column water vapor anomaly derived from (a) radiosonde, (b) ERA-
Interim, and (c) JRA-55 data. (d–f) Five-day running mean of MSE vertical advection
derived from (d) radiosonde, (e) ERA-Interim, and (f) JRA-55 data. Black and red lines
indicate, respectively, original time series and estimated one with the use of anomaly in DSE
vertical advection.
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