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 32 

Abstract  33 

 34 

By comparison with satellite and field observations, the comprehensive performance 35 

and potential utility of near real-time forecasts using Nonhydrostatic Icosahedral 36 

Atmospheric Model (NICAM) are demonstrated exploiting the Cooperative Indian Ocean 37 

Experiment on Intraseasonal Variability in the Year 2011 (CINDY2011) / Dynamics of the 38 

Madden–Julian Oscillation (DYNAMO) campaign. A week-long forecast was run each day 39 

using a regionally stretched version of NICAM, with the finest mesh size of 14 km over the 40 

tropical Indian Ocean (IO), throughout the intensive observation period (IOP).  41 

The simulated precipitation time series fairly represented the evolution and 42 

propagation of the observed Madden-Julian Oscillation (MJO) events, although a 30% 43 

overprediction of precipitation over the IO domain (60°–90°E, 10°S–10°N) was found on 44 

average. Frequencies of strong (>40 mm day-1) precipitation were overpredicted, while 45 

those of weak precipitation were underpredicted against satellite observations. Compared 46 

with the field observations at Gan Island, the biases in precipitation frequency were less 47 

obvious, whereas the growth of lower to middle tropospheric dry (~1 g kg-1) and warm (~1 48 

K) biases were found. Despite these mean biases, temporal variations of the moisture and 49 

zonal wind profiles including the MJO events were reasonably simulated. 50 

Using the forecast data the moisture and energy budgets during the IOP were 51 
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investigated. The diagnosis using the 7-day-mean fields captured the observed features of 52 

the MJO events. Meanwhile, significant upward transport of moisture by the grid-resolved 53 

high-frequency variability throughout the IOP. The relationship between this high-frequency 54 

effects and the simulated MJO or mean biases is also discussed. 55 

 56 

Keywords  CINDY2011/DYNAMO; global nonhydrostatic model; forecast; 57 

Madden-Julian Oscillation 58 

59 
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 60 

1. Introduction 61 

The Cooperative Indian Ocean Experiment on Intraseasonal Variability in the Year 62 

2011 (CINDY2011) / Dynamics of the Madden–Julian Oscillation (DYNAMO) project aimed 63 

to promote an understanding of the Madden-Julian Oscillation (Madden and Julian, 1971, 64 

1972; MJO) and to improve its modeling and forecasts (Yoneyama et al. 2013, hereafter 65 

referred to as Y13; Zhang et al. 2013). The MJO initiation, which had been a difficult aspect 66 

of MJO forecasting, was the primary target. Intensive observations were conducted over 67 

the Indian Ocean (hereafter, IO) during the period from 1 October 2011 to 15 January 2012, 68 

and a large amount of high-quality data was collected (Ciesielski et al. 2014a; Deng et al. 69 

2014; Feng et al. 2014; Moum et al. 2014; Y13). The observations captured many important 70 

processes that would be key to a complete understanding of the MJO, such as the (1) deep 71 

moistening which led to MJO convective initiation (Gottschalck et al. 2013; Johnson and 72 

Ciesielski 2013; Johnson et al. 2015; Y13), (2) evolution of populations of different cloud 73 

types in each stage of the MJO (Bellenger et al. 2015; Feng et al. 2014; Powell and Houze 74 

2013; Ruppert and Johnson 2015; Zuluaga and Houze 2013; Xu and Rutledge 2014), and 75 

(3) sub-daily to seasonal upper ocean variations (Gottschalck et al. 2013; Moum et al. 76 

2014; Seiki et al. 2013; Yokoi et al. 2014; Y13). 77 

During the intensive observation period (IOP), numerical weather prediction and 78 

analysis data were provided in real-time by multinational operational centers and institutes 79 
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(Y13). Modeling studies have also been undertaken with operational forecasts (Gottschalck 80 

et al. 2013; Fu et al. 2013; Ling et al. 2014; Kerns and Chen 2014a) and global/regional 81 

model simulations (Fu et al. 2015; Hannah and Maloney 2014; Miyakawa et al. 2014; 82 

Nasuno 2013; Subramanian and Zhang 2014; Chen et al. 2015; Hagos et al. 2014a, b; Seo 83 

et al. 2014; Wang et al. 2015). With regard to the moistening process of the MJO, a special 84 

focus has been given on multi-scale processes (Chen et al. 2015; Hagos et al. 2014b; 85 

Kerns and Chen 2014a). Hagos et al. (2014b) assessed middle-level moistening as a key 86 

factor in shallow-to-deep convection transition, and found greater control by large-scale 87 

dynamical forcing than convective-scale effects. Kerns and Chen (2014a, b) highlighted the 88 

critical role of synoptic-scale systems in MJO initiation and propagation through the 89 

moisture variation by enhancement of dry air intrusion. The impacts of the diurnal variation 90 

on the moistening process have been examined using atmosphere-ocean coupled models 91 

(Chen et al. 2015; Seo et al. 2014) and field observations (Ruppert and Johnson 2015). 92 

The significant impact of the diurnal sea surface temperature (SST) variation on moisture 93 

buildup prior to the active phase of the MJO was demonstrated; Chen et al. (2015) 94 

addressed that the diurnal SST variation contributed to the moisture resurgence in the 95 

suppressed period of the MJO event through enhancement of moisture transport 96 

associated with the atmospheric mixed Rossby-gravity waves, and Seo et al. (2014) 97 

reported the impacts of the collocation of the diurnal peaks of SST and latent heat fluxes. 98 

Fu et al. (2013, 2015), who evaluated the forecast skill of operational and research models, 99 
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concluded that the air-sea coupling enabled a better prediction skill of MJO events. 100 

The moisture or moist static energy (MSE) budgets were assessed as a 101 

process-oriented diagnosis, in both observational (Johnson et al. 2015; Sobel et al. 2014) 102 

and modeling (Hannah and Maloney 2014; Seo et al. 2014; Subramanian and Zhang 2014; 103 

Wang et al. 2015) studies. Sobel et al. (2014) confirmed that the MSE budgets during the 104 

life cycle of the CINDY2011/DYNAMO MJOs generally agreed with those reported in 105 

previous studies. The MSE source/sink controls the MJO intensity and MSE transport 106 

controls the MJO propagation, with comparable contributions from horizontal and vertical 107 

advection. An emphasis was placed on the significant roles of radiative-convective 108 

feedback (e.g., Hu and Randall 1994) for this period (Hannah and Maloney 2014; Johnson 109 

et al. 2015). Whilst these findings were based on a dense network of observations and 110 

simulations, the observed MJO events also posed questions, such as the causality 111 

between the shallow/congestus clouds and the subsequent evolution of MJO scale deep 112 

moistening (e.g., Bellenger et al. 2015; Hagos et al. 2014b; Powell and Houze 2013; 113 

Ruppert and Johnson 2015). Thus, further investigation for this period is still necessary, as 114 

well as an exploration of other MJO cases.  115 

The Japan Agency for Marine-Earth Science and Technology (JAMSTEC) operated 116 

near real-time forecasts using a global nonhydrostatic model throughout the IOP (Nasuno 117 

2013; Y13). The model has the merit of seamlessly covering the whole globe with 118 

horizontal resolutions that can marginally resolve mesoscale convective systems, which is 119 
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suited to MJO studies (Miyakawa et al. 2014; Oouchi et al. 2012). The forecast data have 120 

been made available for research use (http://www.jamstec.go.jp/iorgc/cindy/obs/obs.html). 121 

Nasuno (2013) assessed the forecast skill of MJO in the JAMSTEC forecast system in 122 

terms of the real-time multivariate MJO (RMM) index (Wheeler and Hendon 2004), and 123 

demonstrated that week-long forecasts captured the evolution of the MJO signals. Nasuno 124 

(2013) also suggested the potential for a higher forecast skill by reducing systematic model 125 

errors, but leaving further analysis unaddressed. The purpose of this study is to evaluate 126 

the overall performance of the forecasts, including the abilities and limitations of the current 127 

system. Special focus is given to the moist processes, which are essential to the 128 

large-scale tropical mean state and variability, and how they interact with the dynamics at 129 

various temporal (e.g., from sub-daily to intraseasonal) and spatial (from local-convection to 130 

basin-wide) scales. A merit of using a global nonhydrostatic model is that the effects of 131 

local-scale high-frequency variability on the large-scale moisture tendency can be explicitly 132 

quantified. These have been implicitly diagnosed by the moisture budget analysis using the 133 

observational data or reanalysis products (Yanai et al. 1973; Johnson et al. 2015; Sobel et 134 

al. 2014). We also aim to understand the source of model errors through a close 135 

comparison with observations, which is useful for improving the model performance. 136 

Quantitative assessment allows the model data to be used to better understand the 137 

convective episodes that occurred during the IOP. 138 

The remainder of this paper is organized as follows. Section 2 documents the 139 

http://www.jamstec.go.jp/iorgc/cindy/obs/obs.html
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numerical model, simulation setups, and the data used to evaluate the model outputs. 140 

Section 3 describes the evaluation of precipitation and soundings in comparison with 141 

observations and objective analysis, and moisture budget analysis using the simulation 142 

data. A discussion and summary are presented in sections 4 and 5, respectively. 143 

 144 

2. Data and the forecast system 145 

 The forecast system was based on Nonhydrostatic Icosahedral Atmospheric Model 146 

(NICAM; Satoh et al. 2008, 2014; Tomita and Satoh 2004). NICAM is designed for global 147 

cloud-resolving numerical experiments, and employs nonhydrostatic governing equations 148 

on a quasi-uniform (icosahedral) grid system. To save computational time and to achieve 149 

real-time forecasts, a regionally stretched version (Tomita 2008a) was used with the 150 

horizontal grid size ranging from 14 km at 8°S, 80°E (i.e., the location of research vessel 151 

Mirai) to 56 km on the opposite side of the globe (Fig. 1a). Forty vertical levels were taken, 152 

with the lowest level at z = 80 m and the model top at z = 38 km. Moist processes were 153 

explicitly calculated using a six category single-moment bulk cloud microphysical scheme 154 

(Tomita 2008b). Turbulent and atmospheric radiation processes were calculated using a 155 

modified Mellor-Yamada level 2 scheme (Mellor and Yamada 1982; Noda et al. 2010) and 156 

Model Simulation radiation TRaNsfer code (MSTRNX; Sekiguchi and Nakajima 2008), 157 

respectively. Sea surface temperature (SST) was predicted using a slab ocean model 158 

assuming a uniform mixed layer depth of 50 meter (a typical value in a tropical and 159 

Fig. 1 
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subtropical domain; de Boyer Montégut 2004). The initial data for the atmosphere, land 160 

surface, and slab ocean models were interpolated from the 1.0-degree gridded National 161 

Centers for Environmental Prediction (NCEP) final analysis. A week-long forecast was 162 

operated daily as a free run initialized at 0000 UTC throughout the IOP. The SST was 163 

nudged to the initial value at a relaxation time of five days in order to avoid a systematic 164 

drift.  165 

For the validation of the forecasts the quality-controlled sounding data (Ciesielski et al. 166 

2014a) and the Pacific Northwest National Laboratory (PNNL) Combined Retrieval 167 

(CombRet) product (Feng et al. 2014) obtained during the CINDY2011/DYNAMO field 168 

operation at Gan Island (73.2°E, 0.7°S) were used. The CombRet product covers the 169 

period between 10 October 2011 and 7 February 2012 at 30-second intervals. The liquid 170 

water path (LWP) and ice water path (IWP) retrieved from the Ka-band ARM zenith radar 171 

(KAZR) and the S-band dual-polarization Doppler radar (S-Pol) data by the PNNL 172 

combined remote sensor retrieval algorithm (COMBRET), and the surface precipitation rate 173 

from surface meteorological measurements were used in this study. Tropical Rainfall 174 

Measuring Mission (TRMM) 3B42v7 (Huffman et al. 2007) was used to evaluate 175 

precipitation over the IO domain. The resolution of TRMM 3B42v7 is 0.25° × 0.25° at 3-hour 176 

intervals. The daily mean 1.0° × 1.0° averaged values were mainly analyzed. The forecasts 177 

were also compared with an objective analysis from the European Center for 178 

Medium-range Weather Forecasting (ECMWF) Reanalysis (ERA)-interim (Dee et al. 2011) 179 
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at a horizontal resolution of 1.0° × 1.0°.  180 

 181 

3 Evaluation of the forecasts 182 

In this section, convection and dynamical fields in the forecasts are assessed in 183 

comparison with observations and the objective analysis. In this study, time series spanning 184 

the entire IOP were created from week-long segments of the near real-time forecasts (Fig. 185 

1b). We mainly present the time series of the average of the 1–3- or 1–7-day lead times. 186 

The former reflects a short time response of the convection and circulation to the initial 187 

fields, while the latter includes a certain part of intraseasonal variations (Nasuno 2013), 188 

although the constraints by the initial conditions are fairly strong throughout the week-long 189 

simulations. The “average of the 1–3-day lead time” for 10 October 2011 is defined as the 190 

average of the output of 1-day lead time initialized on 10 October 2011, the output of 2-day 191 

lead time initialized on 9 October 2011, and the output of 3-day lead time initialized on 8 192 

October 2011 (Fig. 1b). The averaged data on each simulation date were sequentially 193 

combined. Similarly, the time series of the 1–7-day lead time average was made from 194 

seven runs with the same valid date. The sequential data for the individual lead time (day) 195 

was created by combining the outputs of a particular lead time from all the forecasts (Fig. 196 

1b). These datasets allow for the assessment of the evolution during the entire IOP and the 197 

error growth with respect to the lead time. Without stated, daily average calculated from the 198 

3-hourly mean (6-hourly snapshot) outputs for single-layer (multi-layer) variables are 199 
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presented in this study. 200 

 201 

3.1 Precipitation and water condensates 202 

Figure 2 shows a time-longitude section of equatorial surface precipitation in the 203 

NICAM forecasts (the average of the 1–7-day lead time; Fig.2b) in comparison with TRMM 204 

3B42v7 (Fig. 2a). Three intraseasonal episodes that traveled over the IO reaching the 205 

maritime continent are clearly visible in both the observation and forecasts. The first and 206 

second episodes that occurred in late October and November were identified as MJO 207 

events (hereafter referred to as MJO1 and MJO2, respectively) by the RMM Index (Wheeler 208 

and Hendon 2004). Based on the intraseasonal (20–80 day period) outgoing longwave 209 

radiation (OLR) anomalies over the equatorial IO domain (60°–90°E, 10°S–10°N), Nasuno 210 

et al. (2015) defined the onset date (preconditioning period) of MJO1 and MJO2 as 18 211 

(9–17) October and 18 (10–17) November, respectively. The simulation also captured the 212 

loose convective organization associated with the initiation of the MJO events (middle 213 

October, middle November, and early December) over the western IO (50°–70°E). Sharp 214 

eastward-propagating signals, with a time scale of a few days over the central IO that 215 

appeared in the latter period of the MJO episodes, were marginally simulated (e.g., A, B, C, 216 

and D in Figs. 2a, 2b) , although the sharpness was reduced by averaging the seven runs. 217 

These results suggest the usefulness of the model outputs for the analysis of convective 218 

processes in these MJO events.  219 

Fig.2 
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One of the interests of using a nonhydrostatic model with explicit moist physics is the 220 

diagnosis of water condensates. Figure 3 compares the column integrated water 221 

condensates in ERA-interim and NICAM, in the latitude ranges including the northern (Figs. 222 

3a, 3b) and southern (Figs. 3c, 3d) sounding array (NSA and SSA, respectively). In the 223 

northern hemisphere, condensates were formed with good correspondence to the MJO 224 

signals in precipitation (Figs. 2, 3a, and 3b), including those over the western IO during the 225 

preconditioning periods. In the southern hemisphere, condensates were more persistently 226 

formed with less obvious intraseasonal variations and eastward propagation. Such a 227 

meridional contrast was a prominent feature during the CINDY2011/DYNAMO IOP (Y13; 228 

Gottschalck et al. 2013; Johnson and Ciesielski 2013), and can be clearly seen in both 229 

datasets. Quantitatively, a greater amount of condensates (approximately double that in 230 

ERA-interim) were created in the NICAM forecasts. This is partly attributable to a common 231 

bias of NICAM related to cloud microphysics modeling (Roh and Satoh 2014; Satoh et al. 232 

2010; Kodama et al. 2012), and partly to uncertainty in ERA-interim. Evaluations using the 233 

field data are presented later in this section. 234 

Horizontal distributions of the IOP mean daily precipitation in TRMM 3B42v7 and the 235 

NICAM forecasts are compared in Fig. 4, together with those of the standard deviation. A 236 

peak precipitation zone to the south of the Equator (Fig. 4a) corresponded to the 237 

intertropical convergence zone (ITCZ) (Johnson and Ciesielski 2013; Y13). The standard 238 

deviation was high along the ITCZ and to the east of NSA (Fig. 4c). These aspects were 239 

Fig.3 

Fig.4 
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reasonably simulated in the NICAM forecasts but with an excessive amount of precipitation 240 

(Figs. 4b, 4d). The excessive precipitation in the northeastern IO tended to form a northern 241 

hemisphere ITCZ. This tendency is also found in the mean bias (Fig. S1a) and may be 242 

related to the easterly bias there (Fig. S1b) through moisture advection from the Maritime 243 

Continent. 244 

Frequency distributions of precipitation intensity (1.0-degree gridded daily mean 245 

values) in TRMM 3B42v7, NICAM forecasts, and ERA-interim are compared in Fig. 5a. The 246 

frequencies were normalized by the number of precipitating grids (>5 mm day-1) sampled 247 

from the IO Domain (60°–90°E, 10°N–10°S) for the IOP (123 days; 123 x 7 days for the 248 

NICAM forecasts) in each dataset (Table 1). In the NICAM forecasts, the occurrences of 249 

moderate precipitation (5–40 mm day-1) were insufficient, while those of intense 250 

precipitation (>40 mm day-1), as well as the number of precipitation-free grid points, were 251 

excessive in comparison with TRMM 3B42v7 (Fig. 5a, Table 1). This indicates that the 252 

overprediction of the mean precipitation amount (Figs. 4a, 4b) was due to the frequent 253 

occurrence of strong precipitation episodes. In contrast, ERA-interim (Fig. 5a, blue) had the 254 

opposite bias to the NICAM forecasts. This may be due to the different treatment of moist 255 

convection with different model resolutions. Figures 5b–d compare the precipitation, LWP, 256 

and IWP measured at Gan Island (CombRet), with those in the NICAM forecasts. The 257 

CombRet data (30-second intervals) were temporally averaged for comparison with 258 

3-hourly forecast outputs. To reduce the influence of mismatches between local convection 259 

Fig.5 

Table 1 
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in the model and observations, data for the nearest grid point to Gan Island and the 260 

surrounding 48 grid points (grid spacing was approximately 14 km) in all forecasts were 261 

used. Thus, the number of samples in CombRet and the NICAM forecasts were 961 and 262 

961 x 7 (days) x 49 (grid points), respectively. For the frequency of water condensates (IWP 263 

and LWP), values exceeding 0.005 kg m-2 were counted and normalized by the total count 264 

of the respective variable in each dataset. The frequency distributions in precipitation 265 

agreed well in the range between 20 and 200 mm day-1 (Fig. 5b). Intense precipitation 266 

(>200 mm day-1) occurred approximately three times more frequently in NICAM than in 267 

CombRet data. In contrast, lower amounts of water condensates (LWP and IWP) were 268 

apprent in the simulations than in the observations (Figs. 5c, 5d). This implies greater 269 

fractions of thin water paths to the total amount in the model. Here, attention should be paid 270 

to the fact that Gan Island was located in the minimum zone of mean precipitation along the 271 

Equator (Figs. 4a, 4b). The factors responsible for the larger amount of water condensates 272 

in the NICAM forecasts than in ERA-interim over the broad domain (Fig. 3) are discussed in 273 

section 4. 274 

 275 

3.2 Time series over the SA 276 

a. Precipitation 277 

Temporal variation of the precipitation over the NSA, SSA and the IO domain were 278 

evaluated in comparison with TRMM 3B42v7 and the ERA-interim (Fig.6). The time 279 Fig.6 
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series of the average of the earlier (1–3-day) lead time (Figs. 6a, 6d, and 6g) and all 280 

(1–7-day) lead time (Figs. 6b, 6e, and 6h) were examined. Generally, the contrast 281 

between the active and suppressed period of the MJO events was more clearly simulated 282 

in the NICAM forecasts than in ERA-interim (Figs. 6c, 6f, and 6i). The difference was 283 

more notable over the NSA (Figs. 6a–c), where the MJO signals were prominent, than 284 

over the SSA, where precipitation was more continuous with high-frequency fluctuations 285 

in the ITCZ (Figs. 4a–d, 6d–f). As expected, the 1–3-day lead time average outperformed 286 

its 1–7-day counterpart in simulating the peak amount of precipitation, especially over the 287 

NSA. Both the NICAM forecasts and ERA-interim indicated a relatively good agreement 288 

with TRMM observations for the IO domain (Figs. 6g–h), but with an overprediction in the 289 

preconditioning period of the MJO (marked by the gray bars at the bottom of the panel). 290 

Johnson et al. (2015) reported that the budget-derived precipitation based on the 291 

radiosonde observations exceeded the TRMM 3B42v7 precipitation during the 292 

CINDY2011/DYNAMO IOP, especially over the SSA, where light and moderate 293 

precipitation were more frequent. They argued that the difference between the 294 

precipitation estimates was attributable to the insufficient sampling of the shallow 295 

precipitation in the TRMM 3B42 product (Xu and Rutledge 2014). This can be also related 296 

to the overprediction of precipitation in the NICAM forecasts and ERA-interim during the 297 

preconditioning period (Fig. 6). The lower variability of precipitation in ERA-interim than in 298 

NICAM may be partly due to the systematic bias of the excessively strong cloud radiative 299 
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feedback in ERA-interim (Yokoi 2015). 300 

The temporal correlation of the simulated precipitation with TRMM 3B42v7 (cf. Fig. 6), 301 

and the area mean precipitation amount are presented in Fig. 7, as a function of lead time. 302 

The precipitation amount (Fig. 7a) increased rapidly during the initial two days (i.e., initial 303 

shock) and gradually decreased afterward. This behavior was attributable to the lack of an 304 

initialization procedure (i.e., data assimilation) to adjust the initial data (from objective 305 

analysis; section 2) to the model balanced state. The precipitation amount exceeded that in 306 

TRMM 3B42v7 by 10–30% after the 1-day lead time. ERA-interim also had a tendency to 307 

produce excessive precipitation (by 10–20%).  308 

The temporal correlation coefficient for the IOP (Fig. 7b) was calculated using the 309 

sequential data for each lead time day (Fig. 1b), where the mean bias for each time series 310 

(Fig. 7a) was removed. The correlation coefficient retained around 0.8 (0.7) over the 311 

equatorial IO domain (60°–90°E, 10°S–10°N) for the 1–3-day (1–7-day) lead time, 312 

although it dropped to around 0.5 over the SSA by the 3-day lead time. A lower score over 313 

the SSA than the NSA was also found in ERA-interim, as expected from Fig. 6. These 314 

results suggest that the higher predictability over the IO domain and NSA was due to the 315 

presence of pronounced intraseasonal variability, whereas the SSA was characterized by 316 

the coexistence of various disturbances with a range of space-time scales (see Figs. 3 317 

and 4), as well as uncertainty in the satellite product mentioned above.  318 

 319 

Fig.7 



 16 

b. Sounding 320 

Simulated dynamical and thermodynamical fields were evaluated in comparison with 321 

the radiosonde observations at Gan Island. Figure 8 shows time series of daily-mean zonal 322 

wind and water vapor anomalies in the field data and in NICAM on the nearest 1.0°-gridded 323 

point. The 1–3- and 1–7-day lead time averages were examined. It is evident that the three 324 

intraseasonal events were marked by drastic changes in zonal wind and moisture fields in 325 

both the observation and forecasts (Figs. 8a–c). Moistening in the lower to middle 326 

troposphere took place during the preconditioning to active periods in the presence of 327 

low-level easterly (negative) anomalies, and a stepwise deepening of moisture (e.g., 328 

Johnson and Ciesielski 2013, Y13) was evident (e.g., preconditioning periods in Figs. 8d–f). 329 

At the peak height of the moisture anomalies, the easterly vertical shear strengthened 330 

rapidly due to the intensification of lower-level westerlies (the so-called westerly wind burst) 331 

in conjunction with upper-level easterlies (e.g., active periods in Figs. 8a-c). These 332 

dynamical and thermodynamical signatures of the MJO were consistent with those of past 333 

MJO events (e.g., Kikuchi and Takayabu, 2004; Kiladis et al., 2005). Embedded in these 334 

intraseasonal episodes, moistening events with a short time scale (<5 days) were detected 335 

several times (e.g., middle October, late October, and late November). Quantitatively, 336 

westerlies in the lower troposphere were generally weaker in the forecasts than in the 337 

radiosonde data. The results for the 1–7-day lead time were overall comparable to those for 338 

the 1–3-day lead time, except for some reduction in the short time scale variability (due to a 339 

Fig.8 
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flattening by the ensemble average).  340 

The biases in the IOP mean sounding (forecast minus observation) and root mean 341 

square differences are shown in Fig. 9, in a similar manner as those for ECMWF 342 

operational analysis (Ciesielski et al. 2014b) and ERA-interim (Nasuno et al. 2015). As 343 

expected from Figs. 8a–c, easterly biases were found below 600 hPa (Fig. 9c). This bias 344 

was similar to that in ERA-interim (cf. Fig. 2 of Nasuno et al. 2015), but with approximately 345 

twice the magnitude in NICAM forecasts. Meridional velocity showed no significant mean 346 

bias, with root mean square errors in the same magnitude (~2 m s-1) as those in zonal 347 

velocity (Fig. 9d). Near the surface, cool (~1 K below 800 hPa) and dry biases (0.5 g kg-1 348 

below 900 hPa) were found (Figs. 9a, 9b). These were again similar to ERA-interim with 349 

approximately twice the magnitude in NICAM forecasts. In the lower to middle troposphere, 350 

warm (~1 K) and dry (1 g kg-1) biases developed. The above results indicate that 351 

convectively unfavorable conditions generally more prevailed in the forecasts than in the 352 

real atmosphere, which may be relevant to the manifestation of very intense local 353 

precipitation surrounded by a broad precipitation-free domain (Fig. 5a and Table 1). The 354 

bias at Gan Island mentioned above were possibly associated with dynamical responses to 355 

the excessive convective activity along the ITCZ to the south of the Equator, such as 356 

compensating subsidence, and excitation of a Kelvin-Rossby wave pattern (Fig. S1). 357 

 358 

3.3 Moisture budgets 359 

Fig.9  
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The forecast data using a global nonhydrostatic model with explicit representation of 360 

moist convection at relatively high resolution allows an estimation of the effects of 361 

local-scale high-frequency variability on the mean state and the MJO. In this subsection, 362 

moisture budget diagnoses using the forecast outputs are demonstrated. The moisture 363 

tendency equation is:  364 

                                 (1) 365 

where q, V, w, ∇, and t are the water vapor content, horizontal and vertical velocities, 366 

horizontal gradient operator, and time, respectively. C and E are the rate of condensation 367 

and evaporation of condensates, respectively. Sq denotes the sum of other source terms, 368 

including turbulent mixing, surface fluxes, and any other numerical effects. To quantify the 369 

MJO-related variations and high-frequency effects, the moisture budgets were calculated 370 

by separating a variable X into the 7-day-mean value (within each 7-day forecast in NICAM 371 

and a moving average in ERA-interim1) and the deviation from it ( ). The 7-day 372 

averaging serves as a low-frequency filter retaining variability with longer than 373 

approximately a two-week period (Appendix A). The moisture budgets for the 7-day-mean 374 

variables are: 375 

        (f) 376 

                                                       (2). 377 

(c)     (b)    (a)          (d)          (e) 378 

                                              
1 The budgets were computed in pressure vertical coordinates for ERA-interim. 
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where the overbar indicates a 7-day average. The advection and tendency terms in Eqs. (1) 379 

and (2) were computed using the 6-hourly snapshots and the 7-day mean of the 6-hourly 380 

snapshots, respectively. In analogy with the budget analysis using the field data (Johnson 381 

et al. 2015, Sobel et al. 2014), precipitation rate was diagnosed from the mass-weighted 382 

vertical integral of Eq. (1), and compared with the predicted precipitation rate. Figure 10 383 

shows the mass-weighted vertical integral of C−E [Eq. (1)] using q, v, w, and daily surface 384 

flux (major term of Sq) outputs, the vertical integral of the predicted 385 

condensation/evaporation rate (for the NICAM forecasts), and the predicted daily surface 386 

precipitation rate. The advection and tendency terms (6-hourly) were averaged for each 387 

forecast day (seven runs with different lead time were used for the NICAM forecasts) to 388 

meet the other terms. Time series of the budget-derived precipitation well meets that of the 389 

predicted precipitation with much smaller difference in comparison with the biases against 390 

the TRMM 3B42v7 (Figs. 6h, 6i). Quantitatively, the root mean square differences between 391 

the budget-derived and predicted precipitation for the IOP were 1.3 (0.77) and 0.72 mm 392 

day-1 in the NICAM forecasts (estimates from condensation/evaporation rate) and 393 

ERA-interim, respectively. The magnitude of the difference between the budget-derived and 394 

predicted precipitation in ERA-interim was comparable to the analysis increment (Yokoi 395 

2015). The larger difference for the NICAM forecasts is attributable to the use of the 396 

6-hourly snapshots, omission of the latent heat of fusion, inaccuracy in tendency term at the 397 

start and end of each simulation, and so on. In the following budget analysis, we focus on 398 

Fig.10  
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the period-mean aspects and temporal evolution associated with the MJO.  399 

The time-height section of the anomalous (a)–(f) terms of Eq. (2) in NICAM simulations 400 

and the period mean profiles averaged over the IO domain (60°–90°E, 10°N–10°S) are 401 

presented in Figs. 11, and 12, respectively (the corresponding time-height sections of 402 

vertical velocity and moisture are given in Fig. S2). Temporal variations, with an 403 

intraseasonal time scale, are evident in Fig. 11. Deep vertical advective moistening (Fig. 404 

11a), which nearly compensated for the moisture sink (Figs. 11e, 11f) was pronounced in 405 

the active phase of the intraseasonal episodes, in agreement with previous observational 406 

findings (Yanai et al. 1973; Johnson and Ciesielski 2013). The active phase was preceded 407 

(followed) by a moistening (drying) by horizontal advection (Fig. 11b). The moistening due 408 

to horizontal advection peaked in the middle troposphere, in good correspondence with the 409 

net tendency (Fig. 11c). Similar results were obtained for the CINDY2011/DYNAMO IOP 410 

using the field data (Johnson and Ciesielski 2013; Johnson et al. 2015), objective analyses 411 

(Li et al. 2015; Nasuno et al. 2015; Sobel et al. 2014; Tseng et al. 2015), and simulation 412 

data (Hagos et al. 2014b; Hannah and Maloney 2014; Wang et al. 2015). The role of the 413 

horizontal advection of the dry air from the subtropics in suppressing convection in the 414 

western part of the MJO convection and in pushing the eastward migration of the 415 

convective envelope (e.g., Fig. 11b) was argued in previous studies (Maloney and 416 

Hartmann 1998; Sugiyama 2009; Maloney 2009; Kim et al. 2014), and in the 417 

CINDY2011/DYNAMO publications (Sobel et al, 2014; Kerns and Chen 2014a, b; Yokoi and 418 

Fig.11  
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Sobel 2015). The high-frequency effects (i.e., nonlinear transport of moisture associated 419 

with high-frequency variability) were quantified as the difference between the 6-hourly 420 

(unfiltered) advection terms and those from the 7-day-mean (low-pass filtered) values, 421 

averaged within each 7-day forecast (Fig. 11d). The moistening in the lower to middle 422 

troposphere was enhanced in the preconditioning period, whereas the moistening (drying) 423 

in the upper (lower) troposphere, indicating the vertical transport of moisture, was 424 

pronounced in the mature phase of the intraseasonal episodes. The high-frequency 425 

moisture transport is also confirmed in the difference between Figs. 11e and 11f. It is 426 

noteworthy that in the preconditioning period, both the 7-day-mean and high-frequency 427 

transport enhance moistening in the lower to middle troposphere.  428 

The period mean profiles of the 6-hourly (snapshot) and 7-day-mean diagnoses in 429 

NICAM simulations were compared with those in ERA-interim (Fig.12). The advection 430 

terms using the 7-day-mean values show moistening (drying) by vertical (horizontal) 431 

advection, which peaked in the lower to middle troposphere for both datasets with 432 

comparable magnitudes. In contrast, the 6-hourly diagnoses were very different. In NICAM 433 

simulations, top-heavy moistening by vertical advection and middle to lower tropospheric 434 

moistening by horizontal advection were apparent, whereas in ERA-interim the 6-hourly 435 

diagnosis was closely similar to the 7-day-mean diagnosis. Such a diverse representation 436 

of the high-frequency transport of moisture may be attributable to differences in the 437 

treatment of convection and vertical motion between the models, as well as the horizontal 438 

Fig.12  
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resolution2. For example, Fig. 13a shows the mean standard deviation of the 6-hourly 439 

temperature and moisture (i.e., magnitude of T’, q’) in each forecast (normalized by the IOP 440 

mean values), and Fig. 13b shows the same for vertical velocity (i.e., magnitude of w’) 441 

together with the IOP mean values, in the NICAM simulations and in ERA-interim. 442 

Obviously, the magnitude of the high-frequency variability is more significant in NICAM 443 

forecasts than in ERA-interim. Further discussion is given in later in this section. 444 

The thermal and moisture balance was also evaluated in analogy with the apparent 445 

heat source, Q1 and apparent moisture sink, Q2 (Yanai et al. 1973). The budget equations 446 

for the dry static energy              (cp is the specific heat of dry air at constant 447 

pressure, T is temperature, g is acceleration due to gravity, and z is height) for the 6-hourly 448 

and the 7-day-mean variables are:  449 

                                                               (3) 450 

                                                               (4) 451 

where L is the latent heat of water, QR is radiative heating, and Ss denotes the sum of other 452 

source terms, including turbulent mixing, surface fluxes, and any other numerical effects. In 453 

this paper, we refer to the residual terms of Eqs. (1)–(4) as; 454 

                                                                         (5) 455 

                                                                         (6) 456 

                                              
2 Data assimilation in ERA-interim may also lead to smoother temporal variation than in the 

NICAM simulations.  

Fig.13  
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                                                                         (7) 457 

                                                                         (8) 458 

Vertical profiles of Eqs. (5)–(8), averaged in the IO domain for October–December 2011, 459 

are presented in Fig. 14. Q1(7day) and Q2(7day) showed similar profiles to the observed Q1 460 

and Q2 over the SSA (Johnson et al. 2015)3, with Q1 peaking at the altitudes of 3–10 km 461 

(approximately 700–250 hPa) and Q2 more weighted in the lower troposphere, both in 462 

NICAM simulations and ERA-interim (Figs. 14a, 14c). In the observations, the difference 463 

between Q1 and Q2 represents the eddy transport of moist static energy ( ) plus 464 

QR. In the NICAM simulations Q1(6hourly) and Q2(6hourly) were nearly comparable above 465 

an altitude of 5 km, indicating that the moist static energy transport was primarily 466 

represented by grid-resolved processes 4 . The relatively larger Q2(6hourly)−Q2(7day) 467 

compared with Q1(6hourly) − Q1(7day) means that the latent heat energy transport 468 

accounted for the major part of the high-frequency (eddy) transport. The energy balance 469 

mentioned above was essentially led by the vertical advection terms (Figs. 14b, 14d), 470 

suggesting that the weak temperature gradient approximation (Sobel et al. 2001) was well 471 

established. In contrast to the predominance of grid-resolved advection of latent heat 472 

energy in the NICAM simulations (Figs. 14a, 14b), the small differences between the 473 

                                              
3 In the observational studies an overbar usually represents spatial average. 

4 Below the 0°C level, subgrid-scale turbulence and its nonlinear interaction with cloud 

microphysics were pronounced. 

Fig.14  
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6-hourly and the 7-day-mean diagnoses in ERA-interim indicate that the subgrid-scale 474 

processes (e.g., convection scheme) mostly accounted for the eddy transport of moist 475 

static energy [i.e., Q1(7day)−Q2(7day)] (Figs.14c, 14d). 476 

It is noteworthy that the vertical transport of moisture by the high-frequency variation 477 

was much more significant than that of the dry static energy transport even in the NICAM 478 

simulations (Fig. 14b). This is owing to the larger magnitude of moisture fluctuation than the 479 

temperature fluctuation by approximately two orders (Fig. 13), reflecting the persistence of 480 

moisture deviation against the temperature deviation, the latter of which tends to be quickly 481 

adjusted through gravity wave emanation.  482 

Chikira (2014) introduced the parameter α = −L(∂q/∂z)/(∂s/∂z) to assess the physical 483 

processes in the MJO simulated in a coupled GCM under weak temperature gradient, 484 

paying special attention to its vertical profile. In Chikira’s (2014) concept, α > 1 indicates 485 

that vertical moisture advection driven by a thermal forcing (e.g., diabatic heating) is larger 486 

than the moisture consumption, leading to destabilization of the atmosphere. Figure 15 487 

shows the time mean profiles of α and their temporal variations in the NICAM simulations 488 

and ERA-interim, calculated using the 7-day-mean variables [cf. Chikira (2014) used the 489 

low-pass filtered (>20-day period) variables to calculate the α associated with the MJO]. 490 

The time mean profiles exhibited destabilization (stabilization) below (above) an altitude of 491 

4 km in both NICAM and ERA-interim, which agreed with the findings of Chikira (2014) 492 

based on the diagnosis of GCM simulations and reanalysis. Interestingly, α in the lower 493 

Fig.15  
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troposphere (z< 3 km) was greater than that in ERA-interim, which is common to the 494 

analysis by Chikira (2014), despite the substantial difference in the model framework. A 495 

time series of the α profile (normalized by the period mean profile) clearly showed a typical 496 

structure associated with the MJO and the intraseasonal events. In general, a higher value 497 

of α was located in the lower troposphere during the suppressed periods. It extended into 498 

the middle troposphere in the preconditioning periods, and peaked in the upper 499 

troposphere during the active periods. The structural change was common in the NICAM 500 

simulations and ERA-interim, which was supportive of the arguments made by Chikira 501 

(2014). It is likely that the bottom-heavy α profile facilitated the growth of the MJO through a 502 

continuous destabilization in the lower troposphere under weak temperature gradient 503 

balance. 504 

 505 

4. Discussion 506 

The evaluations of precipitation, atmospheric sounding, moisture and dry static energy 507 

budgets, and α in section 3 demonstrated that overall the week-long NICAM forecasts fairly 508 

simulated the evolution of the MJO and intraseasonal events, such as the sharp contrast of 509 

precipitation between the active and suppressed period (Fig. 6), gradual deepening of 510 

moisture (Figs. 8 and 11), and the corresponding variation of the α profile for the 511 

7-day-mean fields (Fig. 15). These were consistent with the evaluations based on the MJO 512 

skill score (Nasuno 2013). At the same time, systematic biases in the mean and statistical 513 
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properties of precipitation and atmospheric soundings (Figs. 4, 5, 7, and 9), as well as 514 

distinctive features in the moisture and dry static energy budgets (Figs. 12 and 14) were 515 

revealed. In this section, we discuss the linkage among these aspects, which may lead to a 516 

better understanding and improvement of the model, and in particular the model physics.  517 

The overprediction of the precipitation amount in the 1.0-degree interpolated daily 518 

mean precipitation (Figs. 4–6) in the model is likely due to the excessive occurrence of very 519 

intense (>40 mm day-1) precipitation associated with local vigorous convection with a short 520 

time scale (<12 hours). The top-heavy profile of the vertical moisture advection (latent heat 521 

release) from the 6-hourly outputs that nearly match the adiabatic process (Figs. 12 and 14) 522 

accounted for the large amount of condensation in the upper troposphere. Convective 523 

updrafts tend to induce subsidence (or suppression of upward motion) in the surrounding 524 

domain. Figure 16 shows the IOP mean profiles of vertical velocity, temperature, and 525 

moisture in the IO domain in the NICAM simulations and ERA-interim. The positive 526 

anomaly in the upward motion was evident in the upper troposphere, where the areal 527 

coverage of in-cloud upward motion is large (Nasuno and Satoh 2011). The upward motion 528 

was slightly weaker in the middle troposphere in the NICAM simulations than in 529 

ERA-interim, with a warmer and drier condition in z = 2–10 km. These suggest that in the 530 

NICAM forecasts, rapid removal of the uplifted moisture as condensates (Fig. 3) and 531 

intense precipitation (Figs. 4, 5, 7) without remaining in the free atmosphere, as well as 532 

suppression of upward transport of moisture and reduced adiabatic cooling in a broad 533 

Fig.16  
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domain surrounding the convective updrafts, were responsible for the mean warm and dry 534 

biases in the lower to middle troposphere (Figs. 9a, 9b, and 16). Considering that 535 

high-frequency or subgrid-scale effects are difficult to validate with the existing 536 

observational data, the convective behavior in the NICAM simulations should not entirely 537 

be erroneous. In fact, the biases in precipitation and water condensates (LWP and IWP) in 538 

comparison with the field measurement at Gan Island (Figs. 5b–d) were not as serious as 539 

the biases expected from the comparisons with TRMM 3B42v7 and ERA-interim (Figs. 3 540 

and 5a). 541 

The 7-day-mean diagnoses of moisture advection, Q1(7day), Q2(7day), and α in the 542 

NICAM simulations (Figs. 12, 14, and 15) represented the major aspects of those 543 

associated with the MJO reasonably well (e.g., Jonson et al. 2015, 2016; Chikira 2014). In 544 

particular, bottom-heavy moistening, which facilitates long-lasting moisture accumulation in 545 

the lower troposphere to provide favorable conditions for large-scale convective 546 

organization (Figs. 11a, 15), was highlighted. In this context, the large amount of upward 547 

transport of moisture by grid-resolved convection in a short time scale in the NICAM 548 

simulations tended to hinder the growth of the MJO during the developing to mature 549 

phases; the anomalous low-level moistening prevailed during these phases in the 550 

7-day-mean diagnosis (Fig. 11a), whereas the high-frequency upward transport of moisture 551 

tended to dry out the lower troposphere (Fig. 11d). Meanwhile, in the suppressed to 552 

preconditioning phases of the MJO, the horizontal transport of moisture by the 553 
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high-frequency variability played an important role in moistening the lower to middle 554 

troposphere. The above considerations imply that the relatively weak convective signal 555 

associated with the MJO in the NICAM simulations (Nasuno 2013; Kodama et al. 2015; 556 

Kikuchi et al. 2016) can be related to the overdevelopment of the grid-scale convection in 557 

the model.  558 

 559 

5. Summary and outlook 560 

The evolution of convection and dynamical fields simulated in the near real-time 561 

forecasts during the CINDY2011/DYNAMO campaign was evaluated in comparison with a 562 

satellite product (TRMM 3B42v7), field measurements (soundings, precipitation, water 563 

paths), and an objective analysis (ERA-interim). Week-long forecasts were conducted on a 564 

daily basis, throughout the IOP using a global nonhydrostatic model (NICAM) with explicit 565 

moist processes. A regionally stretched grid system centered on (80°E, 8°S) was employed, 566 

with horizontal grid sizes of 14–56 km that marginally resolved mesoscale convective 567 

systems over the tropical IO.  568 

The daily precipitation time series of the forecasts captured the convective initiation, 569 

development, and eastward propagation of the MJO and intraseasonal episodes. The 570 

quantitative evaluation of the area-averaged precipitation revealed that the temporal 571 

correlation between satellite observation and forecasts was no less than 0.7 for the 572 

week-long forecasts over the IO domain (60°–90°E, 10°N–10°S). The correlation was 573 
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higher over the NSA than the SSA, suggesting a better performance in the presence of a 574 

clearer intraseasonal variation. The model showed systematic biases including an initial 575 

shock during the first two days because of a rough initialization procedure in the current 576 

system. On average, the precipitation amount was overpredicted by 30% compared to 577 

TRMM 3B42v7 in the week-long forecasts. Compared with ERA-interim, the contrast 578 

between the active and inactive phases of the intraseasonal events was more sharply 579 

simulated, which could be attributed to the explicit treatment of convection in NICAM, where 580 

precipitation and latent heat release were not allowed until a model grid was fully saturated. 581 

This was also relevant to the excessive (modest) occurrences of strong (>40 mm day-1) 582 

precipitation and underprediction (overprediction) of weak precipitation in NICAM forecasts 583 

(ERA-interim) against satellite observations. These suggest that the excessive occurrence 584 

of very strong precipitation events was the major source of the overprediction of the total 585 

precipitation amount, and was more prominent in the ITCZ to the south of the Equator than 586 

in the convection associated with the MJO. The biases were less obvious in the 587 

assessment using the field measurements at Gan Island.  588 

The evaluation of atmospheric sounding data at Gan Island revealed mean model 589 

biases of lower tropospheric weak westerlies (maximum ~2.0 m s-1) and a deficit in 590 

temperature (1 K) and moisture (0.5 g kg-1) near the surface. These biases were similar to 591 

those found in ERA-interim, but were twice the magnitude of the values in the NICAM 592 

forecasts. As the lead time proceeded, dry (~1 g kg-1) and warm (~1 K) biases developed in 593 
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the free atmosphere, which corresponded to the precipitation biases. Despite these mean 594 

errors, temporal evolution of the moisture and zonal wind profiles including the MJO events 595 

were reasonably simulated. 596 

The moisture budgets during the IOP were investigated using the forecast time series. 597 

Overall, moistening by vertical advection and the residual term (moisture sink) were nearly 598 

balanced with each other, and the active phases of the MJO events were preceded 599 

(followed) by anomalous moistening (drying) by horizontal advection, which is consistent 600 

with the results obtained using the field data (e.g., Johnson et al. 2015) and an objective 601 

analysis (Nasuno et al. 2015).  602 

To quantify the nonlinear effects of the high-frequency variability on the large-scale 603 

mean state and the MJO, moisture and dry static energy budget diagnoses were made with 604 

the 6-hourly snapshot and 7-day-mean outputs, respectively. In the 6-hourly diagnosis, the 605 

latent heat energy advection nearly matched the dry static energy advection, with a 606 

top-heavy profile. The high-frequency variability induced a substantial upward transport of 607 

moisture, which accounted for excessive condensation in the upper troposphere and the 608 

resultant heavy precipitation events, as well as the dry and warm biases in the lower to 609 

middle troposphere through suppression of upward motion in the surrounding areas. The 610 

high-frequency vertical transport appeared as the grid-resolved processes in the NICAM 611 

forecasts, and was more pronounced in the active periods of the MJO events than in the 612 

inactive periods. In ERA-interim, a large part of the high-frequency transport was 613 
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represented by subgrid-scale processes, which led to more moderate time variations. 614 

As a measure of the thermal and moisture balance in the simulated MJO, a parameter 615 

α [−L(∂q/∂z)/(∂s/∂z); Chikira (2014)] was diagnosed. The bottom-heavy profile of α (>1), and 616 

its preference for the preconditioning phases of the MJO events were similar among the 617 

7-day-mean diagnosis using NICAM simulations, that using ERA-interim, and the Chikira’s 618 

(2014) analysis. In summary, it is likely that the bottom-heavy profile of α (or moistening) 619 

associated with the 7-day-mean (low-frequency) fields provided favorable conditions for a 620 

large-scale convective organization (e.g., the MJO) through the continuous destabilization 621 

in the lower troposphere under weak temperature gradient balance, while the excessive 622 

upward transport of moisture by high-frequency variability tended to hinder the growth of 623 

the MJO by drying out the lower troposphere. During the pre-conditioning phases, both the 624 

7-day-mean (low-frequency) and high-frequency horizontal and vertical advections had a 625 

tendency to enhance the moistening in the lower to middle troposphere.  626 

One of the possible reasons for the sporadic explosive behavior of convection in the 627 

NICAM simulations is the relatively coarse horizontal resolution (for the explicit 628 

representation of convection) used in this study. The horizontal resolution affects the 629 

representation of in-cloud vertical motion (Miyamoto et al. 2013) and statistics of moist 630 

convection (Tomita et al. 2005; Sato et al. 2009; Kajikawa et al. 2016) in the model. The use 631 

of finer resolutions, or the implementation of subgrid-scale convective parameterization, is 632 

a possible remedy for this problem. Another limitation of the present study is that the 633 
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week-long forecasts primarily show the convective response to the initial state. To fully 634 

investigate the interactions between the convective process and dynamics, free runs with a 635 

sufficient integration period are warranted (Miura et al. 2007, 2015; Miyakawa et al. 2014). 636 

The high-frequency variability in this study included any disturbances with periods shorter 637 

than approximately two weeks, such as convectively coupled equatorial waves (CCEWs), 638 

although they were not specified here. The role of CCEWs in the MJO in statistical sense is 639 

still arguable (Kiladis et al. 2009; Dias et al., 2013), but some of the CINDY2011/DYNAMO 640 

studies suggested possible roles of CCEWs in the MJO initiation and development (Kubota 641 

et al. 2015; Nasuno et al. 2015; Kikuchi et al., 2017). Further investigations using multiple 642 

field data with increased density, together with high-resolution simulation data, are also 643 

intended in forthcoming studies. 644 

 645 

Appendix A: low-pass filtering by a running average 646 

The amplitude of a sinusoidal signal            with a period T after operating a 647 

running average for Tave is written as                              at t = 0. Figure A1 648 

shows the amplitude of the averaged signal as a function of T/Tave. The running average 649 

serve as a low-pass filter with approximately >16-day period (defined by the amplitude 650 

of      , which yields T/Tave = 2.3 in Fig. A1).  651 

 652 

Supplement 653 

Fig.A1  
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Figure S1 presents the mean biases of precipitation and lower tropospheric wind field 654 

averaged for the IOP in all the week-long NICAM forecasts in comparison with TRMM 655 

3B42v7 and ERA-interim, respectively.  656 

Figure S2 shows the time-height sections of vertical velocity and moisture in the NICAM 657 

forecast time series and ERA-interim averaged over the IO domain.  658 
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List of Figures 904 

 905 

Fig. 1  (a) Grid-size distribution which is used for the near real-time forecasts (km), with 906 

focus on the Indian Ocean (modified from Fig. S1 of Nasuno 2013). Triangles indicate the 907 

sounding sites (red: northern part of NSA, blue: southern part of SSA), and a square 908 

represents Gan Island. (b) A schematic of the forecast time series. 909 

Fig. 2  Time-longitude section of surface precipitation in (a) TRMM 3B42v7 and (b) the 910 

NICAM forecasts in 5°N–5°S. In (b) the time series of the average for the 1–7-day lead 911 

time is plotted. The dotted lines are the longitudes of the sounding sites. The 60°–90°E 912 

domain was the major target of this study. The gray and black bars on the right indicate 913 
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the preconditioning and active periods of the Madden-Julian Oscillation (MJO) events. A, 914 

B, C, and D stand for eastward-propagating convective signals. See text for the details. 915 

Fig. 3  Same as Fig. 2, but for the column integrated water condensates in (a) (c) 916 

ERA-interim and (b) (d) the NICAM simulations, averaged in (a) (b) 0°–5.5°N and (c) (d) 917 

0°–8°S.  918 

Fig. 4  Horizontal distribution of the (a) (b) intensive observation period (IOP) mean 919 

precipitation and (c) (d) standard deviation of precipitation in (a) (c) TRMM 3B42v7 and 920 

(b) (d) the NICAM simulations. The boxes indicate the analysis domain in Figs. 5, 6, 7, 921 

and 10–15. Triangles indicate the sounding sites (square: Gan Island). 922 

Fig. 5  (a) Frequencies of 1.0-degree gridded daily precipitation for the IOP in TRMM 923 

3B42v7 (black), ERA-interim (blue), and the NICAM forecasts (red), normalized by the 924 

number of precipitating grids (>5 mm day-1) in the (60°–90°E, 10°S–10°N) domain for 925 

each case (Table 1). The bin width is 20 mm day-1. (b) Same as (a), but for the 926 

frequencies in CombRet (black) and the NICAM simulations (red lines). Frequencies of 927 

daily mean (c) liquid water path (LWP) and (d) ice water path (IWP) in CombRet (black) 928 

and the NICAM forecasts (red), with bin widths of 0.3 and 0.1 kg m-2, respectively. The 929 

frequencies are normalized by the total occurrences of >0.005 kg m-2 in (c) and (d). The 930 

simulation data in (b)–(d) are sampled from seven runs on each simulation date at the 931 

nearest grid and the 48 neighboring grids.  932 

Fig. 6  Time series of daily precipitation averaged in the (a)–(c) northern sounding array 933 
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(NSA: 73°–80°E, 0°–5.5°N), (d)–(f) southern sounding array (SSA: 73°–80°E, 0°–7.5°S), 934 

and (g)–(i) Indian Ocean domain (60°–90°E, 10°S–10°N) in the NICAM forecasts (black) 935 

for (a) (d) (g) 1–3-day and (b) (e) (h) 1–7-day lead time average, and (c) (f) (i) 936 

ERA-interim (black) in comparison with TRMM 3B42v7 (gray). The gray and black bars at 937 

the bottom indicate the preconditioning and active periods of the MJO events. 938 

Fig. 7  (a) The area mean precipitation in the NICAM forecasts normalized by that in 939 

TRMM 3B42v7 for the IOP and (b) temporal correlation coefficients of precipitation 940 

between TRMM 3B42v7 and the NICAM forecasts, as a function of lead time. Averages 941 

over the IOP; the SSA (blue), NSA (red), equatorial Indian Ocean (60°–90°E, 10°S–10°N) 942 

regions are drawn. The corresponding values for the ERA-interim are indicated by 943 

dashed lines. 944 

Fig. 8  Time-height section of daily mean (a)–(c) zonal wind and (d)–(f) water vapor 945 

anomalies in (a) (d) sounding data at Gan Island (73°E, 0.7°S) and in the NICAM 946 

simulations for the (b) (e) 1–3-day and (c) (f) 1–7-day lead time average. The gray and 947 

black bars at the bottom indicate the preconditioning and active periods of the MJO 948 

events. In (d)-(f) anomalies from the IOP mean value in each time series are plotted. 949 

Fig. 9  The IOP mean sounding biases at Gan Island (73°E, 0.7°S) in (a) temperature, (b) 950 

specific humidity, (c) zonal and (d) meridional wind. The NICAM simulations minus 951 

observations at the 1–3-day (black), and 1–7-day (red) lead time averages (solid lines) 952 

and root mean square differences (dashed lines) are plotted. 953 
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Fig. 10 (a) (b) Same as in Fig. 6 (h) (i), except for the daily precipitation rate which was 954 

diagnosed from an apparent moisture sink in Eq. (1) (red), and the predicted precipitation 955 

rate (black). The precipitation rate diagnosed from the latent heating rate associated with 956 

cloud microphysics (blue) is also plotted in (a). The gray and black bars at the bottom 957 

indicate the preconditioning and active periods of the MJO events. 958 

Fig. 11  Time-height section of anomalous (a) vertical advection, (b) horizontal advection, 959 

(c) total tendency (∂q/∂t), (d) high-frequency moisture advection, (e) moisture sink 960 

associated with cloud microphysics, and (f) apparent moisture sink derived from Eq. (2) 961 

in the NICAM simulations averaged in the (60°–90°E, 10°N–10°S) domain. The 962 

anomalies from the period mean values are plotted. Each term was calculated using 963 

7-day-mean variables, except for (d). The gray and black bars at the bottom indicate the 964 

preconditioning and active periods of the MJO events. 965 

Fig.12  Vertical profiles of (a) vertical and (b) horizontal advection terms of the moisture 966 

tendency equation using the 6-hourly (dashed lines) and 7-day-mean (solid lines) 967 

variables in the NICAM simulations (black) and ERA-interim (gray), averaged in the 968 

(60°–90°E, 10°S–10°N) domain for the October–December 2011 period.  969 

Fig. 13  Vertical profiles of (a) the average of the standard deviations of temperature (gray) 970 

and moisture (black) in each forecast, normalized by the IOP mean values, and (b) the 971 

average of the standard deviation of vertical velocity in each forecast (black) and the IOP 972 

mean values (gray), in the NICAM simulations (solid lines) and ERA-interim (dashed 973 
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lines) averaged in the (60°–90°E, 10°S–10°N) domain for the October–December 2011 974 

period. In (a), temperature is multiplied by 10. 975 

Fig. 14  Vertical profiles of the (a) (c) apparent heat source Q1 (gray) and apparent 976 

moisture sink Q2 (black), vertical advection of (b) (d) dry static energy (w ∂s/∂z; gray) and 977 

moisture (−L w ∂q/∂z; black) for the 6-hourly (dashed lines) and 7-day-mean (solid lines) 978 

variables in the (a) (b) NICAM simulations and (c) (d) ERA-interim, averaged in the 979 

(60°–90°E, 10°S–10°N) domain for the October–December 2011 period.  980 

Fig. 15 (a) Vertical profiles of α = −L (∂q/∂z)/(∂s/∂z) for the 7-day-mean variables in the 981 

NICAM simulations (solid lines) and ERA-interim (dashed lines) averaged in the 982 

(60°–90°E, 10°S–10°N) domain for the October–December 2011 period. Time-height 983 

section of anomalous α from the period mean values in the (b) NICAM simulations and 984 

(c) ERA-interim. 985 

Fig. 16  Vertical profiles of the IOP mean (a) vertical velocity, (b) temperature, and (c) 986 

water vapor content in the NICAM forecasts (solid lines) and ERA-interim (dashed lines) 987 

averaged in the (60°–90°E, 10°S–10°N) domain. 988 

Fig. A1  Amplitude of a signal            at t = 0 after operating a Tave-running average. 989 

 990 

Fig. S1  The mean biases of (a) precipitation, (b) zonal velocity (color) and the wind vector 991 

at 850 hPa in the NICAM simulations against TRMM 3B42v7 and ERA-interim, 992 

respectively. 993 



 50 

Fig. S2  Time-height section of (a) (c) vertical velocity and (b) (d) water vapor anomalies 994 

(from the IOP mean profile) averaged in the (60°–90°E, 10°S–10°N) domain in (a) (b) the 995 

NICAM simulations for the 1–7-day lead time mean and (c) (d) ERA-interim. The gray 996 

and black bars at the bottom indicate the preconditioning and active periods of the MJO 997 

events. 998 

999 
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Fig. 1.(a)  Grid-size distribution which is used for the near real-time forecasts (km), with 1020 

focus on the Indian Ocean (modified from Fig. S1 of Nasuno 2013). Triangles indicate the 1021 

sounding sites (red: northern part of NSA, blue: southern part of SSA), and a square 1022 

represents Gan Island. (b) A schematic of the forecast time series. 1023 
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Fig. 2  Time-longitude section of surface precipitation in (a) TRMM 3B42v7 and (b) the 1043 

NICAM forecasts in 5°N–5°S. In (b) the time series of the average for the 1–7-day lead time 1044 

is plotted. The dotted lines are the longitudes of the sounding sites. The 60°–90°E domain 1045 

was the major target of this study. The gray and black bars on the right indicate the 1046 

preconditioning and active periods of the Madden-Julian Oscillation (MJO) events. A, B, C, 1047 

and D stand for eastward-propagating convective signals. See text for the details. 1048 

1049 
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Fig. 3  Same as Fig. 2, but for the column integrated water condensates in (a) (c) 1067 

ERA-interim and (b) (d) the NICAM simulations, averaged in (a) (b) 0°–5.5°N and (c) (d) 1068 

0°–8°S.  1069 

 1070 

1071 

(b) 

(c) (d) 
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 1092 

Fig. 4  Horizontal distribution of the (a) (b) intensive observation period (IOP) mean 1093 

precipitation and (c) (d) standard deviation of precipitation in (a) (c) TRMM 3B42v7 and (b) 1094 

(d) the NICAM simulations. The boxes indicate the analysis domain in Figs. 5, 6, 7, and 1095 

10-15. Triangles indicate the sounding sites (square: Gan Island). 1096 

1097 
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 1112 

Fig. 5   (a) Frequencies of 1.0-degree gridded daily precipitation for the IOP in TRMM 1113 

3B42v7 (black), ERA-interim (blue), and the NICAM forecasts (red), normalized by the 1114 

number of precipitating grids (>5 mm day-1) in the (60°–90°E, 10°S–10°N) domain for each 1115 

case (Table 1). The bin width is 20 mm day-1. (b) Same as (a), but for the frequencies in 1116 

CombRet (black) and the NICAM simulations (red lines). Frequencies of daily mean (c) 1117 

liquid water path (LWP) and (d) ice water path (IWP) in CombRet (black) and the NICAM 1118 

forecasts (red), with bin widths of 0.3 and 0.1 kg m-2, respectively. The frequencies are 1119 

normalized by the total occurrences of >0.005 kg m-2 in (c) and (d). The simulation data in 1120 

(b)–(d) are sampled from seven runs on each simulation date at the nearest grid and the 48 1121 

neighboring grids. 1122 
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Fig. 6  Time series of daily precipitation averaged in the (a)–(c) northern sounding array 1143 

(NSA: 73°–80°E, 0°–5.5°N), (d)–(f) southern sounding array (SSA: 73°–80°E, 0°–7.5°S), 1144 

and (g)–(i) Indian Ocean domain (60°–90°E, 10°S–10°N) in the NICAM forecasts (black) for 1145 

(a) (d) (g) 1–3-day and (b) (e) (h) 1–7-day lead time average, and (c) (f) (i) ERA-interim 1146 

(black) in comparison with TRMM 3B42v7 (gray). The gray and black bars at the bottom 1147 

indicate the preconditioning and active periods of the MJO events. 1148 
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Fig. 6  (Continue) 1161 
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Fig. 7  (a) The area mean precipitation in NICAM forecasts normalized by that in TRMM 1184 

3B42v7 for the IOP and (b) temporal correlation coefficients of precipitation between TRMM 1185 

3B42v7 and the NICAM forecasts, as a function of lead time. Averages over the IOP; the 1186 

SSA (blue), NSA (red), equatorial Indian Ocean (60°–90°E, 10°S–10°N) regions are drawn. 1187 

The corresponding values for the ERA-interim are indicated by dashed lines. 1188 
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Fig. 8  Time-height section of daily mean (a)–(c) zonal wind and (d)–(f) water vapor 1211 

anomalies in (a) (d) sounding data at Gan Island (73°E, 0.7°S) and in the NICAM 1212 

simulations for the (b) (e) 1–3-day and (c) (f) 1–7-day lead time average. The gray and 1213 

black bars at the bottom indicate the preconditioning and active periods of the MJO events. 1214 

In (d)-(f) anomalies from the IOP mean value in each time series are plotted. 1215 

 1216 
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Fig. 9 The IOP mean sounding biases at Gan Island (73°E, 0.7°S) in (a) temperature, (b) 1231 

specific humidity, (c) zonal and (d) meridional wind. The NICAM simulations minus 1232 

observations at the 1–3-day (black), and 1–7-day (red) lead time averages (solid lines) and 1233 

root mean square differences (dashed lines) are plotted. 1234 
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 1247 

Fig. 10 (a) (b) Same as in Fig. 6 (h) (i), except for the daily precipitation rate which was 1248 

diagnosed from an apparent moisture sink in Eq. (1) (red), and the predicted precipitation 1249 

rate (black). The precipitation rate diagnosed from the latent heating rate associated with 1250 

cloud microphysics (blue) is also plotted in (a). The gray and black bars at the bottom 1251 

indicate the preconditioning and active periods of the MJO events. 1252 
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 1270 

Fig. 11 Time-height section of anomalous (a) vertical advection, (b) horizontal advection, (c) 1271 

total tendency (∂q/∂t), (d) high-frequency moisture advection, (e) moisture sink associated 1272 

with cloud microphysics, and (f) apparent moisture sink derived from Eq. (2) in the NICAM 1273 

simulations averaged in the (60°–90°E, 10°N–10°S) domain. The anomalies from the 1274 

period mean values are plotted. Each term was calculated using 7-day-mean variables, 1275 

except for (d). The gray and black bars at the bottom indicate the preconditioning and active 1276 

periods of the MJO events. 1277 

1278 
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Fig.11  (Continue) 1292 
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 1303 

Fig. 12  Vertical profiles of (a) vertical and (b) horizontal advection terms of the moisture 1304 

tendency equation [Eq. (1)] using the 6-hourly (dashed lines) and 7-day-mean (solid 1305 

lines) variables in the NICAM simulations (black) and ERA-interim (gray), averaged in the 1306 

(60°–90°E, 10°S–10°N) domain for the October–December 2011 period.   1307 

1308 
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 1321 

Fig. 13  Vertical profiles of (a) the average of the standard deviations of temperature (gray) 1322 

and moisture (black) in each forecast, normalized by the IOP mean values, and (b) the 1323 

average of the standard deviation of vertical velocity in each forecast (black) and IOP mean 1324 

values (gray), in the NICAM simulations (solid lines) and ERA-interim (dashed lines) 1325 

averaged in the (60°–90°E, 10°S–10°N) domain for the October–December 2011 period. In 1326 

(a), temperature is multiplied by 10. 1327 

 1328 

 1329 
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 1345 

Fig. 14  Vertical profiles of the (a) (c) apparent heat source Q1 (gray) and apparent 1346 

moisture sink Q2 (black), vertical advection of (b) (d) dry static energy (w ∂s/∂z; gray) and 1347 

moisture (−L w ∂q/∂z; black) for the 6-hourly (dashed lines) and 7-day-mean (solid lines) 1348 

variables in the (a) (b) NICAM simulations and (c) (d) ERA-interim, averaged in the 1349 

(60°–90°E, 10°S–10°N) domain for the October–December 2011 period.  1350 

1351 
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Fig. 15 (a) Vertical profiles of α = −L (∂q/∂z)/(∂s/∂z) for the 7-day-mean variables in the 1361 

NICAM simulations (solid lines) and ERA-interim (dashed lines) averaged in the (60°–90°E, 1362 

10°S–10°N) domain for the October–December 2011 period. Time-height section of 1363 

anomalous α from the period mean values in the (b) NICAM simulations and (c) 1364 

ERA-interim. 1365 
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Fig. 16  Vertical profiles of the IOP mean (a) vertical velocity, (b) temperature, and (c) 1377 

water vapor content in the NICAM forecasts (solid lines) and ERA-interim (dashed lines) 1378 

averaged in the (60°–90°E, 10°S–10°N) domain. 1379 
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Fig. A1  Amplitude of a signal            at t = 0 after operating a Tave-running average. 1396 
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Table 1  Number of 1.0-degree daily precipitating grids (>5 mm day-1) in TRMM 3B42v7, 1403 

NICAM forecasts, and ERA-interim, sampled from the (60°–90°E, 10°N–10°S) domain for 1404 

1 October 2011–31 January 2012. The ratio of the precipitating to the total number of 1405 

grids is given in parentheses. 1406 
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Table 1  Number of 1.0-degree daily precipitating grids (>5 mm day-1) in TRMM 3B42v7, 1411 

NICAM forecasts, and ERA-interim, sampled from the (60°–90°E, 10°N–10°S) domain for 1412 

1 October 2011–31January 2012. The ratio of the precipitating to the total number of 1413 

grids is given in parentheses. 1414 

 1415 

 number (ratio) 

TRMM 3B42v7 25261 (0.315) 

NICAM 1-day 7175 (0.090) 

NICAM 2-day 14765 (0.184) 

NICAM 3-day 13048 (0.162) 

NICAM 4-day 14493 (0.181) 

NICAM 5-day 13953 (0.174) 

NICAM 6-day 13996 (0.175) 

NICAM 7-day 12368 (0.154) 

ERA-interim 45638 (0.570) 

 1416 
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