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Abstract 41 

 42 

This study examined the relationship between the El Niño Southern Oscillation 43 

(ENSO) and atmospheric water isotopes during the wet season over the Maritime 44 

Continent. The model data used were obtained by incorporating stable isotopes into 45 

atmospheric general circulation and analytical moisture transport models. These models 46 

were used to analyze the climatological variables and rainout processes from various 47 

water sources that control isotopic variation. The correlation between the simulated 48 

stable isotope ratios and ENSO varied between –0.31 and 0.75 with stronger correlation 49 

over most of the Maritime Continent (|r|> 0.36, corresponding to the 95% significance 50 

level) except Java. Generally, during La Niña years, the isotopic ratio in water vapor and 51 
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precipitation is lighter than during El Niño years by about 2‰. It was suggested that 52 

anomalous water vapor flux, precipitable water, and precipitation, but not evaporation, 53 

are responsible for isotopic variation. Furthermore, it was revealed that water vapor flux 54 

is convergent (divergent) during La Niña (El Niño) years, which suggests that the 55 

strengthened (weakened) Walker Circulation increases (reduces) precipitation and 56 

results in lighter (heavier) atmospheric water isotopes. The relationship between 57 

isotopes and precipitation, or the so-called “amount effect,” is evident over the most of 58 

the Maritime Continent. Analysis of moisture transport suggested that rainout processes 59 

control isotopic variation. The increase in the quantity water source, expressed in 60 

precipitable water, transported from the north and south Maritime Continent during El 61 

Niño years does not result in isotopic depletion attributable to the lack of condensation 62 

processes. Moreover, the decrease in the quantity of both water source during La Niña 63 

years does not result in isotopic enrichment attributable to intensive rainout. An 64 

asymmetric ENSO feature was found in this study, evidenced by the similar 65 

contributions of water source from the northern Maritime Continent and the Pacific 66 

Ocean during both ENSO phases.  67 

 68 

Keywords: stable isotope; El Niño Southern Oscillation; moisture transport analysis 69 

70 
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1. Introduction 71 

The region known as the tropical Maritime Continent encompasses the islands of 72 

Indonesia and the surrounding warm-pool ocean (Ramage 1968). The warm pool of the 73 

Maritime Continent and the tropical Pacific Ocean pool are both important sources of 74 

atmospheric convective activity within this region. The annual atmospheric circulation over 75 

the Maritime Continent is influenced by the Asian and Australian monsoon, which is 76 

governed by the large-scale land–ocean temperature gradient. Higher precipitation during 77 

winter is associated with the Asian monsoon (December–February), which is characterized 78 

by eastward winds from the Indian Ocean and southward winds from Asia (Yasunari 1981). 79 

Both the amount and the spatial distribution of winter precipitation show high interannual 80 

variation that is generated by the anomaly of the tropical Pacific Ocean air–sea heat 81 

exchange related to the El Niño Southern Oscillation (ENSO) (Bjerknes 1969; Cane and 82 

Zebiak 1985; Hendon 2003; Yanto et al. 2016; Lestari et al. 2016; Hidayat et al. 2016; 83 

Zhang et al. 2016). For instance, warmer sea surface temperatures (SSTs) over the 84 

eastern Pacific Ocean during El Niño events encourage convective activity to shift 85 

eastward. This creates drought conditions over the Maritime Continent that sometimes 86 

result in wildfires in Indonesian forests (Harger 1995). Conversely, several heavy 87 

precipitation events have been recorded as being amplified by La Niña and also affected 88 

by local diurnal cycles, which can result in serious flooding of some Indonesian cities (see 89 

e.g., Yamanaka 2016). 90 
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Several studies have examined the indirect forcing of ENSO on precipitation during the 91 

Asian–Australian monsoon. Lau and Nath (2000) reported that the atmospheric circulation 92 

during ENSO leads to a connection of the air–sea system over the Indian Ocean by an 93 

“atmospheric bridge.” Wu and Kirtman (2004) also demonstrated that coupling of SST over 94 

the Pacific and Indian oceans could result in different ranges and frequencies of SST 95 

variation in the following season. It is possible that air–sea interactions over the Indian 96 

Ocean amplify the effects of ENSO over the Maritime Continent. The Maritime Continent 97 

also has an important role in global climate. For instance, enhanced heating of the 98 

Maritime Continent will affect the winter circulation and surface temperatures across North 99 

America and northeastern Eurasia (Neale and Slingo 2003). Hence, it is important to study 100 

the effects of ENSO events on atmosphere dynamics.  101 

The isotopic content (18O and D) in precipitation can be used to obtain information on 102 

atmospheric processes (e.g., precipitation, temperature, and the hydrological cycle). 103 

Dansgaard (1964) reported that the isotopic composition in precipitation is correlated 104 

positively with air temperature in high latitudes and correlated negatively with precipitation 105 

amount in low latitudes, and that these two dependencies are known as the “temperature 106 

effect” and “amount effect”, respectively. 107 

Many studies have demonstrated that the enrichment and depletion of isotopic 108 

processes over the Asian monsoon region during the summer monsoon are related 109 

strongly to the warm and cold phase of ENSO, respectively (Ichiyanagi and Yamanaka 110 



 5

2005; Ishizaki et al. 2012; Zhu et al. 2012; Permana et al. 2016). However, the processes 111 

through which the ENSO signal is reflected in the stable isotopes during the Asian winter 112 

monsoon over the Maritime Continent are not fully understood. One problem is that there 113 

are only limited long-term isotopic observations covering ENSO events over the Maritime 114 

Continent. A sophisticated model including the isotopic cycle is needed to elucidate the 115 

ENSO signal in isotopic variability. Fortunately, stable isotopes in precipitation have 116 

already been incorporated into the hydrological cycle of atmospheric general circulation 117 

models and they provide good representations of the spatiotemporal dynamic atmospheric 118 

processes (e.g., Joussaume et al. 1984; Hoffmann et al. 1998; Mathieu et al. 2002; Lee et 119 

al. 2007).  120 

The objectives of this study were to examine the response of stable isotopes in 121 

precipitation to ENSO events using a simulated isotopic model and to investigate those 122 

factors that control isotopic variability during the Asian winter monsoon. We used the 123 

Isotopes-incorporated Global Spectral Model (IsoGSM), which has been shown able to 124 

capture the ENSO signal over the Asian Monsoon region (Yoshimura et al. 2008). This 125 

model has also been applied successfully to elucidate the ENSO signal during the summer 126 

season (Ishizaki et al. 2012). The spatial distribution of water sources from a particular 127 

region was also considered to understand how water vapor from a particular region might 128 

influence the isotopic variability due to anomalies of the Walker Circulation related to 129 

ENSO. The water vapor transport from the source areas to the Maritime Continent was 130 
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tracked by Color Moisture Analysis (CMA). Section 2 describes the isotopic data and 131 

analytical method used in this study. In Section 3, we present the results and a discussion. 132 

Section 4 provides the conclusions. 133 

 134 

2. Data and Methods 135 

Observations of precipitation amount and stable isotope contents in precipitation (18O 136 

and D) were acquired by the Japan Agency for Marine-Earth Science and Technology 137 

(JAMSTEC) at six stations (Large-Scale Hydrological Cycle Research Group, IORGC., 138 

JAMSTEC. 2008) in the form of daily data, and from the Global Network of Isotope in 139 

Precipitation (GNIP) at two stations (IAEA/WMO. 2006) in the form of monthly data. The 140 

values of 18O from the JAMSTEC stations were measured using a MAT 252 mass 141 

spectrometer with 0.1‰ analytical precision, and values of D were obtained using 142 

continuous-flow isotope ratio mass spectrometry with 2.0‰ analytical precision (Kurita et 143 

al. 2009). A calculation of weighted averages was applied to JAMSTEC’s daily samples to 144 

obtain monthly data. The JAMSTEC data are available at 145 

http://www.jamstec.go.jp/iorgc/hcorp/data/database/index.html and the GNIP data are 146 

available at http://www-naweb.iaea.org/napc/ih/IHS_resources_gnip.html. The locations of 147 

the stations are shown in Fig. 1 148 

The simulated atmospheric isotope concentrations were obtained from IsoGSM, which 149 

is a spectral model that provides three-dimensional distributions with resolution of about 150 
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180 km at 28 pressure levels. This model is integrated with the Scripps Experimental 151 

Climate Prediction Center’s Global Spectral Model (GSM) (Kanamitsu et al. 2002). The 152 

global spectral nudging technique that is applied in this model improves the simulation of 153 

the isotopes to be consistent with observed data over multiple time scales (Yoshimura et al. 154 

2008). The performance of IsoGSM in producing atmospheric isotopic variability data has 155 

been evaluated in several previous studies. Simulated IsoGSM data show good 156 

agreement with observed isotopic spatiotemporal variability, which suggests the model can 157 

reproduce the dynamics of atmospheric moisture transport satisfactorily (Berkelhammer et 158 

al. 2012; Ishizaki et al. 2012; Nakamura eta al. 2014;Okazaki et al. 2015).  159 

In this study, the simulated stable isotope ratios in the precipitation data over the 160 

JAMSTEC and GNIP stations were correlated significantly with the observations 161 

(significance exceeding 95%); the root mean square errors (RMSEs) were 1.71–2.98‰ for 162 

18O, while the standard deviations (σ) of the observed isotopes were 1.73–3.01‰. These 163 

values imply the bias of the simulated data relative to the observed data remains high. 164 

However, if the isotopic precipitation in IsoGSM correlates with the observations, the 165 

modeled physical processes that control the isotopic variation must be close to reality. The 166 

details of the observed and simulated isotopic precipitation data and their correlations are 167 

given in Table 1. 168 

The analytic CMA model was used to trace the movement of water vapor from its 169 

source to the area of condensation (Yoshimura et al. 2004). CMA uses an atmospheric-170 
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balance equation to calculate atmospheric water transport (Oki et al. 1995) and the control 171 

run was found consistent with the Rayleigh-type Isotope Circulation model (Yoshimura et 172 

al. 2003). These models were run using the Japanese 25-year Reanalysis Project and 173 

Japan Meteorological Agency Climate Data Assimilation System (Onogi et al. 2007) with 174 

spatial resolution of 1.125° × 1.125°. It has been confirmed that they are suitable for the 175 

analysis of water vapor dynamics over the Maritime Continent (Suwarman et al. 2013; 176 

Belgaman et al. 2016). Both the IsoGSM and the CMA were run for the period 1979–2009.  177 

The Niño 3.4 ENSO index, defined as the monthly averaged SST over the region 5°N–178 

5°S, 120°–170°W, was provided by the Climate Prediction Center (CPC). Here, the Asian 179 

winter monsoon is associated with the wet season over the major part (,i.e., in the 180 

Southern Hemisphere) of the Maritime Continent (see e.g., Hamada et al. 2002). The wet 181 

season data were averaged over the three-month period December–February. 182 

The first method used in this study correlated ENSO, surface temperature, isotopes, 183 

and a spatiotemporal precipitation index to establish the area most sensitive to the 184 

variation of Pacific Ocean SST. The second step composited analyses of several 185 

climatological variables during La Niña and El Niño episodes to elucidate those factors that 186 

control the 18O variability related to ENSO. La Niña and El Niño events were defined as 187 

those years in which the standardized anomaly of Niño 3.4 exceeded +1 during the wet 188 

season. Based on this, it was determined that La Niña years were 1985, 1989, 1999, 2000, 189 

and 2008 and El Niño years were 1983, 1987, 1992, and 1998. The climatological 190 
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variables used in this study were wind, water vapor flux, precipitation, evaporation, and 191 

surface temperature obtained from IsoGSM. The final step traced water vapor from its 192 

source to the Maritime Continent using CMA to estimate the contribution of each of the 193 

water sources to isotopic variation.  194 

 195 

3. Results and Discussion 196 

3.1 Correlation of 18O in precipitation with ENSO and precipitation amount 197 

As mentioned above, the simulated IsoGSM isotopic content was consistent with the 198 

observed data. Thus, the physical processes in the modeled atmospheric circulation could 199 

be considered a close representation of reality. The temporal series of standardized 200 

simulated 18O in the precipitation and Niño 3.4 SST and their coefficients of correlation 201 

are shown in Fig. 2. The isotopic ratio is significantly correlated with the Niño 3.4 index at 202 

six stations, but not at GAW, DPS, and JAK. Spatially, the correlation between the 203 

simulated stable isotope ratios and ENSO varies between –0.31 and 0.75 with significant 204 

correlation over most of the Maritime Continent (Fig 3a). There is negative correlation over 205 

the western Pacific Ocean and positive correlation over most of the Maritime Continent. 206 

This positive correlation extends to northern and eastern Australia and the northern 207 

equatorial western Pacific Ocean. Significant positive correlation extends over most of the 208 

Maritime Continent, except Java, the Java Sea, and western parts of northern Sumatra.  209 

There is positive correlation between SST and ENSO over western parts of the 210 
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Maritime Continent and negative correlation over northeastern parts (Fig. 3b). The dipole 211 

correlation of the isotopes and ENSO pattern resembles the inverse of the correlation 212 

between Niño 3.4 and precipitation shown in Fig. 3c. This typical relationship between 213 

precipitation and ENSO is identical to the findings of Chang et al. (2004), who used CPC 214 

Merged Analysis of Prediction rainfall data. They found low correlation between 215 

precipitation and ENSO over the Malay Peninsula, Sumatra, western Java, and western 216 

Kalimantan. It is suggested that this low correlation is due to an anomalous Walker 217 

Circulation and the barrier to westerly winds of the Sumatra orographic lift effect. Qian et al. 218 

(2010) in their multiscale study noted that anomalous southeasterly winds during El Niño 219 

cause a weakening of the monsoon over Java. This weakening was found to amplify the 220 

local circulation and to produce more rainfall over the mountainous central parts. In 221 

contrast, during La Niña episodes, the effect of the strengthened northwesterly wind was 222 

found not to affect the local circulation significantly. This circumstance is reflected in the 223 

low correlation between ENSO and precipitation over Java.  224 

The amount effect on the variation of isotopes over the Maritime Continent can be 225 

seen as a negative correlation between the precipitation amount and 18O (Fig. 3d). As 226 

precipitation amount greatly affects isotopic variation, it could be expected that the 227 

correlation between the stable isotopes and ENSO would show an inverse pattern to the 228 

correlation between ENSO and precipitation amount over the Maritime Continent area. 229 

Even though the low and positive correlations found between the precipitation and ENSO 230 
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over Java and Sumatra, respectively, could be plausible factors in explaining the low 231 

correlations between the stable isotopes and ENSO over Java and Sumatra, further 232 

analysis should be conducted to provide better understanding of this spatial variation of 233 

isotopic content. The mechanism of isotopic fractionation in the atmosphere and the origin 234 

of the water cannot be obtained solely from the amount effect. Thus, in subsection 3.2, an 235 

analysis of the climatological variables and water sources during ENSO episodes is 236 

provided to elucidate those factors that control the stable isotopes of precipitation during El 237 

Niño and La Niña events. 238 

 239 

3.2 Climatological variables in La Niña and El Niño years 240 

The climatological variables discussed here are wind, water vapor flux, SST, 241 

precipitation, evaporation, and the stable isotopes in the precipitation and water vapor. The 242 

water vapor flux is the integrated vapor flux vector of the zonal and meridional flux 243 

components, which can be defined as:  244 

,       (1) 245 

 246 

,       (2) 247 

where Q, Q, q, u, v, g, p, and po are the zonal flux component, meridional flux component, 248 

specific humidity, zonal wind speed, meridional wind speed, gravitational acceleration, 249 

atmospheric pressure, and surface pressure, respectively. 250 
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Figure 4 shows the composite of the IsoGSM wind and 18O over the tropical region in 251 

normal years and its anomaly in La Niña and El Niño years. In normal years, the Walker 252 

Circulation is indicated by the trade winds that blow westward across the surface of the 253 

tropical Pacific Ocean (Fig. 4a). Over the Maritime Continent, the wind rises into the upper 254 

levels of the atmosphere, which is a potential condition for atmospheric convection and the 255 

formation of cloud and rain. Generally, the concentration of isotopes in water vapor is 256 

lighter in the upper levels of the atmosphere. In addition, it is shown that at the same 257 

altitude level, the concentration of isotopes over the Maritime Continent is lighter than over 258 

the Pacific Ocean.  259 

During La Niña years, a strong anomalous westward wind occurs from the Pacific 260 

Ocean in the lower-level atmosphere, which transports water vapor from both the Pacific 261 

and the Indian oceans to the Maritime Continent (Fig. 4b). It can be said that the Maritime 262 

Continent is under convergent branches of the Walker Circulation and that this process is 263 

associated with the formation of convective cloud. The intense condensation causes 264 

heavier isotopes to be fractionated and to rainout, leaving depleted vapor over the 265 

Maritime Continent. There are positive anomalies in the upper levels over the east of the 266 

region. It would seem that an enrichment process is related to the divergent circulation in 267 

this area. Previous studies have shown that ENSO leads SST variations over the Indian 268 

Ocean by surface heat flux modulation (e.g., Venzke et al. 2000; Wang et al. 2003), which 269 

could affect the low-level wind over the Maritime Continent and the Pacific Ocean (e.g., 270 
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Kug and Kang 2006; Kug et al. 2006). It is possible that the anomalous Walker Circulation, 271 

shown in Fig. 4, is affected by the coupled interaction of the anomalous SST over the 272 

Indian and the Pacific oceans, as has been demonstrated in a previous study (e.g., 273 

Annamalai et al. 2005; Ohba and Ueda 2007). 274 

Figure 5 shows the simulated IsoGSM isotopes in precipitation and precipitable water 275 

during La Niña and El Niño years. During La Niña events, the isotopic ratio varies from 276 

about –8‰ to –6‰ in the precipitation (Fig. 5a) and from about –24‰ to –20‰ in the 277 

water vapor (Fig. 5c). The composites of anomalous IsoGSM water vapor flux and SST, 278 

precipitable water, precipitation, and evaporation anomalies in La Niña and El Niño years 279 

are shown in Fig. 6. Figure 6a shows that La Niña is characterized by a convergent zone 280 

of water vapor flux in the eastern part of the Maritime Continent (see box indicated by 281 

dashed line in Fig. 6a) and by a negative anomaly of SST over the tropical Pacific Ocean. 282 

Positive anomalies of precipitable water (Fig. 6c) and of precipitation (Fig. 6e) are shown 283 

over the eastern Maritime Continent, indicating that convective activity and condensation 284 

processes are relatively intense in eastern areas of the Maritime Continent. The 285 

evaporation process during La Niña periods shows no significant anomaly compared with 286 

the climatological average over the Maritime Continent (Fig. 6g). However, positive 287 

anomalies can be seen over the tropical Pacific Ocean, revealing the availability of the 288 

water source for transportation to the Maritime Continent. 289 

During El Niño episodes, a reversal of wind direction occurs in the lower-level 290 
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atmosphere over the Maritime Continent, and this region is under a divergent branch of the 291 

Walker Circulation (Fig. 4c). In El Niño years, the activity of the condensation process 292 

becomes less than the climatological average, while the warm pool of the Maritime 293 

Continent continues to provide a source of water vapor to the atmosphere through the 294 

evaporation process, which suppresses isotopic depletion. Water vapor moves eastward 295 

and the activity of the condensation process occurs over the Pacific Ocean, which results 296 

in the depletion of 18O being shifted to the Pacific Ocean (Fig. 4c). Generally, the isotopic 297 

ratio is heavier by about 2‰ than in La Niña years and it varies from about –6‰ to –4‰ in 298 

the precipitation (Fig. 5b) and from about –20‰ to –18‰ in the water vapor (Fig. 5d). 299 

Figure 6b shows that El Niño also features a divergent zone over the eastern Maritime 300 

Continent (see box indicated by dashed line in Fig. 6b) and positive SST anomalies over 301 

the Pacific Ocean. This condition suppresses convective activity and causes drought over 302 

the Maritime Continent, as indicated by the negative anomalies of precipitable water (Fig. 303 

6d) and precipitation (Fig. 6f).  304 

Several studies have investigated the mechanism of fractionation of stable isotopes in 305 

evaporation during evaporation (Merlivat and Jouzel 1979; Cappa et al. 2003). The 306 

fractionation of isotopes is strongly dependent on temperature and it happens mainly 307 

during transportation of water through the evaporation and condensation processes. The 308 

stable isotope ratios in residual water do not change significantly when the evaporation 309 

process occurs within a high-humidity environment (Xinping et al. 2005). Moreover, the 310 
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difference of approximately four degrees Kelvin (see Fig. 6a and 6b) between La Niña and 311 

El Niño years does not change the factor of isotopic fractionation significantly (the isotopic 312 

fractionation factor is discussed in subsection 3.3). Thus, Figures 4–6 confirm that despite 313 

the lack of fractionation processes during El Niño events, the local water source enriches 314 

the isotopic content to become about 2‰ heavier than during La Niña, even though there 315 

is no significant evaporation anomaly during El Niño years, as in La Niña years (see Fig. 316 

6h). 317 

Generally, IsoGSM reflects the dynamical processes of the atmosphere in La Niña and 318 

El Niño years and it explains how they affect atmospheric isotopic variation. During La 319 

Niña events, intense convection and condensation activity causes increased isotopic 320 

fractionation, while in El Niño years, reduced condensation activity results in a lack of the 321 

isotopic depletion processes. Thus, during La Niña years, the concentration of isotopes in 322 

the atmosphere is lighter than during El Niño years.  323 

Figure 6 shows that the variations of the zones of divergence and condensation activity, 324 

indicated by anomalies of water vapor flux, precipitable water, and precipitation, are more 325 

sensitive to ENSO over the eastern Maritime Continent. This explains why ENSO has 326 

significant correlation with the stable isotopes in precipitation over the eastern Maritime 327 

Continent, but not over Java and parts of Sumatra. The composite values of IsoGSM 328 

stable isotopes in precipitation and water vapor over the observational stations are 329 

correlated strongly with ENSO, as shown in Table 2. This demonstrates the comparison of 330 
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the isotopic values over the stations in response to La Niña and El Niño years, i.e., during 331 

cold episodes of ENSO, depletion processes are more intense than during warm episodes. 332 

 333 

3.3 Water sources during La Niña and El Niño years 334 

Using the CMA model, four regions were selected as tagged water source regions (Fig. 335 

1): the Indian Ocean (IO), North Maritime Continent Sea (NM), South Maritime Continent 336 

Sea (SM), and the Pacific Ocean (PO). These areas were selected to estimate the 337 

differences in the contributions of these water vapor sources to the precipitable water 338 

through zonal and meridional motions due to anomalies of the Walker Circulation. Figure 7 339 

shows the spatial distribution of these water sources over the Maritime Continent, and the 340 

details of the different contributions (>10% of all water source) to the stations of each 341 

water vapor source are shown in Table 2. However, further analysis is needed to elucidate 342 

how they affect isotopic variation. Isotopic fractionation can be explained not only by the 343 

precipitation amount, but also by the rainout history of water vapor from its source. Thus, 344 

analyses of the condensation processes from the source areas to the stations and of their 345 

influence on isotopic variability are considered. The condensation process can be 346 

analyzed by Rayleigh’s distillation ratio, which is defined as: 347 

,     (3) 348 

 349 
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where R is the isotopic water source just before precipitation, Ro is the initial isotopic water 350 

source from the source region, and  is the fractionation factor. The values of Ro and  351 

were set as –9.4‰ and 1.0094, respectively, following Yoshimura et al. (2004). The value 352 

of Ro is based on the assumption that isotopically uniform and limitless seawater is 353 

assumed to supply uniform –9.4‰ evaporation vapor by equilibrium fractionation at 25°C 354 

with  = 1.0094 (Majoube 1971). The value of ratio f lies between 0 and 1, and it is close 355 

to 1 when there is no condensation or when rainout processes are low during transport. 356 

The values of the Rayleigh distillation ratio are given in Table 3. Generally, the values of 357 

the distillation ratio during El Niño are higher than during La Niña. This indicates that it is 358 

more difficult to condense water vapor during El Niño, even though the amounts of 359 

available precipitable water from the NM and SM are higher. Thus, rainout process history 360 

is another factor that affects the isotopic ratio. Table 3 also shows that the distillation ratio 361 

reduces with distance between the water source and stations, which implies that distance 362 

affects the variation of isotope content. 363 

Significant spatial differences in the contributions of the water sources between La 364 

Niña and El Niño years were found for the IO. Water from the IO source enters the region 365 

of the western Maritime Continent, Sumatra, and Java during La Niña years (Fig. 7a), but it 366 

has less contribution during El Niño years (Fig. 7b). However, this difference is less 367 

significant for the NM, SM, and PO sources (Fig. 7c–h). In addition, the NM and SM water 368 

sources contribute slightly more in El Niño years than La Niña years. This is related to 369 
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anomalous zonal winds entering the region because of shifts in the area of convection. 370 

Table 2 shows that the contribution of the IO water source is significantly higher during 371 

La Niña than during El Niño at JMB and MKS. This is related to the anomalous westerly 372 

wind, which increases the amount of water from this source over the western Maritime 373 

Continent, Sumatra, and southern parts of Indonesia during La Niña years (Fig. 7a), but 374 

reduces its contribution during El Niño years (Fig. 7b). The contribution of this water 375 

source during La Niña is 37% and 22% for JMB and MKS, respectively, but it is <10% 376 

during El Niño years. The difference in isotopic water vapor between La Niña and El Niño 377 

from the IO source is 2.20‰ and 5.09‰ for JMB and MKS, respectively, where in El Niño 378 

years the isotopic water vapor is lighter than in La Niña years. Conversely, the isotopic 379 

water vapor from the other sources during La Niña is lighter than during El Niño. The 380 

absence of water from the IO source during El Niño years produces the approximate 2‰ 381 

difference in isotopic precipitation between La Niña and El Niño at both stations. This 382 

suggests that the presence of IO water source in significant amounts during La Niña has a 383 

major influence on isotopic depletion because of the intense rainout history, as shown by 384 

the low values of the distillation ratio in Table 3. 385 

Water source originating from the NM is more abundant during El Niño over most of 386 

Sumatra (Fig. 7d), whereas the water source is in deficit over southern Indonesia during 387 

La Niña (Fig. 7c). An abundance of water from the NM source during El Niño years is 388 

found at stations JMB, MND, and MKS (Table 2). The contributions of water source vary 389 
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between 39% and 77% during El Niño years and between 29% and 68% during La Niña 390 

events. The differences in isotopic water vapor between La Niña and El Niño from the NM 391 

source vary between 2.10‰ and 2.97‰, where in La Niña years the isotopic water vapor 392 

is lighter than in El Niño years. The differences in isotopic precipitation at these three 393 

stations vary between 2.00‰ and 2.50‰. The presence of NM water during El Niño is 394 

accompanied by a higher distillation ratio in comparison with La Niña years. This 395 

corresponds to the existence of a divergent branch of the Walker Circulation over the 396 

Maritime Continent. Weakening of the Walker Circulation is a favorable condition for 397 

allowing meridional streamflows into the tropical region and thus, the NM water source 398 

contributes a greater amount of precipitable water during El Niño years. However, isotopic 399 

fractionation is diminished because of the reduced condensation process (high value of 400 

the distillation ratio).  401 

Differences in the spatial distribution of water source from the SM are found between 402 

the western and eastern parts of the southern Maritime Continent. During El Niño years 403 

(Fig. 7f), the SM water source contributes more than during La Niña episodes (Fig. 7e). 404 

However, the composite values of the amount of water source from the SM at DAR and 405 

MKS are not significantly different between La Niña and El Niño years (contribution from 406 

the SM is about 78%–74% at DAR and 42%–46% at MKS). This is similar to the case for 407 

water vapor from the PO source at PLL and MND (contribution from the PO is about 32%–408 

36% at PLL and 21%–22% at MND) (Fig. 7g and 7h). The difference in isotopic water 409 
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vapor between La Niña and El Niño from the SM is 0.64‰ and 2.11‰ for MKS and DAR, 410 

respectively, while the difference from the PO is 3.81‰ and 5.45‰ for PLL and MND, 411 

respectively, where in La Niña years the isotopic water vapor is lighter than in El Niño. 412 

Similar to the NM source, the condensation history influences the isotopic variation 413 

because of the diminished condensation processes. This suggests that the local water 414 

source contributes to the enrichment of the isotopic content.  415 

It should be noted that the differences in the contributions of the NM and PO sources 416 

during ENSO phases (anomaly of El Niño – anomaly of La Niña) can be seen as a 417 

negative (about –2 mm day-1) area over the northwestern Maritime Continent and western 418 

Pacific Ocean (figures not shown). The asymmetric component (anomaly of El Niño + 419 

anomaly of La Niña) is characterized by a negative area of NM over the Maritime 420 

Continent and alternately negative and positive areas over the western Pacific Ocean 421 

(figures not shown). Previous studies have found asymmetry in the atmospheric circulation 422 

over the western Pacific Ocean between El Niño and La Niña years that is related to the 423 

nonlinear response of convection (Hoerling et al. 1997; Ohba and Ueda 2009; Wu et al. 424 

2010). This is also related to the appearance of the anomalous easterly wind in both 425 

ENSO phases over the northeastern Maritime Continent and the local response of 426 

anomalous SST, as shown in Fig. 3a and 3b. This could be because the amounts of water 427 

at PLL and MND that originate from the NM and PO sources are relatively similar (see 428 

Table 2). The factor controlling the depletion (enrichment) of the isotopic content during La 429 
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Niña (El Niño) years is the enhanced (weakened) activity of the rainout processes (Table 430 

3).  431 

 432 

4. Conclusions 433 

The IsoGSM was used to simulate atmospheric stable isotope ratios, which were 434 

verified by observations from eight stations over the Maritime Continent. The variations in 435 

the simulated stable isotope ratios were consistent with the observed data and they were 436 

used to identify the influence of ENSO on the isotopic interannual variation during the 437 

Asian winter monsoon. The results revealed areas of significant and insignificant 438 

correlation between the isotopic content in precipitation and ENSO. Areas with significant 439 

positive correlation between 18O and Niño 3.4 were found over eastern parts of the 440 

Maritime Continent, whereas areas with insignificant correlation were located over Java 441 

and part of Sumatra. The responses of the wind stream, precipitable water, and 442 

precipitation over the Maritime Continent to SST variation in the eastern Pacific Ocean 443 

affect the isotopic fractionation processes. 444 

We proposed several plausible factors that might control the ENSO-related isotopic 445 

variations over the Maritime Continent. Figure 8 shows a schematic of those factors that 446 

control the variability of atmospheric stable isotopes as a response to ENSO. Generally, 447 

the depletion and enrichment of stable isotopes correspond to the appearance of zones of 448 

convergence and divergence over the Maritime Continent during La Niña and El Niño, 449 
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respectively. 450 

During La Niña years, evaporated water is derived from the Indian and Pacific oceans 451 

because of the strengthened Walker Circulation (Fig. 8a). Even though the contribution 452 

over the Maritime Continent of water sourced from the Pacific Ocean is not as significant 453 

as that sourced from the Indian Ocean, water from both sources becomes more abundant 454 

in response to the strengthened zonal motion. The CMA model shows that during La Niña 455 

years, water vapor from the Indian Ocean spreads across the Maritime Continent to 456 

around Sumatra and Java; something that is not seen during El Niño years. The amount of 457 

water source originating from the North and South Maritime Sea and transported over the 458 

tropical Maritime Continent during La Niña years is smaller than during El Niño events. 459 

This is because strengthening of the zonal stream prevents water vapor from these 460 

sources entering the tropical area. However, the intensity of the condensation processes of 461 

all these water sources results in isotopic depletion in the atmosphere over the Maritime 462 

Continent. 463 

The opposite case occurs during El Niño years. Generally, the weakening of the Walker 464 

Circulation drives winds into the Pacific and Indian oceans, reducing the contributions of 465 

water vapor from these two sources (Fig. 8b). The reversal of the wind stream prevents 466 

water vapor from the Indian Ocean spreading to Sumatra and Java. However, the quantity 467 

of water source from the North and South Maritime Sea is higher than during La Niña 468 

years, because weakening of the zonal motion allows water vapor from these source 469 
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areas to spread into the tropical Maritime Continent. The calculation of the distillation ratio 470 

revealed that the rainout history of water vapor from these areas is reduced, such that the 471 

concentration of isotopes is enriched in comparison with La Niña years. This implies that 472 

the isotopic content in the atmosphere is enriched by the local water source. 473 

The schematic in Fig. 8 also confirms the findings of previous studies relating to the 474 

asymmetry of the atmospheric circulation anomalies over the Western Pacific in response 475 

to ENSO (Wu et al. 2010; Ohba and Ueda 2009). This is reflected in the relatively similar 476 

quantities of water vapor from the NM and PO sources in relation to the El Niño and La 477 

Niña episodes, as illustrated by the similarity of the arrow vectors of the PO and NM. The 478 

differences in the isotopic ratios between both ENSO episodes are caused by the intensity 479 

of the rainout history and the distance between the water vapor sources and condensation 480 

sites. 481 

Incorporating stable isotopes into atmospheric general circulation and analytical 482 

moisture transport models is useful for understanding the atmospheric water vapor 483 

process. This study used these models to elucidate water transport as a response to 484 

ENSO phases and to establish the contributions of the various sources to the water vapor 485 

over the Maritime Continent. Opportunities for further study remain. For instance, the 486 

effects of the nonlinearity of convection and cyclonic circulation in the NM to the 487 

contributions to the water vapor are potential topics for future study. It has been suggested 488 

that the NM region should be separated into the South China Sea and northwestern 489 
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Pacific Ocean to obtain more detail in the analysis. Furthermore, the isotopic signal could 490 

be used to evaluate the performance of the models used in this study in reproducing the 491 

atmospheric circulation. This would require the acquisition of high-resolution isotopic 492 

observations in order to improve the isotopic simulation in describing the atmospheric 493 

water cycle and its dynamical processes.  494 
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Figure 704 

 705 

Fig. 1 Japan Agency for Marine-Earth Science and Technology (JAMSTEC, circles) and 706 

Global Network of Isotopes in Precipitation (GNIP, triangles) rainwater sampling stations 707 

and four regions of tagged water sources.  708 

 709 

Fig. 2 Time series of standardized anomaly of 18O at eight stations (solid lines) and the 710 

Niño 3.4 index (dashed lines) during the wet season. The figure also shows the 711 

correlation coefficients between anomalous 18O and the Niño 3.4 index (significant 712 

correlation is >0.36, corresponding to the 95% significance level). 713 
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 714 

Fig. 3 Correlation of Niño 3.4 vs. 18O (a), Niño 3.4 vs. surface temperature (b), Niño 3.4 715 

vs. precipitation (c), and 18O vs. precipitation (d) during the wet season over the 716 

Maritime Continent, Pacific Ocean, and close up (right panel) of the Maritime Continent 717 

(box in left panel). Contours of 0.36 (–0.36) and 0.57 (–0.57) correspond to the 95% and 718 
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99.9% significance levels, respectively, and areas above (below) those values are 719 

heavily (lightly) shaded in (a), (b), and (c), while areas below –0.36 and –0.57 are 720 

heavily and lightly shaded, respectively, in (d). 721 

722 
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 724 

Fig. 4 Vertical profiles of the composite of IsoGSM wind (vectors) and 18O (shading) in 725 

water vapor in normal years (a), and its anomaly in La Niña (b) and El Niño (c) years 726 

between 15°S–10°N. 727 
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 728 

Fig. 5 Composite of spatial distribution of IsoGSM 18O in precipitation (above) and water 729 

vapor (below) in La Niña (left) and El Niño (right) years. Contour interval is 2‰. 730 

 731 



 37

 732 

Fig. 6 Composite of IsoGSM water vapor flux and SST (a and b), precipitable water (c and 733 

d), precipitation (e and f), and evaporation (g and h) anomalies with contour intervals of 734 



 38

0.5 K, 2 mm day-1, 40 mm, and 20 mm respectively. The box indicates the region of the 735 

convergent (in a) and the divergence zone (in b). Lightly (heavily) shaded areas indicate 736 

regions below (above) –0.5 (0.5) K for surface temperature, –2 (2) mm day-1 for 737 

precipitable water, –40 (40) mm for precipitation, and –20 (20) mm for evaporation. 738 



 39

 739 

Fig. 7. Spatial distribution of Colored Moisture Analysis (CMA) of four tagged water 740 

sources during La Niña and El Niño years. Contour interval is 10 mm day-1. 741 
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 742 

Fig. 8 Schematic of the atmospheric circulation controlling the variability of 18O over the 743 

Maritime Continent during (a) La Niña and (b) El Niño years, showing differences in 744 

amount and intensity of rainout processes related to anomalies in the Walker Circulation. 745 

Widths of the colored arrows indicate the amount of water vapor reaching the Maritime 746 

Continent. Large areas of cloud and vapor indicate rainout intensity. 747 

748 
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Table 2. Composite values of IsoGSM 18O in precipitation and water vapor over the 756 
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