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Abstract Based on the NCEP/NCAR reanalysis data, the COBE sea surface temperature (SST) 11 

and the GPCC precipitation, El Niño-South Oscillation (ENSO) influencing the variability of 12 

winter rainfall anomalies in Southeast China is analyzed under the synergistic effect of Indian 13 

Ocean Dipole (IOD). Winter precipitation and atmospheric circulation of the years of IOD 14 

concurring with ENSO are compared with single IOD or ENSO, to reveal the mechanism of 15 

synergistic effects on the variability of winter rainfall anomalies in Southeast China. The results 16 

show that the correlation between IOD/ENSO and the winter precipitation in Southeast China has 17 

increased since 1980s. These correlations were significant in years of IOD and ENSO 18 

co-occurrence compared to years of IOD or ENSO only, which is mainly due to the lagged 19 

atmospheric thermal and dynamic responses to an IOD forcing in synergy with ENSO. The 20 

positive IOD (PIOD) events can trigger and modify the anticyclone to the east of India, which 21 

transports moisture from the tropical Indian Ocean to Southeast China. In addition, El Niño events 22 

can strengthen the abnormal anticyclone over Philippines in winter, which is conducive to 23 

maintain the water vapor channel from the tropical West Pacific to Southeast China. Information 24 

flow analysis shows that the causalities between IOD and ENSO were enhanced after 1980s, 25 

causing the significant increase in the frequency of winter abnormal precipitation in the years of 26 

IOD and ENSO concurrence. Furthermore, the higher frequency of PIOD with El Niño (compared 27 

to negative IOD with La Niña) attained a ratio of 2:1 after the 1980s, enhancing the Southeast 28 

China winter precipitation events associated with IOD and ENSO and the generation of 29 

interdecadal variability. This study is helpful to understand the mechanisms of winter precipitation 30 



changes in Southeast China, and to improve the forecast accuracy of winter extreme precipitation 31 

events. 32 

Key words ENSO; IOD; winter rainfall in Southeast China; Causality analysis; Climate change 33 

 34 

1. Introduction 35 

Southeast China (SEC) is located in East Asian Monsoon regions where climate changes 36 

have dramatic impacts on social and economic development. Under global warming in the last 37 

decades, the frequency of winter extreme precipitation events has increased significantly over 38 

South China (Zhi et al. 2010). The frequent natural disasters caused by abnormal precipitation, 39 

such as the abnormal snow in southern China during 2008 and 2018, result in considerable loss of 40 

life and economy. As important resources of moisture and energy, the Indian Ocean (IO) and the 41 

Pacific Ocean play crucial roles in rainfall anomalies over China by influencing the East Asia 42 

winter monsoon (Zhang and Sumi 2002; Zhou et al. 2010; Zhang et al. 2015a; Xiao et al. 2015; 43 

Zhang et al. 2016a). These impacts of the Indian and Pacific Oceans draw our attention to possible 44 

mechanisms of the variability of winter rainfall in SEC, and to the search of possible predictors of 45 

abnormal winter precipitation events. 46 

During the last decades, the increasing trend of abnormal precipitation has been observed in 47 

the Yangtze River Basin and southward (Zhai et al. 2005; Sun et al. 2013), especially in 48 

southeastern coastal areas (Ren et al. 2015). Accordingly, the intensified meridional circulation in 49 

the middle and high latitudes with weakened tropical winter monsoon in the lower latitudes plays 50 

a major role enhancing the winter precipitation intensity in southern China (Zhi et al. 2010). 51 

The IO has a significant influence on the climate of China. As a well-known coupled 52 

ocean-atmosphere phenomenon over the tropical IO, the Indian Ocean Dipole (IOD) is 53 

characterized by the aperiodic oscillation of sea surface temperature (SST) between the Eastern 54 

and Western IO (Saji et al. 1999). Previous studies found that a positive IOD (PIOD) event is 55 

associated with stronger East Asian summer monsoon, which results in more precipitation over 56 

South China during summer and autumn, and vice versa (Qiu et al. 2014). The precipitation 57 

anomalies can even extend to boreal winter (Zhang et al. 2014). That is, after the 1980s the lagged 58 

atmospheric response to IOD forcing in autumn induces the lasting precipitation anomalies in the 59 

subsequent winter, enhancing the correlation between IOD and the winter precipitation anomalies 60 

in SEC (Zhang et al. 2016a).  61 

IOD is primarily caused by the local ocean–atmosphere interactions, rather than the direct 62 

response to external effects such as El Niño-South Oscillation (ENSO); thus, it is usually 63 

considered as an independent mode of coupled ocean-atmosphere climate variability (Saji et al. 64 



1999; Webster et al. 1999; Saji and Yamagata 2003; Meyers et al. 2010). However, many analyses 65 

have suggested that ENSO plays an important role in triggering IOD events (Baquerobernal et al. 66 

2002; Saji and Yamagata. 2003; Li et al. 2003; Fischer et al. 2005; Guo et al. 2015; Stuecker et al. 67 

2017). Recent studies have proved that IOD can also modify the amplitude and evolution of 68 

ENSO by affecting zonal wind anomalies associated with the Walker circulation (Saji et al. 2003; 69 

Li et al. 2003; Kug et al. 2006; Behera et al. 2006; Luo et al. 2010; Wang et al. 2016; Saji et al. 70 

2018). After removing the spurious oceanic teleconnection, the impact of the IOD on ENSO is as 71 

strong as the influence of ENSO on the IOD (Cai et al. 2010). 72 

Recently it has been proposed that winter rainfall in SEC has a significant correlation with 73 

ENSO (Zhang et al. 2002; Zhou et al. 2010; Zhang et al. 2015b; Zhang et al. 2017). Based on the 74 

strong mutual impacts between ENSO and IOD, they often occur simultaneously and show 75 

synergistic effects on winter precipitation anomalies over SEC (Zhang et al. 2014). These effects 76 

are also reflected by two moisture transport channels supplying the abnormal winter precipitation 77 

in SEC, which are triggered by PIOD and El Niño, respectively: one originates in the equatorial 78 

eastern IO and extends through India and the Bay of Bengal to SEC, while the other is related to 79 

the Philippine Sea anticyclone which channels water vapor from the Western Pacific across the 80 

South China Sea into SEC (Zhang et al. 2015a). Moreover, similar to the IOD, the correlation 81 

between ENSO and the winter precipitation anomalies in SEC has also increased significantly 82 

since the 1980s (Zhou et al. 2011; Li et al. 2012).  83 

Causes of the increased winter abnormal precipitation in SEC have been discussed focusing 84 

on the influence of either IOD or ENSO while the synergistic effect of IOD and ENSO on this 85 

variability has received little attention. Thus, the two following questions need to be answered: 86 

First, are there any changes in the connection between IOD and ENSO before and after the 1980s, 87 

which lead to the increase of winter rainfall in SEC? Secondly, if there are changes, what are the 88 

underlying mechanisms? Based on joint effects of the circulation between ENSO and IOD, the 89 

interdecadal variability of winter rainfall anomalies in SEC and its underlying mechanism are 90 

investigated. The analysis is structured as follows: data and methods are described in Section 2. 91 

The space–time interdecadal variability of winter rainfall anomalies in SEC and its relation to 92 

ENSO, IOD is evaluated in Section 3, and the role of tropical SST anomalies in generating 93 

atmospheric response anomalies are analyzed by numerical experiments in Section 4; a summary 94 

and discussion follows in Section 5. 95 

2. Data and methods 96 

2.1 Data 97 

The data utilized are monthly means of sea surface temperature (SST), atmospheric 98 

circulation, and precipitation. The period of analysis covers 66 years from 1951 to 2016. The SST 99 



data are obtained from COBE-SST dataset provided by Tokyo Climate Center of WMO Regional 100 

Climate Centers in RA II (Asia) with a 1.0° ×1.0° resolution (Ishii et al. 2005), and their trends 101 

are removed by linear regression eliminating the impact of global climate change. The 102 

atmospheric circulation data are taken from the NCEP/NCAR Reanalysis 1 project with 2.5゜103 ×2.5゜resolution (Kalnay et al. 1996). And the Global Precipitation Climatology Centre (GPCC) 104 

precipitation data with 1.0゜×1.0゜resolution (Schneider et al. 2008) are also used. Additionally, 105 

the HadISST1 data (Rayner et al. 2003), NOAA Extended Reconstructed SST v5 data (Huang et 106 

al. 2017) and monthly precipitation of 160 station observations from the National Meteorology 107 

Information Center (https://www.ncc-cma.net/Website/index.php?ChannelID=43&WCHID=5) 108 

are applied to further substantiate the relationship between IOD (ENSO) events and precipitation 109 

anomalies in SEC. 110 

In our study, ENSO and IOD are measured by the Niño3.4 index and the IOD index (DMI), 111 

respectively. The DMI is constructed by the SST anomalous (SSTA) gradient between the western 112 

(10°S–10°N, 50°E–70°E) and the eastern (10°S–0°,90°E–110°E) regions of IO (Saji et al. 1999). 113 

Because an IOD event usually begins to develop in summer, peaks in autumn, and decays rapidly 114 

in winter (Saji et al. 1999; Webster et al. 1999), only autumn DMI data (calculated by the average 115 

SSTA of three months from September to November) are used. The monthly Niño3.4 index 116 

(derived from ERSST.v5 in winter from December to February) is provided by the NOAA website 117 

(http://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php). And the 118 

“winter year” in this paper is the year to which the December belongs. 119 

2.2 Information flow 120 

In order to investigate the causalities between IOD and ENSO, the method of Liang-Kleeman 121 

information flow (Liang 2014) is applied. That is, for any two-time series X1, X2, we can get the 122 

rate of information flowing from X2 to X1: 123 T2→1 = C11C12C2,d1−C122 C1,d1C112 C22−C122 C11 ,   (1) 124 

where Cij is the sample covariance between Xi and Xj, and Ci,dj is the covariance between Xi 125 

and Xĵ. As for Xĵ, denote, for i = 1,2, 126 Xĵ(N) = Xj(N+1)−Xj(N)∆t ,    (2) 127 

where Xj(N) is any element of the time series Xj. Liang (2014) demonstrates that T2→1 can be 128 

either zero or nonzero. If T2→1 is nonzero, the X2 is causal to X1. A positive T2→1 means that 129 X2 makes X1 more uncertain, while a negative T2→1 means that X2 tends to stabilize X1. In 130 

order to test the significance of T2→1, the Monte Carlo test (Mudelsee 2010) was applied. 131 

In addition, the empirical orthogonal function (EOF) analysis, sliding correlation, composite 132 

analysis and student’s t-test are also employed to further characterize the specific interdecadal 133 

http://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php


variability features of winter rainfall anomalies in SEC and the mechanisms with associated 134 

circulation anomalies. 135 

3. Effects of IOD and ENSO on precipitation in SEC 136 

Abnormal winter precipitation has increased significantly over SEC in recent decades (Zhi et 137 

al. 2010) under global warming (also shown in Figure 1). In this research, the era of the 1980s is 138 

an important demarcation, because the correlation between IOD and SEC winter precipitation is 139 

strengthened after the 1980s (Zhang et al. 2016a). Furthermore, the correlation between ENSO 140 

and SEC winter precipitation is also enhanced (Zhou et al. 2011; Li et al. 2012). The increased 141 

strength and fluctuation of SEC winter precipitation after the 1980s is demonstrated by the 142 

differences of winter precipitation average (Fig.1a, c) and standard deviation (Fig.1b, d),which, 143 

derived either from GPCC data (Fig.1a, b) or from observation data of 160 Chinese stations 144 

(Fig.1c, d), revealing positive anomalies over SEC. Based on this interdecadal variability, its 145 

possible causes from the perspective of tropical India-Pacific SST anomalies, are discussed in the 146 

following subsections: in Section 3.1 the changes of the IOD/ENSO-relationship and the 147 

precipitation anomalies in SEC are analyzed; the related responses of the tropospheric moisture 148 

transport and the Walker circulation are evaluated in Section 3.2. 149 

3.1 Relationships between tropical India-Pacific SST anomalies and precipitation in SEC 150 

As significant positive correlation coefficients between DMI and winter precipitation are 151 

mainly located in the southern part of SEC (Zhang et al. 2016a), the precipitation data over this 152 

area (105.5°E -120.5°E, 22.5°N-30.5°N) are subjected to further analysis. 153 

    First, the interdecadal variability of SEC winter precipitation is characterized by the first EOF 154 

of the filtered (9-year running mean: the result indicates the fifth year of the 9-year window) 155 

GPCC precipitation, which explains 42.50 % of the total variance and exhibits a uniform spatial 156 

pattern over SEC (Fig.2a). The corresponding principal components (PC1) represent a significant 157 

increase of winter precipitation after the 1980s (Fig.2b) with more frequent and stronger 158 

precipitation events. Moreover, the results derived from 160 Chinese stations are basically similar 159 

(Fig.2c, d), suggesting the GPCC precipitation data to be reliable. 160 

The 20-year sliding correlation analysis (the coefficient here indicates the first year of the 161 

20-year window) is used to reveal the relationships between IOD/ENSO with winter 162 

area-averaged precipitation anomalies in SEC (105.5°E -120.5°E, 22.5°N-30.5°N, Zhang et al. 163 

2016a). The link between IOD (DMI from COBE-SST data) and winter precipitation anomalies 164 

shows a significant rise in the 1980s; that is, the correlation attains a higher value exceeding the 165 

threshold of statistical significance after the 1980s (black thick line in Fig. 3a). The correlation 166 

between ENSO (Niño3.4 from COBE-SST) and winter precipitation anomalies also shows a 167 

significant rise since the 1970s, which remains at a high value above the threshold of statistical 168 



significance after the 1980s (black thick line in Fig. 3b). In addition, the 31-year sliding 169 

correlation coefficients show similar results (Fig. 3c, d; the coefficient here indicates the 16th year 170 

of the 31-year window), which indicate that these interdecadal changes are stable. All in all, the 171 

sliding correlation analysis indicates that both IOD and ENSO are more strongly correlated with 172 

anomalous SEC winter precipitation after the 1980s. The DMI and Niño3.4 from HadISST1 173 

data/NOAA data are also derived to confirm the changing relationship between DMI (Niño3.4) 174 

and SEC winter precipitation anomalies, and results (blue and red lines in Figure 3) indicate that 175 

these winter interdecadal changes occurring in the 1980s are reliable. Therefore, we select the 176 

periods 1951–1980 and 1981–2016 to investigate possible mechanisms of the interdecadal winter 177 

precipitation change. 178 

The relationship change between IOD and ENSO around 1980s is analyzed using DMI and 179 

Niño3.4 index (the time series are shown in Fig. 4a, b). When the normalized Niño3.4 is greater 180 

(less) than 1 (-1), the year is considered to be a typical El Niño (La Niña) year (shown in Table 1 181 

and Fig. 4b with marked years); when normalized DMI (COBE-SST) is greater (less) than 1 (-1), 182 

the year is considered to be a typical PIOD (NIOD) year (shown in Table 2 and Fig. 4a with 183 

marked years). Table 1 shows that there are five El Niño years from 1951 to 1980, and two of 184 

them are companied by PIOD, whereas from 1981 to 2016 there are seven El Niño years, four of 185 

which are companied by PIOD. The frequency of El Niño accompanied by PIOD increased from 186 

40% of the total before the 1980s to 57% of the total after the 1980s. Furthermore, similar results 187 

are shown in Table 2, in which the frequency of PIOD accompanied by El Niño increased from 50% 188 

of the total before the 1980s to 67% of the total after the 1980s. These data indicate that the 189 

frequency of El Niño and PIOD concurrence has significantly increased since the 1980s. However, 190 

the frequency of La Niña and NIOD concurrence shows few changes. The ratio of PIOD with El 191 

Niño to NIOD with La Niña is 4-to-2 after the 1980s. Furthermore, in Fig. 4c the time series of 192 

normalized area-averaged winter precipitation in SEC indicates more precipitation in the years of 193 

PIOD with El Niño than the single PIOD or El Niño years. 194 

To clarify the change of relationship between ENSO and IOD and the corresponding 195 

influence on winter precipitation in SEC, causality-analysis is applied (Liang 2014). In order to 196 

keep the number of years in both periods consistent, here we use 1951–1980 and 1981–2010 to 197 

calculate the information flows. Figure 5 shows the information flows from autumn Niño3.4 to the 198 

SST over IO. In the tropical IO, there are positive anomalies covering the northwest region before 199 

the 1980s. Then the positive anomalies retreat westward with negative anomalies appearing at the 200 

eastern coast after the 1980s, which enhance the dipole-like flow pattern, illustrating the enhanced 201 

link between IOD events and ENSO events after the 1980s. Furthermore, Table 3 shows the 202 

information flows from DMI (Niño3.4) to area-averaged winter precipitation in SEC before and 203 



after 1980s, in which the information flows both from IOD to winter precipitation in SEC and 204 

from ENSO to winter precipitation in SEC are enhanced after the 1980s. In addition, their values 205 

after the 1980s are positive, indicating that both IOD and ENSO affect winter precipitation in SEC 206 

more uncertain. Hence, we infer that there is an increased certainty of winter precipitation 207 

anomalies in SEC, only when IOD and ENSO occur in pairs. 208 

To prove the strong winter precipitation anomalies in SEC is a result of the combined 209 

influence of ENSO and IOD, composites of winter precipitation anomalies in six kinds of different 210 

events are shown in Figure 6 based on Table 1 and Table 2. For simplicity, in the following a 211 

single PIOD (NIOD) /El Niño (La Niña) is referred to as SP (SN) /SE (SL) and a PIOD (NIOD) 212 

with El Niño (La Niña) is referred to as PE (NL). The purpose of composites here is to investigate 213 

the difference between the influence of PE (NL) and SP (SN) /SE (SL) on SEC winter 214 

precipitation, which can explain why the increase of PE after the 1980s leads to an increase of 215 

winter precipitation in SEC. Considering the numbers of samples, the whole period data from 216 

1951 to 2016 are employed in this section. In Figure 6, the significant positive precipitation 217 

anomalies appear only in PE years (Fig. 6a), and the maximum value exceeds 55 mm/month. 218 

While the positive anomalies in SE years (Fig. 6b) are weak, and the anomalies in SP years (Fig. 219 

6c) even turn into negative. Similar results are shown for the negative phase (Fig. 6d-f): the 220 

significant negative precipitation anomalies only can be found in NL years (Fig. 6d), whereas the 221 

minimum value is slightly weaker and around -25 mm/month. These composites of winter 222 

precipitation indicate that neither single El Niño (La Niña) nor single PIOD (NIOD), but their 223 

combined effects can lead to significant positive (negative) anomalous winter precipitation in SEC. 224 

Therefore, after the 1980s the increased frequency of IOD and ENSO concurrence, especially the 225 

increased frequency of PIOD with El Niño (Table 1 and Table 2), leads to more frequent 226 

occurrences of abnormal winter rainfall events in SEC, which finally leads to the significant 227 

increase of winter precipitation in SEC after the 1980s. How does the atmospheric circulation 228 

anomaly respond during PE years? These will be explained in the next subsection to further clarify 229 

that the increased frequency of PIOD with El Niño has an effect on the winter precipitation 230 

increasing in SEC after 1980s.  231 

3.2 Responses of atmospheric circulation 232 

To investigate how the tropical India-Pacific SST anomalies influence the abnormal winter 233 

precipitation in SEC, the anomalies of tropospheric moisture transport and Walker circulation 234 

during the PE (NL), the SE (SL), and the SP (SN) years are subjected to composite analysis, 235 

which reveals the following results: (i) During the PE years, the composites of the vertically 236 

integrated water vapor flux in winter (Fig. 7a) show two water vapor channels. One of them 237 

depends on the abnormal easterlies over the East Indian Ocean near the equator, turning northward 238 



over the Indian continent and merging with westerly anomalies over the Bay of Bengal into SEC. 239 

This channel conveys abundant moisture from the tropical IO. The other one relies on the 240 

anti-cyclonic circulation over the South China Sea-Philippines Sea, which transports moisture to 241 

SEC from Maritime Continents and adjacent seas. (ii) Furthermore, the Walker circulation over 242 

Pacific is strengthened, characterized by anomalous ascending motion over central Pacific and 243 

descending motion over western Pacific. Over the tropical IO an anti-Walker circulation occurs 244 

with descending (ascending) motion over East (West) IO, leading to abnormal easterlies over 245 

equator of IO (Fig. 8a). (iii) In winter, due to the lagged atmospheric response to IOD forcing and 246 

the synergistic effect of El Niño, the abnormal Walker circulation and the easterlies remain. The 247 

anti-cyclonic circulation moves to the Philippines Sea and the East Asian winter monsoon is 248 

weaker. All of these phenomena contribute to a strong moisture convergence over SEC in the PE 249 

years.  250 

The water vapor channel to the east India is induced by the abnormal SST during the PIOD 251 

events, that is, the East IO cooling excites Rossby waves which, in agreement with the Gill Model 252 

(Zhang et al. 2015a), excite the low level anti-cyclonic circulation over India. While the other 253 

water vapor channel over South China Sea-Philippine Sea is mainly induced by the El Niño 254 

pattern with the positive thermodynamic feedback of western North Pacific cooling due to a 255 

decrease of local convective heating (Wang et al. 2002). In addition, recent studies indicate that, 256 

similar to El Niño, also the PIOD can trigger and intensify the South China Sea-Philippine Sea 257 

anticyclone in autumn, because the distribution pattern and the SSTA evolvement benefit the 258 

formation of the horizontal asymmetry of moisture and temperature anomalies as well as the 259 

large-scale divergence anomaly over the maritime continent, which are the main reasons of this 260 

anticyclone’s development (Li et al. 2010; Kim et al.2019). Whereas, without the synergistic 261 

effect, the anticyclone under the single PIOD or El Niño events is weaker and decays rapidly. 262 

Moreover, its characteristic eastward movement from the southern South China Sea to the 263 

Philippine Sea has disappeared (Li et al. 2010; Li et al. 2015). 264 

   During the SE years, the South China Sea-Philippines Sea anticyclone’s location is more 265 

westward than in PE years, whereas the easterlies over equator of the eastern IO and the 266 

anticyclone over the Bay of Bengal are weaker (Fig.7b). Furthermore, the ascending motion over 267 

the central-eastern Pacific and the descending motion over eastern IO are also weaker than in PE 268 

years, with reduced extent and strength (Fig.8b). Thus, in the SE years, although the anticyclone 269 

over South China Sea-Philippines Sea contributes to the moisture convergence over SEC, the 270 

positive anomalies of winter precipitation hardly pass the significance test (Fig.6b). During the SP 271 

years (Fig. 7c, 8c), although a weak anti-cyclonic circulation remains over India, following the 272 

PIOD decay, there is no anti-Walker circulation and therefore, there are no abnormal easterlies 273 



over equator of IO. Without anti-cyclonic circulation observed over the Philippines Sea, the SEC 274 

is dominated by abnormal north-easterly winds in winter, leading moisture divergence appears in 275 

the SP years. The negative phases have similar results with drier winter in SEC (Fig. 7d-f, Fig. 276 

8d-f). Since the focus of this research is mainly on the positive phases, the details of these 277 

situations will not be discussed here. 278 

In summary, during PE years, the two abnormal anti-cyclonic circulations over Bay of 279 

Bengal and the South China Sea-Philippines Sea can be lasted from autumn to subsequent winter, 280 

leading to abundant moisture transports to SEC from equatorial IO and tropical western Pacific 281 

and formatting abnormal positive precipitation. Under these atmospheric responses to the SSTA of 282 

PIOD and El Niño concurrence, the increasing precipitation in SEC is resulted from the high 283 

frequency events of concurrence events of PIOD and El Niño after 1980s. The mechanisms of the 284 

abnormal atmospheric circulation responses to the SSTA of PIOD and El Niño concurrence in 285 

autumn and winter were investigated by composite analysis, which would be further confirmed by 286 

numerical study in the next section.  287 

4. IOD and ENSO forcing of winter precipitation anomalies in SEC: 288 

An idealized model experiment 289 

A tropical IO and Pacific forcing experiment with Planet Simulator (PlaSim; Fraedrich et al. 290 

2005) general circulation model is employed to assess the contribution of SST anomalies in the 291 

tropical IO and Pacific to drive water vapor channels for winter precipitation anomalies in SEC. A 292 

climatological global Atmospheric Model Intercomparison Project (AMIP) SST with annual cycle 293 

is applied as tropical SST forcing in the control run. The last 30 years of a 50 years control run 294 

were used in this study. The model is capable of reproducing realistic climatological water vapor 295 

flux in autumn and winter (Fig. 9a, b). As shown in Fig. 9a, b, the simulated vertical integral of 296 

water vapor flux bears qualitative similarities with the counterparts of the NCEP/NCAR reanalysis 297 

data (Fig. 9c, d). 298 

The sensitivity experiment has run 30 years with the same set up after a spin-up time with 299 

abnormal tropical SST added to the climatological SST forcing. The SST anomalies forcing are 300 

shown in Fig. 10, which are derived from the composites of monthly SST anomalies of the 301 

HadISST1 data during concurrence years of PIOD & El Niño (Table 1). Since the amplitudes of 302 

the tropical Pacific SST anomaly are 4-6 times that of the SST anomaly in the Indian Ocean, the 303 

SST anomalies are processed by formula (3) to balance the atmospheric responses to SST 304 

anomalies in the tropical Pacific and Indian Ocean. 305 

sstanew(i,j,t) =√ssta(i, j, t) ∗ 2      (3) 306 

where ssta(i,j) is the SST anomalies during concurrence years of PIOD & El Niño events 307 



according to the Table 1 and the sstanew(i,j,t) represent the new constructed SST anomalies in the 308 

sensitive experiment. The SST anomalies (Fig. 10) show that the PIOD reaches its maximum 309 

amplitude in autumn and decays in winter, while the El Niño develops in autumn and peaks in 310 

winter (Fig. 10a, b). Under these forcing conditions, the results are compared with the control run 311 

as shown in Fig. 11. In autumn, two water vapor channels, which correspond to anticyclones over 312 

Bay of Bengal and South China Sea-Philippine Sea, bring abundant water vapor from tropical 313 

eastern IO and tropical western Pacific to the eastern China (Fig. 11a) respectively. In addition, 314 

during winter these water vapor channels still exist, whereas the South China Sea-Philippine Sea 315 

anticyclone move southward and strengthen (Fig. 11b). As a result, the water vapor transport can 316 

only reach as far as SEC and no longer extend further northward in winter. 317 

According to the velocity potential and zonal wind anomalies in the sensitive experiment 318 

(Fig.12), anti-Walker circulation anomalies are captured with abnormal easterlies (westerlies) over 319 

equatorial eastern Indian Ocean (western Pacific) at low levels of troposphere in the autumn and 320 

winter. These results are quite different from the simulation of Wang et al. (2000). In their 321 

simulation, under the forcing of SST anomalies of a single El Niño, there is a weaker anomalous 322 

anticyclone over the Philippine Sea in winter, whereas the easterlies over tropical eastern IO are 323 

too weak to produce a significant anticyclone over Bay of Bengal, leading to negative 324 

precipitation anomalies over the simulated winter in SEC. These differences indicate that, 325 

although the IOD decays in winter, the associated time-lagged atmospheric response still exists. 326 

After the 1980s, with enhanced intensity of IOD events and prolonged heating anomalies in winter 327 

(Zhang et al. 2016a), the lagged atmospheric responses of IOD strengthen the synergistic link with 328 

ENSO, which agrees well with the changes described by the information flow (Section 3.1). 329 

In summarizing, the two water vapor channels, which are associated with the winter 330 

precipitation anomalies in SEC, are induced by anomalous tropical SST forcing during ENSO and 331 

IOD concurrence years. During the El Niño and PIOD years, abundant moisture is transported 332 

from the equatorial eastern IO and the western Pacific to South China across North India and the 333 

Bay of Bengal and the South China Sea, which are modulated by anti-cyclonic circulation 334 

anomalies over east India and over the South China Sea-Philippine Sea, respectively. These 335 

background circulations generate favorable patterns for enhancing the precipitation anomalies as 336 

observed. The numerical experiments further proved that the high frequency events of concurrence 337 

events of PIOD and El Niño after 1980s had positive contributions to the increasing winter 338 

precipitation after 1980s in SEC. 339 

5. Conclusion and discussion 340 

5.1 Conclusion 341 

Based on the change of the connections between ENSO and IOD, this paper explores the 342 



interdecadal variability of winter rainfall in SEC during the last 66 years and its underlying 343 

mechanism. The space–time interdecadal variability of winter rainfall in SEC is captured by the 344 

first EOF of the 9-year running mean precipitation data provided by GPCC; the relationships with 345 

IOD and ENSO events are investigated through sliding correlation analysis and causality analysis 346 

employed to the COBE-SST global sea surface temperature data set. Additionally, the features of 347 

the associated circulation fields are derived from NCEP/NCAR reanalysis data employing 348 

composite analysis; the results are further substantiated by numerical experiments with a global 349 

circulation model and abnormal tropical SST forcing. The following key results are found and the 350 

schematic diagram is presented in Fig. 13: 351 

The winter precipitation in SEC has significantly increased since the 1980s, which is 352 

accompanied by the enhanced correlation between IOD/ENSO and winter precipitation in SEC. 353 

And the information flow results show that the frequency of ENSO and IOD concurrence 354 

especially El Niño and PIOD concurrence has significantly increased due to the enhanced 355 

causalities linking IOD and ENSO after the 1980s (higher yellow values in Fig.13 after 1980s), 356 

which play an important role in the increasing winter precipitation in SEC after 1980s.  357 

The composite and numerical studies show the mechanisms of the abnormal atmospheric 358 

circulation responses to the SSTA of PIOD and El Niño concurrence. During the winter of 359 

positive IOD and El Niño (NIOD and La Niña) co-occurrence years, significant positive (negative) 360 

precipitation anomalies are observed in SEC due to the abnormal anti-walker circulations and the 361 

anomalous anticyclones lasted from autumn to winter over east India and South China 362 

Sea-Philippine Sea. Two water vapor channels (green arrows in Fig.13) lead to abundant moisture 363 

convergence in the eastern China: the one originates from tropical eastern IO, along the northwest 364 

boundary of abnormal anticyclone over east India, through Bay of Bengal; the other one from 365 

tropical western Pacific, along the northwest boundary of abnormal anticyclone over South China 366 

Sea-Philippine Sea, through South China Sea, inducing positive precipitation anomalies in SEC. 367 

Whereas under the forcing of single El Niño or single PIOD, the positive precipitation anomalies 368 

in winter are weak or disappeared, due to the lack of common maintenance of two water vapor 369 

channels. 370 

Therefore, the significant increase in the frequency of PIOD and El Niño concurrence is 371 

beneficial to maintain the water vapor channels in winter. Finally, these persistent water vapor 372 

channels increased the winter precipitation in SEC after the 1980s. 373 

5.2 Discussion 374 

In our study, we divide the abnormal typical SST years into six categories based on whether 375 

the positive (negative) IOD and El Niño (La Niña) are linked to each other or not. However, there 376 

are also some special years, such as the 2011, which shows PIOD with La Niña (Table 1). 377 



Moreover, the winter precipitation in these special years does not completely conform to the 378 

conclusions, which we have illustrated. For example, the precipitation of 2011 (not shown) shows 379 

small-scale positive winter anomalies in SEC, although the fields of SST, Walker circulation and 380 

tropospheric moisture transport all coincide with the flow pattern of La Niña events, which 381 

indicates the possible existence of other mechanisms. Furthermore, Zhang et al. (2016b) suggested 382 

that the two kinds of El Niño have different effects on IOD. They found that there is a strong 383 

correlation between the magnitudes of the Eastern Pacific (EP) El Niño and the IOD, whereas the 384 

relationship between Central Pacific (CP) El Niño and IOD is more dependent on the zonal 385 

location of the SST anomalies but not on their magnitudes. Wang (2016) further proposed that the 386 

CP El Niño exhibits more antagonistic (but not synergistic) effects on autumn precipitation in 387 

South China when it appears jointly with IOD. In this paper we did not discuss the difference 388 

between the two types of El Niño on winter precipitation in SEC. However, during 1994 with CP 389 

El Niño and PIOD concurrence, the positive SST anomalies of PIOD pattern is situated further 390 

westward than normal, and strong negative precipitation anomalies are observed over SEC in fall, 391 

turning into positive anomalies in winter (not shown). This requires further effort to investigate 392 

the more comprehensive mechanisms of winter rainfall’s interdecadal variability in SEC by 393 

applying coupled climate models. 394 
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Fig. 1 Difference fields for winter precipitation average (a, c) and standard deviation (b, d) of second (1981–2010) 521 

minus first (1951–1980) periods in SEC (mm/month): results of a, b derived from GPCC precipitation data, c, d 522 

derived from observation data. Dotted areas are statistically significant at 90% confidence level. 523 
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 529 
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Fig. 2 First EOF (a, c) and first principal components (b, d) of interdecadal variability derived from the filter 531 

(9-year running mean: the result displayed here indicates the fifth year of the 9-year window.) winter precipitation 532 

in SEC: results of a, b derived from GPCC precipitation data, c, d derived from observation data. PC1 have been 533 

normalized, dashed line is the zero line. 534 
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Fig. 3 20-year/31-year sliding correlation coefficients between DMI (a, c)/Niño3.4 (b, d) and area-averaged winter 542 

precipitation in Southeast China: black line derived from COBE-SST data, blue line derived from HadISST1 data, 543 

red line derived from NOAA Extended Reconstructed SST v5 data; for a and b the sliding correlation coefficient 544 

displayed here indicates the first year of the 20-year window; for c and d the sliding correlation coefficient 545 

displayed here indicates the 16th year of the 31-year window. Markers are statistically significant at 90% 546 

confidence level with efficient degrees of freedom. 547 
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Fig. 4 Normalized DMI (a) /Nino3.4 (b) /area-averaged winter precipitation in SEC (c) in 1951-2016. The typical 558 

ENSO years and IOD years are marked. 559 

 560 

Table 1. Years of ENSO events; P, N, S represent PIOD, NIOD, and single ENSO years, respectively. E is El Niño 561 

events and L is La Niña events. 562 

Before 

1980s 

E 1957(S) 1963(P) 1965(S) 1968(S) 1972(P)   

L  1954(N) 1955(S) 1970(S) 1973(S) 1975(N)   

After 

1980s 

E  1982(P) 1986(S) 1991(S) 1994(P) 1997(P) 2009(S) 2015(P) 

L  1984(S) 1988(S) 1998(N) 1999(S) 2007(S) 2010(N) 2011(P) 

 563 

Table 2. Years of IOD events; E, L, N represent El Niño, La Niña, and normal years, respectively. PIOD is positive 564 

IOD events and NIOD is negative IOD events. 565 

Before 

1980s 

PIOD 1961(N) 1963(E) 1967(N) 1972(E)   

NIOD 1954(L) 1956(N) 1958(N) 1960(N) 1975(L)  

After 

1980s 

PIOD 1982(E) 1994(E) 1997(E) 2006(N) 2011(L) 2015(E) 

NIOD 1996(N) 1998(L) 2010(L)    

 566 



  

Fig. 5 Information flow (nats/month) from Niño3.4 in boreal fall (September to November) to tropical Indian 567 

Ocean SST simultaneously: a 1951-1980, b 1981-2010. Shaded areas are statistically significant at 95% 568 

confidence level.  569 

 570 

Table 3. Information flows (nats/month) from DMI/Niño3.4 to area-averaged winter precipitation in SEC before 571 

and after the 1980s (the asterisk means statistically significant at 90% confidence level) 572 

 DMI→winter precipitation in SEC Niño3.4→winter precipitation in SEC 

1951-1980 -2.49E-02* 1.91E-02* 

1981-2010 2.53E-02* 8.61E-02* 

 573 

 574 

Fig. 6 Composites of winter precipitation anomalies (mm/month) in 1951–2016: a positive IOD events and El 575 

Niño events concurrence years, b single El Niño anomalous years, c single positive IOD anomalous years, d 576 

negative IOD events and La Niña events concurrence years, e single La Niña anomalous years, f single negative 577 

IOD anomalous years. Shaded areas are statistically significant at 90% confidence level. 578 

 579 

 580 



  

  

  

 581 

Fig. 7 Composites of seasonal mean anomalies of vertical integral of water vapor flux (kg/(𝑚 ∙ s); arrows) and its 582 

divergence (10−2g/(m2 ∙ s); shading) in winter during 1951–2016: a positive IOD events and El Niño events 583 

concurrence years, b single El Niño anomalous years, c single positive IOD anomalous years, d negative IOD 584 

events and La Niña events concurrence years, e single La Niña anomalous years, f single negative IOD anomalous 585 

years. The arrows shown are statistically significant at 90% confidence level. 586 

 587 

 588 



  

  

  

Fig. 8 Composites of the meridional-height section of longitude mean of zonal wind anomalies (U, m/s) and 589 

vertical velocity anomalies (W, Pa/s) along (10°S to equator) in winter of 1951–2016: a positive IOD events and 590 

El Niño events concurrence years, b single El Niño anomalous years, c single positive IOD anomalous years, d 591 

negative IOD events and La Niña events concurrence years, e single La Niña anomalous years, f single negative 592 

IOD anomalous years. Shaded areas show the W value; vertical velocity is multiplied with −100 to get positive 593 

results with adjustment to the U scale. Dotted areas are statistically significant at 90% confidence level. 594 
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Fig.9 The climatology mean of vertical integral of water vapor flux (kg/(𝑚 ∙ s); arrows) in autumn (a, c) and 596 

winter (b, d): a-b the simulated results in control experiment, c-d composite results from (1981 – 2010) 597 

NCEP/NCAR reanalysis data. 598 

 599 

 600 

 601 

Fig. 10 The abnormal tropical SST (℃) forcing in autumn (a) and winter (b) in the sensitive experiment. 602 
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  607 

Fig. 11 The differences between sensitivity experiment and control run of vertical integral of water vapor flux 608 

(kg/(𝑚 ∙ s); arrows) in autumn (a) and winter (b).  609 

    610 
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 612 

Fig. 12 The difference between sensitivity experiment and control run of vertical integral of zonal wind (contour) 613 

and velocity potential function (shading) at 850hPa (a, c) and 300hPa (b, d) in autumn (a, b) and winter (b, d). 614 

 615 

 616 

Fig. 13 The information flows between different indices and water channels which are associated with winter 617 

precipitation anomalies in SEC. The values in the red (blue) shaded areas indicate the information flows (10-2 618 

nats/month; statistically significant at 90% confidence level) from DMI in fall (Niño3.4 index in winter) to 619 

area-averaged winter precipitation in SEC. The yellow values are the information flows from DMI in fall to 620 

Niño3.4 index in winter. B, A respectively correspond to the value before the 1980s and that after the 1980s. Green 621 

arrows indicate the water vapor channels in winter. AC represents the anomalous anticyclone. 622 
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Figures

Figure 1

Difference �elds for winter precipitation average (a, c) and standard deviation (b, d) of second (1981–
2010) minus �rst (1951–1980) periods in SEC (mm/month): results of a, b derived from GPCC
precipitation data, c, d derived from observation data. Dotted areas are statistically signi�cant at 90%
con�dence level. Note: The designations employed and the presentation of the material on this map do
not imply the expression of any opinion whatsoever on the part of Research Square concerning the legal
status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.



Figure 2

First EOF (a, c) and �rst principal components (b, d) of interdecadal variability derived from the �lter (9-
year running mean: the result displayed here indicates the �fth year of the 9-year window.) winter
precipitation in SEC: results of a, b derived from GPCC precipitation data, c, d derived from observation
data. PC1 have been normalized, dashed line is the zero line. Note: The designations employed and the
presentation of the material on this map do not imply the expression of any opinion whatsoever on the
part of Research Square concerning the legal status of any country, territory, city or area or of its
authorities, or concerning the delimitation of its frontiers or boundaries. This map has been provided by
the authors.



Figure 3

20-year/31-year sliding correlation coe�cients between DMI (a, c)/Niño3.4 (b, d) and area-averaged
winter precipitation in Southeast China: black line derived from COBE-SST data, blue line derived from
HadISST1 data, red line derived from NOAA Extended Reconstructed SST v5 data; for a and b the sliding
correlation coe�cient displayed here indicates the �rst year of the 20-year window; for c and d the sliding
correlation coe�cient displayed here indicates the 16th year of the 31-year window. Markers are
statistically signi�cant at 90% con�dence level with e�cient degrees of freedom.



Figure 4

Normalized DMI (a) /Nino3.4 (b) /area-averaged winter precipitation in SEC (c) in 1951-2016. The typical
ENSO years and IOD years are marked.



Figure 5

Information �ow (nats/month) from Niño3.4 in boreal fall (September to November) to tropical Indian
Ocean SST simultaneously: a 1951-1980, b 1981-2010. Shaded areas are statistically signi�cant at 95%
con�dence level. Note: The designations employed and the presentation of the material on this map do
not imply the expression of any opinion whatsoever on the part of Research Square concerning the legal
status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.

Figure 6

Composites of winter precipitation anomalies (mm/month) in 1951–2016: a positive IOD events and El
Niño events concurrence years, b single El Niño anomalous years, c single positive IOD anomalous years,
d negative IOD events and La Niña events concurrence years, e single La Niña anomalous years, f single
negative IOD anomalous years. Shaded areas are statistically signi�cant at 90% con�dence level. Note:
The designations employed and the presentation of the material on this map do not imply the expression
of any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.



Figure 7

Composites of seasonal mean anomalies of vertical integral of water vapor �ux (kg/(ms); arrows) and
its divergence (10^(-2) g/(m^2s); shading) in winter during 1951–2016: a positive IOD events and El
Niño events concurrence years, b single El Niño anomalous years, c single positive IOD anomalous years,
d negative IOD events and La Niña events concurrence years, e single La Niña anomalous years, f single
negative IOD anomalous years. The arrows shown are statistically signi�cant at 90% con�dence level.



Note: The designations employed and the presentation of the material on this map do not imply the
expression of any opinion whatsoever on the part of Research Square concerning the legal status of any
country, territory, city or area or of its authorities, or concerning the delimitation of its frontiers or
boundaries. This map has been provided by the authors.

Figure 8



Composites of the meridional-height section of longitude mean of zonal wind anomalies (U, m/s) and
vertical velocity anomalies (W, Pa/s) along (10°S to equator) in winter of 1951–2016: a positive IOD
events and El Niño events concurrence years, b single El Niño anomalous years, c single positive IOD
anomalous years, d negative IOD events and La Niña events concurrence years, e single La Niña
anomalous years, f single negative IOD anomalous years. Shaded areas show the W value; vertical
velocity is multiplied with −100 to get positive results with adjustment to the U scale. Dotted areas are
statistically signi�cant at 90% con�dence level. Note: The designations employed and the presentation of
the material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.

Figure 9

The climatology mean of vertical integral of water vapor �ux (kg/(ms); arrows) in autumn (a, c) and
winter (b, d): a-b the simulated results in control experiment, c-d composite results from (1981 – 2010)
NCEP/NCAR reanalysis data. Note: The designations employed and the presentation of the material on
this map do not imply the expression of any opinion whatsoever on the part of Research Square



concerning the legal status of any country, territory, city or area or of its authorities, or concerning the
delimitation of its frontiers or boundaries. This map has been provided by the authors.

Figure 10

The abnormal tropical SST () forcing in autumn (a) and winter (b) in the sensitive experiment. Note: The
designations employed and the presentation of the material on this map do not imply the expression of
any opinion whatsoever on the part of Research Square concerning the legal status of any country,
territory, city or area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This
map has been provided by the authors.

Figure 11

The differences between sensitivity experiment and control run of vertical integral of water vapor �ux
(kg/(ms); arrows) in autumn (a) and winter (b). Note: The designations employed and the presentation



of the material on this map do not imply the expression of any opinion whatsoever on the part of
Research Square concerning the legal status of any country, territory, city or area or of its authorities, or
concerning the delimitation of its frontiers or boundaries. This map has been provided by the authors.

Figure 12

The difference between sensitivity experiment and control run of vertical integral of zonal wind (contour)
and velocity potential function (shading) at 850hPa (a, c) and 300hPa (b, d) in autumn (a, b) and winter
(b, d). Note: The designations employed and the presentation of the material on this map do not imply the
expression of any opinion whatsoever on the part of Research Square concerning the legal status of any
country, territory, city or area or of its authorities, or concerning the delimitation of its frontiers or
boundaries. This map has been provided by the authors.



Figure 13

The information �ows between different indices and water channels which are associated with winter
precipitation anomalies in SEC. The values in the red (blue) shaded areas indicate the information �ows
(10-2 nats/month; statistically signi�cant at 90% con�dence level) from DMI in fall (Niño3.4 index in
winter) to area-averaged winter precipitation in SEC. The yellow values are the information �ows from
DMI in fall to Niño3.4 index in winter. B, A respectively correspond to the value before the 1980s and that
after the 1980s. Green arrows indicate the water vapor channels in winter. AC represents the anomalous
anticyclone. Note: The designations employed and the presentation of the material on this map do not
imply the expression of any opinion whatsoever on the part of Research Square concerning the legal
status of any country, territory, city or area or of its authorities, or concerning the delimitation of its
frontiers or boundaries. This map has been provided by the authors.


