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ABSTRACT 17 

Cross-equatorial northerly surge (CENS) is characterized by a strengthening of northerly 18 

moist monsoon winds over south of the South China Sea in the western Maritime Continent. 19 

The CENS typically lasts a few days in boreal winter and is frequently reported as a crucial 20 

synoptic forcing of heavy rainfall and flood events over northern Java Island. The occurrence 21 

of CENS has been generally understood as an extension of northerly cold surge (CS) coming 22 

from East Asia. However, out of 117 CENS events identified over the last 42 years, only 59% 23 

of the events were induced by cold surges (CENS-CS). We further found that CENS occurred 24 

with no association to cold surges (CENS-noCS) are mostly attributed to several tropical 25 

variabilities (Madden-Julian Oscillation phases 4-7, mixed-Rossby gravity waves, equatorial 26 

Rossby waves, and tropical cyclones). These phenomena induce strengthening of northerly 27 

winds mainly by generating meridional southward pressure gradient force over the CENS 28 

region. In terms of potential impacts, precipitation anomalies over northern Java Island 29 

associated with CENS-CS are slightly larger than those of CENS-noCS but significant flood 30 

events had occurred following any CENS. These imply that both types of CENS are 31 

important for controlling hydrometeorological events over the region of interest. 32 

SIGNIFICANCE STATEMENT 33 

Day-to-day variation during the rainy season in the south of Indonesia is modulated by 34 

incoming northerly moist flow called cross-equatorial northerly surge (CENS) events. These 35 

events often cause heavy rain and flooding in the most densely populated island of Java, 36 

especially in Jakarta. Understanding CENS dynamics is crucial for reliable weather 37 

monitoring and forecasting systems. However, the current knowledge of CENS initiation, 38 

which is controlled by extratropical cold surge, only explains 59% of CENS events. To 39 

improve the predictability of CENS, this study identifies other potential drivers that manifest 40 

as several tropical phenomena, which provide favorable conditions for CENS events. 41 

Furthermore, we confirm that floods can occur during any CENS event, suggesting that 42 

forecasters should pay attention to all CENS regardless of their origin. 43 



1. Introduction  44 

A cross-equatorial northerly surge (CENS1) event is characterized by a strengthening in 45 

northerly sea surface wind that typically lasts few days during boreal winter in the western 46 

Maritime Continent, predominantly south of the equator between Sumatra and Borneo Islands 47 

(Hattori et al. 2011; Maulana et al. 2023). The surge intensifies northerly moist monsoon 48 

wind coming from the South China Sea and modulates rainy season variability in southern 49 

Indonesia and northern Australia (Suppiah and Wu 1998). Most of major flood events in big 50 

cities in northern Java Island, including the megapolitan city of Jakarta, were reported to be 51 

initiated by CENS events (Wu et al. 2007; Trilaksono et al. 2012; Wu et al. 2013; Siswanto et 52 

al. 2015; Hermawan et al. 2022; Lubis et al. 2022). Hence, the national meteorological 53 

agency of Indonesia (BMKG) pays special attention to CENS activity (BMKG 2024). 54 

The occurrences of CENS are usually attributed to East Asian cold surges (CS) (Wu et al. 55 

2007; Xavier et al. 2020), which are closely linked to amplification of Siberian High and cold 56 

air outbreaks in midlatitudes (Compo et al. 1999; Shoji et al. 2014; Abdillah et al. 2017, 57 

2018). The outflow of CS is typically cold and dry but it gains moisture and increases surface 58 

heat fluxes once it passes low latitude seas (Abdillah et al. 2021). Southward propagation of 59 

anomalous high pressure from inland Asia to the southern South China Sea is then suggested 60 

to be a key factor in the development of a CENS event. Consequently, forecasters usually 61 

predict CENS by monitoring CS activity. However, a climatological study by Hattori et al. 62 

(2011) identified that approximately half of CENS events were not associated with CS. In 63 

addition, midlatitude CS events have several downstream pathways (Abdillah et al. 2021; Liu 64 

et al. 2021); only 39% of the events showed clear propagation to the South China Sea 65 

(Abdillah et al. 2021). Moreover, the intrusion of CS can also interact with atmospheric 66 

disturbances along its pathway such as Borneo vortex (Chang et al. 2005a; Koseki et al. 67 

2014; Chen et al. 2015; Narulita et al. 2023) and, in such condition, the southward 68 

 

 

 

1 Other studies sometimes use another abbreviation: “CES” or cross-equatorial surge. The current study 

uses “CENS” to distinguish with the use of CES on southerly cross-equatorial flows occurring in boreal summer 

(e.g., Zhao et al. 2023) 



propagation of CS is consequently diminished before reaching the Southern Hemisphere. 69 

Therefore, only some CS events actually develop into CENS, suggesting that relying on CS 70 

for CENS prediction can sometimes be problematic. 71 

The question we are raising here is: what drives the CENS besides the extratropical CS? 72 

If CS is the only major meridionally propagating disturbance related to CENS, then the other 73 

forcings of CENS are likely to be zonally propagating tropical phenomena. One potential 74 

driver is the Madden-Julian Oscillation (MJO) (Madden and Julian 1971; Zhang 2005). As 75 

one of the main sources of tropical convective variability (Wheeler and Kiladis 1999; Kiladis 76 

et al. 2005; Fajary et al. 2019), MJO greatly affects circulation both in the tropics and 77 

extratropics (Wheeler and Hendon 2004; Stan et al. 2017). Moreover, Hattori et al. (2011) 78 

documented that some CENS events, which were unrelated to CS, were associated with MJO. 79 

However, they only considered a specific phase of MJO, and the mechanism through which 80 

the MJO drives the CENS remains unclear. Besides, about a quarter of total CENS events 81 

identified in Hattori et al. (2011) were neither associated with CS nor MJO. Hence, we 82 

hypothesize that other sources of tropical variability like convectively coupled equatorial 83 

waves (e.g., Kiladis et al. 2009) are also potential drivers of CENS. Some equatorially 84 

trapped waves, such as Mixed-Rossby Gravity (MRG) and equatorial Rossby (ER) waves, 85 

induce circulation anomalies along the equator that may promote CENS occurrences. A 86 

theoretical view of MRG wave exhibits a clear cross-equatorial flow between its dipole 87 

pressure centers (Matsuno 1966; Yanai and Maruyama 1966). On the other hand, despite that 88 

an ideal ER wave structure shows no cross-equatorial flow, observed ER wave activity in 89 

boreal winter depicts northerly component of low-level wind in the equatorial western 90 

Maritime Continent (Ferrett et al. 2020; Lubis and Respati 2021), possibly owing to the 91 

asymmetry in deformed low pressure centers.  92 

With regard to the impact of CENS, Maulana et al. (2023) recently revealed more detailed 93 

CENS-induced precipitation anomalies that show a contrasting pattern between coastal areas 94 

and inland of Java Island. Under CENS event, the northern coastal areas (Jakarta and its 95 

vicinity) experience wet anomalies, consistent with many past studies (e.g., Trilaksono et al. 96 

2012; Yulihastin et al. 2020, 2022). In contrast, the mountainous regions in the inland show 97 

dry anomalies (Maulana et al. 2023). As CENS with different forcings may cause different 98 

precipitation responses, investigating the variability of precipitation anomalies is necessary to 99 

understand the degree of CENS impact in the Maritime Continent. 100 



In the current study, we aim to investigate the climatology of CENS events by identifying 101 

various potential drivers beyond the extratropical cold surge, particularly those related to 102 

tropical variability. Section 2 shows data and method used in this study. Section 3 103 

summarizes basic characteristics of CENS events associated with CS (CENS-CS) and not 104 

associated with CS (CENS-noCS). Section 4 reveals temporal evolution of synoptic 105 

conditions related to the two groups of CENS. Section 5 presents the potential drivers of 106 

CENS-noCS. Section 6 quantifies dynamical mechanisms that trigger CENS events. Section 107 

7 discusses the impact of CENS and flood events. Finally, section 8 highlights the important 108 

findings of this study and notes potential future studies. 109 

2. Data and method 110 

a. Data 111 

We utilize the ERA5 reanalysis with 0.25° horizontal resolution (Hersbach et al. 2020) to 112 

depict circulation patterns associated with CENS. To analyze precipitation changes, we use 113 

daily precipitation data of the MSWEP V2 (Beck et al. 2019). The data, which has 0.1° 114 

horizontal resolution, is constructed by optimally merging gauges, satellites, and reanalyses 115 

and is available from 1979. Based on an intercomparison of seven precipitation datasets in 116 

Indonesia, MSWEP appears to be superior compared to others (Wati et al. 2022). To describe 117 

large-scale convection, we use daily NOAA Interpolated Outgoing Longwave Radiation 118 

(OLR) data with a horizontal resolution of 2.5° (Liebmann and Smith 1996). We also use the 119 

Real-time Multivariate MJO (RMM) index (Wheeler and Hendon 2004) and a tropical 120 

cyclone dataset from the Bureau of Meteorology of Australia.  To explore the possible 121 

linkage to hydrometeorological disaster, we retrieve flood event records in Jakarta over 2002-122 

2020 from the National Disaster Management Authority (BNPB) and rainfall data from five 123 

rain gauges in Jakarta and vicinity operated by Meteorological, Climatological, and 124 

Geophysical Agency (BMKG). 125 

Seasonality of CS and CENS revealed by Xavier et al. (2020) shows very few 126 

occurrences in early and late winter (November and March). Therefore, this study focuses on 127 

peak winter months (December to February). The analysis period covers 41 winters from 128 

December 1979 to February 2020. To emphasize synoptic influences and to minimize data 129 

noises, a 3-day running mean smoothing is applied to all time-series data. 130 

b. Definition of CENS events and their classification 131 



In boreal winter, the climatological mean of monsoonal flow exhibits northerly cross-132 

equatorial winds over the equatorial Maritime Continent that favor more precipitation in 133 

southern Indonesia and north of Australia owing to dynamical combination of the East Asian 134 

winter monsoon and the Australian summer monsoon (Ramage 1971; Chang et al. 2005b). 135 

Sub-seasonal variations of the monsoon flow are partly reflected as CENS events, which 136 

describe intermittent strengthening of northerlies in the western Maritime Continent.   137 

 CENS was often treated qualitatively as a synoptic downstream signature of subtropical 138 

or midlatitude CS (Suppiah and Wu 1998; Compo et al. 1999; Chang et al. 2005a; Aldrian 139 

and Utama 2010) until a CENS index was introduced by Hattori et al. (2011) following a 140 

robust influence of persistent CENS events on the 2007 Great Jakarta flood (Wu et al. 2007). 141 

Hattori et al. (2011) calculated a CENS index by averaging northerly sea surface winds over a 142 

wide area spanning from east of central Sumatra to eastern Java Sea. Maulana et al. (2023) 143 

then slightly modified the CENS index by narrowing the area for averaging, which focuses 144 

on the western side of Hattori et al.’s index area. The newer definition is arguably more 145 

representative to describe the impact of CENS, which is predominant over the western Java. 146 

The new index is also more convenient because removing grid points over the land area is 147 

now unnecessary since the new domain largely covers sea surface. 148 

This study utilizes the definition of CENS index introduced by Maulana et al. (2023). It is 149 

defined as an area average of 10-m meridional wind over domain D0 (5°S-EQ, 105°-110°E; 150 

Fig. 1). A CENS event is identified when a local minimum of daily CENS index over domain 151 

D0 is below a threshold of -4.159 m s-1, which is calculated from climatological average 152 

minus one standard deviation. The duration of CENS event reflects a sequence of CENS 153 

index exceeding the threshold for one day or several consecutive days. If two or more minima 154 

appear during the consecutive days, they are still considered as a single continuous event 155 

where the lowest local minimum is regarded as the peak of CENS event. A definition relative 156 

to mean climatology allows future CENS studies on intercomparison of climate models. We 157 

identify 117 CENS events over the study period according to the definition.  158 



 159 

Figure 1. Location of domains for calculating CENS index (D0), SCS CS index (D1), and MSLP index 160 
(D2). Shadings indicate topography with a 250 m contour interval. 161 

To distinguish CENS events that are and are not associated with CS, we define a set of 162 

CS criteria using the South China Sea (SCS) surge modified from Lim et al. (2017). A CENS 163 

event preceded by CS (i.e., CENS-CS event) is classified when the following criteria are 164 

satisfied: 1) 925-hPa wind over domain D1 (5°-10°N, 107°-115°E) is northeasterly and it 165 

exceeds the 0.5 standard deviations above the climatological mean (11.79 m s-1) occurring on 166 

the same day or the previous day of local maximum of CENS index (day 0 or day -1); and 2) 167 

mean sea level pressure (MSLP) in the northern SCS (domain D2 at 18°-22°N, 105°-122°E) 168 

exceeds the 0.25 standard deviations above the climatological mean (1018.03 hPa) occurring 169 

on the same day or the previous day of local maximum of CENS index (day 0 or day -1). The 170 

lagged criteria are needed due to the nature of CS that takes time to propagate from East Asia 171 

to the equatorial region (e.g., Compo et al. 1999; Abdillah et al. 2021). CENS events that do 172 

not satisfy either one or both of criteria are classified into CENS-noCS events. Note that, we 173 

employ the approach of surge events instead of surge days as shown in some studies (Chang 174 

et al. 2005a; Lim et al. 2017; Maulana et al. 2023) to allow us analysing temporal 175 

atmospheric evolution, which provides indications of leading and impact pattern. Out of the 176 

117 CENS events, we identify 69 CENS-CS and 48 CENS-noCS events. Tables S1 and S2 of 177 

the Supplemental Material show details of CENS events. 178 

c.  Identification of synoptic phenomena associated with CENS-noCS 179 

Since CENS occurs in the tropics and CENS-CS represents events that are induced by 180 

extratropical forcing, CENS-noCS is likely to be controlled by tropical variabilities. In this 181 



study, we consider several tropical synoptic phenomena that have been shown to exert 182 

significant changes in circulation over the Maritime Continent: the Madden-Julian Oscillation 183 

(MJO) and two equatorial waves, which are equatorial Rossby (ER) and Mixed-Rossby 184 

Gravity (MRG) waves. Another prominent equatorial wave such as Kelvin wave is currently 185 

not considered because its anomalous circulation appears to hinder CENS development 186 

(Supplemental Material Fig. S1). Furthermore, we also consider tropical cyclones (TC) in the 187 

south of Indonesia because the existence of a low-pressure center over there serves as an 188 

important dynamic factor of CENS, as will be shown later. 189 

MJO, ER wave, and MRG wave have unique zonal propagation features and therefore 190 

objective identifications of their propagation phases need to be defined. For the MJO, we 191 

utilize the eight MJO phases from the RMM index (Wheeler and Hendon 2004). Only days 192 

with MJO amplitude greater than 0.5 are considered as MJO days. To detect MRG and ER 193 

waves, we perform the wave-filtering method of Wheeler and Kiladis (1999) on tropical OLR 194 

anomalies. Based on the filtered OLR, local MRG and ER indices are constructed to 195 

quantitatively examine the relationship between the waves and CENS occurrences. The areas 196 

for indices calculation are determined based on high correlation maps between the filtered 197 

OLR field and CENS index. The local phases and amplitudes of equatorial waves are then 198 

retrieved based on wave-phase diagrams proposed by Riley et al. (2011). MRG and ER 199 

waves are considered active when their amplitudes exceed their climatological mean. To 200 

detect TC events, we collect any TC occurring in the southeastern Indian Ocean or north of 201 

Australia.  A TC day is labelled when TC stage is classified as tropical disturbance or higher.  202 

A statistical significant test is carried out to assist us in delineating areas of importance 203 

associated with CENS. We employ the significance test of Monte Carlo bootstrap method 204 

(Efron and Tibshirani 1993; Li et al. 2016). 205 

3. Statistical comparison between CENS-CS and CENS-noCS events 206 

Table 1 summarizes the occurrence characteristics of CENS events. Out of 117 CENS 207 

events identified over 41 boreal winters, 69 events (59%) are related to cold surges (CENS-208 

CS) and 48 events (41%) are unrelated to cold surges (CENS-noCS). Therefore, every year 209 

CENS-CS slightly occurred more often than CENS-noCS. CENS-CS tends to last longer than 210 

CENS-noCS; and the average magnitude of CENS-CS is somewhat stronger than CENS-211 

noCS. Overall, CENS-CS looks more active, more long-lasting, and impactful than CENS-212 

noCS but the differences seem not large. 213 



Parameter CENS CENS-CS CENS-noCS 

Number of event (events) 117 69 48 

Mean frequency (events/season) 2.85 1.68 1.17 

Total duration (days) 596 367 229 

Mean duration (days/event) 5.09 5.32 4.77 

Mean magnitude (m/s) -5.11 -5.25 -4.9 

Table 1. Statistics of CENS, CENS-CS, and CENS-noCS occurrences in terms of number of event, mean 214 
frequency, total duration, mean duration, and mean magnitude. 215 

Probability distributions in Figs. 2a,b describe in detail the differences in duration and 216 

magnitude. The duration of CENS-noCS is more skewed to the left indicating many events 217 

lasting in a short period (1-2 days). Meanwhile CENS events lasting over 3 days or more are 218 

dominated by CENS-CS. Few CENS events can last more than 10 days up to 3 weeks. In 219 

magnitude distributions, CENS-noCS appears to dominate the magnitude weaker than -4.75 220 

m/s. CENS-CS generally has higher probability than CENS-noCS for the magnitude stronger 221 

than -4.75 m/s, including the outliers or extreme events. 222 



 223 

Figure 2. Probability distribution of (a) duration and (b) magnitude of CENS-CS and CENS-noCS. Panel 224 
(c) shows seasonality of the occurrences. 225 

Seasonality of CENS occurrences is shown in Fig. 2c. CENS in December are less 226 

frequent, likely due to weaker background northerly wind and less cool of sea surface 227 

temperature in the southern South China Sea compared to January and February (Hattori et 228 

al. 2011; Koseki et al. 2013). Most CENS-CS events are observed in January, consistent with 229 

the peak period of cold surge days in the South China Sea (Lim et al. 2017). January is also 230 

the peak period of East Asian winter monsoon and Siberian High (Chan and Li 2004). 231 

Meanwhile, CENS-noCS events are mostly identified in February. 232 

4. Temporal evolution of associated atmospheric conditions  233 

a. CENS-CS event 234 

Figure 3a shows low-level circulation anomalies from day -4 to day +4 of CENS-CS 235 

events with day 0 denoting the day of maximum CENS index. The evolution of MSLP and 236 



925-hPa wind anomalies exhibits a typical propagation of East Asian cold surge that emerges 237 

from north of Tibetan Plateau (day -4) and then extends toward Southeast Asia and the North 238 

Pacific (day +2), except that the southward propagation is much clearer and connected into 239 

the Southern Hemisphere compared to previous studies that investigated CS in general (e.g., 240 

Zhang et al. 1997; Abdillah et al. 2021). Based on hovmöller diagrams in Fig. 4a, anomalous 241 

high pressure, northerly wind, and cold air clearly show southward propagation to the tropics. 242 

Approximately north of 20°N, the propagation speed of northerly wind anomalies appears to 243 

be equivalent to the propagation speed of high pressure and cold anomalies. This signature is 244 

suggested by Compo et al. (1999) as a shelf-wave mechanism. However south of 20°N, the 245 

southward propagation of northerlies appears to be much faster than pressure and temperature 246 

anomalies. This pattern is suggested as a gravity-wave response while the surge entering the 247 

South China Sea (Chang et al. 1983; Compo et al. 1999). 248 

 249 

Figure 3. Temporal evolution of anomalies of 925-hPa wind (vector) and MSLP (shaded) associated with 250 
(a) CENS-CS and (b) CENS-noCS from day -4 to day 4. Day 0 indicates the maximum magnitude of 251 
CENS index. Dotted areas and vectors denote 99% confidence level of MSLP and wind field anomalies, 252 
respectively. 253 



 254 

Figure 4. Hovmöller diagrams (day vs latitude) of anomalous MSLP, 925-hPa meridional wind, and 2-m 255 
temperature associated with (a) CENS-CS and (b) CENS-noCS. The anomalies are calculated from 256 
longitudinal average over 100°-135°E. Day 0 indicates the peak of CENS index. Dotted areas denote 99% 257 
confidence level. 258 

Cold surges in the South China Sea usually induce a V-shaped precipitation response 259 

elongating from Peninsular Malaysia to Borneo (Lim et al. 2017). However, for cold surges 260 

that develop into CENS, the precipitation anomalies show a distinct west-east dipole pattern 261 

where the Peninsular Malaysia and Sumatra are drier and northern Borneo is wetter (Fig 5a). 262 

This dipole pattern was unclear in Hattori et al. (2011) but robust in Xavier et al. (2020). 263 

Meanwhile the increase in precipitation over north of Java is evident and the largest at day 0, 264 

consistent with previous studies (e.g., Hattori et al. 2011). 265 

The increase and decrease in precipitation are closely correlated with anomalous moisture 266 

flux convergence and divergence, respectively (Fig. 6a). Northern Borneo exhibits 267 

convergence anomalies due to the confluence of northerlies and northeasterlies over the north 268 

of Borneo mountains. In contrast, in Peninsular Malaysia, the climatological northeasterlies 269 



are weakened and deflected toward the south of equator, resulting in a reduction in incoming 270 

moisture fluxes and an increase in anomalous divergence. In northern Java, the convergence 271 

is mostly induced by the interaction of enhanced northerlies and topography.  272 

 273 

Figure 5. Temporal evolution of anomalies of precipitation (shaded) associated with (a) CENS-CS and (b) 274 
CENS-noCS from Day -4 to Day 4. Day 0 indicates the maximum magnitude of CENS index. Dotted areas 275 
denote 99% confidence level based on a two-sided Student’s t test. 276 

 277 

Figure 6. Temporal evolution of anomalies of moisture fluxes (vector) and its divergence (shading) 278 
associated with (a) CENS-CS and (b) CENS-noCS from Day -4 to Day 4. Day 0 indicates the maximum 279 
magnitude of CENS index. Dotted areas and vectors denote 99% confidence level of divergence and 280 
moisture flux anomalies, respectively, based on a two-sided Student’s t test. 281 

b. CENS-noCS event  282 

During CENS-noCS events, no high-pressure anomalies are observed in the north or east 283 

of Tibetan Plateau. Instead, significant low-pressure anomalies appear over there (Fig. 3b). A 284 

small anomalous high-pressure center exists in the South China Sea, but the signal is 285 

statistically insignificant. An interesting feature of CENS-noCS is large low-pressure 286 



anomalies south of Indonesia, which reach a peak at day 0, indicating an important condition 287 

of CENS events. The low-pressure signature is also present in CENS-CS but with a weaker 288 

magnitude (Fig. 3a).  289 

Figure 5b shows precipitation anomalies associated with CENS-noCS events. Northern 290 

Java exhibits a significant increase in precipitation, especially at day 0 in the northwestern 291 

part. This pattern is similar to the response in CENS-CS although the magnitude seems a little 292 

bit weaker, and the coverage looks smaller. Interestingly in the north of 5°S, the anomalous 293 

precipitation pattern is quite different from that in CENS-CS. The regions of Sumatra, 294 

Peninsular Malaysia, and Borneo show consistent decrease in precipitation (Fig. 5b, day 0). 295 

Unlike CENS-CS, the anomalous moisture flux pattern over north of Borneo shows no 296 

northeasterlies (Fig. 6b), which are necessary for the formation of forced convection over 297 

northwestern Borneo. The northerly anomalies of CENS emerge from approximately 2.5°N, 298 

spanning from Sumatra to west of Borneo. Subsequently, their magnitude increases farther 299 

south, indicating that the anomalous divergence of CENS-noCS in Sumatra-Borneo is a result 300 

of a southward acceleration of the anomalous northerlies. 301 

5. Potential drivers of CENS-noCS 302 

a. MJO 303 

This section investigates the possibility of MJO inducing CENS. Figure 7a exhibits 304 

composite anomalies of OLR and low level circulations associated with four MJO phases 305 

from combination of the eight MJO phases of Wheeler and Hendon (2004). The composite 306 

maps give us some hints on which phases the atmospheric conditions are favorable for CENS 307 

development. Over the seas between Sumatra and Borneo, the composite anomalies show 308 

increase in northerlies in phases 4-5 and 6-7 but anomalous southerlies appear in phases 1,8 309 

and 2-3. This variation in background condition is consistent with distribution of CENS-310 

noCS events within MJO phases (Fig. 7b,c), especially phases 6-7 when the strengthened 311 

northerlies are clearer (Fig. 7a). Phases 4-7 account for a large 40 CENS-noCS events. This 312 

finding is different with previous studies that directly made a connection of CENS to 313 

particular MJO phases 3 and 4 over the western Maritime Continent (Hattori et al. 2011; 314 

Xavier et al. 2020). 315 

MSLP anomalies of the MJO in Fig. 7a suggest that meridional gradient of pressure 316 

anomalies between the southern SCS and south of Indonesia dynamically drives the 317 



northerlies over CENS region. In phases 4-5, the meridional gradient is largely supported by 318 

low-pressure anomalies center south of Indonesia. Meanwhile in phases 6-7, the gradient is 319 

controlled by seesaw of high-pressure anomalies in the South China Sea and moderate low-320 

pressure anomalies in south of Indonesia, facilitating greater southward pressure gradient 321 

force. The feature of equatorial north-south pressure gradient and its northerlies is distinct 322 

from the geostrophic feature of cold surge in the midlatitudes (e.g., Shoji et al. 2014).  323 

 324 

Figure 7.  (a) Composite of MSLP (shading), 925-hPa wind (vector), and OLR anomalies (purple contour) 325 
during the eight phases of MJO. Dotted areas and vectors denote 99% confidence level of MSLP and wind 326 
field anomalies. (b) Historical MJO activity (grey lines) and CENS-noCS incidents at day 0 (red circles) in 327 
the MJO RMM phase-space diagram over the study period. Black circle in the center denotes MJO 328 
magnitude of 0.5. (c) Distribution of CENS-noCS occurrences arranged based on the phases of MJO 329 
whose magnitudes greater than 0.5. The asterisks indicate the number of events exceeding confidence level 330 
of 99%. 331 

Previous studies usually emphasize the impacts of MJO on Indonesia during phases 4 -5 332 

for large-scale convection (Wheeler and Hendon 2004); and during phases 2-3 or 3-4 for 333 

heavy precipitation over land (Peatman et al. 2014; Muhammad et al. 2021). In phases 6-7, 334 

typically, the great cluster of deep convections already shifts eastward to the western Pacific, 335 

transitioning into “dry phase” over the Maritime Continent. Therefore, the evidence on the 336 

increased CENS activity during MJO phases 6 and 7 raises a challenging question whether 337 

those CENS-noCS events cause impact on precipitation or not. 338 

The MJO impact on Indonesian rainfall is quite inhomogeneous, especially over land. 339 

Circulation anomalies induced by MJO can interact with local circulation and topography, 340 

resulting a more complex precipitation response (Hsu and Lee 2005; Hidayat and Kizu 2010; 341 

Kim et al. 2017). Qian (2020) examined the MJO impact over Java Island in detail. He found 342 



that the MJO precipitation increases in phases 2-3 only appear over inland or mountains, 343 

while the increase over northern coast of Java appear in phases 6-7 (Fig. 5 in Qian 2020), 344 

consistent with the peak frequency of CENS-noCS in (Fig. 7c). Other studies by Peatman et 345 

al. (2014) and Lim et al. (2017) also showed positive precipitation anomalies in northern 346 

coast of Java during the both phases. This pattern is also confirmed by ground observation 347 

analysis conducted by a previous study, which documented that daily mean and extreme 348 

precipitation over Jakarta is amplified in the austral summer MJO phases 6-8 after falling in 349 

phases 3-5 (Lestari et al. 2019). In fact, the great Jakarta flood in 2013 was coincided with the 350 

MJO phase 6 that was transitioning into phase 7 and was accompanied by incoming 351 

northwesterlies from Java Sea (Wu et al. 2013).  352 

b. Equatorial waves 353 

To investigate the relationship between CENS and MRG wave activity, we define a local 354 

MRG index from difference of filtered OLR anomalies in the north and south of equator (Fig. 355 

8a). Figure 8b shows composites of OLR and low-level circulation anomalies associated with 356 

four local phases of MRG, which are defined according to the combination of the OLR index 357 

and its tendency. Clear northerly anomalies are shown in MRG phase 1 when positive OLR 358 

anomalies reside over the SCS and negative OLR anomalies present over Java and, which are 359 

accompanied by a seesaw of pressure anomalies off the equator. This pattern is consistent the 360 

theoretical structure of MRG (e.g., Kiladis et al. 2009). In other phases, the anomalous 361 

northerly over CENS area is not apparent. Figures 8c and 8d confirm that MRG phase 1 362 

significantly exhibit most of CENS-noCS occurrences. We identify 11 CENS-noCS events 363 

coincided with MRG phases 1.  364 

Next, we investigate the possibility of ER wave in affecting CENS-noCS events. A local 365 

ER index and its four phases are defined in similar way with the MRG wave (Fig. 9a). From 366 

the composite maps of filtered anomaly fields (Fig. 9b), the symmetric features of OLR or 367 

pressure anomalies are evident, but their magnitudes and area coverages are different 368 

between the Northern and Southern Hemispheres. These asymmetric conditions promote 369 

cross-equatorial flows, which were also depicted in the results of Ferrett et al. (2020) and 370 

Lubis and Respati (2021). Figure 9b suggests that ER phase 1 provides the most favorable 371 

background conditions for CENS. These associations are consistently shown by a distribution 372 

of CENS-noCS events over the four phases of ER (Fig. 10c,d). We find 17 CENS-noCS 373 

events co-occurring with the ER phases 1.  374 



 375 

Figure 8. (a) Simultaneous correlation coefficients between daily CENS index and MRG-filtered OLR 376 
(shading) and 925-hPa meridional wind (contour). Two black rectangles denote areas for calculating an 377 
MRG index to determine local wave patterns. (b) Composite of filtered MSLP (shading), 925-hPa wind 378 
(vector), and OLR anomalies (purple contour) anomalies during the four phases of MRG wave in the 379 
western Maritime Continent. Dotted areas and vectors denote 99% confidence level of MSLP and wind 380 
field anomalies, respectively. (c) Historical MRG activity (grey lines) and CENS-noCS incidents at day 0 381 
(red circles) in the phase-space diagram over the study period. Black circle in the center denotes the 382 
climatological mean of the index. (d) Distribution of CENS-noCS occurrences arranged based on the 383 
phases of MRG. The asterisks indicate the number of events exceeding confidence level of 99%. 384 



 385 

Figure 9. As in Fig. 8, but for ER wave. 386 

 387 

c. Tropical cyclones 388 

Anomalous MSLP field of CENS-noCS shows low-pressure anomalies over south of 389 

Indonesia (Fig. 3b), suggesting that a low-pressure system such as tropical cyclone (TC) may 390 

also have an impact on the development of CENS. A case study by Saufina et al. (2021) 391 

noted a CENS event occurred in last February 2020 was coincided with a TC in the 392 

southeastern Indian Ocean. They suggested that the TC played a role in inducing the 393 

southward flow toward the south of Java.  394 

We find that 18 CENS-noCS events were associated with TCs over south of Indonesia. A 395 

list of identified TC names and dates is shown in Table S3. The locations of TC center at day 396 

0 of CENS are shown in Fig. 10a. Since the locations of TCs are quite diverse spatially, the 397 

resulting composite analysis may undermine some circulation anomalies of the TCs. To avoid 398 

such condition, we perform K-means clustering method to localize the TCs. By using Elbow 399 



method, we determine two TC clusters that represent western and eastern TCs across south of 400 

Indonesia.  401 

The two TC clusters consistently show northerly anomalies over the CENS region, even 402 

though the locations of the low-pressure center differ between the clusters (Fig. 12b). As 403 

noted previously, the main synoptic pattern of CENS is the meridional pressure gradient 404 

between the southern SCS and the south of Indonesia. The deepened low-pressure center of 405 

TC provides this gradient and facilitates northerly anomalies from the equator.  406 

 407 

Figure 10.  (a) Location of TC that are associated with CENS-noCS events. Different colors indicate 408 
different clusters of TC constructed from K-means clustering. (b) Composites of MSLP (shading) and 925-409 
hPa wind (vector) according to the two clusters. Dotted areas and vectors denote 99% confidence level of 410 
MSLP and wind field anomalies, respectively. 411 

6. The significance of meridional pressure gradient force 412 

The previous figures show evidence of meridional pressure gradient force in controlling 413 

CENS events. To confirm its significance, we quantify the pressure gradient and its 414 

relationship with CENS. Figure 11a shows a strong correlation between the meridional 415 

pressure gradient index and CENS index at day 0 (r=-0.67). The pressure gradient index is 416 

defined from regression coefficients of zonally-averaged MSLP anomalies over 105°-110°E 417 



along 10°S to 5°N. Both CENS-CS and CENS-noCS show similar relationships: the greater 418 

the pressure difference, the stronger the northerlies.  419 

 420 

Figure 11. (a) Relationship between meridional pressure gradient index (red box in c) and CENS index at 421 
day 0 of CENS events. The correlation coefficient r is shown inside the panel. (b) As in a but with zonal 422 
vorticity gradient index (blue box in c). (c) Bounding boxes for the gradients and CENS index. (d) 423 
Distribution of CENS index as a function of pressure and vorticity gradients. The size of circles indicates 424 
the strength of CENS. 425 

The meridional gradient is in contrast with the well-developed view of extratropical cold 426 

surge dynamic, which is mainly controlled by zonal gradient of high pressure in Siberia and 427 

low pressure in the North Pacific (e.g., Compo et al. 1999; Shoji et al. 2014). This difference 428 

is expected since CENS occurs in low Coriolis force region, although the geostrophic effect 429 

is still apparent as indicated by the northern flank of low-pressure center in south of 430 

Indonesia that facilitates westerly component of CENS over the Java Sea (Figs. 3 and 5). 431 



The north-south pressure gradient should have positive values to promote CENS but a 432 

few CENS events show a negative pressure gradient (Fig. 11a). Theoretically, meridional 433 

wind near the equator can also be induced by tropical vortices, which are usually evident in 434 

equatorial waves patterns. By considering the CENS region located just south of equator, the 435 

favorable condition for the northerlies is negative vorticity in the west and positive vorticity 436 

in the east. To investigate whether the CENS events associated with the negative meridional 437 

pressure gradient are linked to the vortex-induced circulation, we calculate zonal vorticity 438 

gradient index defined by regression coefficients of meridionally-averaged vorticity 439 

anomalies over Sumatra to Borneo Islands (100°-115°E, 5°S-EQ; Fig. 11c). Figure 11d 440 

suggests that is possibly the case because all CENS events occurred either under a positive 441 

north-south pressure gradient or/and a positive east-west vorticity gradient. The combination 442 

of these two dynamical factors seems to contribute positively to the strength of CENS. 443 

However, the zonal vorticity gradient is regarded as the secondary factor because its overall 444 

correlation with the CENS index is relatively weaker compared to the meridional pressure 445 

gradient (Fig. 11a,b). 446 

7. CENS linkage to flood events 447 

This section discusses relationships between CENS, Jakarta rainfall, and Jakarta flood 448 

(Fig. 12). A flood event is related to CENS if it occurred between two days before and two 449 

days after CENS day. Out of 56 CENS events over DJF 2001/02 to 2019/20 (period of 450 

available flood reports), 24 were associated with flood events. 18 (6) of them occurred on the 451 

same day or after (prior to) the peak of CENS, respectively. The reason for floods occurring 452 

before the peak of CENS is possibly due to a slow onset in some CENS events. Table S4 in 453 

the Supplemental Material lists the details of flood events.  454 



 455 

Figure 12.  Relationship between the magnitude of CENS events and Jakarta rainfall from DJF 2001/02 to 456 
DJF 2019/20 (the period of available flood records). Circles indicate the events when floods were reported. 457 
Shaded and empty circles denote floods that started after and prior to the peak of CENS, respectively. Blue 458 
and red colors denote CENS-CS and CENS-noCS events, respectively. The rainfall data are based on five 459 
ground stations whose locations are shown in the map on the top-left side of the image. Vertical lines 460 
denote rainfall variation among the stations denoted by mean ± standard deviation. Text labels near the 461 
circles indicate the month and the year of several major floods. 462 

The relationship graph shows that CENS-CS tends to cause larger rainfall in Jakarta than 463 

CENS-noCS (Fig. 12). The areal averages of observed rainfall during CENS-CS and CENS-464 

noCS range from approximately 5-220 mm day-1 and 8-120 mm day-1, respectively. We note 465 

that several flood events seem to be associated with low rainfall amounts. There are two 466 

possible reasons. One is due to the limited number of stations, which may not well capture 467 

localized high-intensity rains. Another is due to the rainfall occurring in the upstream areas in 468 

south of Jakarta. Nevertheless, flood events, including the major ones, can occur during either 469 

CENS-CS or CENS-noCS events, highlighting the importance of both CENS types in 470 

hydrometeorological disasters in the capital.  471 

8. Concluding remarks  472 

This study evaluates the climatology of CENS events according to their potential drivers 473 

of extratropical and tropical origins. We identify that 41% of CENS events are not linked to 474 



extratropical East Asian cold surges (CENS-noCS), confirming the results of previous 475 

studies. We further investigated those CENS-noCS events in more details and find that 476 

zonally propagating tropical variability associated with Madden-Julian Oscillation (phases 4-477 

7), mixed-Rossby gravity waves, and equatorial Rossby waves are possible driver of CENS. 478 

Another potential driver of CENS is the tropical cyclones that are developing or developed in 479 

north of Australia. 480 

We analyzed the mechanisms of how these tropical phenomena may induce CENS 481 

events. The results show that lower circulation anomalies exhibit a clear coincidence with 482 

north-south pressure gradient force between the South China Sea and south of Indonesia. This 483 

gradient is more obvious in CENS-noCS compared to that in CENS-CS. On averages, this 484 

feature characterizes all of the identified CENS-noCS with variation in the strength of high- 485 

pressure and low-pressure centers. Moreover, the statistical correlation between the 486 

meridional pressure gradient force and CENS index is quite strong, implying the importance 487 

of this pattern, which is distinct to the zonal pressure gradient force in the extratropics. 488 

However, a few CENS events occurred under weak, or even negative, north-south pressure 489 

gradient. For these cases, the strengthening of northerly wind is more likely driven by 490 

positive zonal vorticity gradient, while its role could be of secondary importance in the 491 

presence of moderate-to-strong pressure gradient force 492 

We also find that CENS-noCS events have significant hydrometeorological impacts. The 493 

CENS-noCS composite precipitation show positive anomalies over the northern coast of Java 494 

Island albeit relatively weaker than those in CENS-CS. Nevertheless, flood events in Jakarta 495 

can happen during both types of CENS, suggesting the forecasters to monitor and forecast all 496 

CENS events regardless of their origin. Thus, our identification of CENS drivers beside the 497 

cold surges may be useful monitoring and predicting weather and climate over the Maritime 498 

Continent, especially CENS-related high impact weather events. 499 

Topics regarding CENS are quite broad, and this study only covers certain aspects of 500 

CENS. The tropical variabilities can interact with each other and thus result in more complex 501 

signatures. For example, Lubis and Respati (2021) showed that the impact of MJO is 502 

sensitive to the presence of equatorial waves and vice versa. Such topics are beyond the scope 503 

of the current study. The current study also did not consider the possibility of interactions 504 

between CENS-CS and tropical phenomena. A number of studies documented that MJO over 505 

the western Maritime Continent enhance CENS-CS and amplify its impact over northern Java 506 

(Hattori et al. 2011; Xavier et al. 2020; Trismidianto et al. 2023; Satiadi et al. 2023). A recent 507 



study by Diong et al. (2023) showed the importance of ER waves on changes in cold surge 508 

characteristics over the South China Sea and potentially its cross-equatorial flow. Other 509 

potential factors that may have impact, positively or negatively, on CENS-noCS are the 510 

South China Sea “cold tongue” (Koseki et al. 2013; Yulihastin et al. 2020; Seow et al. 2023), 511 

Borneo Vortex (Chang et al. 2005a; Koseki et al. 2014), and the recently discussed Quasi-512 

Biweekly Oscillation (Dong et al. 2022), which are worth to be explored in the future. A 513 

comprehensive future study is needed to carefully review all the possible interactions 514 

between CENS and other phenomena. In addition, the mesoscale feature of precipitation and 515 

response of diurnal cycle on the presence of CENS (Mori et al. 2018; Yulihastin et al. 2022; 516 

Satiadi et al. 2023) are also important since it is crucial in determining the location and 517 

timing of torrential rainfall. Predictability of such response in numerical models is a 518 

challenging topic. In a regional model study, Yulihastin et al. (2022) was able to capture the 519 

mesoscale propagation of CENS-induced rainfall but failed in representing its coverage and 520 

precise timing. Xavier et al. (2020) noted persisting dry bias over a large part of the western 521 

Maritime Continent, which is partly attributed to its seasonal bias. Furthermore, CENS may 522 

have large-scale implications, as indicated by the classical study of CS by Chang and Lau 523 

(1980). CENS-CS can give feedback to the structure and intensity of MJO through the 524 

enhanced large-scale moisture flux convergence over the southern Maritime Continent (Lubis 525 

et al. 2023), which may subsequently affect the downstream propagation of MJO and its 526 

teleconnections. In a longer time scale, interannual climate variability, such as El Nino-527 

Southern Oscillation (Trenberth 1997) and Indian Ocean Dipole (Saji et al. 1999), or even 528 

decadal-multidecadal forcing (Pang et al. 2023) and global warming effect may modulate and 529 

alter the activity of CENS. 530 
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Bureau of Meteorology, Australia: MJO data (http://www.bom.gov.au/climate/mjo/) and TC 547 
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