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Abstract

:

Based on the Tropical Rainfall Measuring Mission (TRMM) satellite observation and ERA5 re-analysis dataset, this paper studies the influence of the northwestward-propagating quasi-biweekly oscillation (QBWO) over the western North Pacific on cold surge rainfall (CSR) over Southeast Asia. Cold surges are the most important driver affecting Southeast Asian rainfall on a synoptic scale. The presence of the QBWO during phases 6–8, in which the associated active convection coupling with a cyclonic circulation reaches Southeast Asia, provides a favorable environment for the increase of CSR. The increase in CSR primarily occurs east of the Philippines, leading to a high likelihood of triggering extreme rainfall. The effects from the QBWO are independent of those from the active MJO phases over Southeast Asia. Additionally, cold surge activity could also be influenced by the QBWO. An examination of the QBWO and MJO indicates that the most preferred phases for the occurrence of cold surges are the time when phase 1 of the QBWO co-exists with phase 7 of the MJO or the time when phase 7 of the QBWO couples with phase 5 of the MJO. Accordingly, about 40% of the total cold surge days would fall in either combination.
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1. Introduction


Asian winter monsoons with prevailing surface northeast flows affect the climate variations over Southeast Asia [1,2,3,4]. As an important synoptic-scale system of the Asian winter monsoon season, northeasterly cold surges are widely observed and dominate the hydrological cycle over Southeast Asia [5,6,7]. Northeasterly cold surges, which correspond with the cold air outbreak over the South China Sea, are often related to the southward intrusions of the surface Siberia–Mongolia High [8,9,10]. Cold surges are consistent with the intensified northerly winds of the season, the decreased surface temperature, and the increased pressure and moisture over the South China Sea [9]. They occur several times during a winter and can last from just a few days to several weeks [5]. After the onset of a cold surge, a northeast flow can rapidly progress towards the equator from the mid-latitudes, resulting in a strong moisture convergence and enhanced convection in Southeast Asia. As a result, extreme flooding could occur in the east of the Philippines, the eastern coast of the Malay Peninsula, the north of Sumatra, and the northeast and northwest of Borneo through the effects of wind–terrain interactions [11,12,13,14] and the strengthening of the Borneo vortex [15,16,17,18].



Cold surge rainfall (CSR) over Southeast Asia can be measured effectively through satellite observation. The launch of the Tropical Rainfall Measuring Mission (TRMM) satellite in November 1997 has provided an opportunity to monitor the variation and spatial distribution of CSR [19,20]. The TRMM satellite is devoted to observing rainfall in the tropics and subtropics of the Earth by using a passive microwave imager (TMI), precipitation radar (PR), and visible and infrared sensors (VIRS). It can observe the Earth’s surface between 40°S and 40°N, only taking 96 min to circle the globe. Thus, the TRMM satellite has an instantaneous precipitation measurement with high spatial and temporal resolution [21,22], and it is applicable to our study. Using the TRMM satellite-derived precipitation estimates over the tropical oceans, Fauzi and Hidayat [7] and Hattori et al. [9] found that the eastward-propagating Madden–Julian oscillation (MJO) [23,24] can drive substantial increases or decreases of CSR over the western Maritime Continent depending on the specific MJO phases. In addition, a reduction in the frequency of cold surges over the South China Sea was also observed during one-half of the MJO cycle. The anomalous southerly and southwesterly winds linked to the MJO, which are produced by the Rossby wave response [25] of an anticyclonic circulation to the MJO suppressed convection over the eastern Maritime Continent [26], partially counter the northeasterly surge winds over the South China Sea [27]. Hence, the variations in CSR over Southeast Asia could be influenced by the intraseasonal oscillation (ISO).



The ISO has two primary peaks, one at the 30–60-day or 40–50-day timescale (i.e., the MJO) and the other at the 10–20-day timescale [28,29,30]. The latter usually refers to the quasi-biweekly oscillation (QBWO). While the large impacts of the MJO on the CSR over Southeast Asia have been well recognized, the counterpart analyses of the QBWO have not been discussed in the previous literature. Recently, Dong and Wang [31] identified a significant QBWO over the western North Pacific (WNP) during the boreal winter, whose variability is larger than the MJO in situ. The QBWO propagates northwestward from the tropical central-western Pacific to the WNP [31]. Its convective phases may also affect the CSR over Southeast Asia and the surge winds over the South China Sea via the associated convection and circulation anomalies. The possible impacts of the QBWO on the CSR over Southeast Asia and its potential synergy effects with the MJO will be addressed in this study using the TRMM satellite observations. Section 2 describes the data and methodology. First, Section 3 investigates the impacts of cold surges and the QBWO over the WNP on Southeast Asian rainfall during the boreal winter; then, the effects of the QBWO on CSR and cold surges as well as a comparison with the MJO are examined. Finally, Section 4 and Section 5 discuss and summarize the main findings, respectively.




2. Data and Methods


The TRMM 3B42 satellite’s daily observational data with a horizontal resolution of 0.25° × 0.25°, which covers the period from 1998 to 2019 [32], was used in this study. The 3B42 algorithm produces the TRMM-adjusted merged-infrared precipitation and root-mean-square precipitation-error estimates. Daily wind fields are extracted from the six-hour data collection of the fifth generation European Center for Medium-Range Weather Forecasts (ECMWF) re-analysis for the global climate (ERA5) [33] with a 1.0° × 1.0° horizontal resolution from 1979 to the present. Here, we focus on the extended boreal winter that covers the months from November to March (NDJFM). As a result, 21 winters from 1998 to 2018 were considered, and the 1998 winter denotes the period from November 1998 to March 1999. The NDJFM was chosen because both the frequency of cold surges [12] and the rainfall for most countries over Southeast Asia [27] reached a maximum at this time.



Following Chang et al. [5], the cold surges were defined in days when the 925 hPa northerly winds over the South China Sea averaged between 110°E and 117.5°E along 15°N and exceeded a threshold of 8 ms−1. Based on the criterion, 721 cold surge days were identified, accounting for roughly 22.7% within a total of 3171 winter days during NDJFM. The phase and amplitude of the MJO were identified using the real-time multivariate MJO indices (RMMs). The RMMs were constructed by the EOF analysis of the near-equatorially averaged (15°S–15°N) OLR and zonal wind anomalies at 850 hPa and 200 hPa with a 20–100-day filter window [34]. We focused on phases 2, 3 and 4 of the MJO with the normalized RMMs being larger than 1. These MJO phases correspond to the enhanced convection over Southeast Asia [27]. Similar to the MJO, the phase and magnitude of the QBWO over the WNP were also detected using the first two EOF modes of the 10–20-day filtered TRMM rainfall anomalies over the WNP (0°–30°N, 120°–180°E) during the extended winter [31]. An active QBWO day was identified when its normalized magnitudes (PC12 + PC22) were larger than 1. In the study, the daily anomaly of a variable was defined as the deviation of its daily value from the long-term mean daily cycle from 1998–2018. The study area in Southeast Asia was focused on the region between 10°S–20°N and 90°–140°E (Figure 1a). Composite analyses were used, and their significance levels were estimated with the two-tailed Student’s t-test by considering the effective degrees of freedom (Ndof). The Ndof is computed following Bretherton et al.’s formula [35]:


   N  d o f   = N ×   1 −  r 1   r 2    /   1 +  r 1   r 2     



(1)




where N represents the total sample number during a composite event, and r1 and r2 indicate the lag-one autocorrelation coefficients of the targeted climate anomalies. Unless otherwise specified, only results exceeding the 95% confidence levels are shown.




3. Results


3.1. Impacts of Cold Surges and the QBWO on Southeast Asian Rainfall


The activeness of cold surges is closely associated with the East Asian winter monsoon [6,7]. In climatology, cold surges can first be observed to affect Southeast Asia around late October or early November [36]. About 19.14% of cold surge days occur during November. The occurrence frequency of cold surges peaks during December at a proportion of approximately 36.06% (Figure 1b); it then weakens in March at roughly 5.83% due to the retreat of the East Asian winter monsoon [1].



In order to reflect the importance of cold surges on Southeast Asian rainfall during NDJFM, the rainfall anomalies were composited with the exclusive and inclusive cold surge days and are shown in Figure 2a,b, respectively. Without cold surges, only a weak decrease in rainfall occurs in north of Borneo (NBO) and northeast of the Philippines, which is accompanied by the anomalous southerly winds over the South China Sea (Figure 2a). In contrast, the presence of cold surges causes the strengthened northeasterly winds that originate from the South China Sea to penetrate into the south of Sumatra and then cross the equator by shifting counterclockwise (Figure 2b). The northeasterly winds, on the one hand, are parallel to the west coastline of Borneo and are associated with an enhanced shear vorticity, resulting in the strengthening of the Borneo vortex (Figure 2b). On the other hand, they are perpendicular to the mountain terrains of the northern Philippines and Malay Peninsula. Under the circulation configuration, notable increases in rainfall occur east of the Philippines (EPH), north and west of Borneo, east of southeastern Sumatra, near the southeastern Malay Peninsula, and over the Java Sea (Figure 2b). The rainfall anomalies over Southeast Asia that are associated with cold surges have two centers, one over the EPH (10°–20°N, 120°–135°E) and the other over the NBO (5°–12.5°N, 110°–120°E). These results indicate that cold surges are the primary driver for winter rainfall over Southeast Asia on a synoptic scale, and they can explain greater than 50% and 40% of the total NDJFM precipitation over the NBO and the Philippines Sea (Figure 2c), respectively.



To evaluate the influence of the QBWO over the WNP on CSR over Southeast Asia, the QBWO’s properties should be first recognized. Figure 3 shows the regional details of the combined measurements of the 925 hPa winds and TRMM rainfall over Southeast Asia during eight QBWO phases, in which the normalized magnitudes of the QBWO are larger than 1. During phase 1, a weak anticyclonic circulation occurs over the equatorial western Pacific, which is accompanied by a negative rainfall anomaly. From phases 2 to 3, the anticyclonic anomaly propagates northwestward and arrives at the South China Sea and Philippines Sea. The coupled negative rainfall anomaly also moves to the EPH in the same direction. Consequently, expansive southwesterly winds occupy the South China Sea and persist through phase 4. The southwesterly winds recede and are gradually replaced by the northeasterly winds from phases 5 to 8 due to the northwestward propagation of a cyclonic circulation and a positive rainfall anomaly. The most distinctive manifestation of the QBWO’s influence on Southeast Asian rainfall is represented in phases 6–8, in which the enhanced large-scale cyclonic circulation and the local-scale rainfall are observed over the parts of Southeast Asia surrounded by the South China Sea and Philippines Sea. Hence, in the following analyses, phases 6–8 of the QBWO were selected as active quasi-biweekly days over Southeast Asia. Given this, about 679 QBWO days covering roughly 21.4% of total winter days were considered, which is comparable to that of the cold surge days. The frequency distribution of the QBWO for phases 6–8 is shown in Figure 4a. The occurrence frequency of the QBWO peaks during December, followed by November and January. The month-to-month evolution of the QBWO’s activity is consistent with that of the cold surges (Figure 1b), thereby indicating the potential effects of the QBWO on cold surges and the resultant rainfall over Southeast Asia.




3.2. Impact of QBWO on CSR over Southeast Asia


The QBWO over the WNP could change the CSR over Southeast Asia by directly modulating the environment to be more advantaged or disadvantaged for convections or by indirectly altering the cold surge activity through the consistent or opposite wind over the South China Sea. To elaborate on this, Figure 5a,b shows the composite rainfall and wind anomalies over Southeast Asia during phases 6–8 of the QBWO and during the days it co-exists with cold surges, respectively. The active QBWO is associated with a significant enhancement of rainfall over the EPH and is accompanied by a strong cyclonic circulation and low-level convergence surrounding the Philippines (Figure 5a). The northeasterly winds over the South China Sea are associated with the QBWO’s cyclonic circulation and could strengthen the southward invasion of cold surge winds. Anomalies in rainfall and circulation for days when the QBWO and a cold surge co-occur (Figure 5b) are dominated by the effects of the cold surge (Figure 2b); however, the presence of QBWO partly strengthens the CSR over Southeast Asia, especially over the EPH (Figure 5b). The co-occurring event can explain more than 45–50% of the total CSR amount over the EPH and more than 50% over the southeastern Indo-China Peninsula (Figure 5c). Hence, it confirms the strengthened effects of the QBWO over the WNP on Southeast Asian CSR.



How does the QBWO affect the CSR and surge winds over Southeast Asia throughout its lifetime? To understand this, the lead-lag composites of the 925 hPa winds and rainfall anomalies for different time leads before a cold surge co-occurring without or with the QBWO are presented (Figure 6). At day −4 in the composite without the QBWO, the northeasterly winds over the South China Sea that are associated with cold surges are not fully established, and the Borneo vortex is weak (Figure 6a). Only a weak positive rainfall anomaly over the EPH was found in response to a cyclonic circulation, which was partly composed of the weak northeasterly surge winds over the South China Sea. The northeasterly winds then develop and intensify throughout the South China Sea at day −2, while the EPH rainfall has a slight northwestward movement and tends to weaken in the meantime (Figure 6b). The intensified northeasterly surge winds invade southward from the southern South China Sea and reach the Java Sea at day 0, thereby causing the Borneo vortex to be enhanced and extending heavy rainfall from the NBO to the Java Sea (Figure 6c). From day 0 to day +2, the cold surge starts to decay over the South China Sea, and it is also associated with the weakening of rainfall over the NBO (Figure 6d). The co-existing days show features of both the cold surge and the QBWO, whereas they are still dominated by the cold surge. At day −4, the signals related to the QBWO have not yet reached Southeast Asia. Hence, the QBWO has limited influence on the cold surge and CSR (Figure 6e,i). At day −2, the circulation and rainfall associated with the QBWO propagated northwestward and reached near the EPH (Figure 6f). With the help of the QBWO, the northeasterly surge winds over the South China Sea were strengthened and the CSR over the EPH was largely increased (Figure 6f,j). This situation persists from day −2 to day 0, and makes the surge winds penetrate further southward and change to westerly winds more quickly when crossing the equator at day 0 (Figure 6g,k). At day +2, there was a northwestward receding of the QBWO′s signals, resulting in the westerly anomalies over the southern South China Sea (Figure 6l). Consequently, the original northeasterly winds over there in the composite of cold surge days (Figure 6d) turned into the northerly winds when a cold surge and the QBWO co-exist (Figure 6h). This leads to a weakly negative rainfall anomaly over the southeastern parts of the Malay Peninsula due to the loose northeasterly wind–terrain interactions [13]. Overall, the comparison between the cold surge days with and without the QBWO indicates a strengthening effect of the QBWO on CSR over Southeast Asia. Despite the distribution of rainfall being strongly controlled by the cold surge when both events co-occurred, the additional effect implies that the arrival of the northwestward-propagating QBWO provided a favorable environment for the CSR increase over the EPH and the enhancement of the cold surge over the South China Sea.



To gain a detailed knowledge of the QBWO′s modulation on CSR over Southeast Asia, the day-to-day evolution of area-mean rainfall anomalies over the EPH and NBO are shown in the composite of cold surges co-occurring with or without the QBWO (Figure 7). It can be found that the heavy EPH rainfall, which was observed during all cold surge days (Figure 2b), was actually less induced by the remaining surge days when excluding phases 6–8 of the QBWO (Figure 7a). In contrast, the QBWO over the WNP contributes much more CSR over the EPH with magnitudes of roughly 6 mm around day 0 when the QBWO and a cold surge co-exist (Figure 7c)—about 6-times larger than those without the QBWO (Figure 7a). Another feature of heavy EPH rainfall in its daily evolution was characterized by an obvious oscillation of about two weeks when the QBWO exists, with the positive rainfall occurring from day −4 to day +4 and the negative rainfall appearing after day +4 and before day −4 (Figure 7c). Thus, the presence and propagation of the QBWO does not only greatly enhance the CSR intensity over the EPH, but also alter its lifetime. Similar periodic oscillations of rainfall evolutions also occur over the NBO, while the magnitudes of the area-mean rainfall are comparable whether the QBWO exists or not (Figure 7b,d). These results indicate that although the QBWO can affect the lifetime of CSR over the NBO by influencing the cold surge winds over the South China Sea (Figure 6), it has a limited effect on the CSR intensity over there.



In addition to the seasonal mean precipitation, the impacts of cold surges on Southeast Asia could also be reflected by extreme rainfall [17,37,38]. Thus, we further indicated the spatial distribution of rainfall probability over Southeast Asia, which surpasses the 90th and 95th percentile extreme threshold in NDJFM (Figure 8), and is forced by cold surge days with or without the QBWO. The threshold of extreme rainfall is defined as the 90th or 95th percentile at each grid for each NDJFM calendar day. The percentile thresholds are based on a centered 5-day window from 1998–2018 to produce a reasonable sample size. Then, an extreme day is detected when the rainfall in a day is above the threshold. The results show that a higher probability of extreme rainfall that exceeds a specific threshold is expected to occur over the areas with a higher mean rainfall (Figure 6c,g,k). During the cold surge days without the QBWO, the rainfall probability surpassing the 90th (95th) threshold is approximately 16% and 20% (8% and 10%) over the EPH and NBO (Figure 8a,d), respectively. When the QBWO over the WNP co-exists with a cold surge, there is a significant increase in the extreme rainfall probability over the EPH (Figure 8b,e). The increases in the 90th and 95th thresholds are above 10% and 8% (Figure 8c,f), respectively. Therefore, phases 6–8 of the QBWO make the environment more favorable for convection development over the EPH by facilitating conditional instability and moisture convergence surrounding the Philippines (Figure 5a); this can result in significantly increased CSR over the EPH and leads to a higher likelihood of triggering extreme rainfall compared to a cold surge alone. In contrast, the changes in the probability of experiencing extreme rainfall over the remaining regions of Southeast Asia are less directly influenced by the QBWO.




3.3. Comparison between the QBWO and MJO


As the primary members of ISO during winter, both the QBWO and the MJO have substantial impacts on CSR over Southeast Asia. It is necessary and essential for us to compare these two ISO modes. The MJO is an eastward-propagating oscillation from the tropical Indian Ocean to the tropical central Pacific, with its convectively active phases impacting the rainfall distribution over Southeast Asia (Figure 9). It is accompanied by the Kelvin wave response of easterly (westerly) wind anomalies and Rossby wave response of cyclonic (anticyclonic) circulation to the east and to the northwest of the active (suppressive) convection, respectively. During phase 1, there is a southerly wind anomaly associated with the MJO that appears over the northern South China Sea. It then evolves into expansive southwesterly winds during phases 2 and 3. Subsequently, the wind anomaly gradually becomes the northerly wind and persists through phases 6 and 7. In the equatorial region of Southeast Asia, the easterly anomaly is observed during phases 1–3, and the westerly anomaly occurs during phases 5–7. The resulting circulation pattern is consistent with the evolution of the active and suppressed convections that are represented by the rainfall anomalies. In this study, we focus on MJO phases 2–4, in which the MJO-related rainfall anomalies are active over Southeast Asia [13,27]. The frequency distribution of the MJO during phases 2–4 for each winter month is shown in Figure 4b. Its activity peaks in March, in which cold surges and the QBWO begin to weaken (Figure 1b and Figure 4a). Hence, compared with the QBWO, the active MJO may superpose less cold surge days during an extended winter.



The wind and rainfall anomalies during phases 2–4 of the MJO are presented in Figure 10; it shows that a significant increase in rainfall is associated with the MJO and predominantly occurs over the western Maritime Continent, including the eastern Indian Ocean, the west of Sumatra, the southern Malay Peninsula, and parts of Borneo. However, the rainfall over the EPH was weak and negative and an anticyclonic circulation was observed over the South China Sea and Philippines Sea (Figure 10a). The anticyclone could weaken the northeasterly surge winds during the MJO episodes [27]. When the MJO and cold surge were concurred, the rainfall distribution over Southeast Asia was also dominated by cold surges; however, with the help of the MJO, the CSR over the southern South China Sea, eastern coast of the Malay Peninsula, and the east of Sumatra were largely increased (Figure 10b) compared to the individual cold surge composites (Figure 2b). Consequently, days where a cold surge co-existed with the MJO could explain about 35–45% of the total CSR over the southern South China Sea, Malay Peninsula, and the east of Sumatra (Figure 10c). These results indicate the different dominances of CSR under different ISO backgrounds.



To better compare the effects of the QBWO and MJO on CSR over Southeast Asia, the box-plots of the area-mean rainfall anomalies over the EPH and NBO during different combinations are shown. Figure 11 presents that over the EPH, the composite rainfall magnitude was about 2.42 mm for all cold surge days; however, when the effect of the QBWO was included (excluded), the magnitude was largely increased (decreased) to 6.44 (0.76) mm (Table 1), indicating a greater (lesser) extreme rainfall intensity (Figure 11a). The opposite happens in the MJO composite, in which the CSR intensity is slightly decreased and increased when the active MJO days are included and excluded, respectively; this is because an opposite rainfall signal over the EPH occurred during phases 2–4 of the MJO (Figure 10a) and during all cold surge days (Figure 2b). As a result, when both ISO modes co-exist with a cold surge, the EPH rainfall increases to 4.46 mm, roughly 1.8-times larger than that of all cold surge days. In contrast, without the effect of any ISO mode, the EPH rainfall decreases to about 0.90 mm. These results indicate that the ISO can significantly influence the CSR over the EPH, in which the QBWO plays a more important role than the MJO. Compared to the EPH, the NBO rainfall has smaller changes during different composite groups (Figure 11b). Hence, the individual ISO mode has a limited influence on the CSR intensity over the NBO. Only when both ISO modes co-occur with a cold surge, the area-mean NBO rainfall is significantly increased to 10.39 mm, which is about 2.3-times larger than that of all the cold surge days, with a magnitude of 4.47 mm (Table 1). For such conditions, the extreme rainfall intensity over the NBO was also strengthened by approximately 1.6-times.



Apart from the influences on CSR, the cold surge activity could also be changed by these two ISO modes via the consistent or opposite dynamic structures over the South China Sea. To measure this possibility, Figure 12 shows the two-dimensional distribution of cold surge frequency and intensity during eight QBWO and MJO phases individually. Under the background of the QBWO, cold surges occur more frequently during phases 6–8 than the remaining phases (Figure 12a), with stronger surge winds during phases 7–8 due to the stronger northeasterly winds over the South China Sea that are associated with the QBWO (Figure 3). When the MJO exists, cold surges tend to occur more frequently (infrequently) during phases 5–7 (phases 1–2) with a higher (lower) surge wind intensity (Figure 12b). As a result, phases 5–7 (phases 1–2) of the MJO are the most preferred (unpopular) phases for the occurrence of cold surges, with a probability of about 56.05% (9.67%). The counterpart phases in the QBWO are phases 6–8 and phases 4–5, having probabilities of about 46.28% and 17.54% (Figure 13a), respectively. In addition to the separate co-occurrences of individual ISO modes with cold surges, the co-existence of both ISO modes for modulating the occurrence of cold surges was also investigated. This can be understood by a joint probability distribution (Figure 13b); it shows that the most probable phases for the occurrence of cold surges are the time when phase 1 of the QBWO co-exists with phase 7 of the MJO or the time when phase 7 of the QBWO couples with phase 5 of the MJO. The former combination may be dominated by the MJO, while the latter is dominated by both the QBWO and the MJO (Figure 13a). The joint probability signifies the fact that the favorable phases of only one type of ISO mode may not be the most conducive time for the occurrence of cold surges over the South China Sea. In fact, about 2.1% of the total cold surge days are linked with the time when phase 1 of the QBWO couples with phase 7 of the MJO (Figure 13c), and roughly 2.2% are associated with the time when phase 7 of the QBWO is consistent with phase 5 of the MJO (Figure 13d). These percentage values may seem smaller at a glance, but they represent the fact that out of (8 × 8) 64 combinations of ISO phases, only two capture 2.1% or 2.2% of the occurrence of total cold surge days, indicating the rare event when the QBWO, MJO and a cold surge are concurrent. A Venn diagram [39] suggests [supposing A and B be two arrays and n being the cardinal number:   n   A ∪ B   = n  A  + n  B  − n   A ∩ B    ] that about 18.5% of the total cold surge days would fall within either phase 1 of the QBWO or phase 7 of the MJO (Figure 13c), and about 21.5% would fall within either phase 7 of the QBWO or phase 5 of the MJO (Figure 13d). Accordingly, a sum of 40% of the total cold surge days could occur in either combination.





4. Discussion


In this study, we investigated the impact of the QBWO over the WNP on the CSR over Southeast Asia. The time scale of the QBWO is 10–20-days and is accompanied by westward propagation. These characteristics of the QBWO bear resemblance to the westward-propagating convectively coupled n = 1 equatorial Rossby (ER) wave since the n = 1 ER wave tends to be most active over the western Pacific and its variance peaks near periods of about 25–30 days [40]. Recently, Ferrett et al. [41] found that the increases in rainfall over the Philippines during winter are closely associated with the cyclonic winds of n = 1 ER waves. These results are similar to our study; however, the relationship between the QBWO and n = 1 ER wave remains unclear, and more work must be done to examine their relationship. This is left to future work.



In addition, this study only elaborates on the one-way effect between the QBWO and cold surges. Northeasterly cold surges can also play a crucial role that can affect the features of the ISO. For example, a cold surge over the South China Sea, which was documented as a trigger of tropical convection over the Maritime Continent, can provide favorable conditions for the MJO to propagate through the Maritime Continent and into the western Pacific [42]. Similarly, the strong cold air mass associated with cold surges over the South China Sea can enhance the local rising motion and cause enhanced cumulus cloud cover over the WNP [43]. This may strengthen the convective development and the cyclonic circulation through the northeasterly wind anomalies in situ, thus resulting in the possibility of affecting the QBWO over the WNP. This two-way interaction is an important issue that can help better understand tropical-extratropical interactions and warrants future research.




5. Conclusions


Based on TRMM satellite observations and the ERA5 atmospheric re-analysis dataset, this paper investigated the influence of the QBWO over the WNP on winter CSR over Southeast Asia. On a synoptic scale, Southeast Asian rainfall is primarily driven by cold surges. The northwestward-propagating QBWO over the WNP can evidently modulate the CSR over Southeast Asia. During phases 6–8 of the QBWO, the associated convection and circulation signals reached Southeast Asia. At that time, a strong cyclonic circulation coupling with a significant positive rainfall was observed surrounding the Philippines. On the one hand, the northeasterly wind anomaly that was associated with the cyclonic circulation led to enhanced cold surge winds over the South China Sea. On the other hand, the QBWO’s active convection can result in a large increase in the cold surge-related mean and extreme rainfall over the EPH and could make the rainfall evolution result in a typical quasi-biweekly feature. Hence, the QBWO over the WNP provides a favorable environment for CSR increase over Southeast Asia.



A comparison between the impacts of the QBWO and MJO shows that the QBWO dominates the CSR over the EPH, while the dominance in active MJO phases (i.e., phases 2–4) is over the western Maritime Continent. Hence, the effects from the QBWO are independent of those from the MJO. These results can provide different perspectives for understanding high-impact extreme weather events over Southeast Asia. In addition, due to the consistent northeasterly winds over the South China Sea that are related to a specific ISO mode, the most preferred phases for the occurrence of cold surges over the South China Sea were investigated further. We found that about 40% of the cold surge days would fall within phase 1 of the QBWO or phase 7 of the MJO, or within phase 7 of the QBWO or phase 5 of the MJO. This information is important and may offer valuable insights for the better prediction of cold surges while considering special ISO phases.
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Figure 1. (a) Study area of Southeast Asia (10°S–20°N, 90°–140°E) indicated by the blue rectangle. (b) Frequency distribution (unit: %) of cold surge days for each winter month during 1998–2018. 
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Figure 2. Composite anomalies of precipitation [shade, shade interval (SI) = 1 mm] and 925 hPa winds (vector, unit: 1.5 ms−1) during (a) no cold surge days and (b) cold surge days, respectively. (c) is the ratio (shade, SI = 10%) of total precipitation in (b) to that for all winter days. Number in left title indicates the composite days. Rectangles in (b) represent the regions over the EPH (10°–20°N, 120°–135°E) and NBO (5°–12.5°N, 110°–120°E), respectively. Values and vectors exceeding the 95% confidence levels based on the two-tailed Student’s t-test are shown in (a,b). 
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Figure 3. Composite anomalies of precipitation (shade, SI = 1 mm) and 925 hPa winds (vector, unit: 1.5 ms−1) during eight phases of the QBWO over the WNP. Number in top-right represents the composite days in each QBWO phase. Values and vectors exceeding the 95% confidence levels based on the two-tailed Student’s t-test are shown. 
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Figure 4. Frequency distribution (unit: %) of (a) QBWO days in phases 6–8 and (b) MJO days in phases 2–4 for each winter month during 1998–2018. 
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Figure 5. Composite anomalies of precipitation (shade, SI = 1 mm) and 925 hPa winds (vector, unit: 1.5 ms−1) during days (a) in phases 6–8 of the QBWO and (b) during days when the QBWO and cold surge co-exist. Number in left title represents the composite days. (c) is the ratio (shade, SI = 5%) of total precipitation in (b) to that during all cold surge days. Rectangles in (b) represent the regions over the EPH (10°–20°N, 120°–135°E) and NBO (5°–12.5°N, 110°–120°E), respectively. Values and vectors exceeding the 95% confidence levels based on the two-tailed Student’s t-test are shown in (a,b). 
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Figure 6. Composite daily evolution of precipitation (shade, SI = 1 mm) and 925 hPa wind (vectors, unit: 1.5 ms−1) anomalies during cold surge days (a–d) without and (e–h) with active QBWO days on (a,e) day −4, (b,f) day −2, (c,g) day 0 and (d,h) day +2, respectively. (i–l) are the differences between the days when cold surges and the QBWO co-exist and the days of cold surge without the QBWO. Rectangles represent the regions over the EPH (10°–20°N, 120°–135°E) and NBO (5°–12.5°N, 110°–120°E), respectively. Number in the top indicates the composite days. Values and vectors exceeding the 95% confidence levels based on the two-tailed Student’s t-test are shown. 
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Figure 7. Composite daily evolution of area−mean precipitation over the EPH (10°–20°N, 120°–135°E; left panel) and over the NBO (5°–12.5°N, 110°–120°E; right panel) during cold surge days (a,b) without and (c,d) with the QBWO, respectively. Number in left title indicates the composite days. Values exceeding the 95% confidence levels based on the two-tailed Student’s t-test are shown as oblique lines. 
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Figure 8. Probability (shade, SI = 2%) of extreme rainfall that exceeds the (upper panel) 90th threshold and (lower panel) 95th threshold during cold surge days (a,d) without and (b,e) with the QBWO, respectively. (c) and (f) are the differences in percent probability between the days when a cold surge and the QBWO co-exist and the days of a cold surge without the QBWO (shade, SI = 1%). Rectangles represent the regions over the EPH (10°–20°N, 120°–135°E) and NBO (5°–12.5°N, 110°–120°E), respectively. 
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Figure 9. Composite anomalies of precipitation (shade, SI = 1 mm) and 925 hPa winds (vector, unit: 1.5 ms−1) during eight phases of the MJO. Number in top-left represents the composite days in each MJO phase. Values and vectors exceeding the 95% confidence levels based on the two-tailed Student’s t-test are shown. 
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Figure 10. Same as Figure 5, but during phases 2−4 of the MJO. 
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Figure 11. Box plots with the 5–95% and 25–75% ranges of rainfall (unit: mm) area−averaged over the EPH ((a) 10°–20°N, 120°–135°E) and NBO ((b) 5°–12.5°N, 110°–120°E) during the days of all cold surges (black), when cold surges co-existed with the QBWO (red), when cold surges occurred without the QBWO (blue), when cold surges co-existed with the MJO (purple), when cold surges occurred without the MJO (green), when cold surges co-existed with both ISO modes (orange), and when cold surges occurred without any ISO modes (brown), respectively. Number in x-axis indicates the composite days. 
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Figure 12. Two−dimension distribution of frequency (unit: days) and intensity (unit: ms−1) of cold surges during different (a) QBWO phases and (b) MJO phases. Frequencies of cold surges during phases 1–8 and phases 4–5 (phases 2–3 and phases 6–7) of ISO modes should be referred to the values in x-axis (y-axis). Intensity of cold surges is defined as the 925 hPa meridional winds averaged over the South China Sea between 110°E and 117.5°E along 15°N. Different intensities are indicated with dots in different colors and sizes. 
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Figure 13. (a) The marginal probability distribution (represented as a percentage of cold surge days occurring in an individual ISO mode) of cold surge days in (upper) eight MJO phases and (lower) QBWO phases (shade, unit: %). x-axis represents different ISO phases, and y-axis shows the percentage of cold surge days that fall in each ISO phase. (b) The joint probability distribution (represented as a percentage of cold surge days occurring in both ISO modes) of the cold surge days in different MJO and QBWO phases (shade, unit: %). (c,d) Venn diagrams that represent the percentage (unit: %) of the occurrence of cold surge days in favorable MJO and QBWO phases simultaneously. 
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Table 1. Composite rainfall anomalies (unit: mm) area−averaged over the EPH (10°–20°N, 120°–135°E) and NBO (5°–12.5°N, 110°–120°E) during the days of all cold surges, when cold surges co-existed with the QBWO, when cold surges occurred without the QBWO, when cold surges co-existed with the MJO, when cold surges occurred without the MJO, when cold surges co-existed with both ISO modes, and when cold surges occurred without any ISO modes, respectively.
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	Group
	EPH
	NBO
	Group
	EPH
	NBO





	CS
	2.42
	4.47
	CS + nMJO
	2.69
	4.17



	CS + QBWO
	6.44
	5.26
	CS + QBWO+MJO
	4.46
	10.39



	CS + nQBWO
	0.76
	4.14
	CS + nQBWO+nMJO
	0.90
	4.36



	CS + MJO
	1.51
	5.48
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