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Abstract

:

The East Asian winter monsoon (EAWM) is the most important climate system for transporting Arctic cold air to the tropics in boreal winter. Rapid intensification of the EAWM, such as a cold surge, can lead to increased tropical convection over the western Pacific, but the possible effects from the intraseasonal variation of EAWM is unclear. Using high temporal and spatial resolution satellite data, including Outgoing Longwave Radiation (OLR) and Tropical Rainfall Measuring Mission (TRMM) precipitation, we show that strong intraseasonal EAWM events are associated with increased tropical convection over the western Pacific for about 6–8 days. Our statistical analysis shows that the lifetime of a strong intraseasonal EAWM event is about 2 weeks, with the beginning, peak, and ending phases occurring at days −6, 0, and 6, respectively. During days 0 to 8, increased convection is observed over the western tropical Pacific, due to the anomalous convergence associated with the strengthened northerly winds over the South China Sea. Over land, increased precipitation is observed over Vietnam, northwestern Kalimantan, and the southern Philippines. In addition, the East Asian local Hadley circulation is strengthened during these days, in association with the enhanced tropical convection.
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1. Introduction


The East Asian winter monsoon (EAWM), which refers to the near-surface northerly flow along East Asia, is the primary channel for air mass and energy exchange between the Arctic and tropical regions in boreal winters [1,2,3,4,5]. The EAWM carries cold air from Siberia to low latitudes and even across the equator. Anomalous activities of EAWM, such as cold surges, often cause increased convective activities over the western tropical Pacific (denoted as WTP) e.g., [6,7]. It is well known that the heat source over the WTP plays a critical role in the global and regional atmospheric circulation processes, e.g., [8,9]. Recent studies also reported that the EAWM-related heat source over the WTP may lead to downstream wave train propagation, which in turn impacts temperatures in North America [10,11]. Thus, it is important to understand the role of EAWM in tropical convection.



Most previous studies on the relationship between EAWM and tropical convection have focused on synoptic time scales, such as cold surges or cold air outbreaks (about 2–8 days). Early pilot studies by Chang et al. [12,13] revealed the extratropical–tropical interaction processes associated with the cold surges: immediately after the cold surge, the convection in the equatorial South China Sea intensifies, which further strengthens the local East Asian Hadley circulation and the two (Indian and Pacific Ocean) Walker circulations. Most of the cold surges last less than 4 days, and a few can persist more than 5 days [14,15,16]. Cold air outbreak events can be classified into three categories according to their propagation characteristics, two of which reach low latitudes (less than 30°N) that can significantly enhance the rainfall in the equatorial South China Sea [15]. There are also studies which reported that cold surges can interact with the Madden–Julian Oscillation and thereby enhance the convection over the WTP [17,18].



The EAWM circulation system also exhibits significant intraseasonal variability [19,20,21,22], although the effects of intraseasonal variations in EAWM on tropical convections have not been well analyzed. Compared to the synoptic variations, intraseasonal variations usually have a greater and more persistent impact on the weather and climate. For example, associated with a weakened EAWM, two extreme cold events successively hit East Asia during the period of late December 2020 to mid-January 2021, causing record-breaking cold surface air temperatures and heavy snowstorms over broad areas [23,24]; the severe haze over the North China Plain during November–December 2015 is associated with the persistent weakening of EAWM during that period [25]. Previous studies have indicated that boreal winter intraseasonal variability over East Asia displays obvious peaks below a 30-day time period [19,26,27]. In particular, the 9–29-day variations represent the main component (80%) of its total intraseasonal signal [19]. However, relatively few studies have explored the effects of EAWM on tropical convections over the WTP on this time scale.



Variations in the intensity and spatial distribution of tropical convection, especially over the open oceans, are monitored by satellites. Outgoing Longwave Radiation (OLR) is a measure of the amount of energy emitted from the earth into space, and is an important proxy for tropical and subtropical convection, since the cloud’s top temperature is an indicator of cloud height (colder is higher) (https://climatedataguide.ucar.edu/climate-data/outgoing-longwave-radiation-olr-avhrr, accessed on 4 May 2022). The tropical rainfall measuring mission (TRMM [28]) is an international joint space mission to monitor and study precipitation in the tropics and subtropics (https://climatedataguide.ucar.edu/climate-data/trmm-tropical-rainfall-measuring-mission, accessed on 4 May 2022). The high temporal and spatial resolution OLR and TRMM provide much needed information that help us to investigate the intraseasonal variations in tropical convection associated with mid-latitude disturbances.



The present study aims to investigate the possible impacts of intraseasonal variations of EAWM on tropical convection over the WTP using OLR and TRMM data. The rest of the paper is organized as follows. Section 2 describes the data, definitions, and methods. Section 3 first presents the characteristics of intraseasonal variation in EAWM, then investigates the associated changes in tropical convective activities over the WTP. Conclusions and discussions are provided in Section 4.




2. Data and Methods


2.1. Data


The National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis [29] daily data are used in this study to analyze the variations in atmospheric circulations. The NCEP/NCAR reanalysis has a horizontal resolution of 2.5° × 2.5°, 17 vertical levels from 1000 to 10 hPa, and covers the period of 1949–present. OLR data from NCAR archives, with gaps filled with temporal and spatial interpolation [30], is used as a proxy to describe the variations in tropical convection. This interpolated OLR has a spatial resolution of 2.5° × 2.5° and temporal coverage of 1974/06–present. We also use the TRMM precipitation [28] to investigate the changes in tropical rainfall. The spatial resolution of this TRMM precipitation is 0.25° × 0.25°; the spatial coverage is 50°S–50°N; and the temporal coverage is 1998–2019. Since the TRMM precipitation has a limitation on the temporal coverage, we also used the Climate Prediction Center (CPC) global daily precipitation [31]. This CPC precipitation data covers the period 1979–present and has a 0.5° × 0.5°grid spatial resolution over global land.




2.2. Methods


This study focuses on the 9–29-day time scale, which is the dominant part of the EAWM intraseasonal variations, as will be shown in Section 3.1. Winter refers to the months from November to March (NDJFM), which is also known as the extended winter. The 9–29 day signal is obtained by a 9 day running mean minus a 29 day running mean [20].



To suppress possible effects from El Niño and La Niña, which are suggested to interact with the intraseasonal oscillation over the western North Pacific [32], only neutral El Niño–South Oscillation (ENSO) winters are considered in this study. Here, a neutral ENSO winter refers to the absence of both El Niño and La Niña events. Based on the CPC, an El Niño (a La Niña) event is identified when the Oceanic Niño index, which is the 3-month running mean of ERSSTv5 [33] SST anomalies in the Niño 3.4 region (5°S–5°N, 120°–170°W) based on centered 30-year base periods, is greater than 0.5 (less than 0.5) for at least 5 consecutive overlapping seasons. According to the above criteria, the CPC provides a list of El Niño, La Niña, and neutral periods on their website (https://origin.cpc.ncep.noaa.gov/products/analysis_monitoring/ensostuff/ONI_v5.php, accessed on 17 May 2022). The list shows that there are 14 neutral ENSO winters during the period 1979–2021; they are 1981, 1982, 1986, 1990, 1991, 1993, 1994, 1997, 2002, 2004, 2013, 2014, 2017, and 2020 (1981 refers to the NDJFM 1980/81, and so on).



Composite analysis is used to obtain the evolutionary characteristics of intraseasonal variations in the EAWM and associated tropical convection anomalies. The bootstrapping method [34] is employed to estimate the statistical confidence level, and resampling (with replacements) is performed 1000 times in this study.




2.3. Identification of Strong Intraseasonal EAWM Events


According to Chen et al. (2000) [2], the EAWM index is defined as the area-averaged near-surface (1000 hPa) meridional wind anomaly in the two regions (25°–40°N, 120°–140°E and 10°–25°N, 110°–130°E, red boxes in Figure 1a). A negative (positive) index indicates anomalous northerly (southerly) winds and thus a stronger (weaker) EAWM.



A strong intraseasonal EAWM event is identified when the 9–29-day bandpass EAWM index reaches a minimum that is less than −1 standard deviation (std). Specifically, we first rank the EAWM index in descending order to find the strongest EAWM day, then this day is marked as day 0 of a strong EAWM event. Once a day 0 is identified, the consecutive days from −10 to 10 cannot be defined as other events. Repeat this procedure until the EAWM indexes for the remaining dates are larger than −1 std. Thus, we identify 52 strong intraseasonal EAWM events during the 14 neutral ENSO winters (Table A1).





3. Results


3.1. Characteristics of the Intraseasonal Variation of the EAWM


We begin by showing the climatological distribution and variations of the EAWM during the 14 neutral ENSO winters. Figure 1a,b show the mean state and variance of the 1000 hPa meridional wind (denoted as V), respectively. Strong northerly 1000 hPa V with relatively large variance occurs along the East Asian coastal regions. Spectra of the EAWM index display peaks at synoptic and intraseasonal time scales (Figure 1c). Particularly, the 9–29-day time scale of 1000 hPa V accounts for 70–80% of its total intraseasonal variance (Figure 1d, the average in the red boxes is 75%), consistence with [19]. The variance of the 9–29-day 1000 hPa V exhibits relatively large values along the East Asian coastal regions (Figure 1e). In the South China Sea area, the percent of 9–29-day 1000 hPa V reaches 20–30% of its total variance (Figure 1f). The above analyses suggest that the 9–29-day band of EAWM not only accounts for a significant portion of the total variance, but also represents the major component of the intraseasonal signal. As such, this study concentrates on 9–29-day intraseasonal variations of EAWM.



Then, we examine the characteristics of the strong intraseasonal EAWM events identified in Section 2.3. Composite anomalies for the peak day of (day 0) the strong EAWM events show a typical strengthened EAWM circulation system (Figure 2a–c). Figure 2a shows positive surface level pressure (SLP) anomalies over eastern Eurasia, indicating an enhanced and southeastward-shifted Siberian high. Negative SLP anomalies and cyclonic circulation anomalies appear east of Japan, contributing to northerly wind anomalies along the East Asian coast. In the mid troposphere, negative geopotential height anomalies occur over Japan, which indicate a deepened East Asian trough (Figure 2b). In the upper troposphere, positive and negative zonal wind anomalies occur north and south of the westerly jet stream core near Japan, respectively (Figure 2c). This indicate that the East Asian jet stream is strengthened and slightly shifted southward at day 0 of the strong EAWM events.



Figure 2d shows the temporal evolutions of the composite indexes for the components of the EAWM system during the strong intraseasonal EAWM events. We can see that the EAWM index has negative values during days −6 to 6 and reaches a minimum at day 0. The variation in the East Asian trough intensity index [35] is basically synchronized with the EAWM index. The variation in the Siberian High intensity index [36] is about 3 days ahead of the EAWM index, while the East Asian jet stream intensity index [37] lags the EAWM index by about 1–2 days. The above evidence suggests that the strong intraseasonal EAWM events are accompanied by an intensified Siberian High, deepened East Asian trough, and strengthened East Asian jet stream; they are about 3 days ahead, almost synchronized, and 1–2-days lagging the changes in EAWM, respectively.



The temporal evolutions of the above indexes indicate that a typical life time for a strong intraseasonal EAWM event is about two weeks, consistent with results in previous studies [27]. According to the evolution of the EAWM index, we identify that the beginning, peak, and ending phases of the strong intraseasonal EAWM events occur at about day −6, 0, and 6, respectively. In the following analysis, we will investigate the changes in tropical convection over the western Pacific during the lifetime of the strong intraseasonal EAWM events.




3.2. Possible Effects of Intraseasonal EAWM Variations on Tropical Convection


Figure 3 and Figure 4 show composite anomalies of OLR and 1000 hPa winds and the corresponding divergence for the strong intraseasonal EAWM events. We observe evident changes in OLR over the mid-latitudes of East Asia and the WTP regions during different stages of the strong EAWM events (Figure 3). During days −6 to 0, northerly wind anomalies first emerge near eastern China, and then gradually strengthen and progress southeastward to the WTP. Particularly, the northerly wind anomalies reach the northern South China Sea at day −2 and cover most of the South China Sea region at day 0. Associated with the intrusion of northerly anomalies, anomalous convergence appears over the WTP (Figure 4). This feature can be attributed to the combined effects of conservation of planetary vorticity and deflection of the terrain [6]. The convergence anomalies lead to an enhancement of the tropical convection over the WTP region (negative OLR anomalies, Figure 3). Moreover, the northerly wind anomalies and associated convergence over the WTP persisted for ~6 days after the peak day, resulting in enhanced tropical convection there for about 6 days.



Figure 3i shows the evolution of area-averaged OLR anomalies over the WTP region (15°S–15°N, 100°–130°E) during the strong EAWM events. We can see that the temporal variation in the WTP-averaged OLR captures the above-mentioned OLR variations during the strong EAWM events well. During the beginning stage, the WTP-averaged OLR lags the EAWM index for about 2 days. This feature is related to the fact that the northerly wind anomaly from the mid-latitudes takes several times to travel to the tropics. The WTP-averaged OLR reaches a minimum immediately after the peak of the EAWM, and this minimum lasts for about 3 days. Then, the OLR anomaly gradually decays and turns to positive values after day 8. The above results suggest that the strong intraseasonal EAWM events can lead to increased tropical convection over the WTP for about 6–8 days after the peak day.



Figure 5 compares the distributions of the area-averaged OLR anomaly for days 0–2 of the strong EAWM events (blue) and for the whole period (red). The WTP-averaged OLR anomaly during the 0–2 days of EAWM is obviously shifted towards negative values compared to the whole period (Figure 5a). On average, the strong EAWM events decrease the OLR over the WTP region by 2.64 W m−2. This value corresponds to 0.38 times the standard deviation of the area-averaged OLR. Similar is the case (−2.20 W m−2) for the South China Sea.



We also examined the tropical precipitation anomalies observed by TRMM during the strong intraseasonal EAWM events. It should be noted that this TRMM precipitation covers a shorter period (1998–2019) than other data, and there are 17 strong EAWM events within the temporal coverage of TRMM. Figure 6a shows the evolution of WTP-averaged precipitation anomalies during the strong EAWM events. The WTP-averaged precipitation increases as the EAWM strengthens from day −6 to day 0, and then decreases as the EAWM weakens in the following days. Figure 6b shows the spatial distribution of precipitation anomalies at day 0 of the strong EAWM events. Increased precipitation anomalies occur over the southern South China Sea and Java, due to anomalous convergence there (Figure 4f). At the same time, decreased precipitation anomalies appear in the eastern China−southern Japan region, consistent with the results in [38]. Since there are only 17 “day 0” samples in Figure 6b, we add Figure 6c to further confirm the effect of EAWM perturbations on tropical rainfall anomalies. Figure 6c shows composite anomalies for all days when the EAWM index < −1 std (111 samples, Table 1). We can see that Figure 6b,c are almost identical, confirming that a stronger than normal EAWM tends to be associated with increased rainfall in the WTP region.



Given that the sample size of strong EAWM events is relatively small within the temporal coverage of TRMM, we further examine the precipitation anomalies for all days when the EAWM index exceeds the 1.5, 1, and 0.5 std thresholds. Table 1 shows the statistical results. There are 48, 111, and 228 days corresponding to an EAWM index less than −1.5, −1, and −0.5 std, respectively. The average precipitation anomalies for these days in the WTP are 0.89, 0.42, and 0.41 mm day−1, respectively. These values correspond to 0.8, 0.38, and 0.37 times the standard deviation of the area-averaged precipitation anomalies. Similar is the case for the South China Sea. In sum, the above analysis suggests that strong intraseasonal EAWM events tend to cause increased precipitation over the WTP region.



Topographic features of the Maritime Continent have strong influences on the distribution of the tropical deep convective activities [6,39]. In addition to that, the TRMM precipitation radar algorithm likely underestimates precipitation over land [28]. Thus, to further check the effects of intraseasonal variation of EAWM on land precipitation over the western Maritime Continent, we show the high-resolution gauge-based CPC precipitation anomalies during the strong EAWM events in Figure 7. During days −6 to −2, the northerly wind anomaly has not reached the South China Sea, where it remains covered by southerly wind and divergent anomalies (Figure 4). These southerly and divergent anomalies contribute to reduced rainfall over the surrounding landmass such as in Vietnam and Philippine. During days 0–6, increased precipitation anomalies are observed in the Vietnam, northwestern Kalimantan, and southern Philippines, due to the interaction of winds and local topography. Figure 7i further shows that the area-mean precipitation anomalies over Southeast Asia, the Philippines, and Kalimantan can persist for about 6–8 days after the peak of EAWM. The results obtained by CPC precipitation and OLR consistently indicate that the tropical convective activities over the WTP are enhanced for about 6–8 days following the peak of EAWM.



The East Asian local Hadley circulation is a part of the thermal-driven meridional Hadley cell along the East Asian region, with an ascending branch over the WTP and descending branch in the subtropics. The WTP is an area with the warmest sea surface temperature (known as the Pacific Warm Pool) and the most active convection. Due to the latent heat released by the convective activity, the air over the WTP becomes warm, rises, and flows poleward in both hemispheres, with the Northern Hemispheric branch sinking in the subtropical East Asia. The air then flows back to the tropics, thus generating the East Asian local Hadley circulation [40,41,42]. Figure 8 presents the composite anomalies of East Asian local Hadley cells along 110°–130°E during the strong EAWM events. We can see that the East Asian local Hadley circulation is enhanced during days 0–6 of the strong EAWM events. The strengthening of the East Asian local Hadley circulation can be attributed to the increased convection over the WTP during days 0–6 associated with the strong EAWM events (Figure 3d–h). The anomalous diabatic heating released from the increased convection tends to warm the air over the WTP, and thus contributes to anomalous ascending motion there. This anomalous ascending motion may further strengthen the local East Asian Hadley circulation. Regarding the response time of the local Hadley circulation, our results are consistent with previous studies. For example, using winter Monsoon Experiment (winter MONEX) twice-daily data, Chang and Lau [12] have shown that immediately after a cold surge (<1 day), the convection over the equatorial South China Sea intensifies, which causes a strengthening of the East Asian local Hadley circulation. In addition, Chan et al. [43] reported that the local Hadley cell over East Asia plays a dominant role in the intensity variation of the East Asian jet stream. The enhanced East Asian local Hadley cell may potentially contribute to the strengthening of the East Asian jet stream during days 0–6 of the strong EAWM events (Figure 2d). The above results suggest that strong intraseasonal EAWM events tend to cause strengthened East Asian local Hadley circulation during the 6 days following its peak.





4. Conclusions


The present study investigates the possible influence of the intraseasonal variation in EAWM on the tropical convection over the western Pacific. Satellite data such as OLR and TRMM precipitation are used to estimate the variations in tropical convection. In this study, we first identify the characteristics of the intraseasonal EAWM variations, then examine the associated impacts on the tropical convection over the WTP. Our main results are summarized below:



(1) Spectrum analysis of the EAWM index showed that it has peaks on both synoptic and intraseasonal time scales. In particular, the 9–29-day variation of the low-level (1000 hPa) northerly monsoon winds along the East Asian coast constitutes the major part (80%) of its intraseasonal variation. We identify 52 strong intraseasonal EAWM events in the 14 neutral ENSO winters during 1979–2021. These strong intraseasonal EAWM events have a typical lifetime of about 2 weeks. The beginning, peak, and ending phases occur approximately at day −6, 0, and 6, respectively. During the strong EAWM events, there are systematic changes in the atmospheric circulation over the mid-latitude East Asia: the Siberian High intensifies first and reaches a maximum around day −3, then the East Asian trough deepens and the low-level northerly wind strengthens, with both peaking at day 0; after that, the East Asian jet strengthens and reaches a peak around day 1–2.



(2) The strong intraseasonal EAWM events tend to lead to enhanced tropical convection over the WTP region for about 6–8 days immediately after the peak day of these EAWM events. During days −6 to −2 of the strong EAWM events, northerly wind anomalies first appear over eastern China and gradually progress southward. From day −2 on, the northerly wind anomalies reach the South China Sea–Philippine Sea region. At day 0, the northerly wind anomalies prevail over most regions of the South China Sea. The northerly anomalies lead to anomalous convergence over the WTP region, and the convergence further enhances the tropical convective activities there. In the following 6–8 days, the northerly wind and convergence anomalies persist over the WTP region, and continuously contribute to increased tropical convection there. Quantitative analysis shows that the area-averaged precipitation anomalies over the WTP region are 0.89, 0.42, and 0.41 mm per day−1 for days when the EAWM index is less than −1.5, −1, and 0.5 std, respectively. Over the landmass surrounding the South China Sea, increased rainfall is observed over Vietnam, northwestern Kalimantan Island, and southern Philippines during days 0–8 of the strong EAWM events. In addition, the East Asian local Hadley circulation is enhanced during these days, which may be attributed to increased convections over the WTP and decreased convections over mid-latitude East Asia.




5. Discussions


Despite recent progress in understanding the effects of EAWM on tropical convection over the WTP [11,14,39], it remains unknown how the response of tropical convection to EAWM will change under global warming. Hu et al. [44] suggested that under global warming, even if the ENSO’s SST amplitude remains unchanged, the responses of tropical Pacific rainfall and humidity to ENSO are amplified. These amplified responses are primarily due to the Clausius–Clapeyron relationship, i.e., saturation water vapor pressure increases exponentially with temperature, and thus the vapor response is larger under a warmer state. Their study sheds some light on the above issue, that is, if the amplitude of EAWM perturbation remains unchanged under global warming, the response of tropical rainfall may be amplified.
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Table A1. The list of dates for day 0 of the strong intraseasonal EAWM events.






Table A1. The list of dates for day 0 of the strong intraseasonal EAWM events.













	Number
	Day Month Year
	Number
	Day Month Year
	Number
	Day Month Year





	1
	13 January 1981
	19
	11 January 1991
	37
	29 November 2003



	2
	23 February 1981
	20
	20 February 1991
	38
	11 February 2004



	3
	7 November 1981
	21
	13 March 1991
	39
	5 March 2004



	4
	16 December 1981
	22
	29 November 1992
	40
	7 December 2012



	5
	16 January 1982
	23
	29 January 1993
	41
	12 February 2013



	6
	13 February 1982
	24
	16 March 1993
	42
	24 December 2013



	7
	28 March 1982
	25
	20 November 1993
	43
	18 January 2014



	8
	16 December 1985
	26
	24 December 1993
	44
	12 February 2014



	9
	8 January 1986
	27
	22 January 1994
	45
	9 March 2014



	10
	7 February 1986
	28
	28 February 1994
	46
	5 November 2016



	11
	28 February 1986
	29
	15 November 1996
	47
	26 November 2016



	12
	21 March 1986
	30
	9 January 1997
	48
	27 December 2016



	13
	17 November 1989
	31
	18 February 1997
	49
	10 February 2017



	14
	11 December 1989
	32
	20 March 1997
	50
	5 December 2019



	15
	2 January 1990
	33
	21 November 2001
	51
	2 February 2020



	16
	23 January 1990
	34
	29 December 2001
	52
	14 March 2020



	17
	3 March 1990
	35
	15 February 2002
	
	



	18
	30 November 1990
	36
	7 March 2002
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Figure 1. (a) Climatological-mean 1000 hPa meridional wind (denoted as V; color shading, m s−1) during NDJFM, vectors indicate the horizontal winds (m s−1); (b) variance of the 1000 hPa V (color, m2 s−2); (c) power spectrum (solid line) of the EAWM index. The two dashed lines denote the power spectrum for red noise at a significance level of 0.95 (upper) and 0.9 (lower); (d) ratios of the variance of 1000 hPa V: 9–29-day time scale to intraseasonal (9–61-day) time scale; (e) variance of the 1000 hPa V on 9–29-day time scale; (f) ratios of the variance of 1000 hPa V: 9–29-day time scale to total. Red boxes in (a,b,d,e) indicate the regions of (25°–40°N, 120°–140°E) and (10°–25°N, 110°–130°E), in which the mean of 1000 hPa V anomaly is defined as the EAWM index. 
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Figure 2. Composite anomalies of (a) surface level pressure (SLP, hPa) and 1000 hPa wind (m s−1); (b) 500 hPa geopotential height (gpm); and (c) 200 hPa zonal wind (m s−1) for day 0 of the strong EAWM events. Stripping in (a–c) indicates the anomaly values exceed the 95% confidence level. (d) Evolutions of the composite EAWM index (red line, denoted as EAWM), Siberian High index (blue dashed line, denoted as SH), East Asian trough index (green dashed line, denoted as Trough), and East Asian jet stream index (purple dotted line, denoted as Jet) during the strong intraseasonal EAWM events. 
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Figure 3. (a–h) Composite anomalies of 1000 hPa winds (vector, m s−1) and OLR (color, W m−2) at days −6 to 8 with an interval of 2 days during the strong EAWM events. Stripping regions indicate the OLR anomalies exceed the 95% confidence level. Only meridional or zonal wind anomalies that exceed the 90% confidence level are plotted. (i) Temporal evolutions of the composite EAWM index and area-averaged OLR anomaly (normalized) in the WTP region of (15°S–15°N, 100°–130°E, red box) during the strong EAWM events. 
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Figure 4. (a–h) Composite anomalies of 1000 hPa divergence (color, 10−6 s−1) and winds (vector, m s−1) at days −6 to 8 with an interval of 2 days during the strong EAWM events. Stripping regions indicate the divergence anomalies exceed the 95% confidence level. Only meridional or zonal wind anomalies that exceed the 90% confidence level are plotted. (i) Temporal evolutions of the composite EAWM index and area-averaged 1000 hPa divergence anomaly (normalized) in the WTP region of (15°S–15°N, 100°–130°E, red box) during the strong EAWM events. 
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Figure 5. Distributions of the area-averaged OLR anomaly for days 0–2 of the strong EAWM events (blue) and for the whole period (red). (a) For the region of WTP (15°S–15°N, 100°–130°E, red box in Figure 3); (b) for the region of South China Sea (0°–20°N, 100°–120°E, denoted as SCS). µ in (a,b) indicates the mean of the TWP-averaged and SCS-averaged OLR anomalies during days 0–2 of the strong EAWM events, respectively. Double asterisk (**) indicate the anomalies exceed the 95% confidence level. 
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Figure 6. (a) Temporal evolutions of the composite EAWM index and area-averaged TRMM precipitation anomaly (normalized) in the WTP region (15°S–15°N, 100°–130°E, shown as red box in b) during the strong EAWM events. (b) Composite anomalies of TRMM precipitation for day 0 of the strong EAWM events. It should be noted that there are 17 strong EAWM events, that is, 17 “day 0” samples, within the temporal coverage of TRMM (1998–2019). (c) Composite anomalies of TRMM precipitation for days when the EAWM index is less than –1 std. It should be noted that there are 111 days which meet the above criteria. Stripping regions in b and c indicate that the precipitation anomalies exceed the 95% confidence level. 
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Figure 7. (a–h) Composite anomalies of CPC precipitation over land (mm day−1) at days −6 to 8 with an interval of 2 days during the strong EAWM events. (i) Composite of area-mean landmass precipitation anomalies for Vietnam (10°–15°N, 105°–110°E), Kalimantan Island (5°S–8°N, 109°–119°E), and the Philippines (5°–18°N, 120°–130°E). Stripping regions in (a–h) indicate the precipitation anomalies exceed the 95% confidence level. 
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Figure 8. (a–h) Composite anomalies of vertical p-velocity (color shading, 0.01 Pa s−1) and divergent meridional wind (m s−1) along 110°–130°E at days −6 to 8 and with an interval of 2-days during the strong EAWM events. Stripping regions indicate the p-velocity anomalies exceed the 95% confidence level. 
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Table 1. Area-averaged precipitation anomaly (mm day−1) related to the intraseasonal variation of the EAWM.
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	Area
	EAWM Index < –1.5 std (48) 1, –1 std (111) 1, –0.5 std (228) 1
	EAWM Index > 1.5 std (63) 1, 1 std (112) 1, 0.5 std (213) 1





	Western Tropical Pacific

(15°S–15°N, 100°–130°E)
	0.89, 0.42, 0.41
	−0.91, −0.51, −0.43



	South China Sea

(0°–20°N, 100°–120°E)
	0.72, 0.47, 0.38
	−0.62, −0.4, −0.39







1 Numbers in the bracket indicate the sample sizes.
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