Extended-range prediction of monsoon onset over Northern Vietnam and the Gulf of Tokin 
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Abstract
The onset of the rainy season in Vietnam displays distinct characteristics compared to other Asian summer monsoon (ASM) regions due to its elongated shape running from south to north, coupled with its complex terrain and influences of multiple weather systems. Determining the onset is challenging, although numerous empirical indices exist. Here, we proposed an alternative approach to determine the onset by examining the large-scale weather patterns associated with the abrupt increase in rainfall in the country. In this new approach, the evolutions of the ASM system were interpreted as consecutive occurrences of multiple weather patterns, detected by a clustering algorithm Self Organizing Maps (SOMs). Specifically, the SOMs were applied on outgoing longwave radiation, 850 hPa wind, and geopotential height over the ASM regions from April to July. The primary features of these atmospheric variables were generalized to 16 patterns. A high-resolution Vietnam Gridded Precipitation (VnGP) dataset was employed to investigate the linkage between these large-scale patterns and local-scale rainfall. The large-scale patterns associated with the onset were distinguished, which are characterized by the development of westerly winds and large-scale convections. Then, the onset of summer rainfall in Vietnam is identified based on the initial appearance of wet-condition weather patterns. This approach offers several advantages: it is objective and does not require additional thresholds of rain or wind to determine the monsoon onset. It also more effectively captures the characteristics of large-scale circulation and deep convection compared to relying on predefined monsoon indices alone. Additionally, this approach helped to elucidate two types of weather patterns associated with the onset: those associated with the northeastward development of deep convection and westerly wind from the Indian Ocean to the Indochina Peninsula and activities of the Boreal Summer Intraseasonal Oscillation. 
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1. Introduction
Northern Vietnam and the Gulf of Tonkin (Fig. 1) are two key drivers of Vietnam economic growth, leveraging their strategic geographic location, industrial development, and expanding infrastructure. Northern Vietnam is a hub for manufacturing, particularly in electronics, textiles, and automotive industries. It is also a leading producer of agricultural goods, particularly rice and tea, which contribute to both domestic supply and export markets. Located to the east of Northern Vietnam, the Gulf of Tonkin plays a crucial role in sectors such as trade, fishing, and energy. Bordering both Vietnam and China, the gulf serves as a significant maritime route, facilitating trade between these two countries and the broader Southeast Asian region. The Gulf is also rich in marine resources, supporting a thriving fishing industry that contributes to the livelihoods of local communities.
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Figure 1. Northern Vietnam and the Gulf of Tonkin
The onset of summer monsoon leading to the increase of rainfall, which is important to the socio-economic well-being of North Vietnam and the Gulf of Tokin. Additionally, changes in surface winds drive alterations in ocean currents, leading to significant environmental and ecological impacts, including shifts in nutrient transport, marine productivity, fisheries, and pollution dispersal. Therefore, identifying and predicting the monsoon onset is essential for the subregions. However, duo to the complex chracteristics of rainfall and circulation, these tasks is still a topic of controversial (Kiguchi et al., 2016; Nguyen-Le et al. 2014; Bombardi et al. 2021; Bui-Minh et al. 2024). 
Traditional studies used two type of monsoon indices to identify monsoon onset. The first are dynamic indices, which are constructed by transforming large-scale signals, such as the reversal of low-level wind or upper-level temperature gradient into time series. The second are based on the abrupt increase of rainfall, with the concept of monsoon as an alternation between dry and wet season. Although these two indices have physical meaning, they display many disadvantage in identifying the monsoon onset in Northern Vietnam. For more detailed, Zhang et al., (2002) pointed out that there are at least three weather systems that simultaneously affect the subregions, that is, the southwesterly monsoon wind, mid-latitude westerly winds from northern India and southwesterly winds on the flank of the Western North Pacific Subtropical High (WNPSH). Since all these systems involve westerly winds, using tropical westerly wind or low-level wind reversal as an indicator of monsoon onset is problematic (Wang et al. 2004; Kiguchi et al. 2016; Ngo-Thanh et al. 2018; Pham-Xuan et al. 2010). Meanwhile, rainfall often occurs earlier than the occurrence of the tropical westerlies, especially in the Northern Vietnam due to influence of cold surges and tropical disturbances (Nguyen et al. 2022; Nguyen-Le et al. 2014), making difficult to define monsoon onset as the start of rainy season.
[bookmark: _GoBack]Most study attempt to predict the monsoon onset over the Southern Vietnam.  (Pham et al. 2010; Pham-Thanh et al. 2019). 
Recently, Bui-Minh et al., (2024a, b) proposed a novel method for identifying the monsoon onset in Vietnam through weather-pattern recognition. This approach interprets the evolution of atmospheric systems as a sequence of patterns, with the monsoon onset marked by the first appearance of specific weather patterns. These onset patterns are characterized by the onset of deep convection and the development of monsoon westerlies. Additionally, these patterns must frequently occur during summer to ensure the persistence of monsoon rainfall and circulation. Because the method combines large-scale circulation and deep convection patterns, it can distinguish between pre-monsoon and monsoon rainfall, a challenge for traditional methods. Furthermore, it provides a better explanation for the variation in onset dates across different locations compared to methods based solely on subjective thresholds of monsoon indices.
This synoptic approach offers an alternative way to predict the monsoon onset over North Vietnam and the Gulf of Tonkin. Instead of predicting the monsoon onset based on local rainfall or predefined monsoon indices which are highly sensitive to the changes of domain choice, variables and criteria, numerical models can be used as a guide to predict a finite number of weather-pattern clusters related to the onset. The first advantage is the large-scale patterns are often predictable, even at medium and extended ranges. 
(Bombardi et al. 2017; 2021; Alessandri et al. 2015; Cherchi and Navarra, 2003; Li and Zhang, 2009). 


Section 2 describes the data and methodologies used in this study. The evolutions of large-scale pattern and their relationships with the onset of monsoon rainfall in Vietnam are documented in Section 3. Finally, discussion and conclusions are given in Sections 4 and 5.

2. Data and methodology
2.1. Data
This study's primary dataset comes from the NCEP-DOE reanalysis 2, providing daily mean meteorological fields. This dataset was sourced from NOAA/OAR/ESRL PSL in Boulder, Colorado, USA (Kanamitsu et al. 2002). Other significant data is the daily Outgoing Longwave Radiation (OLR) data obtained from NOAA satellites (Liebmann and Smith 1996). The OLR served as a proxy for investigating the activities of convections in tropical and subtropical regions. The reanalysis and OLR data are at 2.5° × 2.5° latitude-longitude resolution, providing information on the atmospheric processes at a large scale. The detailed variations of Vietnam rainfall are analyzed based on the high-resolution rainfall data VnGP (Nguyen-Xuan et al. 2016) at a resolution of 0.1° × 0.1° latitude-longitude. The analysis encompasses data from 1981 to 2010.
2.2. Methodology
Self-Organizing Maps (SOMs) were applied to the dataset to classify early summer weather patterns into a 10x10 nodes, which were then organized into 6 clusters by k-means. The monsoon onset were identify as the initial occurrence of weather patterns belonging the the monsoon clusters.
Once the nodes were defined, the squared Euclidean distance between the raw S2S forecast (at each lead time) and each weightnode was calculated to assess the forecast's accuracy.

3. Result
3.1. Climatological mean of circulation and rainfall
Northern Vietnam experiences four distinct seasons, each characterized by typical weather conditions. In winter, southward intrusions of the Siberian high, often referred to as cold surge, bring cold and dry weather across the entire subregion (Nguyen et al., 2014; Nguyen et al., 2022). In spring, the cold surges changes their pathways from southward to southeastward, shifting prevailing winds from northwesterly to southeasterly that carry significant moisture from the Gulf of Tonkin. In combination with low surface temperature, the winds lead to occurences of dense fog and drizzle across the Red River Delta (Nguyen et al., 2022). As summer approaches, the Siberian high weakens,  the southeasterly winds are subsequently replaced by monsoonal southwesterly winds, which create favorable conditions for the development of deep convection (Zhang et al., 2004; Nguyen-Le et al., 2014). This change of low-level winds triggers an abrupt increase of rainfall over Northern Vietnam and the Gulf of Token (Bui-Minh et al. 2024; 2014; Nguyen et al., 2014). The rainfall remains substantial in the following months, reaching its peak in August. In autumn, while the westerly winds weaken and retreat, the Siberian high reasserts its influence, bringing back the cool and dry conditions to the subregions.
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3.1. Identifying monsoon onset over North Vietnam
The mean patterns of 850 hPa wind, geopotential height and total precipitation in the six SOMs nodes in the first experiment were displayed in the Fig. 3. The order of the node is based on the distribution in frequency of the node by time (Fig. 4a). The result display a similar result with previous studies (Tuan et al. 2024a, b) that the SOMs effectively classify the patterns associated with dry and wet conditions associated with large-scale circulation over the South and Southeast Asian. For more detailed, in the node 0-0 and 1-0, anticyclonic circulation associated with the WNP high dominate over the Indochina Peninsula while convection is mainly observed over the Maritime continent or equatorial Indian Ocean. Therefore, these two nodes present the dry condition before over Northern Vietnam and the Gulf of Tokin. In a different manner, in node 0-1, westerly wind prevail over South and Southeast Asian, that is associated with the northward jump of deep convection to the Bay of Bengal, Indochina Peninsula and Northern Vietnam. In the node 1-1, 1-2, 0-2, the convection expanse further to the northeast and northwester direction. This result indicating the the node 1-1, 1-2, 0-2 present the wet condition associated with the development of westerly monsoon over Northern Vietnam and the Gulf of Tokin.
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	Figure 1. Mean patterns of 850 hPa wind, geopotential height and total precipitation in each SOMs node



It is important to note that, the weather patterns in the each node only occur over specific period, indicating the effectiveness of SOMs in classifying the weather patterns in each regime. This results suggest that we can identify the monsoon onset by examining the transition of weather patterns from these nodes. The node 0-0 and node 0-1 tend to occurs in earlier days (from the pentad 18 to 22) that is present the dry conditions before onset. The nodes 1-0 and 1-1 appears around pentad 22-24, that characterized by wet-conditions associated the development of westerly, that is associated with the monsoon onset. Finally, node 1-2 and node 0-2, characterized by the northward migration of deep convection, present for the atmospheric conditions after onset. It is important to note that, if monsoon is defined as the arrival of tropical westerly wind, the monsoon onset might occurs in the entire South and Southeast Asian regions. However, if monsoon is defined as the transition from dry to wet season driven by large-scale circulation, the monsoon onset earlier over some specific regions (such as the southern Bay of Bengal and Indochina Peninsular) than over other regions. 
In Northern Vietnam and the Gulf of Tokin, the wind direction is nearly unchanged in the six mean patterns, we still recognize the different large-scale circulation systems influence the subregion. In the patterns of the node 0-0 and 0-1, the wind is primarily related to the activities of the WNP subtropical high. On the other hand, in the node 1-0 and 1-1, the wind synchronized with the development of tropical westerly winds and abrupt increase of rainfall, indicating the onset of monsoon over the subregions. In contrast, a given threshold of rainfall or wind over the subregions might not clearly indicating the natures of rainfall or wind, that might leads to imprecise monsoon onset date. Some additional thresholds were often include to ensure the persistent of rain or wind, such as the rainfall must be remain positive in at least three pentad after the onset. However, the choice of thresholds are subjective and not always reflect the true nature of monsoon rain and wind. This highlight the advantages of using cluster analysis in determining the monsoon onset at regional scale compared to large-scale monsoon indices. 
The mean patterns of 850 hPa wind, geopotential height and total precipitation in the six SOMs nodes in the second experiments were displayed in the Fig. 4. Although the precipitation is not included in the input data for cluster analysis in the first experiment, we still can identify the days (weather patterns) belonging to the SOMs’ nodes, which can be used to calculate the mean pattern of atmospheric variables. It can be seen that, there are two type of weather patterns are recognized, that are related to the wet and dry condition over the South and Southeast Asian. However, the temporal distribution of the weather patterns in the each nodes are expands to an entire period (Fig 4b), indicating the the dry- and wet-conditions weather patterns were not effectively classified. A various of weather patterns in the latter stages, which should be classified as wet-conditions weather patterns but is classified as dry condition weather patterns due to the lack of precipitation information. It indicating that similar circulation patterns might not always associated with similar rainfall patterns. Therefore, precipitation is crucial variables which should not be omitted from the input data for cluster analysis of weather patterns. 
3.2. Prediction of the monsoon onset 


4. Discussion
5. Conclusion
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