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Research Overview
Introduction
	The Maritime Continent (MC), which is located between the Indian and Pacific Oceans, is known as the “global precipitation hotspot”, and an “engine” in the global weather and climate. It comprises large islands (e.g. Sumatra, Java, Borneo, and New Guinea) and many smaller islands (e.g. Singapore), all with complex coastlines and/or high mountains. Situated within the equatorial tropics, the MC experiences some of the strongest solar heating on Earth, which warms the surrounding seas and supplies abundant moisture into the atmosphere. The complex geography and abundance in moisture leads to a multi-scale concoction of atmospheric convective and dynamical weather systems that aggregate into a continental-scale atmospheric heating pattern, which in turn affects the global circulation, weather, and climate. Currently, there are major knowledge gaps in understanding these multi-scale weather systems due to difficulties in modelling the tropical atmosphere and ocean over such complex geography, along with a lack of suitable in-situ observations against which to evaluate weather and climate models. 


An important weather phenomenon in the MC is the monsoon cold surge (CS), which occurs during the Boreal winter season from November to February (Lim et al., 2017). This Asian winter monsoon process dominates the hydrological cycle, often leading to extreme prolonged rainfall events and floods, particularly over low-lying areas. The rainfall events can cause disruption, damage to infrastructure and property, and risk to life, especially over populated cities such as Jakarta (Indonesia), Kuala Lumpur (Malaysia), and Singapore. For example, on 23 December 2011, flash floods were reported over central and southern parts of Singapore due to prolonged heavy cold-surge rainfall over a three-hour period in the afternoon. Between 06:20 and 09:20 UTC (1420 and 1720 LST), 155.8 mm of rainfall was recorded near the main shopping district at Orchard Road (National Environment Agency, 2012). This is about half of the December average rainfall of ~320 mm (MSS, 2019a).
CSs form due to the strengthening of high-pressure systems over continental northern Asia (i.e. the Siberian High). Cold subsiding air from the north Asian landmass along with a sudden increase in wind speed causes the air to “surge” southwards into the South China Sea (SCS) (Lim et al., 2017 and Lau and Li, 1984). Over the ocean, the winds warm and gather moisture, resulting in the large-scale formation of dense rain clouds over the equatorial region, bringing widespread moderate to heavy, usually stratiform rainfall, at times with embedded thunderstorms, and occasionally windy conditions. This differs from other rain-bearing systems within the MC such as Sumatra Squalls (i.e. lines of thunderstorms that develop over Sumatra island), and localised convective thunderstorms observed in a typical diurnal cycle due to land-sea breeze interactions. The extent of dense cloud cover also results in significantly cooler temperatures over much of the region due to strong attenuation in solar heating. In addition to the impacts of flooding from CS-induced extreme rainfall, significant colder than normal temperatures in otherwise warm to hot climates can be hazardous in rural parts of less developed countries such as Vietnam and the Philippines. 


Currently, the dynamical rainfall-producing processes of CSs are poorly understood, with little to no literature in this field. CSs are well represented in forecast models on the synoptic scale, while the response of convection to the CS is poorly represented. Hence, it is important to advance the frontier of scientific knowledge on CSs to more effectively mitigate their impacts. This can be achieved through conducting detailed observations of CSs that can be incorporated into model simulations to better understand this phenomenon. An improved scientific understanding of convective responses would enable more effective forecasts and reliable severe weather warnings to be provided for regions that are vulnerable and likely to be affected by flooding and/or significantly colder temperatures. Improvements will also contribute to an improved understanding of the impacts on global weather and climate, and improved projections of how the timing, frequency, and intensity of CSs could change in future climate. 
TerraMaris is a major new research project involving the University of Leeds, University of Reading, University of East Anglia, Met Office and Indonesian partners, to determine, quantify, and model the atmospheric convective and dynamical atmospheric processes that govern the precipitation and heating over the MC. It includes an international field campaign in the Java region of Indonesia from November 2019 to February 2020 that will observe atmospheric and oceanography processes that are key to the development of convection. The period is ideal for observing cold surges over Java.   A range of in-situ observations will be made, including aircraft, radiosondes, and radar. The observations will be used alongside large-domain, high-resolution convection-resolving model simulations to produce an understanding of Maritime Continent CSs that is unprecedented in detail and range. 


Aims and research approach 
Aims
· To better understand the dynamics of cold surges through the collection and analysis of detailed observations from the 6-week TerraMaris field campaign. 
· To evaluate the ability of global and high-resolution weather models to forecast CS events and the rainfall response to them.  
· To identify processes in the models that must be improved in order to increase the skill of cold surge-related rainfall events. 
· To investigate how the CS phenomena and related rainfall might be affected in a changing climate. 
Timeline
· Commence PhD in October 2019.
· Between November 2019 and February 2020 – Terra Maris 6-week field campaign to conduct a variety of in-situ and remote-sensing observations such as aircraft, radiosondes, LiDAR, and radar.
· For the PhD degree, the project can be separated into three key components – at least one publication per year on the following:
· Year 1 (2019-2020): Analysis of rainfall-producing CS events and their impact in observations and high-resolution model forecasts from the field campaign.
· Year 2 (2020-2021): Construction of a general climatology of CSs and their impact on severe weather in observations and evaluation of model forecasts.
· Year 3 (2021-2022): Investigation of the potential impacts of climate change on CS frequency and intensity.



Research approach
During the 6-week TerraMaris field campaign in Java, the MC region is likely to experience one or two episodes of CSs. CS days will be identified based on the definition where “spells of strong winds over the SCS…are associated with southward intrusions of the Siberian High that can result in sustained areas of convection over the Maritime Continent” (Ramage, 1971, Chang et al., 1979, Ding, 1990, Wu and Chan, 1995 and Chang et al., 2006, cited in Lim et al., 2017). Usually, between two and four episodes of CSs affect the region during the winter monsoon (MSS, 2019b). Over Java, CSs are most likely to occur within January and February 2020, as the Intertropical Convergence Zone (ITCZ) would have shifted southward of the equator and over this region. The synoptic wind changes associated with cold surges are generally well forecast at least a few days in advance. This means that direct, first-hand in-situ observations of cold surges can be conducted, which will then be used to evaluate models. Other freely available observations to be used in model evaluation include weather radar, satellite, radiosondes, and dropsondes from aircraft. 
A suite of pan-Maritime Continent weather simulations for the December-February months over a 10-year period will be run as part of the TerraMaris project and will be used to build climatology of CSs. These are high-resolution (2.2 km), convection-permitting model simulations will be combined with additional smaller-domain 200-m resolution simulations (e.g. over specific islands such as Singapore) to analyse the detailed convective response to at least one specific CS case. The mean behaviour of CSs will be investigated for the other cases. Overall, the combination of observations and model simulations will promote a better understanding of the key atmospheric processes that allow CSs to produce rainfall/cloud can be obtained.


Positioning of the research
Summary of current knowledge on cold surge dynamics within the Maritime Continent region
Existing literature on CS processes in the MC is limited to a small number of peer-reviewed articles. There are also a small number of articles focused on how cold surges have changed since the mid-20th century and how they may change further in the future.	
	An early study on the East Asian monsoon by Lau and Li (1984) provided first reviews of some observations that define the basic structure of both the summer and winter monsoon seasons. CSs occur during the boreal winter monsoon season when bursts of cold air towards the SCS arise from a tightening of the pressure gradient along the East coast of China. During the time of the study, there was very limited knowledge about the inter-annual variability of the winter monsoon. However, this paper suggests that El Nino conditions lead to reduced convection over the MC because of a weakened East Asian Hadley circulation, and hence the diminished intensity of East Asian cold surges. The findings and theory here serve as prerequisites for understanding in general the problem of planetary scale interactions and long range forecasting.
	


A more recent study on monsoon CSs by Lim et al. (2017) analysed satellite-derived rainfall and reanalysis wind data to study the impacts of CSs and the interaction with the Madden Julian Oscillation (MJO) on rainfall over Southeast Asia. This study showed that the impacts of CSs on rainfall are primarily driven by wind-terrain interaction, which involves convergence produced by strong onshore winds against terrain over many parts of the region, and enhanced shear vorticity strengthening the vortex in the Borneo region (i.e. Borneo vortex). While rainfall over the southern SCS, southeastern Philippines, and the Java Sea were enhanced, rainfall towards the northwest near southern Vietnam and the southwestern coast of Sumatra was suppressed in compensation. High-amplitude, wet phase MJO events during CSs also contribute to a more favourable environment for convection through additional moisture due to warmer sea-surface temperatures, approximately doubling the impact of CSs in triggering extreme rainfall (Lim et al., 2017). Such moistening covers most of the equatorial SCS. These findings provided valuable information to help improve predictions of these high-impact extreme weather events. 
Ou et al. (2012) suggest three different origins of CSs:
1. Type A (37.8% of observed CSs from 1961-2012) – amplification of a quasi-stationary Siberian High associated with high-pressure anomalies over the Ural Mountains in Russia.
2. Type B (52.5% of observed CSs from 1961-2012) – developing Siberian High associated with fast-travelling upper-level waves.
3. Type C (8.8% of observed CSs from 1961-2012) – related to the negative phase of the Arctic Oscillation (AO) resulting in the strengthening and westward shift of the Siberian High (see also He et al., 2017). 


Types A and B typically affect the MC since CSs that affect the equatorial region originate from the Siberian High. Based on a combination of instrumental observations, reanalysis, and model simulation datasets, there has been no clear observed changes in the Type A surge since 1961, while increasing trends were observed for Type B surges. According to the Coupled Model Intercomparison Project Phase 5 (CMIP5) climate model (in this case under a RCP4.5 projection), similar trends were projected in the late 21st century under a warmer climate. These trends suggest that the MC could be more likely to experience an increase in CS events in a future warmer climate, potentially leading to more extreme rainfall and flooding. A possible explanation by Ou et al. (2012) is that the Siberian High “becomes unstable with more fast-developing and decaying cases”, promoting the formation of Type B surges. Additionally, Gong et al. (2013) examines model outputs from the CMIP5 to “examine the climatology and interannual variability of the East Asian winter monsoon”. Although most of the circulation features were reproduced reasonably well, a key limitation is the model’s inability to capture northeasterly anomalies to the south of 30°N. This limitation, along with the model’s coarse resolution (2.5° x 2.5°), suggests that CMIP5 models would not prove useful in simulating CSs. Hence, there is the need to conduct field observations using a range of in-situ and remote-sensing techniques, and convection-permitting modelling, as will be done in the TerraMaris campaign (see “Research Design and Methodology” section). 


Concluding remarks
The current state of knowledge on CSs involves the formation of surges, it’s interaction with intraseasonal variability in the tropics such as MJO (Lau and Li, 1984 and Lim et al., 2017), and future changes in a more general relation to the East Asian monsoon based on past observed changes and CMIP5 model projections (Ou et al., 2012, Gong et al., 2013, and He et al., 2017). Despite the high impact rainfall and flooding events that CSs can cause and the importance of providing skilful forecasts, there has not yet been research that investigates the impacts of changes in the SH on CSs over the MC region. However, the main knowledge gap lies in the local response to CSs in the MC region, which this PhD project, along with TerraMaris field campaign observations, aims to address.
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