ABSTRACT

DHAVALE, SHREYAS RAJENDRA. The Structure and Predictability of the Arabian Sea Monsoon
Onset Vortex. (Under the direction of Dr. Anantha Aiyyer).

The Monsoon Onset Vortex (MOV) forms in the Arabian Sea around the beginning of the
Indian Summer Monsoon within the northward advancing zone of precipitating convection.
Many MOVs intensify into tropical cyclones and can potentially impact the onset and advance
of the monsoon. The prevailing theory for the genesis of the MOV invokes the adiabatic hydro-
dynamic instability of the lower-tropospheric Somali Jet. However, the role of precipitating
moist convection in MOV formation remains unexplored. Further, there does not exist a def-
inition of the MOV in the literature. This dissertation examines the structure of a canonical
MOV, defined as a composite of 23 past cases, using reanalysis data. The MOV is defined as a
synoptic-scale vortex with a minimum strength equivalent to a tropical depression (wind speed
> 17 knots or 8.75 ms™!) that forms within £10 days of the Indian Summer Monsoon onset over
the state of Kerala, or until the northern limit of the monsoon has covered 20°N latitude over
the Arabian Sea. The MOV structure indicates a lower tropospheric maxima (from ~700-850
hPa) and a mid-tropospheric maxima (~550 hPa) in the potential vorticity. A potential vorticity
budget shows that this observed structure of the MOV likely results from adjustment to diabatic
heating and vertical advection to a leading order. Both the low- and mid-level vortices in the
developing MOV are primarily attributed to moist convection. The composite structure of the
MOV shows numerous similarities and some differences compared to the composite structure
of the Bay of Bengal monsoon depressions.

Numerical simulations with the Weather Research and Forecasting (WRF) model indicate
that MOV formation and growth are dependent on surface enthalpy fluxes from the Arabian
Sea. In the absence of these surface fluxes, the convection tends to be localized near the
incipient MOV and damps out over time, thus preventing the MOV from developing and
intensifying. Without these fluxes, the monsoon wind circulation weakens considerably, thereby
emphasizing the understanding that the monsoon is a thermally driven circulation with a
direct dependence on the surface sensible and latent heat fluxes.

Since the Madden-Julian Oscillation (MJO) is known to modulate convection and tropical
cyclones in the tropics, this dissertation examines its role in the formation of the MOV. While
the convective and transition phases of the MJO do not always lead to MOV formation, the
suppressed phase of the MJO hinders the formation of the MOV more consistently. This asym-
metric relationship between the MJO and MOV can be partially explained by the modulation

of the large-scale environment, measured by a tropical cyclone genesis index. It also suggests



that the Arabian Sea is generally near a critical state that is favorable for MOV formation during
the monsoon onset period.

The forecasts of the MOV and the associated impacts on early-season monsoon rainfall are
examined in the National Oceanic and Atmospheric Administration’s (NOAA) Unified Forecast
System (UFS) subseasonal to seasonal (S2S) prototypes through case studies of MOVs that
formed in 2011, 2014, and 2015 in the historical runs of the UFS. Out of the three MOV cases,
the 2015 MOV was forecasted better across the UFS S2S prototypes. The findings show that
predicting the Somali Jet index as well as the mesoscale-to-synoptic-scale evolution of deep
convection is likely to result in more accurate MOV forecasts. A better forecast of the MOV can
potentially enhance the monsoon rainfall prediction during the onset phase for the western
coast of India, which is prone to heavy rainfall. The UFS also captures the relationship between
the Somali jet and monsoon rainfall (during mid-June to mid-July), but underestimates the
anomalous increase in rainfall corresponding to a stronger Somali Jet. Overall, the UFS S2S
prototypes P6 and P8 better forecast the MOV cases compared to P5.
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CHAPTER

1

INTRODUCTION

1.1 Background

The Indian Summer Monsoon (ISM), also referred to as the Southwest Monsoon, is one of
the largest weather systems on earth. The ISM is characterized by the presence of a low-level
westerly jet (known as Somali jet or Findlater's jet) with its core at 850 hPa (Findlater 1969).
The wind pattern during the ISM is characterized by strong westerlies extending from the
surface till 600 hPa level and strong easterlies at upper tropospheric levels (tropical easterly jet
at 150-200 hPa). This results in increased vertical wind shear, which hinders the formation of
tropical cyclones (Gray 1968). This is the main reason why tropical cyclogenesis is rare once
the monsoon has been well established over the north Indian Ocean basin, comprising the
Arabian Sea and the Bay of Bengal. A variety of synoptic-scale disturbances originate within
the ISM. One of them is a synoptic-scale vortex that forms over the Arabian Sea during the
onset of the ISM Krishnamurti et al. (1981). Krishnamurti et al. (1981), in their study based on
the Global Atmospheric Research Program (GARP) Monsoon Experiment (MONEX) in 1979,
were the rst to formally investigate the origin of this vortex, known as the monsoon onset
vortex (MOV). The MOV is typically described as a low-pressure system at the leading edge of
the monsoon current (Deepa and Oh 2014). It intensi es into a tropical cyclone (TC) in most
years.



1.2 Motivations

1.2.1 Impacts of the MOV on the monsoon on a subseasonal scale

As the MOV forms during the onset phase of the ISM, the timing of its formation, its intensity,
and track in uence the advance of the ISM over parts of peninsular India. If the MOV intensi es
into a TC during June, the observed ISM onset is usually delayed. On the other hand, a MOV
becoming a TC in May is usually associated with an early ISM onset (Evan and Camargo 2011).
TCs in the northern hemisphere generally move towards the northwest (Chan and Gray 1982;
Chan and Williams 1987). In previous years, such TCs from the MOV have delayed the onset of
ISM over the west coast and peninsular region of India, speci cally for the regions located north

of the TC center. A weakening of the low-level southwesterly winds has been observed when
such a TC from the MOV has tracked towards the northwest, away from the west coast of India
(Baburaj et al. 2022b; Srivastava et al. 2008). E.g., in 2015 and 2023, the MOV, which intensi ed
while moving towards the northwest, resulted in ISM advance along the west coast of India,
but not in the interior regions of peninsular India (Figure 1.1). As inferred from Figure 1.1, the
monsoon onset was delayed in the interior parts of the Indian peninsula in these years, which
could possibly be due to weaker westerlies and reduced moisture transport inland, as found
in the study by Baburaj et al. (2022b). In both these years, the MOV intensi ed into a tropical
cyclone. From Figure 1.1, we observe a hiatus in the northward advance of the monsoon, mainly
along the west coast of India from 14-22 June, 2015, and 11-23 June, 2023. However, considering
that the MOV does not form every year (e.g., the two different scenarios in consecutive years of
2015 and 2016, as seen in Figure 1.2), and may not always intensify into a TC, it is essential to
understand the impacts of the MOV on the monsoon onset, its progression, and subseasonal
variability during the onset phase. To our understanding, no study has explicitly focused on
the mechanism of the formation and growth of the MOV and its impact on the early-season
rainfall of the ISM.

1.2.2 Socio-Economic impacts

Agriculture is an important sector in the economy of India. The ISM is known to play a critical
role in the annual food production and the economy, thereby having a considerable effect on
the Gross Domestic Product (Gadgil and Gadgil 2006). The variability associated with the ISM
directly impacts the agriculture, annual water storage, and the economy of India (Gadgil and
Gadgil 2006; Prasanna 2014). Therefore, a delay in the advancement of the ISM during its onset
phase due to the MOV can also have adverse impacts on the population. Additionally, the MOV
poses a weather hazard for marine operations and the densely populated coastline bordering
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