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Abstract

:

During the post-monsoon cyclone season, the landfalls of westward-moving cyclonic systems often lead to extreme rainfall over the east coast of the Indian peninsula. A stationary cyclonic system over the coast can produce heavy rainfall for several days and cause catastrophic flooding. This study analyzes the dynamics of a propagating and stationary cyclonic system over the east coast, highlighting the possible cause behind the stagnation. The vorticity budgets of these two systems are presented using a reanalysis dataset. Vortex stretching and horizontal vorticity advection were the dominant terms in the budget. Vertical advection and tilting terms were significant over the orography. The horizontal advection of vorticity was positive (negative) on the western (eastern) side of the systems and, thus, favored westward propagation. Vortex stretching was confined to the upstream of orography in the stationary vortex. In the propagating vortex, the vortex stretching occurred over the orography during its passage. Data from the radiosonde soundings over a coastal station showed orographic blocking of the low-level winds in the stationary case. Conversely, the flow crossed the orographic barrier in the propagating case. Thus, the predominance of the upstream orographic convergence over the vortex circulation can be the reason for system stagnation over the coast.
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1. Introduction


Tropical depressions and cyclones are among the leading causes of weather-related natural calamities. Convection over the Northern Indian Ocean is often organized in the form of tropical depressions. These are pre-hurricane weather systems wherein the large-scale flow can be assumed to be in a hydrostatic and gradient wind balance [1]. These cyclonic vortices, in the absence of a prevailing steering flow, have an inclination to move westward–northwestward due to the planetary  β -effect [2,3,4,5]. During the post-monsoon cyclone season (October–December), these cyclonic systems predominantly form over the eastern equatorial Indian Ocean (85–95   ∘   E and 0–10   ∘   N). These systems subsequently move northwestward to make landfall over the densely populated Coromandel Coast over the Indian peninsula (Figure 1); some of them curve back northeastwards and make landfall over the Bangladesh–Myanmar coast. The northeastward propagation of cyclonic systems can be explained by the advection of vorticity by the upper-level jet [6]. During this time of the year, a 30–50 m deep warm layer of fresh water from river run-offs and summer monsoon rainfall sits over the northern part of the Bay of Bengal and fuels the growth of these vortices [7]. The tropical depressions are better organized (strengthened) with the time they spend over the warm ocean. A vortex of a Tropical Cyclone’s (TC) strength can cause widespread damage after landfall due to strong winds, storm surges, and heavy rainfall. Slow-moving/quasi-stationary systems can deposit a large amount of rainfall and cause severe flooding, e.g., Hurricane Harvey stalling over Texas, USA [8]. Loss of life and property due to stationary systems, even in the case of weaker ones, can be far more severe.



During the post-monsoon cyclone season of 2015, the arrival of back-to-back tropical depressions led to repeated flooding events over the Coromandel Coast [9]. During 30 November–2 December 2015, a stationary cyclonic circulation led to disastrous flooding in Chennai city [10]. At least 250 people died in the flood [11]. On 1 December, 494 mm rainfall was reported within 24 h. Phadtare [10] performed WRF simulations of the 1 December 2015 Chennai extreme rainfall event and showed that the orographic blocking of the evaporative cold pool led to coastal stagnation and organization of deep convection. The cyclonic system also remained stationary over the coast for 2–3 days and subsequently moved southwards. Boyaj et al. [12] attributed the increased intensity of rainfall events over the coast to the ongoing El-Niño conditions and the connected warming in the Bay of Bengal. While there are many previous studies suggesting a link between El-Niño and above normal rainfall over peninsular India during October–December [13,14,15,16,17,18], Krishnamurthy et al. [19] associated the extreme rainfall exclusively with the Bay of Bengal warming. They further suggested that the probability of extreme rainfall events over the coast is high in the presence of a tropical depression. The extreme rainfall intensity of 1 December 2015 has a return period of 600–2500 years over the Coromandel Coast [20]. This implies that the severity of the rainfall accumulation was much greater than a TC event. As far as TCs are concerned, the forecasting of their paths over the open oceans using numerical weather models has improved over the last couple of decades [21], including in the Indian Ocean region [22,23,24,25,26,27]. However, the phenomenon of post-landfall stagnation of cyclonic vortices has not received much attention. Therefore, our understanding of the dynamics of slow-moving cyclonic vortices and the conditions in which they become stagnated is poor. The analysis of the vorticity balance in the stagnated and moving cyclonic vortices can provide us with some clues on the dominant processes in the two cases.



The movement of a cyclonic vortex is determined by the time tendency of the vorticity field, which mainly depends on vorticity advection by the flow, vorticity increase by vortex stretching, and dissipation due to surface friction [28,29,30,31,32]. The cyclonic flow of the system leads to nonlinear advection of absolute (planetary plus relative) vorticity to the northwest of the initial vortex center [3]. Thus, the cyclonic vortex tends to move northwestwards if it is not steered by a strong background jet [6]. The latent heat release in precipitating clouds can also alter the vorticity field of these vortices by inducing ascent and convergence [1,33,34]. Charney and Ellassen [1] proposed that the latent heat released into the clouds provides the necessary energy for the growth of hurricanes by providing positive feedback to large-scale convergence. Stoelinga [34], using a mesoscale numerical model, showed that the latent heat due to the condensation alone contributes to about 70% of the surface cyclone strength. Using a quasi-geostrophic model, Raymond and Jiang [33], suggested that the latent heat released in clouds leads to low-level potential vorticity generation, which prolongs the life of a mesoscale convective system. Boos et al. [32] show that the latent heat associated with stratiform clouds affects the propagation of monsoonal depressions.



Zehnder [35] showed that the topography of Mexico can deflect the westward moving cyclonic vortices towards the south. Over the Indian peninsula, the Eastern Ghats mountain range (average height ≃ 750 m) lies parallel, and about 200 km inland, to the Coromandel Coast (Figure 1). The upstream orographic blocking of easterly winds by the Eastern Ghats mountains, and the subsequent stagnation of precipitating clouds and the cyclonic system was the reasons for the extreme rainfall event over Chennai on 1 December 2015 [10]. A similar event occurred over the coast during 15–18 November 2015, causing a severe flood in which about 70 people died [36].



In this study, post-landfall dynamics of two cyclonic vortices along the Coromandel Coast are analyzed. The first (henceforth, ‘Vortex-1’) crossed the Indian peninsula during 9–11 November 2015, while the second (henceforth, ‘Vortex-2’) was stationary over the coast during 15–18 November 2015. The propagation mechanisms of the two vortices were investigated through their vorticity budgets and a criterion for coastal vortex stagnation is proposed. Section 2 describes the datasets used in this study. Section 3 shows the evolution of Vortex-1 and Vortex-2 along with the convection and rainfall fields of these vortices. Section 4 explains the influence of topography on the vorticity structures of these vortices. Section 5 contains a summary and recommendations for further research.




2. Data


2.1. Dynamics


The fifth-generation European Center for Medium-Range Weather Forecasts (ECMWF) atmospheric reanalysis of the global climate (ERA5) [37] dataset is used for analyzing the dynamics of vortices. ERA5 has 31 km of spatial and hourly temporal resolution, and is available on 137 vertical levels until 0.01 hPa. Since the vortices slow down during the landfall, vorticity budgets are calculated with daily mean fields. Radiosonde-sounding data from Chennai were used to obtain the high-resolution wind and stratification profiles of the atmosphere along the coast. The high-resolution data from soundings are useful to determine the orographic blocking of the winds [10,38,39].




2.2. Convection and Rainfall


Infrared (IR∼10.8  μ m) images from the INSAT-3D satellite, located over   82 ∘   E, are used to visualise the organization of deep convection within the vortices. The INSAT-3D IR images have 4 km spatial and 30-min of temporal resolution. These images are archived by the Meteorological and Oceanographic Satellite Data Archival Center (MOSDAC), Satellite Applications Center (SAC), Indian Space Research Organization (ISRO). The Final Run version (V06B) of the integrated multi-satellite retrievals for GPM (IMERG V06B) rainfall product [40] provided by the National Aeronautics and Space Administration (NASA) is used for rainfall. IMERG has 10 km of spatial and 30-min of temporal resolution.





3. Event Description


3.1. Propagation of Vortices


Figure 2 shows propagations of Vortex-1 and Vortex-2 over the Coromandel Coast. Vortex-1, with a maximum speed of about 20 m s    − 1   , is stronger among the two vortices. It arrived over the coast on 9 November (Figure 2b). It moved inland thereafter; on 11 November, it moved over the orographic peaks (Figure 2d). Vortex-2, on the other hand, hovered over the coast for three days (15–17 November), and also became elongated (compressed) in the meridional (zonal) direction, i.e., it aligned itself with the underlying topography (Figure 2e–h). Both vortices are embedded in weak background flows, i.e., their external steering is weak.



Figure 3 shows the vertical cross-section of the daily mean relative vorticity ( ζ ) and  ζ  tendency (  ∂ ζ  /  ∂ t  ) for Vortex-1 and Vortex-2. Vortex-1 (Figure 3a–d) moves from the east of the topography to its west in four days. Whereas, Vortex-2 remains anchored on the east coast. The upright structure of Vortex-2 (Figure 3e) also becomes tilted after landfall (Figure 3f–h). Note that the low-level vorticity contours of tilted Vortex-2 align parallel to the orographic slope.




3.2. Convection and Rainfall


Figure 4 shows the IR brightness temperature images from the INSAT-3D satellite. Temperatures below 240 K are shown in colored shades to highlight the deep clouds. Convection in Vortex-1 spans a wider area; the western half of the vortex shows more deep clouds than the east (Figure 4a,b). Convection organization in the summer monsoon depressions over the northern Bay of Bengal was analyzed extensively, and the preference for the western half was attributed to the quasi-geostrophic ascent forced by the vertical shear [28,29,30,31,32,41,42]. Deep clouds led the path of Vortex-1 over the inland region. Convection in Vortex-2 stayed anchored over the coast for two consecutive days. It was better organized and larger than that in Vortex-1 on the second day (Figure 4c,d). The development of convection in Vortex-2 predominately occurred over the northern side of the vortex, i.e., where the onshore flow was likely to be influenced by the Eastern Ghats orography. The clouds were tallest over the offshore and coastal regions and shallow over the inland orographic region during both events.



The three-day rainfall accumulation associated with Vortex-1 and Vortex-2 is shown in Figure 5. In the case of Vortex-1, the coastal region received widespread heavy rainfall (>100 mm), localized severe rainfall (>200 mm ), and offshore extreme rainfall (>300 mm). The inland orographic region also received around 150–200 mm of rainfall. In the case of Vortex-2, the coastal region received widespread severe rainfall and the offshore region receives widespread extreme rainfall. Some onshore locations also receive rainfall over 300 mm. Thus, the coastal rainfall in Vortex-2 was more intense and widespread than in Vortex-1. The 300 m orographic contour separates the coastal region, which received rainfall greater than 200 mm, and the inland region, which is at a higher elevation, and received rainfall less than 150 mm during the Vortex-2 event.



In summary, Vortex-1 was stronger than Vortex-2 and moved swiftly across the Indian peninsula. However, convection in Vortex-2 remained organized for a longer duration than that in Vortex-1 while remaining over the Coromandel Coast. As a result, rainfall over the coastal region was much more severe in Vortex-2 and caused dangerous flooding on the ground. The rainfall contours run parallel to the topographic features in Vortex-2 (Figure 5b). Thus, the underlying topography seems to play an important role in the convective structure and overall dynamics of Vortex-2. Next, the vorticity budgets are studied to understand the underlying dynamics within these vortices.





4. Vorticity Budget


The propagation of vortices can be explained with the help of the vorticity budget. The vortex moves to the region where the vorticity budget gives maximum positive values. The vorticity budget in pressure coordinates can be written as follows [28,32,43]:


    ∂ ζ   ∂ t   = −    η ∇ ·  u h   ⏟  Stretching   −     u h  · ∇ η  ⏟   H .  Adv    −    ω   ∂ ζ   ∂ p    ⏟   V .  Adv    +      ∂ ω   ∂ y     ∂ u   ∂ p   −   ∂ ω   ∂ x     ∂ v   ∂ p    ⏟  Tilting   −   ∂  ζ  f r i c t i o n     ∂ t    



(1)




where


  η = ζ + f  








and  ζ  is relative vorticity, f the Coriolis parameter,  η  absolute vorticity,   u h   horizontal flow vector, and  ω  vertical pressure velocity. The term   ζ  f r i c t i o n    denotes vorticity destruction due to surface friction. Note that the horizontal advection term can be written as follows:


   u h  · ∇ η =  u h  · ∇ ζ + β v  



(2)




where  β  =   ∂ f / ∂ y  . Thus, the horizontal advection term also includes the planetary  β -effect. Although the     ∂  ζ  f r i c t i o n     ∂ t     term can be significant in the overall vorticity budget, it cannot be determined only with large-scale velocity fields, like the other terms in Equation (1). The following analysis includes only the stretching, advection, and tilting terms derived from the daily mean velocity fields of the ERA-interim. Therefore, the vorticity budget is not closed.



4.1. Vortex-1: Strong Vortex


Figure 6 shows plots for the daily vorticity tendency, stretching, horizontal and vertical advection, and tilting terms for Vortex-1 at 900 hPa during its crossover of the Indian peninsula. The 900 hPa level is considered, as the peak of orography lies around that height. A caveat to this analysis is that the roughness of rugged terrain will also destroy vorticity by increasing friction. However, this process is not considered here as it involves significant parameterization. The time tendency of relative vorticity (  ∂ ζ / ∂ t  ) is always positive on the western side of the vortex and negative on the eastern side, implying that Vortex-1 shifted to the west on subsequent days. The stretching and horizontal advection terms are more dominant than the other terms. The increase in vorticity by vortex stretching occurs over a large area within the vortex due to the low-level convergence induced by cyclonic circulation and topography (Figure 6b,g,l,q). The stretching term also coincides with the area of heavy rainfall around the vortex. This is not surprising as both quantities are the outcomes of convergence. It has consequences for the latent heat release in the vortex and the associated vorticity generation in the upper levels of the atmosphere (the bulk of it must occur over the low-level vortex stretching zone). On the other hand, the horizontal advection of vorticity has a dipole-like pattern before the landfall (Figure 6c,h). It is negative on the eastern side and approximately balances the vorticity increase due to stretching. It is positive over the western side and favors the westward propagation of the vortex. The vertical advection and tilting term are small, away from the orographic slopes. These terms become significant when the core of Vortex-1 is over the coast.



The vertical advection term is negative over the slopes of the Eastern Ghats where ascent occurs. This is due to the westward tilt in the vortex core as it approaches orography. The ascending flow has low vorticity compared to the air aloft due to the tilt (Figure 3). Similarly, the descending flow brings down high vorticity, and the vertical advection term is positive at these locations. The tilting term is positive over the orographic slopes and negative around the vortex center when it arrives near the orography (Figure 6j,o,t). This pattern arises due to the tilting of vorticity filaments over the orographic slopes, as shown in Figure 7.



The vertical shear of winds along the orographic slope (Figure 7b,c) creates horizontally oriented vorticity filaments, and the horizontal shear of the ascending flow (Figure 7a) helps in tilting these vorticity filaments (Figure 7d). Although the tilting term in the vorticity budget is generally small, it is quite large when Vortex-1 arrives near the orography and may help in overcoming the orographic barrier (Figure 6o). The ascent is the largest on the northern side of the vortex, where the onshore flow is uplifted by the orography. Thus, orography plays a significant role in the tilting of vorticity filaments. Note that negative  ω  is plotted in Figure 7a so that the ascending values are positive.




4.2. Vortex-2: Weak Vortex


Figure 8 shows the vorticity budget of Vortex-2. Vortex stretching is seen only on the upwind side to the orography where there is onshore flow as the vortex arrives over the coast (Figure 8g,l,q). Heavy rainfall contours of 100 and 200 mm are seen over the coast for three consecutive days (Figure 8b,g,l). Whereas, in the case of Vortex-1, heavy rainfall over the coast occurred for two consecutive days (Figure 6g,f). The pattern of the horizontal advection of vorticity is similar to Vortex-1 and it favors the westward progression of the vortex (Figure 8c,h,m,r). The vertical advection and tilting terms have similar patterns to Vortex-1 but are smaller in magnitude. This is due to the fact that weaker winds in Vortex-2 will produce weaker eddies and smaller vertical velocities over the orographic slopes. Thus, it can be hypothesized that the orography puts a barrier on the western side of the vortex, inducing convergence on the upwind side (this will be proved later with the help of sounding data). As a result, the vortex stretching happens only on the upwind side. The latent heat release (as seen from the rainfall accumulation) on the upwind side may also contribute to this.



Figure 9 shows vertical velocity and   ∂ u / ∂ p  ,   ∂ v / ∂ p   terms in Vortex-2 on 15 November. This date is chosen because the maximum tilting was seen on this day (Figure 8j). The ascent is weaker than that in Vortex-1 (Figure 7a). The distribution of the   ∂ u / ∂ p   term is similar. However, the distribution of   ∂ v / ∂ p   is different. It shows a negative gradient along the coast, i.e., the meridional wind speed decreases with increasing altitude at 900 hPa. This can be due to the formation of an orographic barrier jet over the coast. The presence of a barrier jet over the coast is shown later by analyzing the sounding data. As a result of this barrier jet, the tilting term is negative on the western side and unfavorable for the westward propagation of the vortex. The tilting is positive on the northern side of the vortex and it results from the increase in zonal winds with altitude (Figure 9b). However, the magnitude of this tilting is weaker than that seen in Vortex-1 due to a weaker ascent.



Although the tilting and vertical advection are significant over the orography, the stretching and horizontal advection are the dominant mechanisms, in terms of intensity and expanse, in both vortices. Therefore, the vertical distribution of vortex stretching and horizontal advection is analyzed next to understand how the orographic influence is felt at the upper levels.



As Vortex-1 approaches the coast, vortex stretching predominately occurs in the lower troposphere and within the layer adjacent to the orography (Figure 10a,c,e). In this case, the vortex stretching also occurs over the orographic slope on 10 and 11 November as Vortex-1 moves across the peninsula (Figure 10c,e). The east–west dipole in the horizontal vorticity advection is seen in the entire depth of the vortex on most days, even as the vortex crosses the orographic barrier (Figure 10b,f,h). The prominent difference between the vertical structures of the vorticity budget of the two vortices can be seen in the vortex stretching term near the orography. In the case of Vortex-2, vortex stretching always occurs upstream of the orography (Figure 11a,c,e,g); a clear gap between the positive vortex stretching and the orographic slope can be seen. The vorticity and vortex stretching contours align with the orographic slope ahead of it. This can be due to the upstream orographic blocking and piling up of a cold pool of air as shown by Phadtare [10]. As a result, Vortex-2 remains upstream of the orography. To prove the orographic blocking phenomenon, sounding data from Chennai are analyzed next.




4.3. Orographic Blocking


Figure 12 shows the vertical profiles of winds over the coast from the radiosonde soundings over Chennai at 1200 UTC 09 November (Vortex-1) and at 1200 UTC 15 November (Vortex-2). The winds are stronger in the lower troposphere on 9 November. In both cases, winds are easterlies in the lower free troposphere. However, on 15 November, winds abruptly changed direction and became northeasterlies below 1000 m altitude. This height is roughly equal to the elevation of orography. Thus, this deflection seems to be caused by the orographic barrier. A barrier jet is seen just below this level in Figure 12b on 15 November. The presence of a barrier jet was hypothesized in Figure 9c and was blamed for the negative vortex tilting along the coast.



Winds on 9 November are easterly throughout, including the boundary layer and, hence, are undeflected by the orographic barrier. The orographic blocking of the flow is determined by its Froude number [44]:


  F = U / N H  



(3)




where U is the mean wind speed, N is the mean Brunt Väisälä frequency over the orographic height H. When F is below 1, the flow is blocked by the orographic barrier, and vice versa. On 9 November (Vortex-1), the F of the flow was 1.2 (U = 12 m s    − 1   , N = 0.013 s    − 1   , H = 750 m), and on 15 November, it was 0.77 (U = 7.5 m s    − 1   , N = 0.013 s    − 1   , H = 750 m). Thus, the flow on 15 November was not strong enough to cross the orographic barrier and got deflected forming a barrier jet, as seen in Figure 11. The coastal flow on 9 November remained undeflected as its F value was greater than 1.





5. Conclusions and Discussion


The motivation behind this study was to highlight the likely severity of weak cyclonic systems and decipher the underlying mechanism behind their quasi-stationarity along the east coast of India. The propagation of two post-monsoon cyclonic systems over peninsular India was studied by analyzing their vorticity budgets at 900 hPa. The following are the main conclusions of this study:




	
Vortex stretching and horizontal advection were the dominant terms in the vorticity budgets of these vortices. The horizontal vorticity advection was positive on the western side and negative on the eastern side of the vortices. This dipole favored the westward progression of the vortices.



	
The vertical advection of vorticity was significant only over the orographic slope. This quantity was negative in the ascending zone and positive in the descending zone due to the westward tilt of the vortex near the orography.



	
The tilting of the vorticity filaments was stronger in Vortex-1 due to the stronger ascent over the coast. This resulted in a cyclonic vorticity tendency due to tilting over the orographic slopes in Vortex-1. In the case of (the weaker) Vortex-2, the vorticity filaments were tilted due to the barrier jet in a manner so that an anticyclonic vorticity tendency appeared over the orographic slope on the western side of the vortex.



	
The vortex stretching always occurred upstream of the orography in Vortex-2 due to the convergence caused by upstream orographic blocking. Hence, Vortex-2 remained upstream of the orography. The stronger winds in Vortex-1 resulted in convergence and vortex stretching over the orography, notwithstanding its barrier effect. Therefore, Vortex-1 moved over the orography swiftly.








The weaker system stalled along the east coast, causing widespread intense rainfall and severe flooding. Weaker systems have weaker winds, which may initially appear innocuous on weather maps. Nevertheless, they are generally slow-moving as their vortex drift speeds (  v d  ∝   u h  · ∇ η  ) are small [3]. These slow-moving vortices can dump heavy rainfall for a long duration over an area. The topographic barrier cannot only obstruct their westward propagation but also better organize convection in these systems by providing a mechanical uplift to the air parcels with high conditional instability [10]. Although this study presents only two cases, it provides a motivation for studying the climatological pattern of vortex stalling along the Coromandel Coast. The stationary cyclonic vortex during the 1–4 December 2015 flooding event also showed a vorticity budget similar to Vortex-2 (not included here). The typical life cycle of stalled systems should be studied so that their forecasting is improved. The following hypothesis can be made, considering the findings of this study: a non-dimensional vortex Froude number   F v  , where U in Equation (3) is replaced by the maximum radial wind speed of the cyclonic system, can be used to predict the stalling of a vortex along the coast. The climatological study will also be helpful in testing this hypothesis. This requires an automated tracking of cyclonic systems [45,46,47,48] and, hence, a separate research article for the climatological study is justified.



Another limitation of this analysis is the exclusion of convective organization and its effect on the overall dynamics of the vortex. How convection organizes within these systems and how it affects the overall vorticity budget needs to be addressed. Vertical coupling in these vortices seems to be achieved via convection as the vorticity budget is affected by vertical advection. Thus, the orographic influence can be relayed to the upper levels by convection. This aspect was not looked into and can be studied in the future, perhaps with numerical models.



As far as the general circulation models (GCMs) are concerned, how well the operational GCMs capture the stalling of a vortex should be investigated. This can be a challenging task for GCMs as the stalling may depend on the details of topography–convection interaction and GCMs in which convection and boundary layer processes are parameterized may miss these details. Therefore, forecasting the stalling of cyclonic systems may also require human judgment and the climatological study will be helpful in this aspect as well.
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Figure 1. Topography of part of South Asia. A hypothetical cyclonic storm is sketched in black concentric circles and its northwestward  β -drift is shown by a dashed line. 
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Figure 2. The 900 hPa wind speed (shading) and geopotential height contours (maximum = 1000 m, decreasing by 5 m intervals) from ERA5 at 0000 UTC (a) 8 November, (b) 9 November, (c) 10 November, (d) 11 November, (e) 14 November, (f) 15 November, (g) 16 and (h) 17 November 2015. 
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Figure 3. Daily mean relative vorticity ( ζ ) contours (2, 3, 5, 8, and 10 × 10    − 5    s    − 1   ) and  ζ -tendency (shading) averaged over the 8–15   ∘   N zonal band. (a–d) Vortex-1: 9–12 November, and (e–h) Vortex-2: 15–18 November 2015. The vertical dashed line shows the mean location of the Coromandel Coast. 
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Figure 4. IR brightness temperature from the INSAT-3D satellite. Vortex-1: (a) 0000 UTC 9 November, (b) 0000 UTC 10 November, and Vortex-2: (c) 0000 UTC 15 November, and (d) 0000 UTC 16 November 2015. 
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Figure 5. Three-Day rainfall accumulation from IMERG product. (a) Vortex-1: 0000 UTC 8 November–0000 UTC 11 November, and (b) Vortex-2: 0000 UTC 14 November–0000 UTC 17 November 2015. The light gray contours show 300, 500, 750, 1000, 1500, and 2000 m elevation. 
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Figure 6. Daily means of the terms in the vorticity budget, given by Equation (1), calculated from the ERA5 data (shading) at 900 hPa. Geopotential height contours (5 m intervals) at the same level are overlaid. (a) Time tendency, (b) stretching, (c) horizontal advection, (d) vertical advection, and (e) tilting of relative vorticity ( ζ ) on 7 November 2015. (f–t) The same as (a–e) but on 8, 9, and 10 November 2015, respectively. The green, yellow, and magenta contours on the stretching term show daily rainfall, with values of 50, 100, and 200 mm, respectively, from IMERG. 
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Figure 7. Mean (a) - ω , (b)   ∂ u / ∂ p  , and (c)   ∂ v / ∂ p   at 900 hPa on 10 November 2015 from ERA5. The magenta contours in (a–c) show vortex tilting with 5 and 20 × 10    − 5    s    − 1    values. (d) A schematic for the orography-induced vortex tilting (Equation (1)) in the longitude-pressure plane (  −   ∂ v   ∂ p     ∂ ω   ∂ x     term). The blue cylinder shows the rotation of vorticity filaments and the thick red arrow shows its tilting due to   ∂ ω / ∂ x  . 
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Figure 8. The same as Figure 6 but for (a–e) 14 November, (f–j) 15 November, (k–o) 16 November, and (p–t) 17 November 2015. 
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Figure 9. Mean (a) - ω , (b)   ∂ u / ∂ p  , and (c)   ∂ v / ∂ p   at 900 hPa on 15 November 2015 from ERA5. The magenta contours show vortex tilting with 5 × 10    − 5    s    − 1    value. 






Figure 9. Mean (a) - ω , (b)   ∂ u / ∂ p  , and (c)   ∂ v / ∂ p   at 900 hPa on 15 November 2015 from ERA5. The magenta contours show vortex tilting with 5 × 10    − 5    s    − 1    value.
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Figure 10. (a) Mean relative vorticity ( ζ ) contours (2, 3, 5, 8, and 10 × 10     − 5     s    − 1   ) and vortex stretching term (shading) averaged over 8–15   ∘   N zonal band, and (b) same as (a) but for the horizontal vorticity advection term on 9 November; (c–h) are the same as (a,b) but for 10, 11, and 12 November, respectively. The vertical dashed line shows the mean location of the Coromandel Coast. 
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Figure 11. The same as Figure 9 but for (a,b) 15, (c,d) 16, (e,f) 17, and (g,h) 18 November. 
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Figure 12. (a) Wind speed and (b) wind direction from the radiosondes over Chennai on 9 November and 15 November 2015. The horizontal dashed line shows the mean elevation of the Eastern Ghats (750 m). 
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