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Tropical cyclone (TC) is a rapidly intensifying storm over warm water of oceans, critically studied for its potential to inflict severe damage and pose life-threatening hazards. The present study focuses on exploring the pre- and post-cyclone characteristics of TC Amphan and Nisarga using ECMWF Reanalysis v5 (ERA5) reanalysis. Our analysis reveals that the TC features, such as its intensity, life cycle, wind circulations, the warm-core structure evolution, and the related environmental factors, are consistent with India Meteorological Department observations. The presented results have indicated that maximum sustainable wind speed, central sea level pressure, lower troposphere temperature and lower stratosphere temperature along the radius from the TC center create a favourable condition that eventually leads to the formation and intensification of super and severe cyclonic storms, for example, Amphan and Nisarga, respectively. The analysis suggests that the atmospheric instability, TC formation, development, and energy for intensification are controlled mainly by the warmer-than-average Arabian Sea and Bay of Bengal basin sea surface temperature anomalies in the Indian Ocean region. The results indicated that the TC genesis and movement are well captured by ERA5, close to the observed best tracks provided by the India Meteorological Department, with an RMSE of ∼31 km. The vorticity budget analysis illustrates that in the developing and mature stages of TC, the tilting term converts horizontal vorticity into vertical vorticity via upward motion. During the dissipation phase, the tilting term reverses, resulting in a fall in vertical vorticity, which weakens or dissipates the TC intensity. Overall, the circulation pattern appears to reproduce most of the essential characteristics of the mature stage of TCs, like the eye and eyewall, highlighting the importance of near real-time high-resolution reanalysis datasets for exploring the details of extreme events.
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1 INTRODUCTION
Synoptic scale events are weather systems that ranges between 200–2000 km and temporal scale ranging from a few hours to many days. Mesoscale atmospheric systems are weather systems with spatial scale ranging from 1 to 1,000 km and temporal scale ranging from a few hours to many days. They exist between larger-scale (synoptic) systems, such as low-pressure fronts, and smaller-scale (microscale) phenomena, such as turbulence. Examples of mesoscale atmospheric systems are convective systems, sea and land breezes, mountain-valley winds and urban heat islands (Wang et al., 2022). Tropical cyclones (TCs) are meso-alpha weather system because its spatial scale usually falls within 1000 km. Among all the examples mentioned, mesoscale atmospheric systems influence TCs and play a pivotal role in shaping TC development, intensity, and path, significantly impacting their genesis and intensification (Houze Jr, 2014). TCs are generally categorized as intense and severe weather systems, defined by cyclostrophic rotating low-vorticity weather systems that form over the tropical ocean (Mohapatra et al., 2012; Jaiswal and Ali, 2018). The North Indian Ocean (NIO), which includes the Arabian Sea (AS) and the Bay of Bengal (BOB) rim, is responsible for 6% of all TCs, causing significant societal impact over the coastal land regions (Mohanty et al., 2015). TCs have a complicated vertical structure with a warm core and high vertical wind shear. Previous investigation suggests that TC development and intensity have been connected to rising sea surface temperature (SST) in recent decades (Emanuel, 1986; Emanuel, 2005; Trenberth, 2007; Balaji et al., 2020; Kumar et al., 2021). Murakami et al. (2013) observed that warming in the NIO strengthens the intensity of TCs by increasing ocean-atmosphere heat energy transfer.
The advances in numerical simulations (Kimball and Dougherty, 2006; Gentry and Lackmann, 2010; Kumar et al., 2024) and observational studies on TCs have highlighted the critical role of planetary boundary layer (PBL) dynamics in improving our understanding of TCs, especially in terms of horizontal-vertical resolution and lower-layer distribution (Qiu et al., 2010). The vertical structure of TCs, including temperature, moisture, and wind fields, is critical to their intensification and persistence. Braun and Tao (2020) and Rogers et al. (2003) indicated that the correct vertical structures in NWP models and reanalysis datasets can significantly enhance intensity forecasts and better capture the complex dynamics within the rain bands and eyewall. A clear understanding of the TC vertical structure is critical because it influences the cyclone’s intensity and predictability, emphasizing the importance of vertical wind shear and thermodynamic profiles in TC behavior, as found in previous studies by Molinari and Vollaro (2010), Montgomery and Smith (2017) and Tang and Emanuel (2012). Previous studies highlighted the necessity for improved early warning systems, disaster preparedness, and climate adaptation strategies in coastal regions (Bhowmick et al., 2020; Ghosh et al., 2021) and were compounded by the concurrent COVID-19 pandemic, creating additional challenges for disaster management (Majumdar and Dasgupta, 2020; Mondal et al., 2020; 2022; Belasen and Polachek, 2021; O'Connor et al., 2021). The primary goal of this research is to assess the meteorological and oceanic variables that cause instability and increased TC severity and transition from deep depression to severe storms. This analysis aims to provide valuable insights into how varying storm intensities impact TC dynamical variability with associated environmental factors and energy indices at different TCs phases. The TC dynamics regarding vertical structure have not received enough attention, particularly in the NIO region, is the primary focus of the current research. The other focus of our study is to investigate the vorticity budget and diabatic heating terms of TCs under consideration for the study. Vorticity is a useful proxy for the divergence and convergence of air masses in a tropospheric column (this is because vorticity in fluids is similar to angular momentum in solids). Hence, we aim to understand the dynamics of TCs with an aim to help in prediction of localized weather more accurately, improving early warnings and disaster preparedness. The considered case studies are discussed in detail in the next Section 2.
2 CASE STUDIES
The Indian subcontinent faced two significant TCs in 2020 named “Amphan” and “Nisarga.” Amphan was formed in the BOB, and Nisarga in the AS. Both cyclones were severely devastating on the Indian coast especially during the time of the COVID-19 pandemic and caused significant socioeconomic losses in June (Bhowmick et al., 2020; Dube et al., 2021). The life cycle of TCs typically involves several distinct stages, including formation, intensification, mature phase, and decay. Amphan and Nisarga are designated as super cyclones and severe cyclones per India Meteorological Department (IMD) criteria, respectively. The detailed information of TCs is mentioned in Sections 2.1, 2.2, respectively.
2.1 TC Amphan
According to some studies (RMSC Report, 2020; Hassan et al., 2020; Halder et al., 2021), Amphan originated from a low-pressure system over the southeast BOB on May 13th, intensifying rapidly into a depression by May 16th and further strengthening into a cyclonic storm later that day. By May 18th, it had escalated into a super cyclonic storm, maintaining this intensity for nearly 24 h before weakening into an extremely severe cyclonic storm on May 19th. Amphan had approached West Bengal, Odisha, and parts of Bangladesh, diminished to a Very Severe Cyclonic Storm, and made landfall in the Sundarbans region on May 20th with winds approaching nearly 150–170 km/h, strengthening to 185 km/h (Pramanik et al., 2021; Ghosh et al., 2021). After crossing land, it dissipated into a well-marked low-pressure area over north Bangladesh and neighboring regions by the night of May 21st and has significantly impacted the coastal areas, causing many fatalities and economic loss (Kotal et al., 2021; Singh et al., 2021; Behera et al., 2022).
2.2 TC Nisarga
The IMD RMSC Report (2020) and Dube et al. (2021) reports that the severe cyclonic storm Nisarga originated from a low-pressure system that developed in 2020 over the southeast AS in the early hours of May 31st. By the following day, June 1st, it had coalesced into a depression over the east-central AS. Rapid intensification ensued, with the system being upgraded to a cyclonic storm by noon on June 2nd and by the morning of June 3rd, it had further strengthened into a severe cyclonic storm. The storm’s trajectory led it to cross the Maharashtra coast, near the south of Alibagh, between 0 and 3 h IST on June 3rd, maintaining its status as a severe cyclonic storm. Subsequently, it dissipated into a low-pressure area over southeast Uttar Pradesh and adjoining Bihar by the afternoon of 5 June 2020. Thus, it is notable for directly impacting infrastructure and transportation in Mumbai and the Maharashtra region (Kotal et al., 2021; Ray et al., 2021), with a significant impact on coastal climates (Singh and Roxy, 2022; Ahammed et al., 2023). The third section gives an overview of the datasets and methodologies used. The fourth section discusses predicted results. The fifth section contains the summary and conclusions, which analyses the study findings and the corresponding implications.
3 MATERIALS AND METHODS
The study focuses on the NIO region, which includes the AS and BOB. This region has complicated weather and has been regularly hit by TCs, which have increased in intensity in recent decades (Singh et al., 2001). For our analysis in the study fifth generation European reanalysis dataset is used. The ECMWF Reanalysis v5 (ERA5) data (Hersbach et al., 2023) outperforms the previous reanalysis ERA-Interim datasets with its extensive vertical levels by the Integrated Forecasting System since 2016. The ERA5 data is downloaded from the ECMWF’s CDS Copernicus portal: https://cds.climate.copernicus.eu/) with 31 km of spatial resolution and hourly temporal resolution (Hersbach et al., 2023).
The TC Track, central sea level pressure (CSLP), and maximum surface wind speed (MSW or Vmax) calculated from ERA5 reanalysis are validated with the Indian Meteorological Department’s (IMD) best track observations (https://rsmcnewdelhi.imd.gov.in/). The Joint Typhoon Warning Centre (JTWC) also has an archive of TC best track data (http://www.metoc.navy.mil/jtwc/jtwc.html/north-indian-ocean), which is used in our work additionally. JTWC and IMD best-track data comprise primary information about the center locations of NIO TCs, their intensities (in m/sec), and CSLP (in hPa) in six-hour intervals (Dvorak, 1975). The estimated TC center, CSLP (also called as mean sea level pressure, MSLP), MSW, and vector displacement errors for the life span of cyclones Amphan and Nisarga, respectively, are calculated from ERA5 reanalysis (Supplementary Tables S1, S2). These tables highlight the accuracy and discrepancies in tracking the TC’s core parameters throughout their duration. The study also analyses the vertical variation of atmospheric parameters especially vorticity budget, potential vorticity, and diabatic heating terms, as well as their different conditions during all the cyclonic stages. Thus, the spatial distribution of the east-west cross-section of horizontal wind speed (m/sec), outgoing longwave radiation (OLR), relative vorticity, equivalent potential temperature, cloud parameters (including cloud rainwater content, water vapour mixing ratio, cloud liquid water content, and cloud ice water content), vertically integrated moisture divergence, and relative humidity (RH) over the 100 km of radius from the storm center has been examined. The influencing parameters include atmospheric and oceanic environments, averaged over the NIO Region. The estimated area-average values of lower troposphere temperature (LTT) and lower stratosphere temperature (LST) are calculated from the ERA5 datasets. The LTT is defined as the average temperature between 1,000 and 700 hPa, and the LST represents the temperature at 70 hPa (Emanuel et al., 2013; Balaji et al., 2018).
Further, the most suitable cyclone energy metrics like accumulated cyclone energy (ACE) and power dissipative index (PDI) are estimated from the IMD and JTWC best track datasets, which analyze the long-term variability of TC dynamical characteristics. According to Kumar et al. (2022), ACE and PDI are adequate indicators of TC activity. They can be calculated using MSW values over an ocean basin over a year, including the NIO. ACE is calculated by summing the squares of the storm’s MSW (in knots) observed every 6 h. The mathematical representations for ACE and PDI are as follows:
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Vmax is represented as the MSW (1 knot ≈ 0.514 m/s) of TC at every 6-h interval. The contributions of ACE Equation 1, PDI Equation 2, and critical environmental variables (Tables 1–3) for Amphan, Nisarga, and all 2020 TCs, are discussed briefly in the next section.
TABLE 1 | Contribution of ACE and PDI for Amphan, Nisarga, and all 2020 TCs, using JTWC data.
[image: Table 1]TABLE 2 | Contribution of ACE and PDI for Amphan, Nisarga, and all 2020 TCs using ERA5 data.
[image: Table 2]TABLE 3 | Contribution of Environmental Variables for Amphan, Nisarga, and all 2020 TCs using ERA5 reanalysis.
[image: Table 3]The vorticity advection that is associated with atmospheric processes like TCs, which is the transport of meteorological quantity (e.g., temperature, moisture, vorticity) by the wind (Douglas, 1992; Kutty and Gohil, 2017; Lodh et al., 2022; Raymond and López Carrillo, 2011; Shu et al., 2022) will also be studied. To determine the distribution of vertical ascent from the transport of vorticity (neglecting friction and subgrid-scale processes), we compute all the terms in the vorticity budget in Cartesian coordinates (x, y, z):
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where, absolute vorticity, η = ζ + f = relative vorticity + planetary vorticity.
On the right-hand side of Equation 3, the first term is divergence or stretching term, the second term is called tilting term and the third term is called solenoidal term. The term on left hand side is the rate of change of vertical component of absolute vorticity following the flow, called absolute vorticity tendency. The strength of the vortex in any cyclonic circulation like TCs is measured by the vorticity ζ over an area. Hence, after some algebraic rearrangements (neglecting the solenoidal term) the Equation 3 can be written as,
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The Equation 4 shows that the vorticity tendency is primarily contributed by five terms:
(a) Horizontal advection term = [image: image]
(b) Vertical advection of relative vorticity = [image: image] = [image: image]
(c) Divergence term = [image: image] = [image: image]
(d) Tilting term = [image: image]
(e) Advection of planetary vorticity = [image: image]
The first two terms (a) and (b) of Equation 4 tells that total vorticity advection is defined as meridional advection of planetary vorticity and vertical advection of relative vorticity. The divergence term (term c) represents the impact of horizontal divergence or convergence on the absolute vorticity. The tilting term (term d) represents the tilting or twisting of vorticity between horizontal and vertical components. The solenoidal term comes into effect when the atmosphere is baroclinic and vorticity change results from differential horizontal accelerations imposed by horizontal variations in the pressure-gradient force, but in the analysis conducted in our work the solenoidal term is neglected. The diabatic heat budget is also studied for the TCs under study. The thermodynamic energy (diabatic heating) equation (Veiga et al., 2005; Routray et al., 2023) is given below:
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where, Q is the heating term obtained from the contributions by turbulent heat transfer and molecular conduction, latent heat release and radiative processes. T is the temperature, [image: image] is the wind. Cp is the specific heat of dry air at constant pressure, R is the gas constant of dry air and p is the pressure.
4 RESULTS AND DISCUSSION
The current study examines the features of the TCs Amphan and Nisarga concerning several environmental parameters. This improves our understanding of the physical and dynamic components of extreme weather events in the NIO area. As a result, the study proposes variability in atmospheric and oceanic metrics such as MSW, CSLP, SST, RH, air temperature (ATMP), LTT, LST (lower stratospheric temperature), ACE, PDI and then derives connections between these parameters.
4.1 TCs horizontal and vertical variability
This analysis aims to provide valuable insights into how varying storm intensities affect structural characteristics, including horizontal and vertical variability. Figure 1A depicts the track of the Amphan and Nisarga cyclones in the NIO region. Figures 1B, C present the deviation in track magnitude for both the Amphan and Nisarga cyclones compared to observations from the IMD. This figure highlights the difference between the ERA5 and IMD’s best track data at six hourly points along the cyclones’ paths. The root means square error and standard deviation for the track of the Amphan cyclone, relative to IMD observations, are found to be 31.15 km and 19.24 km, respectively. Similarly, for the Nisarga cyclone, these values are found to be 31.27 km and 18.52 km, demonstrating a reasonably close match. Previous studies (Mohapatra et al., 2021; Kumar et al., 2022) reveal that the (MSW and CSLP of cyclone eye are critical parameters used to categorize the intensity of a TC (and thus potential for damage) and shows high correlation (negative) with each other. Figure 2 indicates the temporal variation of MSW (m/sec) and CSLP (hPa) from ERA5 reanalysis and IMD observations for both cases of cyclones. The RMSE in MSW and CSLP is 11.58 m/s and 15.55 hPa (8.66 m/s, 3.46 hPa) for the Amphan (and Nisarga) TC, respectively. The standard deviation is 9.58 m/s and 15.47 hPa (4.12 m/s, 6.07 hPa) for the Amphan (Nisarga) TC, respectively. Thus, the values of RMSE and standard deviation are comparable and reasonable. The maximum variation in the Amphan cyclone is found in its rapidly intensified stage during 18–19th May 2020, whereas on 3rd June 2020 for the Nisarga cyclone. The mean track error in ERA5 reanalysis is ∼ 31 km during the life span of the Amphan and Nisarga cyclones (see Supplementary Tables S1, S2), ranging between 2 and 88 km for both cases. The TC track error shows that the ERA5 reanalysis is not influenced by any systematic error and can be considered for the statistical and dynamic analysis of the TC development.
[image: Figure 1]FIGURE 1 | (A) Amphan (in the Bay of Bengal) and Nisarga (in Arabia Sea) cyclone track from ERA5, and track error in km for (B) Amphan TC (C) Nisarga TC compared with IMD best track observations.
[image: Figure 2]FIGURE 2 | Time series of (A, C) maximum sustainable surface wind (MSW; m/sec) and (B, D) central sea level pressure (CSLP) in hPa with the comparison of IMD data sets for TC Amphan and Nisarga.
Several research studies have investigated the relationship between horizontal wind speed and TCs over India (such as Mohanty et al., 2012; Mohapatra et al., 2015). The study also found that the horizontal wind speed can provide crucial information on the potential intensification of a TC, reveals larger TCs tend to have higher wind speeds. Figures 3A–F demonstrates the spatial distribution of the east-west cross-section of horizontal wind speed (m/sec) for Amphan through the center of the cyclone at 12 UTC for (a) 16-May, (b) 17-May, (c) 18-May, (d) 19-May, (e) 20-May, and (f) 21-May. Similarly, Figure 4 shows the spatial distribution of the east-west cross-section of horizontal wind speed through the center of the cyclone at 12 UTC on (a) 01-Jun, (b) 02-Jun, and (c) 03-Jun for Nisarga. The wind variation is well captured during the intensification of both cyclones (Figures 3C, D). However, the vertical depiction from lower to upper level shows rapid intensification of winds during the mature stage of both the cyclones with slightly stronger winds near the cyclone’s eyewall. On 19th May around 87° E we can see a dipole like structure in vertical variation of wind, which is not prominent in the case of Nisarga TC.
[image: Figure 3]FIGURE 3 | East-west cross-section of horizontal wind speed (m/sec) through the center of the cyclone at 12 UTC on (A) 16-May, (B) 17-May, (C) 18-May, (D) 19-May, (E) 20-May, and (F) 21-May for Amphan.
[image: Figure 4]FIGURE 4 | East-west cross-section of horizontal wind speed (m/sec) through the center of the cyclone at 12 UTC on (A) 01-Jun, (B) 02-Jun, and (C) 03-Jun for Nisarga.
Tangential wind within TCs is defined as the horizontal wind component circulating the cyclone’s center, perpendicular to the radial direction, a characteristic elucidated in prior research (Emanuel, 1994; Smith et al., 2015; Holland, 1993). It is a key parameter used to describe the structure of the TC, as well as its intensity and size. In Figure 5, the radius (degree)-height (hPa) cross-section of tangential wind (m/sec) at 12 UTC (a) 16-May, (b) 17-May, (c) 18-May, (d) 19-May, (e) 20-May, and (f) 21-May for Amphan TC is shown. Figure 6 is similar to that at 12 UTC on (a) 01-Jun, (b) 02-Jun, and (c) 03-Jun for Nisarga. From the figure, it is observed that the tangential winds are stronger in the lower-levels which is the inflow region extending vertically up during the cyclone. The strong tangential winds varying horizontally in a radius of about 250 km shows a large zone of maximum wind speed extending vertically and horizontally compared to the cyclone’s outer radius (400–1,000 km) region.
[image: Figure 5]FIGURE 5 | Radius (degree)-height (hPa) cross section of tangential wind (m/sec) from the TC center at 12 UTC on (A) 16-May, (B) 17-May, (C) 18-May, (D) 19-May, (E) 20-May, and (F) 21-May for TC Amphan.
[image: Figure 6]FIGURE 6 | Radius (degree)-height (hPa) cross section of tangential wind (m/sec) from the TC center at 12 UTC on (A) 01-Jun, (B) 02-Jun, and (C) 03-Jun for Nisarga.
Figure 7 indicates the radius (degree)-height (hPa) cross section of radial wind (m/sec) at 12 UTC of (a) 16-May, (b) 17-May, (c) 18-May, (d) 19-May, (e) 20-May, and (f) 21-May for Amphan TC, whereas Figure 8 suggests the radius (degree)-height (hPa) cross section of radial wind (m/sec) at 12 UTC on (a) 01-Jun, (b) 02-Jun, and (c) 03-Jun for Nisarga TC. Figures 7, 8 show that the distribution of averaged radial winds exhibits a typical secondary circulation, an intense radial outflow in the upper layer (about 300 hPa) on 20th- and 21st -May, a strong radial inflow in the bottom level (about 200 km radius) upto 500 hPa and a weak outflow above the top level through the center of the cyclone for both TC cases. Strong radial winds at lower pressure levels suggest that the core’s significant convergence and concentrated warming promoted the TC’s intense vertical motion and strengthened its intensity (Ma et al., 2012). This feature is also corroborated from Supplementary Figures S3, S4, which shows the spatial distribution of equivalent potential temperature with radius-height (hPa) cross section of tangential wind. Kumar et al., 2021; 2022 have previously explored how storm intensities impact structural characteristics using radial parameters and wind intensity.
[image: Figure 7]FIGURE 7 | Radius (degree)-height (hPa) cross section of radial wind (m/sec) from the TC center at 12 UTC on (A) 16-May, (B) 17-May, (C) 18-May, (D) 19-May, (E) 20-May, and (F) 21-May for TC Amphan.
[image: Figure 8]FIGURE 8 | Radius (degree)-height (hPa) cross section of radial wind (m/sec) from the TC center at 12 UTC on (A) 01-Jun, (B) 02-Jun, and (C) 03-Jun for Nisarga.
Various studies (Kotal et al., 2009; Raju et al., 2011; Sebastian and Behera, 2015; Balaguru et al., 2020) suggest that equivalent potential temperature (θe) is an important indicator of atmospheric instability and crucial for analysing and forecasting NIO-TCs. The Supplementary Figures S1, S2 shows the vertical profiles of equivalent potential temperature, horizontal wind speed, zonal, and meridional wind speed of the two TCs. Supplementary Figures S1A, S2A depict the vertical profiles of area-averaged equivalent potential temperature (°K) over a 100 km radius from the storm center (calculated from ERA5 reanalysis), illustrating vertical variability throughout the lifespan of the Amphan and Nisarga cyclone, with spatially averaged profiles during the time span of TC. The analysis suggests the TC show a similar qualitative trend, i.e., θe decreases from the surface to the upper level followed by an increase from 500 hPa onwards. In both cases, minimum θe is observed at ≈ 600 hPa level, whereas the maximum potential temperature is at ≈ 100 hPa, clearly seen during the initial and mature stages of TCs (Supplementary Figures S1, S2A, B), but it reverses during the decaying phase (Supplementary Figures S1, S2C, D). The region of unstable motion (which is a surrogate for mixing and entrainment) for both cases seen in cyclones extends up to the mid-troposphere (Supplementary Figures S1A, S2A). The variation of θe indicates that the region of instability extended up to 4–5 km altitude in both TC under consideration in the study. Hence, our analysis reveals that θe is a better indicator of TC intensity than other thermodynamic variables like convective available potential energy and lifted index (Osuri et al., 2012; Sun et al., 2017; Verma et al., 2023). The Supplementary Figures S1B, S2B, illustrate variabilities in wind speed at different altitudes, depending on whether it represents the eye, eyewall, or outer rainbands from 16th-21st May 2020 (1st–3rd June 2020). The vertical profile of horizontal wind speed (Supplementary Figures S1B, S2B) exhibits maximum near the surface on 17–18th May and decreases as day progresses. It is observed that the peak wind speed typically occurs in the cyclone’s boundary layer (the lowest 1–1.5 km of the atmosphere) due to strong surface friction, which gradually decreases with height from 900 hPa (∼1 km) onwards. Also, closer to the TC’s eye or core, wind speed is at its highest, declining further from the center, as the TC circulation weakens. The vertical profile of zonal (meridional) wind speed shows that its values ranges between 0 and 20 (−10 to 10) m/sec upto 600 hPa (Supplementary Figures S1C, D). In addition, Supplementary Figures S3, S4 show the spatial distribution of θe (shaded, in °K) with radius-height (hPa) cross-sections of tangential wind at 12 UTC on 16th-21st May 2020 for the Amphan Cyclone and 1–3 June for TC Nisarga. Higher values of tangential wind in the eye and core of both considered TCs is seen, with comparatively lower values found farther from the TC core.
The relationship between ATMP and the intensity of TCs in the Indian Ocean is complex and influenced by various atmospheric and oceanic factors (Krishnamurthy et al., 2016; Rouault et al., 2003). However, a general link or variation between ATMP and cyclone intensity (in terms of tangential wind) is observed. Supplementary Figures S5, S6 shows the spatial distribution of ATMP (shaded, in °K) with radius-height (hPa) cross-sections of tangential wind at 12 UTC on 16–21 May for the Amphan Cyclone and 1–3 June for TC Nisarga. The spatial distribution shows that ATMP decreases in the mid and upper levels of the atmosphere, while tangential winds remain stronger near the cyclone core throughout the cyclone’s life span.
Nonetheless, various environmental factors are also responsible for intensifying cyclonic disturbances and their occurrences in the NIO region (Chavas and Emanuel, 2010; Chan and Chan, 2015). According to scientific studies (Eric and Chan, 2012; Deshpande et al., 2021; Lodh et al., 2022; Routray et al., 2023), relative vorticity is an essential characteristic for describing the structure of cyclonic systems like TC and its potential intensification. Figure 9 depicts the regional distribution of relative vorticity for TC Amphan between May 16 and 21, 2020, at 12 UTC. In contrast, Figure 10 depicts the spatial distribution of relative vorticity at 12 UTC for TC Nisarga on (a) June 1, (b) June 2, and (c) June 3, respectively. Both figures show the spatial distribution of relative vorticity (nearly 20 × 10⁻4 s⁻1) during its lifespan, highlighting the values of vorticity that are high near the eye region of the cyclonic area and increase during the intensification and development of TCs.
[image: Figure 9]FIGURE 9 | The spatial distribution of relative vorticity (sec−1) at 12-UTC on (A) 16-May, (B) 17-May, (C) 18-May, (D) 19-May, (E) 20-May, and (F) 21-May for TC Amphan.
[image: Figure 10]FIGURE 10 | The spatial distribution of relative vorticity (sec−1) at 12 UTC on (A) 01-Jun, (B) 02-Jun, and (C) 03-Jun for TC Nisarga.
4.2 Relationship with environmental factors
In addition, SST, wind field, low-level vorticity, low- and mid-level RH, and OLR can also significantly impact TC activities, including landfall, intensification, and structure (Mohapatra and Sharma, 2015; Mohapatra et al., 2015; Tiwari et al., 2022). In a warmer climate, atmospheric moisture is expected to increase rapidly, as indicated by Trenberth et al., 2003. Trenberth (1999) indicated that approximately 70% of precipitation in mid-latitude cyclones originates from existing atmospheric moisture, with the rest from surface evaporation during the storm’s evolution. High mid-troposphere RH is crucial for TC development, as it mitigates the adverse effects of entrainment on convection (Gray, 1968). Additionally, TCs outside the eyewall are sensitive to RH, affecting precipitation intensity and coverage outside the TC core. Higher RH promotes storm intensification, while lower RH can weaken storms and affect their movement, impacting coastal regions.
Figure 11 shows the spatial distribution of vertically integrated moisture divergence at 12 UTC on (a) 16 May, (b) 17 May, (c) 18 May, (d) 19 May, (e) 20 May, and (f) 21 May for the Amphan Cyclone. Figure 12 presents this distribution at 12 UTC on (a) 1 June, (b) 2 June, and (c) 3 June for TC Nisarga. These figures indicate high moisture convergence near the eyewall throughout the life span of TC, a crucial factor influencing TC movement, intensification, and development in the BOB and AS in the NIO region. Vertically integrated moisture convergence impacts precipitation distribution, potential flooding, and further TC intensification. Supplementary Figures S7, S8 illustrate the vertical variation of area-averaged over a 100 km radius from the storm center (a) cloud water mixing ratio, (b) cloud liquid water content, (c) cloud ice water content, and (d) cloud rainwater content. The figure clearly displays that the vertical distribution of water vapor mixing ratio in tropical cyclones is highest near the surface (nearly 20 g/kg) and gradually decreases with height, cloud liquid water content is highest in the middle to higher troposphere (with in the eyewall region). In comparison, cloud ice water content peaks in the upper troposphere and cloud rainwater content reaches maximum values in the lower troposphere, varying with storm intensity. In addition, the spatial distribution of outgoing longwave radiation (OLR), whereas movement of TC is well captured, and a low value of OLR is found in the eye region as compared for both the TC cases (Supplementary Figures S9, S10). The net estimates of outgoing longwave radiation (OLR) over the tropical ocean’s surface were estimated using hourly ERA5 data. Both figures reveal a strong correlation between OLR distribution and cyclone intensity, highlighting the influence of environmental factors like wind shear and indicate cyclogenesis throughout the TC’s lifespan.
[image: Figure 11]FIGURE 11 | The spatial distribution of vertically integrated moisture divergence up to 200 hPa (kg. m−2. Section 1) at 12 UTC on (A) 16-May, (B) 17-May, (C) 18-May, (D) 19-May, (E) 20-May, and (F) 21-May for TC Amphan.
[image: Figure 12]FIGURE 12 | The spatial distribution of vertically integrated moisture divergence up to 200 hPa (kg. m−2 .sec−1) at 12 UTC on (A) 01-Jun, (B) 02-Jun, and (C) 03-Jun for TC Nisarga.
Very few studies have emphasized the correspondence of environmental parameters like LTT, LST, PDI Equation 2, and ACE Equation 1 with TC variability. Therefore, the temporal variability of various environmental parameters and their variation are discussed (see Table 1–3). Tables 1, 2 show the values for PDI and ACE parameterscontributions of ACE and PDI for AMPHAN and Nisarga, with ACE accounting for around 65% and PDI for nearly 80% of all TCs occurring in 2020, according to JTWC and ERA5 data. Table 3 shows the mean values of the contribution of environmental variables, including WSP, CSLP, SST, LRH, MRH, ATMP (2 m), LST, and LTT, for Amphan, Nisarga using ERA5 reanalysis, providing a comparison and contribution for individual cases and the combined 2020 cases. The temporal variation of LTT and LST for both TC cases is shown in Supplementary Figures S11A, B. The figure indicates the time series of LTT and LST averaged for the life period of both the TC cases. In NIO, the trends in LTT and LST are substantial, with a net rise in LTT for TC Amphan by ∼ 2 K and a net reduction in LST of ∼ 6 K. Whereas for Nisarga, LTT and LST increases by 2 K and 6 K, respectively. These environmental factors impact TC formation and structure, with lower temperatures above increasing air instability and favoring higher updrafts within the TC, adding to its intensity and structural complexity (Kossin et al., 2016; Nolan et al., 2007).
Supplementary Figure S12 shows the spatial distribution of RH (shaded) and radius (degree) - height (hPa) cross-section of tangential wind at 12 UTC on (a) 16 May, (b) 17 May, (c) 18 May, (d) 19 May, (e) 20 May, and (f) 21 May for the Amphan Cyclone. Supplementary Figure S13 shows the same parameters at 12 UTC on (a) 1 June, (b) 2 June, and (c) 3 June for TC Nisarga. Both figures clearly convey that high RH values in the lower and middle troposphere (Table 3) are decisive for TC movement and intensification and precipitation distribution. The case studies given here indicate that this environmental aspect was critical in the rapid growth of cyclones into severe cyclonic development. This emphasizes the various processes leading to TC intensification, warning against attributing rapid intensification to sole evidence. Additionally, this dynamic case study demonstrates the crucial role of these environmental factors in the creation and progression of TCs, highlighting the significance of taking them into account in TC forecast and assessment.
4.3 Vorticity budget and diabatic heating analysis
Vorticity, which represents atmospheric rotation, is important to cyclone formation, structure, and intensification by promoting low-level air convergence and upper-level divergence (Douglas, 1992; Van Sang et al., 2008). Vorticity budget analysis is a widely utilized approach to study the physical mechanisms behind vortex formation. Using the three-dimensional wind field derived from the ERA5 reanalysis, the scale of each term in the vorticity equation is calculated, during the period of the two cyclones, Amphan and Nisarga. Figure 13 and Supplementary Figure S14 shows the major contributing terms from the vorticity Equation 4 plotted for the two cyclones: vorticity, local time tendency of relative vorticity, horizontal advection of relative vorticity, convergence, stretching or divergence term, advection of planetary vorticity, vertical advection of relative vorticity and tilting term. It is clearly noticed that there is closed structure of positive vorticity values (Figures 13A–C; Supplementary Figures S14A, B) and convergence (Figures 13J–L; Supplementary Figures S14G, H) of wind with values around 2.5 × 10−5 sec−1 to 4 × 10−5 sec−1 (1.5 × 10−5 sec−1 to 2.25 × 10−5 sec−1) and 0.4 × 10−5 sec−1 to 1.2 × 10−5 sec−1 (0.3 × 10−5 sec–1 – 0.6 × 10–5 sec−1) for Amphan (Nisarga), respectively. The horizontal advection of relative vorticity term, [image: image] (Figures 13G–I; Supplementary Figures S14E, F) contributes negatively in the lower levels and positively at upper atmosphere to the local vorticity tendency (Figures 13D–F; Supplementary Figures S14C, D) during the mature stage of the TCs. Consequently, the vertical advection of relative vorticity ([image: image] or [image: image] ) term shows negative values at lower level and positive values at upper atmosphere (Figures 13S–U; Supplementary Figures S14M, N). The divergence or the stretching term ([image: image]) shows positive value at lower level and negative values at upper atmosphere during the mature and last stage of the TC progression (Figures 13M–O; Supplementary Figures S14I, J). This term thus contributes to the divergence in the higher levels in the dissipating stage of the TC. This is a mirror image of the horizontal advection of relative vorticity term. The tilting term ([image: image]) shows positive value at lower level and negative values at upper atmosphere except the mature and last stage of the TC progression (Figures 13V–X; Supplementary Figures S14O, P). In the mature stage of TC, the tilting term converts horizontal vorticity to vertical vorticity via upward motion. During the dissipation phase, the tilting term reverses, resulting in a fall in vertical vorticity, which weakens or dissipates the TC as vertical rotation diminishes. The increase in vorticity around the core of the TC is linked to the merging of vorticity centers from different budget components. At lower pressure levels, up to 850 hPa, both horizontal and vertical advection of relative vorticity contribute negatively to the overall vorticity tendency, with the horizontal advection playing a larger role than the vertical advection. However, during periods of sharp vorticity increase, particularly in the mature stage of the TC, the divergence (or stretching) term and tilting term contribute positively to the vorticity tendency at lower pressure levels. During the growth phase of the TC, significant positive values of the divergence or stretching term are observed at both lower and upper levels. In contrast the dissipation phase shows negative values at the upper levels. Above 850 hPa, horizontal and vertical advection of relative vorticity contributes more significantly to the positive vorticity tendency, with both types of advection being on the order of 10 × 10⁻1⁰ sec⁻2. The positive influence of the tilting term enhances vorticity, triggering convective activity during the TC’s mature stage, while the tilting term plays a role in initiating the dissipation phase. This contrasts with monsoon depressions, where the tilting term is typically insignificant to vorticity tendency. Below 750 hPa, the significant positive values from the divergence term or stretching of vorticity counterbalance the contributions from horizontal and vertical advection, resulting in an overall increase in positive vorticity at upper levels. This suggests that vertical stretching, driven by the convergence of circulations, more effectively forms a vortex tube or cyclonic gyre, extending from the lower to upper levels, with the upper part accelerating faster than the base. Figures 14D–F and Supplementary Figures S15C, D for potential vorticity illustrate a similar trend. This analysis indicates that as convection emerges, the increasing cyclonic vorticity of the TCs contributes to the rapid intensification of the convective system, forming a funnel-like structure. In summary, the sustained positive vorticity tendency during the TC’s mature stage is primarily driven by contributions from the divergence and tilting terms at lower levels, as well as advection at upper levels.
[image: Figure 13]FIGURE 13 | Time-pressure cross section of vorticity (x 10−5 sec−1) during (A) 00 UTC 16th to 23UTC of 17th May 2020, (B) 00 UTC 18th to 23UTC of 19th May 2020, (C) 00 UTC 20th to 23UTC of 21st May 2020 averaged between 10 and 25° N and 84–94°E from ERA5; (D, E, F) same as (A, B, C) but for local time tendency of relative vorticity (x 10−11 sec−2); (G, H, I) same as (A, B, C) but for horizontal advection of relative vorticity (x 10−10 sec−2); (J, K, L) same as (A, B, C) but for convergence (x 10−5 sec−1); (M, N, O) same as (A, B, C) but for divergence term or stretching term (x 10−10 sec−2); (P, Q, R) same as (A, B, C) but for advection of planetary vorticity (x 10−10 sec−2); (S, T, U) same as (A, B, C) but for vertical advection of relative vorticity (x 10−10 sec−2); (V, W, X) same as (A, B, C) but for tilting term (x 10−10 sec−2); (* Kindly note all the vorticity budget terms and other variables are averaged between 10 and 25° N and 84–94°E).
[image: Figure 14]FIGURE 14 | Time-pressure cross-section of Diabatic heating (K sec−1) during (A) 00 UTC 16th to 23UTC of 17th May 2020, (B) 00 UTC 18th to 23UTC of 19th May 2020, (C) 00 UTC 20th to 23UTC of 21st May 2020 averaged between 10 and 25° N and 84–94°E from ERA5; (D, E, F) same as (A, B, C) but for potential vorticity (x 10–6 K kg−1 m2 s−1); (G) Spatial distribution of vertically averaged (up to 500 hPa) diabatic heating (shaded; K.h−1) superimposed with 850 hPa streamlines from 00UTC 16th to 21UTC of 21st May 2020.
Diabatic heating Equation 5, primarily from latent heat release during condensation, is crucial to the intensification of TCs (Vigh and Schubert, 2009; Geetha and Balachandran, 2016). In both Amphan and Nisarga (Figure 14; Supplementary Figure S15), significant diabatic heating occurred in the mid-to-upper troposphere, driven by intense convective activity within the core of the TCs. This process contributed to strengthening the TCs by enhancing vertical motion and sustaining the warm-core structure characteristic of intense tropical systems. The latent heat release is concentrated around the eyewall and convective bands, playing a key role in the rapid intensification of these storms. Thus, diabatic heating figures shows that it not only reinforces vertical circulation but also influences vorticity through feedback mechanisms (Fujiwara et al., 2017). Additionally, the latent heat release associated with DH can accelerate cyclone intensification by amplifying vorticity in the storm’s core (Shu et al., 2022; Kutty and Gohil, 2017). Potential vorticity which combines vorticity with atmospheric stability, is also a way for understanding TC evolution. In both cyclones Amphan and Nisarga (Figures 14D, E, F; Supplementary Figures S15C, D), high potential vorticity in the upper troposphere, driven by strong convection and vertical wind shear, played a significant role in intensification of TC (Wada and Usui, 2007; Molinari and Vollaro, 2010; Kotal et al., 2012; Hoskins et al., 2021). Convection helped transport potential vorticity toward the storm centers, and the interaction between upper-level potential vorticity and low-level vorticity deepened the cyclonic systems, maintaining their strength as they moved across the warm waters of the BOB and AS. The accumulation of potential vorticity near the cyclone core, particularly in Amphan (0.9 × 10−6 K kg−1 m2 sec−1) indicated heightened dynamic activity crucial for its stronger intensity. Amphan exhibited a more pronounced PV tower extending from the lower to upper troposphere, contributing to its greater intensity and longevity compared to Nisarga (Kutty and Gohil, 2017). The presence of high SSTs in the Bay of Bengal provided abundant moisture, which led to enhanced diabatic heating, enhanced the upper-level divergence, aiding in the development of strong outflow channels that supported the Amphan’s intensification. Amphan’s deep, organized convection led to a more predictable and steadier path, while Nisarga’s convection was more erratic, influencing its landfall.
5 CONCLUSION
The current study illustrates the TC dynamics in the NIO region, focusing on Amphan (in BOB) and Nisarga (in AS) in 2020, and examines critical metrics such as tangential and radial wind profiles, emphasizing on vorticity budget analysis and diabatic heating. The study confirms that the ERA5 reanalysis data gives relatively accurate cyclone tracks for Amphan and Nisarga, with mean track errors of ∼31 km. The RMSE (and STD) for track deviations is 31.15 km (19.24 km) for Amphan and 31.27 km (18.52 km) for Nisarga, respectively, with errors ranging from 0–50 km for both cyclones using IMD and JTWC datasets.
The MSW and CSLP in the cyclone eye have indicated a strong negative correlation, which is critical for classifying TC strength. During the mature phases of cyclones, vertical wind dynamics are changing substantially, with stronger winds concentrated near the eyewall. The study described the radial and tangential wind variation to better understand the TC structure. The intense radial inflow and outflow at lower and upper levels, indicates influence on vertically integrated convergence and concentrated warming in lower troposphere promotes the strengthening of cyclone intensity and motion. Further, the tangential winds peak near the eyewall with lower-level inflows extending up to 250 km are influences precipitation patterns and plays an essential role in inflow and outflow dynamics critical for TC development and movement.
Moreover, the current study has found that ATMP correlates with TC intensity, whereas θe is significant for NIO-TC analysis, suggesting atmospheric instability and energy for intensification. Additionally, θe and ATMP exhibit patterns related to tangential wind cross-sections. The changes in LTT and LST, with increasing LTT and decreasing LST, have indicated variations in TC intensity and structure. High mid-tropospheric RH, moisture divergence near the eyewall, vertical cloud property variations, and low OLR in the eye region impact TC movement, intensification, and precipitation distribution. Energy indices like ACE and PDI illustrate the importance of environmental variables during rapid TC intensification. This analysis has incorporated environmental elements such as SST, wind field, low-level vorticity, RH, and OLR, which are substantial TC activities such as landfall and structure. However, future research should concentrate on improving empirical correlations and studying climatological variability using new techniques like Artificial Neural Networks (Roy and Kovordányi, 2012) to improve our capacity to anticipate and reduce the effects of TC in the region, especially in light of ongoing climate change and global warming.
In both Amphan and Nisarga, relative vorticity is enhanced by upward transport of momentum and energy from the different terms of vorticity budget, while upper-level divergence intensified the cyclones through enhanced outflow. Positive vorticity advection at upper levels also helped maintain their strength by interacting with environmental wind fields (Raymond and López Carrillo, 2011; Shu et al., 2022). For Cyclone Amphan, stretching and tilting terms dominated the vorticity budget, with cyclonic vorticity concentrated near the surface, aided by strong convection and vertical motions. In contrast, Nisarga exhibited a more balanced contribution between stretching and advection terms, with its rapid intensification driven by interactions between mid- and lower-level vorticity and environmental factors. Overall it is concluded that the tilting term, along with others like divergence and advection, is critical to the TC’s vorticity profile. It has a direct impact on the cyclone’s intensity and organization, especially during its mature stage, because it constantly feeds vertical vorticity into the system and allows the cyclone to rotate continually. Also, for both cyclones Amphan and Nisarga high potential vorticity in the upper troposphere, driven by strong convection and vertical wind shear, played a significant role in intensification of TC. In summary, diabatic heating was a key factor in the intensification of both Cyclone Amphan and Cyclone Nisarga, but the differences in environmental and oceanic conditions led to distinct outcomes in their evolution and impacts.
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