
        
    
        
            
            
                
            

            
        
    

        
    
        
            
            
                
            

            
        
    


        
    




        

        
    Skip to main content

    

    
    
        
            
                
                    
                        
                    
                
            
        


        
            
                
                     
                        
                            
                                
                            Account
                        
                    
                
            
        
    


    
        
            
                
                    
                        
                            
                        Menu
                    
                


                
                    
                        
                            Find a journal
                        
                    
                        
                            Publish with us
                        
                    
                        
                            Track your research
                        
                    
                


                
                    
                        
                            
                                
                                    
                                Search
                            
                        

                    
                    
                        
 
  
   
  Cart
 


                    
                

            

        
    




    
        
    
        
            
                
                    
    
        
            	
                        Home




	
                        Climate Dynamics

	
                        Article

Moisture source identification for precipitation associated with tropical cyclone development over the Indian Ocean: a Lagrangian approach


                    	
            Open access
        
	
                            Published: 29 August 2022
                        


                    	
                            Volume 60, pages 2735–2758, (2023)
                        
	
                            Cite this article
                        



                    
                        
        
            
                
                    
                        Download PDF
                        
                    
                
            

        

    

                        
                            
                            You have full access to this open access article

                        
                    

                
                
                    
                        
                            
                            
                                
                                
                            
                            Climate Dynamics
                        
                        
                            
                                Aims and scope
                                
                            
                        
                        
                            
                                Submit manuscript
                                
                            
                        
                    
                

            
        
    


        
            
                
                
                    
                        
                            
                                Moisture source identification for precipitation associated with tropical cyclone development over the Indian Ocean: a Lagrangian approach
                            

                            
                                
                                    
        
            
                
                    
                        Download PDF
                        
                    
                
            

        

    

                                

                            
                        

                    

                

                

                
                    
                        	Albenis Pérez-Alarcón 
            ORCID: orcid.org/0000-0002-9454-23311,2, 
	José C. Fernández-Alvarez 
            ORCID: orcid.org/0000-0003-3409-61381,2, 
	Rogert Sorí 
            ORCID: orcid.org/0000-0001-6699-45951,3, 
	Raquel Nieto 
            ORCID: orcid.org/0000-0002-8984-09591 & 
	…
	Luis Gimeno 
            ORCID: orcid.org/0000-0002-0778-36051 

Show authors
                        
    

                        
                            	
            
                
            1425 Accesses

        
	
            
                
            7 Citations

        
	
            Explore all metrics 
                
            

        


                        

                        
    
    

    
    


                        
                    
                


                
                    Abstract
In this study, we investigated the moisture sources for precipitation through a Lagrangian approach during the genesis, intensification, and dissipation phases of all tropical cyclones (TCs) that occurred over the two hemispheric sub-basins of the Indian Ocean (IO) from 1980 to 2018. In the North IO (NIO), TCs formed and reached their maximum intensity on both sides of the Indian Peninsula, to the east in the Bay of Bengal (BoB), and to the west in the Arabian Sea (AS). The oceanic areas where TCs occurred were their main moisture sources for precipitation associated with TCs. Additionally, for TCs over the BoB, continental sources from the Ganges River basin and the South China Sea also played a notable role; for TCs over the AS, the Somali Low-Level jet (along the African coast in a northerly direction) also acted as an essential moisture transport. In the South IO (SIO), the western, central, and eastern basins were identified as the preferred areas for the genesis and development of TCs. During TC activity, the central IO and the Wharton and Perth basins mostly supplied atmospheric moisture. The Mascarene High circulation was the main moisture transport mechanism for the precipitation of TCs formed in the SIO basin. In both basins, during their intensification process, TCs gained more moisture (even more intensely when reaching the hurricane category) than during the genesis or dissipation stages. Additionally, the modulation during monsoonal seasons of the moisture contribution to the TCs was more noticeable over the NIO basin than for the SIO. Overall, the moisture uptake for precipitation from the sources for TCs occurred slightly faster in the NIO basin than in the SIO basin.
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                                    1 Introduction
Tropical cyclones (TCs) are essential elements of the hydrological cycle in tropical and subtropical regions (Dominguez and Magaña 2018). However, the combined effects of extreme winds, precipitation, and storm surges cause significant economic losses and human death, especially in coastal regions (Boruff 2009). Therefore, the forecasting of TC intensity and trajectory to reduce the negative effects of these storms has been of special interest to the international scientific community.
TCs are formed over the tropical and subtropical waters of different cyclogenic basins: North Atlantic, Central and East Pacific, North-Western and South Pacific Ocean, North Indian Ocean (NIO), and South Indian Ocean (SIO). The warm waters of the oceans provide the energy source for TCs, and their intensification is led by the enhanced latent and sensible heat fluxes due to the evaporation and heat transfer from the surface of the warm oceans, moistening the TC boundary layer (Williams 2016).
The role of moisture in TC development is crucial. Wang et al. (2016) demonstrated that latent heating associated with the condensation of water vapour is an important source of potential energy for TC intensification, and Gray (1968) showed that the relatively moist layers near the mid-troposphere are a necessary factor for their genesis. Early findings of Gray (1977) suggested that when mid-level relative humidity over the ocean is less than 60%, cumulus convection does not typically occur, and when relative humidity is less than 40%, cyclonic development is not possible. The intensity of storms in sheared environments is enhanced (suppressed) if there is an increasing (reducing) mid-tropospheric relative humidity (Emanuel et al. 2004). Moreover, a moistened environment is considered one of the most important factors for forecasting the intensity of TCs (Wu et al. 2015). Therefore, globally, identifying where the atmospheric moisture comes from to the TCs during their different life stages is necessary to improve the predictive power of numerical TC prediction models and to improve the understanding of the global hydrological cycle.
The focus of this study was the analysis of TCs that formed over the Indian Ocean (IO), namely the northern and southern basins, the site of most of the world’s deadliest cyclones (Longshore 2009; Samson et al. 2014), mostly due to flash flooding caused by storm surges and heavy rainfall (Needham et al. 2015; Bousquet et al. 2021; Wahiduzzaman 2021). Therefore, knowing precisely the origin of the humidity that generates precipitation in TCs is crucial.
In addition to the more or less common characteristics that can facilitate or inhibit the development or maintenance of TCs, the IO is affected by one of the most prominent climatic systems worldwide, the monsoon. In fact, it is affected by different monsoonal regimes, and they modulate the occurrence and frequency of TCs in the basin. For instance, during the summer monsoon season over the IO and South Asia, the cyclonic vorticity to the north of the strong cross-equatorial low-level jet stream is a dynamic force for the genesis of depressions and cyclones north of the Bay of Bengal (BoB) (Muni 2009). Nevertheless, according to Li et al. (2013) and Yuan et al. (2019), TCs formed over the NIO basin exhibit a bimodal seasonal distribution caused by unfavourable environmental conditions during the monsoon season. Thus, the monsoonal system phases and their seasonally associated fluxes throughout the areas of the IO can play an important role, including moisture availability, in TC activity over the basin.
Various methods and approaches have been developed to identify and follow the atmospheric moisture that reaches or leaves a specific region. Eulerian (van der Ent et al. 2014), Lagrangian (Stohl and James 2005; Sodemann et al. 2008; Sprenger and Wernli 2015) and analytical (Martínez and Domínguez 2014; Ordóñez et al. 2012) models, and physical water vapour tracers using isotopes (Henderson-Sellers et al. 2002) are the most used (Gimeno et al. 2010, 2012, 2020). Lagrangian models are commonly used to study the water vapour budget of air parcels as they travel either forward or backward in time and space (Stohl and James 2005; Gimeno et al. 2010, 2012, 2020). Nevertheless, the moisture sources that supply the atmospheric humidity that generates TC precipitation during their genesis and intensification stages remain poorly studied in any basin. Using the Lagrangian FLEXible PARTicle (FLEXPART) dispersion model (Stohl et al. 2005), Xu et al. (2017) investigated in the Pacific basin the physical processes that caused extreme precipitation in Japan during the landfall of Typhoon Fitow in 2013, and Pazos and Gimeno (2017) studied over the North Atlantic Ocean the climatological moisture sources during the genesis phase of 110 TCs formed in the eastern part of the basin; Pérez-Alarcón et al. (2021) extended the study to the whole basin and to further phases of TC development.
In this study, we aim to investigate the origin of the moisture that becomes in precipitation associated with TCs formed over the IO by using a Lagrangian approach. The analysis also attempts to show the differences by considering the different regions of occurrence for the three life phases of the TCs: during their genesis, lifetime maximum intensity (LMI), and dissipation.
1.1 Study area
The IO is an ocean surrounded by large landmasses at low latitudes and the Indonesian archipelago (Fig. 1), which favours the formation of the monsoon system and the reversal of ocean currents. According to Hermes et al. (2019), the IO’s climate is unique. The sea surface temperature (SST) at low latitudes is commonly characterised by values higher than 28 ºC, which leads to the maintenance of atmospheric deep convection and seasonal air–sea interactions (DeMott et al. 2015).
Fig. 1
Indian Ocean and surrounding landmasses. The red arrow represents the position of the Somali Low-Level Jet (SLLJ). The dashed orange line shows the mean location of the South Indian Ocean Convergence Zone (SICZ) during the austral summer. Brown arrows represent the major flows of moisture at low levels from: (1) the northern branch of the circulation of the Angola Thermal Low (ATL, black dashed circle), (2) northeast monsoon region, (3) and northern branch of the Mascarene High pressure system (dashed red line). Black arrows represent the South-East trade winds at the east of Australia. IP denotes the Indian Peninsula, and InP denotes the Indochina Peninsula


Full size image

The atmospheric transport patterns over the northern IO are mainly modulated by the seasonally reversing monsoon winds (Tegtmeier et al. 2022) and the Somali Low-Level Jet (SLLJ) positioned on the northeastern African continent. This configuration is crucial for moisture and momentum transport in regional circulation towards the Indian Peninsula (IP) (Halpern and Woiceshyn 1999; Viswanadhapalli et al. 2020). Over the southwest IO, the moisture fluxes and the low-level convergence of circulations associated with the Angola thermal low (ATL, positioned over the Angola–Namibia border), the Mascarene High pressure system (MHPS, Manatsa et al. 2014) positioned over 25–35º S and 40–110º E, and the flow from the northeast monsoon region through the tropical IO results in the formation of the SIO Convergence Zone (SICZ) during the austral summer (Ninomiya 2008; Lazenby et al. 2016; Barimalala et al. 2018). Furthermore, the northern branch of the MHPS plays an important role in defining the trajectories of TCs formed in the western SIO (Xulu et al. 2020).


2 Materials and methods
2.1 Data
We used the best track TC archive of the Joint Typhoon Warning Centre (JTWC), which provides complete data on the systems formed over the NIO and SIO during their lifetime. The period available, from 1980 to 2018, is in the post-satellite era, for which TC records are considerably better than those in the pre-satellite era (Mohapatra et al. 2012). The best track dataset has a text format that contains the location, maximum winds, and minimum central pressure of all known tropical and subtropical cyclones every 6 h.
To compute the vertically integrated moisture flux (VIMF), we used the vertically integrated northward and eastward moisture flux every 6 h extracted from the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA-Interim reanalysis (Dee et al. 2011). The ERA-Interim reanalysis is based on 4D-Var variational analysis in ECMWF’s Integrated Forecast System from 1979 to 2019 with a spatial resolution of 1º × 1º in latitude and longitude, and 61 vertical levels from the surface up to 0.1 hPa.
To determine the onset and offset of the monsoon system to investigate its relationship with variations in moisture sources during the phases of the TCs, we used daily precipitation data over the extended period of the study from the Multi–Source Weighted–Ensemble Precipitation (MSWEP) v2 dataset. This database incorporates a wide range of data from different sources (Beck et al. 2019).
2.2 Methodology
2.2.1 Cluster analysis
We objectively grouped TC genesis, lifetime maximum intensity (LMI), and dissipation locations in clusters using the K-means cluster technique (MacQueen 1967). The K-means algorithm divides N points in D dimensions into k clusters, where the addition of the variance within a cluster is minimised to ensure that the objects of each cluster are as close to each other as possible (Hartigan and Wong 1979). The optimal cluster number was determined by the maximum mean and minimum number of negative silhouette values. The silhouette value for each observation is a measure of the similarity of these observations within the same cluster when compared with observations in other clusters (Rousseeuw, 1987; Kaufman and Rousseeuw 2005). This clustering technique is one of the most used because of its simplicity, and it is used for clustering TCs in different basins (e.g. Nakamura et al. 2009; Corporal-Lodangco et al. 2014; Rahman et al. 2018; Pérez-Alarcón et al. 2022a).
2.2.2 Moisture sources diagnostic
To determine the origin of the precipitation that occurred during the genesis, the LMI, and the dissipation phases of TCs, we used the outputs from the Lagrangian model FLEXPART v9.0 (Stohl and James 2004, 2005). The model was forced using ERA-Interim reanalysis data (Dee et al. 2011) from the ECMWF at 6-h intervals with a 1° horizontal resolution and 61 vertical levels covering the entire troposphere. FLEXPART was executed considering that the atmosphere was homogeneously divided into ~ 2.0 million parcels. It is worth noting that forcing the FLEXPART model with the ERA-5 reanalysis (Hersbach et al. 2020) at 0.25º horizontal resolution and 137 vertical levels or performing dynamic downscaling using the WRF (Skamarock et al. 2008) and FLEXPART-WRF (Brioude et al. 2013) models are not suitable for climatological long term studies due to the needed of high computing resources.
We focused on moisture sources for precipitation produced by TCs; thus, the trajectory of all precipitant parcels in the prior 6 h before arriving at the region of interest were followed backward in time up to 10 days. Several authors (Numaguti 1999; van der Ent and Tuinenburg 2017; Gimeno et al. 2021) have considered these 10 days as the average water vapour residence time in the atmosphere at a global scale. According to Läderach and Sodemann (2016), precipitant parcels were defined as those that achieved a decrease in specific humidity higher than 0.1 g/kg. Thus, for each parcel, the moisture variation (e − p) every 6 h was computed as
$$m\frac{dq}{{dt}} \approx m\left( {\frac{\Delta q}{{\Delta t}}} \right) = \left( {e - p} \right)$$

                    (1)
                

where e and p are the evaporation and precipitation from the environment, respectively, m is the mass of the parcel, and q is the specific humidity.
Therefore, by applying the methodology developed by Sodemann et al. (2008) for the identification of moisture sources, we identified regions where air masses gained moisture before the precipitation associated with each TC occurs and measured the moisture uptake (MU) during TC genesis, LMI, and dissipation phases. Further details of the moisture source diagnostic method are in Läderach and Sodemann (2016) and Pérez-Alarcón et al. (2022b). The region of interest around each TC, where the tracked atmospheric particles finally precipitated, was determined by the size of the TC. This target area was calculated as the region inside a circle delimited by the outer radius of the TC, which was computed as it was in Pérez-Alarcón et al. (2021, 2022c). After the individual MU for each TC was computed, a composite was performed to determine the total moisture uptake pattern for each genesis, LMI, and dissipation cluster.
Furthermore, a quantitative estimation of the moisture fractional contribution of each evaporative grid to the precipitation over the entire ocean basin was possible by using the moisture accounting method in Sodemann et al. (2008). The water vapour supplied by the moisture sources can be estimated by adding the individual fractional contributions over each grid cell. This methodology is similar to the Eulerian diagnostics of strong, large-scale ocean evaporation events (Aemisegger and Papritz 2018).
Moreover, the moisture source diagnostic method applied in this study permits an estimation of the time that an atmospheric parcel flows in the atmosphere before it precipitates, the known backward transit time, or water vapour residence time (WVRT) (Gimeno et al. 2021). The WVRT of each parcel was estimated as the time between the far evaporation and precipitation within the TC limits, weighted by each evaporation location fractional contribution along the parcel trajectory. Therefore, by averaging the WVRT of all precipitant parcels over the target region, the Lagrangian mean residence time of water vapour (MWVRT) can be computed.
2.2.3 Determination of the monsoon onset and offset dates
To improve the understanding and elucidate the linkages between the monsoon systems and the extension and intensity of moisture sources for TC genesis, LMI, and the dissipation stages, we analysed the variability of moisture sources for the TCs during the pre-monsoon, monsoon, and post-monsoon phases.
To objectively determine the onset and offset dates throughout the year of the different monsoonal circulations over the study area (the Indian Summer Monsoon [ISM], the East Asian Summer monsoon [EASM], the Southeastern African Monsoon [SEAM], and the North Australia Monsoon [NAM]) we used the method in Noska and Misra (2016). This methodology was applied by Dunning et al. (2016) to study the onset and cessation of seasonal rainfall over Africa, and by Sorí et al. (2017) to investigate the atmospheric transport of moisture linked to monsoonal phases for the Indus, Ganges, and Brahmaputra River basins. The methodology is based on computing the daily cumulative anomalies (Cm) of the average precipitation for an affected region throughout the year. The daily cumulative anomalies for day i of year m are computed as:
$$C^{\prime}m\left( i \right) = \mathop \sum \limits_{n = 1}^{i} \left[ {D_{m} \left( n \right) - R_{c} } \right]$$

                    (2)
                

where Dm(n) is the daily rainfall for day n of year m, and Rc is the climatology of the annual mean of the precipitation for N days (N = 365 or 366) for M years:
$$R_{c} = \frac{1}{MN}\mathop \sum \limits_{m = 1}^{M} \mathop \sum \limits_{n = 1}^{N} D\left( {m,n} \right)$$

                    (3)
                

The C’m for the ISM, EASM, SEAM, and NAM were calculated over the limited regions defined as (7º–22º N, 73º–90º E), (5º–45º N, 90º–125º E), (0º–40º S, 25º–50º E) and (10º–22º S, 110º–140º E), respectively.
Therefore, the onset is defined as the day after the C’m reaches its absolute minimum, and the offset is defined as the day when the C’m reaches its absolute maximum after the onset date. We assumed the pre-monsoon from 60 days before the onset and the post-monsoon until 60 days after the offset, in agreement with Kiguchi and Matsumoto (2005).


3 Results and discussion
3.1 Origin of TCs’ precipitation during the genesis phase
The K-means cluster analysis (Fig. 2a) clearly reveals five regions of TC genesis for the entire IO basin. For the NIO basin, the Bay of Bengal (G-N1) accounts for 70% of the systems, and the Arabian Sea (G-N2) with the remaining 30% (Fig. 2a). These results agree with those of Bhatla et al. (2020), who also noted that TCs are uncommon in the Arabian Sea. In both regions, the TC activity in the NIO has a bimodal annual frequency distribution (Fig. 2b) with a marked maximum during October and November, and a secondary maximum in May and June, coinciding with the post- and pre-monsoon seasons, respectively (Yanase et al. 2012; Li et al. 2013). For the SIO basin, three regions of genesis were identified: the central tropical SIO (G-S1) with 43.6% of the events, northwest of Australia (G-S2, 26.4%), and the southwest IO (G-S3, 30%). Over the SIO basin, the highest TC frequency in each genesis cluster was observed in January and February (Fig. 2c), in agreement with Yuan et al. (2019).
Fig. 2
a Genesis points of tropical cyclones (TCs) in the Indian Ocean from 1980 to 2018. Colours represent each cluster calculated by K-means for the North Indian Ocean (Nn, n = 1, 2) and South Indian Ocean (Sn, n = 1, 2, 3). b Monthly frequency of TCs by cluster for the North Indian Ocean and c South Indian Ocean


Full size image

The moisture uptake (MU) pattern over the NIO revealed that for the G-N1 region (Fig. 3a), the Bay of Bengal (BoB) was its main moisture source, contributing between ~ 50% and 70% of the atmospheric humidity (Fig. 3c), and the South China Sea (SCS) with a notable ~ 30–45%, and the Indian Peninsula (IP) with ~ 15–20%. The air masses reaching G-N2 gained moisture (Fig. 3b) mainly from the Arabian Sea (AS) and the southwestern portion of the IP, with a ~ 55–70% contribution (Fig. 3d), and the moisture contribution was lower from the SIO through the Somali Low-Level Jet (SLLJ) area of influence (~ 10–20%) and from the east African coast (~ 15–30%).
Fig. 3
a, b Composite of the moisture uptake (mm/day) pattern during the genesis phase of TCs and the vertically integrated moisture flux (VIMF) (arrows, kg/ms) for the North Indian Ocean. The red line represents the area occupied by the size of all TCs (numbered on the left) within the cluster. c, d Composite of moisture sources contribution (%). Period of study: 1980–2018


Full size image

Over the SIO, the easterly trade winds blowing from the Mascarene High pressure system (MHPS) were the mainly mechanism of moisture transport from the Perth Basin (PB) and Wharton Basin (WB) to the G-S1 genesis cluster (Fig. 4a). The moisture contribution (Fig. 4d) from the WB ranged from 75 to 85%, and the PB supplied ~ 30–50%. For G-S2 (Fig. 4b, e), located over the North Australian Basin, the main moisture source was its region, supporting ~ 50–70%. The South-East trade winds transported moisture from the western Coral Sea (CS; ~ 10–25%), crossing north of Australia (Nieto et al. 2014). Additionally, the westerly winds linked to the Australian monsoon system during the warmer months in the South Hemisphere (Drosdowsky 1996; Lisonbee et al. 2020) transported moisture (~ 5–25%) from the eastern tropical IO. Overall, these moisture transport patterns were supported by the VIMF field (Fig. 4b). For G-S3 (Fig. 4c, f), the MHPS also transported the majority of the atmospheric humidity (~ 65–90%) from the central IO (CIO), and a secondary nucleus appeared over the Somali basin, exhibiting a moisture contribution of ~ 65%.
Fig. 4
a–c Composite of the moisture uptake (mm/day) pattern during the genesis phase of TCs and the vertically integrated moisture flux (VIMF) (arrows, kg/ms) for the South Indian Ocean. The red line represents the area occupied by the size of all TCs (numbered on the left) within the cluster. d–f Composite of moisture sources contribution (%). Period of study: 1980–2018


Full size image

Several source regions contribute to moisture in various genesis areas; therefore, we analysed the total contribution of moisture from each source to the cyclogenesis over both sub-basins. The total MU pattern of the precipitant parcels residing over the TC genesis regions over the IO is plotted in Fig. 5. The advection of oceanic moisture from the IO towards the TC genesis regions was higher than that from the subcontinental land. The oceanic and terrestrial sources in NIO contributed ~ 85.93% and ~ 14.07% of moisture, respectively, while the contributions from ocean and land regions accounted for ~ 80.29% and 19.71% in SIO, respectively. In summary, the results allowed the identification of six sources of moisture for cyclogenesis in the NIO basin (Fig. 5a): the Arabian Sea (AS), the Bay of Bengal (BoB), terrestrial moisture sources in the Indian (IP) and Indochina Peninsula (InP), the South China Sea (SCS), and the western IO (WIO) along the SLLJ jet. Overall, the IP, AS, and BoB contributed to the majority of the moisture (~ 70%), the moisture contributions from InP and SCS ranged from 20 to 30%, and the atmospheric humidity supported by the WIO is less than 20% (Fig. 5b). Likewise, in the SIO basin (Fig. 5c), the moisture sources that supplied the atmospheric humidity during the genesis of TCs were the western IO (WIO), the central IO (CIO), the Wharton Basin (WB), the Perth Basin (PB, the Coral Sea (CS), and northern Australia (NA). As shown in Fig. 5d, the highest moisture contribution (~ 50–80%) was from CIO and WB, followed by NA (~ 40%) and WIO (~ 30%). Notably, the WIO exhibits nuclei with a maximum contribution of 60% over the Somali basin. Moreover, the moisture contribution from the CS was less than 10%.
Fig. 5
Composite pattern of the moisture uptake (mm/day) for all TCs genesis locations for the a North Indian Ocean (NIO) and c South Indian Ocean (SIO); and moisture sources contribution composite for the b NIO and d SIO basins during the study period (1980–2018)


Full size image

From the different sources, the moisture lasted different times to become precipitation. The MWVRT for the whole sources over the NIO basin, calculated from the Lagrangian approach, during TCs genesis phases was ~ 3.1 ± 0.5 days (variability indicated by one standard deviation), 3.2 ± 0.4 days for the Bay of Bengal (G-N1) cluster, and 2.9 ± 0.5 days for the cluster over the Arabian Sea (G-N2). For the whole SIO basin, the estimated MWVRT was higher than that in the NIO, at ~ 3.3 ± 0.5 days. The central tropical SIO (G-S1) exhibited the highest values, 3.4 ± 0.5 days, followed by the western SIO (G-S3) and northeast Australia (G-S2), which showed 3.3 ± 0.5 days and 3.1 ± 0.5 days, respectively.
3.2 Origin of tropical cyclone precipitation in the lifetime maximum intensification phase
Cluster analysis (Fig. 6a) again revealed five regions in the IO basin where TCs reached the lifetime maximum intensity (LMI). For the NIO basin was the Bay of Bengal (P-N1) where 67.8% of the TCs showed their peak of intensification, and the Arabian Sea (P-N2) accounted the remaining 32.1%. For the SIO basin was the central tropical South Indian Ocean (P-S1) where occurred 38.7% of the TCs during LMI, followed by the West Indian Ocean (P-S3, 33.7%), and the northwest of Australia (P-S2, 27.4%). For both basins, the monthly frequency showed a bimodal distribution, similar to that observed for genesis (Fig. 6b,c).
Fig. 6
a Tropical cyclones (TCs) lifetime maximum intensity (LMI) over the Indian Ocean from 1980 to 2018. Colours represent each cluster calculated by K-means for the North Indian Ocean (Nn, n = 1, 2) and South Indian Ocean (Sn, n = 1, 2, 3). Monthly frequency of TCs by cluster is also represented for the b North Indian Ocean and c for South Indian Ocean


Full size image

Figures 7a,b show that the evaporation of water over the BoB was the main region that supplied atmospheric humidity (~ 60–75%) for the TCs in P-N1 during their LMI. In addition, P-N1 received, but in a smaller amount, moisture from the SCS (~ 25%), the IP (~ 15–25%), and from the AS (~ 5–10%), in Fig. 7b. The pattern changed for P-N2 (Fig. 7c), for which the AS supplied most of the moisture (~ 60%), and not an inconsiderable amount arrives across the equator along the coast of East Africa and the Gulf of Aden (~ 25%) through the SLLJ (Fig. 7c), in agreement with Ordóñez et al. (2012).
Fig. 7
a, b Composite of the moisture uptake (mm/day) pattern for the North Indian Ocean during TCs lifetime maximum intensity (LMI) phase and the vertically integrated moisture flux (VIMF) (arrows, kg/ms). The red line represents the area occupied by the size of all TCs (numbered on the left) within the cluster. c, d Composite of moisture sources contribution (%). Period of study: 1980–2018


Full size image

For the TC LMI phase over the SIO basin, the pattern of moisture uptake in each cluster was similar to that observed for TC genesis, but more intense (Fig. 8). The circulation pattern associated with the MHPS (see VIMF vectors, Fig. 8a) transported moisture from the Wharton and Perth basins to P-S1 along its eastern branch, supplying approximately 50–70% of the moisture (Fig. 8d), and the northern branch towards the west supplied moisture from the central IO (~ 40–65%) to P-S3 (Fig. 8c, f). For P-S3, the flow from the northeast monsoon region from the northeastern coast of Africa and the Somali Basin also achieved ~ 20–40%. Furthermore, for P-S2 the importance of the moisture transported from inland northern Australia (~ 40–75%), and the winds related to the Australian monsoon, blowing from the northwest, also transported moisture (~ 5–25%) from the NOI towards P-S2 (Fig. 8b, e), complemented by the trade winds associated with high pressures around Australia from the Coral Sea (~ 5%), in agreement with Nieto et al. (2014).
Fig. 8
a–c Composite of the moisture uptake (mm/day) pattern for the South Indian Ocean during TCs lifetime maximum intensity (LMI) phase and the vertically integrated moisture flux (VIMF) (arrows, kg/ms). The red line represents the area occupied by the size of all TCs (numbered on the left) within the cluster. d–f Composite of moisture sources contribution (%). Period of study: 1980–2018


Full size image

Figure 9 summarises the moisture sources for the TCs during their LMI over the IO. Clearly, for the NIO basin, AS, BoB, Ganges basin (GB), and the IP were again the main moisture sources for this TC phase (Fig. 9a). The four supplied ~ 64% of the atmospheric humidity (Fig. 9b); the Indochina Peninsula (InP) and the South China Sea (SCS) provided ~ 27%; and the WIO, the remaining ~ 9%. Over the SIO basin (Fig. 9c), the unified area of the central IO, WB, and BP was the main moisture source for the TCs during the LMI phase, supplying most of the moisture (~ 63%), followed by the WIO (~ 22%) and northern Australia (NA) and western Coral Sea (CS) (~ 15%). Figure 9 also reveals that the moisture contributions from oceanic sources are notably higher than that from terrestrial sources during the LMI phase in both basins. Overall, the oceanic sources supplied ~ 84.33% (~ 78.19%) in the NIO (SIO) basin, while the terrestrial counterpart contributed ~ 15.67% (~ 21.81%).
Fig. 9
The same as Fig. 5 but for the TCs lifetime maximum intensity


Full size image

The dynamic and thermodynamic processes leading to changes in TC intensity are a key factor in understanding TC development. Our findings revealed that intensity changes to hurricane category (NIO: 702.8 mm/day per TC, SIO: 765.1 mm/day per TC) required more atmospheric moisture than those to major hurricanes (NIO: 660.1 mm/day per TC, SIO: 705.4 mm/day per TC) or tropical storms (NIO: 575.8 mm/day per TC, SIO: 637.9 mm/day per TC) in the NIO and SIO basins. As a general feature, TCs during the LMI or intensity changes over the NIO gained less water vapour for precipitation than over the SIO. Additionally, like for LMI and genesis phases, the oceanic sources supplied the higher amount of moisture in both basins.
The MWVRT during TCs LMI and intensity changes (Table 1) was higher in the SIO (3.1 ± 0.5 days) than in the NIO (2.8 ± 0.5 days). On average, the moisture uptake that became precipitation during the tropical storm category (TS) exhibited higher MWVRT in both basins than during the hurricane category (H) and major hurricane category (MH).
Table 1 Lagrangian mean water vapour residence time (MWVRT, in days) during the TCs lifetime maximum intensity (LMI), and for the TCs categorised by intensity: Tropical Storm (TS), Hurricanes (H, category 1 and 2 on the Saffir-Simpson scale), and Major Hurricane (MH, category 3 + on the Saffir-Simpson scale)Full size table

3.3 Origin of tropical cyclone precipitation during the dissipation phase
The clusters for the TC dissipation phase over the NIO and SIO basins are shown in Fig. 10a. In this phase, three clusters appear in the NIO basin. The majority of TCs (41.7%) dissipated over the Indian Peninsula (D-N1, red), the Arabian Sea accounted for 25.4% (D-N2, yellow), and the remaining 32.9% disappeared over the eastern coast of India and Bangladesh (D-N3, green). The SIO basin shows a cluster pattern for TC dissipation, similar to those for the genesis and LMI phases, although in this terminal phase, the TC positions within each cluster were more dispersed. One cluster was located in the central IO (D-S1, purple, 33.7%); one over the western coast of Australia (D-S2, cyan, 26%); and the third, which accounted for a higher number of TCs, appeared in the western IO (D-S3, orange, 40.1%).
Fig. 10
a Dissipation points of tropical cyclones (TCs) formed over the Indian Ocean from 1980 to 2018. Colours represent each cluster calculated by K-means for the North Indian Ocean (Nn, n = 1, 2) and South Indian Ocean (Sn, n = 1, 2, 3). The monthly frequency of TCs by cluster is also represented for the b North Indian Ocean and c South Indian Ocean
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The TC monthly distribution of each cluster revealed a high frequency of events from October to December in the NIO (Fig. 10b) and from December to April in the SIO (Fig. 10c). In both basins, the monthly distribution for TC dissipation showed a similar pattern to that observed for the prior life phases.
Over the NIO, the wind flux linked to the SLLJ appeared as the main mechanism of moisture transport from the western SIO and the eastern coast of Africa towards the D-N1 and D-N2 clusters, and the moisture uptake and VIMF patterns were more intense for D-N2 (Fig. 11a,b), supplying approximately 40–60% of moisture. For D-N1, the BoB and IP were the main moisture sources, supplying ~ 60–70% of moisture (Fig. 11d). Additionally, the moisture transported from the SCS was approximately 10% for D-N3 and D-N1. Furthermore, the inland GB exhibited the highest moisture supply (~ 65%) for D-N3 (Fig. 11c, f). According to Ying et al. (2005), the moisture supplied and the properties of the underlying surface have a significant effect on the TC rainfall distribution. Therefore, our results suggest that the moisture supplied is not only helpful in sustaining the TCs remnants at the dissipation stage over land but is also an essential condition for causing torrential rain.
Fig. 11
a–c Composite of the moisture uptake (mm/day) pattern for the North Indian Ocean during the TCs dissipation phase and the vertically integrated moisture flux (VIMF) (arrows, kg/ms). The red line represents the area occupied by the size of all TCs (numbered on the left) within the cluster. c–e Composite of moisture sources contribution (%). Period of study: 1980–2018
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In the SIO basin, the easterly winds linked to the northern branch of the MHPS transported much of the atmospheric moisture from the western coast of Australia and the Wharton Basin to D-S1 (Fig. 12a), contributing approximately 40–70% (Fig. 12b). For the D-S2 cluster, the Perth Basin, the north Australian basin, and the northwestern portion of mainland Australia supplied moisture in a range of ~ 45–70%, and the Australian monsoonal westerly winds transported the remaining amount (~ 5–20%) from the eastern IO (Fig. 12b,e). For D-S3, the central SIO through the easterly winds was the principal source (~ 40–65%), which also received moisture from the eastern coast of Africa and the Somali basin (~ 20–35%), in Figs. 12c and f.
Fig. 12
a–c Composite of the moisture uptake (mm/day) pattern for the South Indian Ocean during the TCs dissipation phase and the vertically integrated moisture flux (VIMF) (arrows, kg/ms). The red line represents the area occupied by the size of all TCs (numbered on the left) within the cluster. c–e Composite of moisture sources contribution (%). Period of study: 1980–2018


Full size image

Similar to the TC genesis and LMI, Fig. 13 summarises the moisture sources and their contributions to the precipitation during the TC dissipation stage over the NIO and SIO basins. Figure 13a shows that the BoB, AS, GB, and IP were the main moisture sources in the NIO basin, providing ~ 60–80% (Fig. 13b). Additionally, the InP and the SCS along the coast of South China supplied ~ 20–30%, and the WIO provided the remaining ~ 10%. Similarly, from Fig. 13c, the WB, PB, and CIO were identified as the main sources of atmospheric humidity for the precipitation of TCs during the dissipation process in the SIO basin, supplying ~ 50–70% of moisture (Fig. 13d). Additionally, the moisture transported from the WIO was ~ 25–35% of the total amount, and the northwestern portion of Australia (NA) contributed ~ 5–10%. Overall, the oceanic (terrestrial) sources supplied ~ 81.83% (~ 18.17%) and ~ 83.17% (~ 16.82%) of moisture in NIO and SIO basins, respectively.
Fig. 13
The same as Fig. 5 but for the TCs dissipation phase


Full size image

Regarding the MWVRT, no noticeable differences were found to the genesis and LMI stages. The MWVRT during the dissipation stage that formed over the NIO basin varied from 2.4 ± 0.5 (in D-N2) to 2.8 ± 0.5 (in D-N3) days; for the SIO basin, it was higher than for NIO, ranging from 2.7 ± 0.4 (in D-S2) to 3.1 ± 0.4 (in D-S1) days.
3.4 Relationship between monsoon systems and moisture sources
The region of the NIO basin is affected by the most important monsoon system, the Asian summer monsoon, which includes the Indian summer monsoon (ISM) and the East Asian Summer monsoon (EASM). The Asian summer monsoon ASM is considered a large-scale coupled ocean–atmosphere phenomenon and is associated with changes in atmospheric circulation patterns (Liu et al. 2019) over the region. Our findings revealed that on average, the ISM started on 01 June and ended on 26 October, the mean onset of EASM occurred on 02 May, and the offset was approximately on 16 October, in agreement with Noska and Misra (2016). Accordingly, 39.3% (42.8%) and 33.3% (42.8%) of TC genesis in the NIO occurred during the ISM (EASM) monsoon and post-monsoon seasons.
We also investigated the changes in the intensity and position of moisture sources for TCs over the NIO basin because of the different monsoon seasons (pre-monsoon, monsoon, and post-monsoon), as shown in Fig. 14 for the genesis, LMI, and dissipation phases, and in Figure S1 for the TS, H, and MH intensity categories. During the ISM pre-monsoon and monsoon seasons, the highest moisture contribution to TCs over the NIO basin was from the IP, AS, and WIO along the eastern coast of Africa. The moisture was mainly transported to the TC position by a strong cross-equatorial low-level jet stream (Joseph et al. 2006). Moreover, because the zonal branch of the Somali Jet forms during the boreal summer, moisture is advected eastward towards the ISM (Liebmann et al. 2012). That is, the ISM is associated with an increase in the precipitation, building up of vertically integrated humidity, strengthening of the low-level westerly wind over southwestern India and an increase in the kinetic energy (Krishnamurti 1985; Sahana et al. 2015). During the EASM pre-monsoon, the moisture gained by TCs was mainly from the southeastern AS, the IP, and the northern BoB. In general, a weak moisture contribution was observed from the BoB and the SCS. Nevertheless, during the post-monsoon season, the moisture uptake from the BoB and SCS was strengthened, and the moisture supplied from the AS and the Somali basin was lower than that of the pre-monsoon and monsoon seasons, being practically zero for TC genesis during the ISM pre-monsoon season. During all monsoon phases, the moisture sources supplied more moisture as the TCs became more intense, although the moisture gained by TCs during the dissipation phase was notably high.
Fig. 14
Moisture uptake (greenish colour) for tropical cyclones (TCs) genesis, peak of maximum intensity, and dissipation over the NIO basin during the pre-monsoon, monsoon, and post-monsoon seasons for the a Indian Summer Monsoon (ISM) and b East Asian Summer Monsoon (EASM). Capital letters at the top indicate the TCs phases, genesis (G), lifetime maximum intensity (LMI), and dissipation (D). Red points indicate the TCs position in each stage. In the top right of each map is the number of TCs during each monsoon phase
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The SIO basin is affected by the Southeastern African Monsoon (SEAM) and the North Australia Monsoon (NAM) occurring on both sides of the basin, in southeast Africa and the north Australia, respectively. According to our estimations, the SEAM started on approximately 08 November and ended on 16 April (as found by Kniveton et al. (2009), Shongwe et al. (2015) and Dunning et al. (2016)), and the NAM started on 13 December and ended on 25 March (in agreement with Suppiah (1992) and Pope et al. (2009)). Thus, 83.8% and 66.1% of the TCs generated in the SIO basin occurred during the SEAM and NAM monsoon seasons, respectively.
Figure 15 shows the intensity and position of moisture sources during the monsoon seasons for TC genesis, LMI, and dissipation phases over the SIO. Likewise, Figure S2 is similar to Fig. 15 but for the TS, H, and MH intensity categories. During the pre-monsoon period, the moisture supplied from the WB and PB was a more intense source during the NAM than during the SEAM and remained active throughout the TC season. During the SEAM and NAM monsoon seasons, the moisture contribution from the WIO and the northeastern coast of Africa was notable. The ISM reversal seasonal circulation (Funk et al. 2016) affects the moisture transport patterns in the region. Thus, the southward movement of the continental tropical convergence zone and the subtropical anticyclone led to the winds blowing from the Indian subcontinent towards the IO in a northeasterly direction during the boreal winter, triggering the northeastern monsoon (Rajeevan et al. 2012), transporting moisture from the Arabian Sea along the east coast of Africa to the position of the TCs over the western basin of the SIO. In addition, during the post-monsoon season, the North Australia and the Coral Sea also contributed to atmospheric moisture for the precipitation associated with TC activity. In summary, TCs uptake more moisture during intensity changes than during the genesis or dissipation phases (Figs. 15 and S2).
Fig. 15
Moisture uptake (greenish colour) for tropical cyclones (TCS) genesis, peak of maximum intensity and dissipation over the SIO basin during the pre-monsoon, monsoon and post-monsoon seasons for the a Southeastern African Monsoon (SEAM) and b North Australia Monsoon (NAM). Capital letters at the top indicate the TCs phases, genesis (G), lifetime maximum intensity (LMI), and dissipation (D). Red points indicate the TCs position in each stage. In the top right of each map is the number of TCs during each monsoon phase


Full size image

Overall, the largest differences in the moisture uptake pattern during the monsoon phases (pre-monsoon, monsoon and post-monsoon) occurred over the NIO basin. This behaviour is probably caused by the intensity of the ISM and EASM compared to the SEAM and NAM. Note that the intensity of the former is notably higher than the latter (Liu et al. 2019). It is worth noting that experiments (e.g. Clemens and Prell 2003) with atmospheric global circulation models have revealed that the elevation of Himalaya-Tibet has significant effects on the intensity of the Asia Summer Monsoon.
Furthermore, according to Table 2, in general, the largest Lagrangian MWVRT observed in the NIO was during the post-monsoon season, and for the SIO basin, during the pre-monsoon season. Regardless of the monsoon season, in both basins, TCs exhibited the highest MWVRT during the genesis phase and the lowest during the dissipation stage, always having in all cases, as discussed, higher values in the SIO than in the NIO basin.
Table 2 Lagrangian mean water vapour residence time (in days) during monsoon seasons for the TCs genesis (G), lifetime maximum intensity (LMI) intensity changes, and dissipation (D) in the North Indian Ocean (NIO) and South Indian Ocean (SIO) basinsFull size table



4 Conclusion and remarks
Tropical cyclones (TCs) are one of the most destructive weather phenomena that affect coastal countries in tropical regions, producing major impacts over significantly large areas. In this study, a Lagrangian approach was used to identify the origin of TC precipitation during the genesis, intensification, and dissipation stages over the Indian Ocean. We objectively separated the locations of TC genesis, lifetime maximum intensification, and dissipation stages into clusters in both the North Indian Ocean (NIO) and the South Indian Ocean (SIO) basins to determine the moisture sources and moisture transport mechanisms in these regions. The position and size of each TC formed in the NIO and SIO from 1980 to 2018 were extracted from the Joint Typhoon Warning Centre best track archives and the TCSize database, respectively.
A Lagrangian moisture source diagnostic method was applied to the backward trajectories of atmospheric parcels residing over the area occupied by the TC outer radius to identify the moisture sources. The pathways of the parcels were obtained from the global outputs of the Lagrangian model FLEXPART, forced with the ERA-Interim reanalysis data.
This study revealed that in the NIO basin, the Bay of Bengal, the Arabian and South China Sea were the predominant oceanic moisture sources for TC activity, and continental areas such as the Indian Peninsula, the Ganges basin and the southern coast of China also contributed to the moisture supply for the genesis, intensification, and dissipation stages. We also found that the western Indian Ocean and the eastern coast of Africa were a notable moisture sources through the SLLJ for TCs that occurred over the Arabian Sea. Notably, for the TCs over the Bay of Bengal the most intense source of moisture was the Ganges River basin when the TCs were at their most intense phase.
For the cyclogenesis and development of TCs over the SIO basin, the central Indian Ocean, the Wharton and the Perth basins were identified as the main moisture sources that supply the precipitant atmospheric humidity thoughout the easterly trade winds blowing out the Mascarene High pressure system. Moreover, the Western Indian Ocean, the northern Australian mainland, and the Coral Sea contributed to the moisture supply but with less intensity. The climatological pattern of moisture uptake revealed that during the intensification process, TCs gained more moisture for precipitation than during the genesis and dissipation stages. Overall, the differences found in the moisture uptake pattern during the different phases of TCs development over the Indian Ocean were statistically significant at a 95% significance level. In summary, the oceanic (terrestrial) sources supplied ~ 86% (~ 14%) of moisture in the NIO basin and ~ 80% (~ 20%) in the SIO basin.
In both basins, TCs required more atmospheric humidity during intensity changes to hurricanes than to major hurricanes or tropical storms. This finding was also supported by computing the average of total specific humidity in the atmospheric column enclosed by the TC outer radius. Figure S3 reveals that the mean total specific humidity increased in both basins from genesis, reaching its maximum value for the hurricane category and then decreasing for the dissipation stage. Additionally, we compared the moisture uptake pattern of each TC phase with respect to the genesis phase by applying the statistical t-Student test. Furthermore, the moisture sources that supply atmospheric humidity for TC activity over the NIO basin were more heavily modulated by monsoon systems than those over the SIO.
The Lagrangian methodology used in this work allowed us to find that the time taken by the moisture for precipitation to reach the TCs differs for both basins, being faster for the NIO (from 2.6 to 3.1 days) than for the SIO (from 2.9 to 3.2 days). Overall, the highest time was during the genesis phase and tropical storm intensity category, and the lowest was during the dissipation stage. Differences were also found in monsoonal episodes. On average, these times were higher during the post-monsoon season in the NIO and during the pre-monsoon season in the SIO. In general, the time values it takes for precipitant moisture to reach the TCs are lower than the climatological estimations by Läderach and Sodemann (2016) and Sodemann (2020) for the global tropics (4.5 to 5.8 days) for which they did not differentiate weather systems, including in their estimates for all days of the year and any weather situation, unlike our work.
Climate and meteorological dynamics are influenced by modes of climate variability, such as the Indian Ocean Dipole and El Niño-Southern Oscillation. They modulate TC activity and can also affect the moisture transport for the TCs. In further research, it will be necessary to focus our attention on the role of these modes in the variability of the intensity and extent of moisture sources for precipitation originating from TCs during their lifetime. In addition, the findings from this study will also be used as a reference in future works to identify changes in the intensity and position of moisture sources for precipitation associated with TCs over the Indian Ocean in the different climate scenarios projections.



                                

                        
                    

                    Data availability

              
              The datasets used during the current study are available online. The best track archive database from the JTWC is accessible at https://www.metoc.navy.mil/jtwc/jtwc. html?best-tracks and the the ERA-Interim reanalysis at https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc. The Multi–Source Weighted–Ensemble Precipitation (MSWEP) v2 was obtained from http://www.gloh2o.org/mswep/, and the TCSize database was from http://doi.org/10.17632/8997r89fbf.1. The FLEXPART model source code is available at https://www.flexpart.eu/downloads/6.
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