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Abstract: Atmospheric moisture transport plays an important role in the genesis of tropical cyclones 

(TCs). In this study, the moisture sources associated with the genesis of TCs in the tropical Atlantic 

Ocean near West Africa, from June to November in the period 1980 - 2018 were identified. To detect 

the location of the TCs genesis was used the HURDAT2 database from the National Hurricane 

Center. Besides global outputs of the Lagrangian FLEXPART model were used to determine the 

moisture sources that provided water vapor for the genesis of TCs. This model permitted to track 

backward in time the air masses from the genesis region of the TCs and identify those regions where 

air masses uptake moisture before reach the target regions. The results reveal that 18.1% (108 TC) of 

the total number of TCs formed in the North Atlantic basin were originated in the region of study. 

The major frequency for the TCs genesis was observed in August and September, each one 

representing approximately 45% of the total. The transport of moisture associated with the genesis 

of TCs mainly comes from the east of the North and South Atlantic Ocean, as well as from West 

Africa and the Sahel region. The patterns of moisture uptake confirmed an interhemispheric 

moisture transport. Finally, during the El Niño, the moisture uptake is more intense over the 

Atlantic Ocean close to West Africa around 15 °N of latitude, while during La Niña the pattern is 

slightly weaker, but it covers a wider area over the Atlantic Ocean and the north of Africa.  
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1. Introduction 

Tropical cyclones (TCs) are the atmospheric phenomena most likely to cause natural disasters 

[1]. These systems form over warm regions in tropical oceans and strengthen when environmental 

conditions are favorable [2].  

The annual variability observed in the genesis of TCs in the different ocean basins is attributed 

to the combination of thermodynamic and dynamic factors [3]. Palmen [4] showed that for TC 

formation the sea surface temperature (SST) must be higher than 26 °C, while Riehl [5] suggested that 

the vertical shear of the horizontal wind is an environmental factor that inhibits the genesis of TCs. 

During the cyclonic season in the North Atlantic (NATL) basin from June to November, many 

disturbances travel over tropical oceans in each cyclogenetic basins, however, very few become TCs. 

This occurs because some preconditions defined by Gray [6] for the TC genesis do not occur 

simultaneously [7]. According to Gray [6], for the formation of a TC, the SST must be higher than 
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26.5° C  at an ocean depth of approximately 50 m [7], there must be sufficient atmospheric instability 

that favors the thunderstorms formation for the release of latent heat, high content of water vapor in 

layers of the middle atmosphere, the presence of an atmospheric disturbance generally above 5 

degrees of latitude (north or south), which obtains from the Earth's spin a background rotation that 

later can be amplified and finally there must be low vertical wind shear from the surface to the 

tropopause. 

Gray [6] defined a TC formation parameter as the product of thermodynamic and dynamic 

terms. The effects of the SST and humidity at the upper mid-level were included in the 

thermodynamic term while the effects of vertical shear and low-level vorticity were included in the 

dynamic term. Results of McBride [8] showed a significant correlation between the climatological 

values of this parameter and the global regions of TC formation. Another parameter for estimate the 

genesis of TCs in the NATL basin between the coast of West Africa (WA) and the Lesser Antilles Arc 

was developed by DeMaria et al. [3]. Similar to Gray [6], this genesis parameter is the combination of 

thermodynamic and dynamic factors, defined as the product of appropriately scaled 5-day running 

mean vertical shear, vertical instability, and mid-level moisture variables. 

The atmospheric moisture transport and its convergence play an important role in the latent heat 

distribution in TCs [9,10]. Thus, one of the key aspects to correctly understand the contribution of 

dynamic mechanisms, air-sea interaction, and large-scale processes interactions in the genesis and 

development of TCs, is the water circulation and budgets inside and outside the TC system [11]. 

Numerical sensitive experiments performed by Yoshida et al. [12] showed that despite the existence 

of medium and low-level vortices, the disturbance did not become a TC, due to the low content of 

water vapor. Furthermore, Fujiwara et al, [11] through a regional cloud resolution model and 

Lagrange diagnostics, found a positive feedback between the TC intensity in the Western North 

Pacific basin and the moisture transport transported from the Indian Ocean, the Sea of South China, 

and the Philippine Sea. Numerical simulations with the Weather Research and Forecasting (WRF) 

model have also revealed that environmental moisture modifications had insignificant impacts on 

the storm unless it changes the moisture transport into it [13]. 

The main fuel for TCs is the release of latent heat derived from the condensation of water vapor 

[11]. Therefore, water vapor from the surface ocean water evaporation due to high SST, and the 

moisture transport through local and global patterns of atmospheric circulation, favor the genesis 

and intensification of TCs. The identification of moisture sources can be performed through the 

analysis of the particle path by applying different techniques. Both Lagrangian and Eulerian methods 

can be used with a good approximation to study the moisture source-sink relationship and its 

influence in the atmospheric processes [14-17].  

Climatological statistics show that the highest number of TC genesis occurs between mid-

August to mid-November, in which TCs generally form from tropical waves between the West 

African coast and the Lesser Antilles Arc [3,18]. According to DeMaria et al. [3], this region is the 

source of 40% of TCs genesis in the NATL basin, of which 60% become major Hurricanes. In a recent 

study, Pazos and Gimeno [19] utilized a Lagrangian approach to identify the anomalies on the 

moisture uptake by air masses before reaching the region of the genesis of 110 TCs within the region 

comprised between 15° - 45° W and 8 – 20° N, from 1979 – 2012. These anomalies allowed them to 

identify those areas from which the moisture uptake was greater than the climatological average for 

the respective hour and day of the year. These are the central and eastern tropical North Atlantic 

Ocean, extending to the north along the African coast, the eastern South Atlantic Ocean, WA, and the 

Sahel. These two terrestrial sources (WA; Sahel) involve complex hydroclimatic interactions in 

several atmospheric processes on different time scales such as the low-level atmospheric moisture 

transport and the West African Monsoon [20-22].    

Considering these previous findings, in this study we aim to identify the moisture sources for 

TCs formed in the eastern tropical Atlantic Ocean near the coast of WA, and assess the role of the El 

Niño Southern Oscillation (ENSO) on the genesis of TCs at the study regions and the determine the 

role of moisture sources. Besides, other parameters such as the SST are taken into account. 
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2. Material and Methods  

2.1 Data 

The position of the genesis of TCs between 1980 and 2018 was extracted from the Atlantic hurricane 

database (HURDAT2) from the National Hurricane Center, which is freely available at 

https://www.nhc.noaa.gov/data/#hurdat. This database is a text format with information every six 

hours of the position, intensity, and critical wind radii in the northeast, southeast, southwest, and 

northwest quadrants of all tropical and subtropical cyclones originating in the NATL basin [23]. 

Global outputs from the FLEXible PARTicle dispersion model (FLEXPART) v9.0 [24] were utilized 

to investigate the sources of moisture for TCs. This model was forced with the global reanalysis ERA-

Interim [25] datasets from the European Center for Medium-Range Weather Forecasts (ECMWF) 

available at 6 h intervals at 1° horizontal resolutions on 60 vertical levels from 0.1 to 1000 hPa. 

The target region for each TC was considered as the area enclosed by the outer radius of the TC. 

The size of the storm was extracted from the TC Size database [26], which contains information every 

six hours of the position and intensity, as well as the maximum wind radius, the critical wind radii, and 

the storm size estimated using the methodology described by Pérez-Alarcón et al. [27]. 

The monthly precipitation from the National Center for Environmental Prediction - National 

Center for Atmospheric Research (NCEP-NCAR) [28] and the SST from the Centennial Time Scale 

(COBE SST2) dataset [29] with a horizontal resolution of 2.5° x 2.5° and 1° x 1° respectively, are also 

utilized. Besides, the unsmoothed monthly values of the AMO (Atlantic Multidecadal Oscillation) 

Index [30], available at https://www.psl.noaa.gov/data/timeseries/AMO/, and the Bivariate EnSo 

Timeseries (BEST) ENSO Index [31] were used.  

2.1 Methodology 

2.2.1 Cluster analysis 

With the information of the position of the TCs genesis, obtained from the HURDAT2 database, a 

K-means [32] cluster analysis was performed applying the silhouette coefficient to determine the 

optimum number of clusters of TCs that formed in the NATL basin following the criteria of Corporal-

Lodangco et al. [33].  

 

2.2.2 The Lagrangian model FLEXPART 

The Eulerian techniques have been used in numerous studies to investigate the atmospheric 

moisture transport [34]. Nevertheless, this technique has multiple disadvantages such as the poor 

representation of short-timescale hydrological cycle parameters and does not include the remote 

sources of water for a region [35]. Therefore, these authors recommended the use of computationally 

more complex Lagrangian techniques. Thus, to investigate the sources of moisture for TCs genesis was 

used global outputs from the FLEXPART v9.0 [24,36]. In this experiment, the model considers the 

atmosphere homogeneously divided into approximately 2 million particles. Air masses residing over 

the area enclosed by the outer radius of each TC were tracked backward in time up to 10 days; which 

is considered the residence time of the water vapor in the atmosphere [37]. Along the trajectories and 

every 6 hours, the gain (through evaporation from the environment e) or loss (through precipitation p) 

of specific humidity (q) by each parcel was calculated using the equation 1: 

 

                               (𝑒 − 𝑝) = 𝑚 (
𝑑𝑞

𝑑𝑡
)                                    (1)  

                                                            
where m is the mass of each parcel assumed as constant. By adding the individual changes of 

specific humidity of each particle in the vertical column was estimated the total balance of atmospheric 

https://www.psl.noaa.gov/data/timeseries/AMO/
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humidity (E – P), where E represents evaporation and P precipitation [38]. Values of (E – P) > 0 mean 

that air masses as average gained moisture rather than loss. Thus, those regions where moisture uptake 

occurred are considered sources of moisture. 

3. Results and Discussion  

3.1 TC genesis near the coast of West Africa  

Applying the K-means cluster analysis, through the silhouette coefficient, seven regions of TCs 

genesis were determined in NATL basin, in agreement with results obtained by Corporal-Lodangco 

et al. [33]. These are, the Gulf of Mexico (purple), the western Caribbean Sea (black), the Central North 

Atlantic (blue), the West North Atlantic (brown), the Tropical Central North Atlantic (yellow), the 

Lesser Antilles Arc (green) and the region near to the WA coast (orange), as shown in Figure 1.   

A total number of 108 (18.1%) of the 598 TCs formed over NATL basin from 1980 to 2018 

originated in the eastern tropical North Atlantic near to WA (region bounded by the red dashed lines 

in Figure 1). In the monthly distribution, a significant frequency of genesis is observed in August and 

September with 43.2% and 46.7% respectively, while in June (0.9%), July (6.4%), and October (2.8%) 

there are low frequencies of genesis in this area (Figure 2). Moreover, it is notable that no TC genesis 

occurred in November or out of the hurricane season. This behavior has been attributed to the fact 

that the TCs that form near the WA coats originate from tropical waves, in agreement with DeMaria 

et al. [3]. Annually, an average of 2.8 TCs are formed in this region. The highest number of genesis 

was observed in 1980 and 2010, with 6 TCs, while in 1986, 1992, and 1997 no TC was formed in the 

study period. 

 

 
Figure 1. Colored dots represent the TCs genesis clustered according to the K-means method. The 

region bounded by the red dashed lines (6°N - 22°N of latitude and 15°W - 34°W of longitude) 

corresponds to the target region. Period 1980 – 2018.  
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Figure 2. Number of TCs per month formed within the region delimited by the red box shown in 

Figure 1 during the period 1980 – 2018.  

The climatological precipitation for the hurricane season for the period 1981 – 2010 is shown in 

Figure 3. It shows a rainfall pattern characterized with values ranging from 2 to 4 mm/day over the 

region of study and between 10 and 12 mm/day over the southern WA. This pattern is attributed to 

the influence of the Intertropical Convergence Zone (ITCZ), and therefore the moisture transport 

from the north and south hemispheres. As Gray and Landsea [39] showed, the African rainfall before 

August 1 has a significant correlation with subsequent intense hurricane activity. Therefore, the 

cyclone activity in the eastern tropical Atlantic Ocean has been related to the intensity of the WAM 

and the positional shifts in the African easterly jet (AEJ) and African easterly waves [40]. 

 

 
Figure 3. Climatological precipitation rate for the cyclonic season (June- November) from the NCEP-

NCAR reanalysis. Period 1981-2010.   

3.2 Moisture transport 

Figure 4a shows the relative frequency of the area delimited by the outer radius of each TC 

formed within the red box shown in Figure 1; and the orange line boundary this frequency pattern. 

As can be seen, the highest number of genesis occurred around 12° N of latitude. Individual target 

regions delimited by the outer radius of each TC were utilized to compute the average pattern of (E 

– P) > 0, which is shown in Figure 4b. This figure shows the climatological pattern of moisture uptake 

associated with the genesis of TCs in the study region. The South Atlantic from the vicinity of the 

Gulf of Guinea, the North Atlantic from the Iberian Peninsula and the Mediterranean Sea bordering 
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the north coast of WA and the tropical region of north WA and the Sahel are sources of moisture that 

provide the necessary water vapor to initiate the convective activity in our study region, which 

combined with the other preconditions described by Gray [6], can lead to the TC genesis, as shown 

in Figure 4b. The spatial configuration of the (E – P) > 0 pattern suggests a north-south division caused 

by the ITCZ. This pattern is similar to that obtained by Pazos and Gimeno [19]. Furthermore, these 

results are in agreement with Lélé et al [22] and Meynadier et al. [41], who pointed out that WA is a 

moisture source rather than a sink during the summer season. 

 

Figure 4. a) Relative frequency of the outer radius of each TC formed from June to November in the 

period 1980 – 2018 within the red box illustrated in Figure 1. The orange line boundary the frequency 

pattern; b) Climatological pattern of (E – P) > 0 integrated from 1 to 10 days backward in time 

computed from individual target regions within the frequency pattern a). Period of study 1980 – 

2018. 

The average patterns of (E – P) > 0 computed for composites of TCs formed during each month 

from June to October in the period 1980 – 2018, are shown in Figure 5, since no TC was formed in the 

study region in November. A visual analysis allows concluding that the extension of the patterns 

may be related to the number of systems per month. The moisture uptake associated with the genesis 

of TCs formed in June occurred mainly from the North Atlantic Ocean along the coast of WA and the 

tropical east South Atlantic Ocean (Figure 5a). Over the African continent is just observed in small 

areas with (E – P) > 0. In July, August, and September the patterns of (E – P) > 0 are quite similar 

(Figure 5b, c, d). Respect June, in these months the (E – P) > 0 patterns are more extended over the 

North and South Atlantic Ocean and trough WA and the Sahel. In these months the moisture uptake 

occurred even from high latitudes near the Iberian Peninsula through the west coast northern Africa 

and from the South Atlantic Ocean up to 30° S.  

In August and September, a large number of TCs formed in the tropical eastern North Atlantic 

Ocean, near to WA (Figure 2). In these months the spatial pattern of (E – P) > 0 reveals an increase of 

moisture uptake from WA and the Sahel (Figure 5c, d) respect that obtained for TCs formed in July. 

However, in both August and September, WA becomes an important moisture sink associated with 

the WAM [41,42]. In the dynamics and variability of the WAM, the transport of water vapor plays an 

important role [22]. During the WAM peak in August, moisture transport towards the south-west 

from the Gulf of Guinea weakens while the trade winds over the west coast intensify and feed the 

Sahel region with considerable water vapor, as previously was demonstrated by Lélé et al [22]. The 

content of humidity raised and the wind patterns favored an interhemispheric moisture transport 

(south-north) along the tropical eastern Atlantic Ocean. 

In October, the spatial extension of the (E – P) > 0 pattern is less than that obtained for the 

previous 3 months (Figure 5e), particularly from the North Atlantic Ocean. However, the magnitude 

of the moisture uptake is higher over WA. It confirms previous findings (e.g. [42,43]) that showed the 

important role of the evapotranspiration, recycling, and the westward moisture transport in the lower 
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troposphere by the AEJ; factors that favor the cyclogenesis over the Atlantic Ocean near WA. In this 

month, the moisture transport towards the area associated with the genesis of TCs also occurred from 

the tropical east North Atlantic Ocean around the 15° N. Although, an intense band of moisture 

uptake is observed from 5° N to 30° S, which is clearly modulated by the South Atlantic Subtropical 

High circulation.  

 

 
Figure 5. The climatological pattern of (E – P) > 0 obtained in a backward experiment from the outer 

radio of TCs formed in the study region during a) June, b) July, c) August, d) September, e) October. 

The orange line delimits the relative frequency of the outer radius of each TC. Note that in November 

did not occur any TC genesis. Period 1980-2018.  

3.4 Identification of moisture sources during the warm and cold phases of the ENSO 

phenomenon  

In this section, we address the possible influence of the main mode of climate variability on the 

genesis of TCs near the WA coast, through the atmospheric moisture transport. The positive ENSO 

phase is characterized by positive SST anomalies over the tropical east Pacific, positive SST anomalies 

over the extratropical Atlantic, and negative anomalies across the tropical Atlantic and Caribbean, 

which contribute to unfavorable conditions for the TC genesis, while an opposite pattern is observed 

in the negative phase [44]. Indeed, under the influence of La Niña were formed the major number of 

TCs in the hurricane season of 2010 (6 TCs). Nevertheless, according to the BEST index during the 

period of study 24 TCs were formed under the influence of El Niño, and 20 under La Niña within the 

target region delimited by a red box in Figure 2. For composites of TCs formed under each phase was 

computed the (E – P) > 0 in a backward analysis from the genesis region. The results shown in Figure 

6 reveal that the geographical extension of the outer radios for TCs formed under each phase is very 

similar. Likewise, the location of the spatial pattern of (E – P) > 0 obtained for each composite is very 

similar. However, during the El Niño, the moisture uptake is more intense over the Atlantic Ocean 
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close to WA around 15 °N of latitude (Figure 6a), while during La Niña the pattern is slightly weaker, 

but it covers a wide area over the Atlantic Ocean and the north of Africa (Figure 6b). 

 

Figure 6. Climatological moisture uptake obtained in a backward experiment from the outer radio of 

TCs formed within the study area during a) El Niño and b) La Niña.   . 

 

4. Conclusions 

During the period 1980-2018, 108 TCs formed in the region near the coast of WA, with a major 

frequency in August and September, each one representing approximately 45% of the total TC 

genesis. The Lagrangian method utilized allowed to determine the main sources of moisture 

associated with the genesis of these TCs. The results showed that air masses uptake humidity from 

the east of the North and South Atlantic Ocean, WA, and the Sahel before reaching the region of the 

genesis, providing the necessary water vapor to initiate the convective activity. The results confirmed 

that moisture transport from the southern hemisphere also plays a crucial role in the formation of 

TCs in the NATL basin. A monthly analysis for each month of the hurricane season revealed a similar 

spatial configuration of the pattern of moisture uptake, but differences on the extension and 

magnitude. A composite analysis of TCs formed during El Niño and La Niña revealed great similarity 

on the spatial location of the regions acting as moisture sources, but the difference between both 

patterns of moisture uptake showed that under El Niño the TCs formed near of WA use to receive 

more humidity from the North Atlantic Ocean above the ~ 10° N than those formed under La Niña; 

while for the genesis of TCs during La Niña the pattern of moisture uptake was greater but less 

intense. Currently, work is being done on the delimitation of sources to quantify the moisture uptake 

from oceanic and terrestrial sources individually, as well as to differentiate the role of moisture 

transport from the South Atlantic and the influence of other modes of climate variability in the 

genesis of TCs throughout the NATL basin.  
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