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Highlights

	•The moisture flux balance over the MSD region in Mexico during summer, associated with the freshwater flux transported by the CLLJ towards Mexico, is analysed.

	•The influence of the MJO on the freshwater flux transported by the CLLJ towards the MSD region in Mexico is examined.

	•A better understanding of the role of the MJO in modulating the MSD in Mexico is obtained, and a mechanism by which the MJO modulates it is proposed.




Abstract
This study aims to improve the understanding of the role of the Madden-Julian Oscillation (MJO) in modulating the midsummer drought (MSD) in Mexico. First, the main moisture sources for the MSD region in Mexico during the summer were identified using the Lagrangian particle dispersion model FLEXPART for the period 1979–2017. From this analysis, the Caribbean Sea was identified as one of the main moisture sources, particularly the area where the core of the Caribbean low-level jet (CLLJ) is located. Second, the water vapour flux transported by the CLLJ to Mexico was then analysed. It was found that the summer seasonal cycle of the CLLJ is associated with the bimodal precipitation pattern in Mexico through the seasonal variability of the moisture contribution from the CLLJ to precipitation over the MSD region, thereby confirming the CLLJ as a key element in the occurrence of the MSD in the Americas. Third, the influence of the MJO on this transport was examined. This analysis showed that the locally dry phases of the MJO decrease the contribution of moisture from the CLLJ core towards the MSD region, while the locally wet phases increase it. Moreover, phases 1 and 2 of the MJO were found to influence the first precipitation peak that occurs in the southwestern region of Mexico by increasing the contribution of moisture from the northeastern tropical Pacific. The study ends by proposing, for the first time, a mechanism by which the MJO modulates the MSD in Mexico.





Introduction
The annual cycle of precipitation in the Pacific coast of Central America, the Caribbean, and the central, southern, and some regions of northern Mexico exhibits a bimodal behaviour, with precipitation maxima at the beginning and end of the rainfall season and a relative minimum in between (e.g. Magaña et al., 1999; Curtis, 2002; Amador et al., 2006; Small et al., 2007; Gamble et al., 2008; Karnauskas et al., 2013; Perdigón-Morales et al., 2018). This relative minimum in precipitation, which generally occurs during July–August, is known as the midsummer drought (MSD; Magaña et al., 1999).
The physical forcing mechanisms associated with this precipitation pattern include the variability of the position and strength of the intertropical convergence zone (ITCZ) and of the North Atlantic subtropical high pressure system (e.g. Giannini et al., 2000; Mapes et al., 2005; Romero-Centeno et al., 2007; Small et al., 2007; Gamble et al., 2008), and the intensification of the Caribbean low-level jet (CLLJ; Amador, 1998; Amador et al., 2000; Whyte et al., 2008) and associated direct circulations and sea surface temperature variability (e.g. Magaña and Caetano, 2005; Herrera et al., 2015). The latter is the mechanism that has greatest consensus in the scientific community as explaining the MSD (e.g. Wang, 2007; Gamble and Curtis, 2008; Muñoz et al., 2008; Cook and Vizy, 2010; Martin and Schumacher, 2011b; Hidalgo et al., 2015; Maldonado et al., 2016). All of these processes interact with, and are likely modulated by, larger-scale modes of atmospheric and oceanic variability (Perdigón-Morales et al., 2019). Indeed, several recent studies have suggested that the Madden-Julian Oscillation (MJO) may influence the physical mechanisms behind the MSD (e.g. Martin and Schumacher, 2011a; Curtis and Gamble, 2016; Perdigón-Morales et al., 2019).
The MJO is the dominant mode of tropical intraseasonal variability, and it is characterised by a large-scale coupled pattern of atmospheric circulation and deep convection propagating eastward from the Indian Ocean along the equator with a period of 30–60 days (Madden and Julian, 1994; Hendon and Salby, 1994). The MJO has significant effects on atmospheric circulation throughout the global tropics. In the Western Hemisphere specifically, the MJO has been shown to modulate the intraseasonal variability of rainfall in the Americas and the Caribbean (e.g. Lorenz and Hartmann, 2006; Barlow and Salstein, 2006; Martin and Schumacher, 2011a; Zhou et al., 2012; Barrett and Esquivel, 2013; Curtis and Gamble, 2016; Perdigón-Morales et al., 2019), the intraseasonal variability of sea surface temperature and the low-level winds and surface fluxes in the northeastern tropical Pacific (NETP) (e.g. Higgins and Shi, 2001; Maloney and Kiehl, 2002; Maloney and Esbensen, 2003, Maloney and Esbensen, 2007; Lorenz and Hartmann, 2006; Maloney et al., 2008), and the hurricane activity in the eastern Pacific (e.g. Maloney and Hartmann, 2000a; Crosbie and Serra, 2014) and North Atlantic oceans (e.g. Maloney and Hartmann, 2000b; Barrett and Leslie, 2009; Klotzbach, 2010). In general, the westerly low-level zonal wind anomalies associated with the active phase of the MJO favour periods of enhanced low-level moisture convergence, surface latent heat fluxes, and organized convection in the NETP, as well as the development of hurricanes in this basin. These processes, in turn, have an important influence on the continental rainfall (e.g. Maloney and Esbensen, 2003, Maloney and Esbensen, 2007; Lorenz and Hartmann, 2006). Conversely, the easterly low-level wind anomalies associated with the suppressed phase of the MJO lead to large-scale subsidence and drying of the lower atmosphere, suppressing convection and hurricane activity in the NETP.
Furthermore, the MJO has been shown to modulate the MSD in the Americas (e.g. Curtis and Gamble, 2016; Zhao et al., 2019; Perdigón-Morales et al., 2019). For example, Curtis and Gamble (2016) found that a strong MJO signal over the Maritime Continent in winter can lead to a positive North Atlantic Oscillation in March, a pressure pattern that then produces accelerated trade winds within the Caribbean Sea at the beginning of summer. These winds evaporatively cool the sea surface and lead to a reduction of convection and precipitation in the Caribbean, southern Mexico, and the eastern Pacific. Perdigón-Morales et al. (2019) (hereafter PM19) found that the MJO phases related with the least precipitation in Mexico during summer (4, 5, and 6; hereafter referred to as the locally “dry phases”) are the most frequent during the MSD minimum, whilst those related with more precipitation (8, 1, and 2; hereafter referred to as the locally “wet phases”) are the most frequent during the second rainfall peak. These results indicate that the MJO influences the bimodal pattern of precipitation in Mexico by inhibiting convection and precipitation during the MSD minimum and favouring them during the second rainfall peak. However, there are still knowledge gaps regarding the possible physical mechanisms and moisture source regions that may link MJO to MSD in Mexico.
The identification of water vapour sources for precipitation, and the mechanism for atmospheric moisture transport from these sources, become important issues by which we understand the variability of precipitation in a region (e.g. Brubaker et al., 1993; Trenberth, 1999). The origin of moisture in Mexico, particularly for the western North American monsoon (WNAM) region, has been widely studied (e.g. Mitchell et al., 2002; Bosilovich et al., 2003; Ordoñez et al., 2019). Low-level moisture from the eastern tropical Pacific and the Gulf of California and mid-level water vapour from the Caribbean Sea and the Gulf of Mexico have been identified as important sources of moisture for the WNAM system (e.g. Mitchell et al., 2002; Ordoñez et al., 2019). Local continental evaporation has also been recognised as an important source of moisture for monsoon precipitation in North America (e.g. Bosilovich et al., 2003; Ordoñez et al., 2019). Likewise, the Gulf of Mexico and the Caribbean basin, the Gulf of California, and northwestern Mexico have been identified as major moisture sources for northern Mexico (Nieto et al., 2014). Moreover, Durán-Quesada et al. (2010) studied an area that includes the Yucatan Peninsula in their analysis for Central America and found the Caribbean Sea to be the main moisture source for that region. However, as far as we know, the moisture sources for the principal MSD region of Mexico have not previously been investigated, at least not through Lagrangian methods. More generally, several studies have shown the importance of the Caribbean Sea as the main moisture source for rainfall over the Gulf of Mexico and the continental United States (e.g. Mestas-Nuñez et al., 2007; Cook and Vizy, 2010; Nieto et al., 2014), and many studies have confirmed the relevance of the CLLJ as a main regional moisture conveyor (e.g. Cook and Vizy, 2010; Durán-Quesada et al., 2010, Durán-Quesada et al., 2012, Durán-Quesada et al., 2017).
The CLLJ is an easterly wind jet with a core located at the 925 mb level over the Caribbean Sea (~12.5°N - 17.5°N, 70°W - 80°W), between northern South America and the Greater Antilles. The CLLJ is present throughout the year and has two maxima, in February and July, and two minima, in May and October (Wang, 2007). The dynamics and temporal variability of the CLLJ plays an essential role in the occurrence of the MSD in the Caribbean (e.g. Wang, 2007; Gamble and Curtis, 2008; Muñoz et al., 2008; Cook and Vizy, 2010; Martin and Schumacher, 2011b), Central America and the NETP (Magaña and Caetano, 2005; Herrera et al., 2015; Hidalgo et al., 2015; Maldonado et al., 2016). The intensification of the CLLJ during July is associated with an increase in evaporation over the Intra-Americas Sea, which increases the humidity over the ocean available for export (Cook and Vizy, 2010). The maximum low-level moisture convergence in the CLLJ exit region increases vertical latent heat flux and reduces atmospheric stability, supporting the maximum in tropical convection over the Caribbean coast of Central America. This intense convection in the western Caribbean Sea plays an important role in modulating convective activity in the surrounding regions through a zonally direct circulation, imposing subsidence and inhibiting convection in those surrounding regions (e.g. Magaña and Caetano, 2005; Whyte et al., 2008; Gamble and Curtis, 2008; Herrera et al., 2015; Hidalgo et al., 2015). Additionally, this CLLJ-associated regional atmospheric circulation leads to a southward displacement of the ITCZ in the NETP in July–August, thus influencing the rainfall pattern on the Pacific regions by generating changes in local moisture sources (Hidalgo et al., 2015). Moreover, the strengthening of the CLLJ intensifies the gap flow over Central America that reaches the NETP. The strong low-level easterly winds, in addition to lowering sea-surface temperatures, produce a westward shift in low-level moisture convergence. This westward shift in moisture convergence, combined with subsidence, results in the MSD over the tropical Americas (e.g. Herrera et al., 2015).
While the role of the CLLJ in the occurrence of the MSD has been widely demonstrated for the tropical Americas (e.g. Wang, 2007; Whyte et al., 2008; Herrera et al., 2015), none of the studies has considered the entire region where MSD occurs in Mexico (with the exception of southern Mexico), even though it is well known that the bimodal pattern extends more to the north (e.g. Curtis, 2002; Karnauskas et al., 2013; Perdigón-Morales et al., 2018). Moreover, the MJO also modulates the CLLJ (e.g. Martin and Schumacher, 2011a; Curtis and Gamble, 2016; García-Martínez and Bollasina, 2020). The CLLJ varies significantly between phases of the MJO: westerly surface wind anomalies during MJO phases 1 and 2 (when the MJO convection is passing over the Western Hemisphere, Africa, and the western Indian Ocean) act to slow down the CLLJ, while anomalous surface easterlies in MJO phases 5 and 6 (when the MJO convection is passing from the Maritime Continent into the western Pacific Ocean) act to increase it (Martin and Schumacher, 2011a). Although the MJO modulates both the CLLJ and the MSD in Mexico, the possible combined MJO-CLLJ action on the MSD in Mexico has not been studied before.
To better understand the mechanism by which the MJO modulates the MSD over Mexico, this study investigates the possible influence of the MJO on moisture transport towards the MSD region in Mexico. A valuable tool for the identification of moisture sources and for the assessment of moisture source-sink relationship is the Lagrangian method (e.g. Gimeno et al., 2012). In this sense, the Lagrangian approach has been extensively applied to analyse the role of synoptic-scale systems such as low-level jets, atmospheric rivers, and monsoons on precipitation over continental areas all around the globe (e.g. Algarra et al., 2019; Ramos et al., 2016; Ordoñez et al., 2019), as well as for analyzing the role of moisture sources in the diagnosis of the occurrence of extreme hydroclimatic events (drought and heavy precipitation events) (see Gimeno et al., 2020, a recent review). However, to the best of the authors' knowledge, studies focused on the analysis of moisture transport towards Mexico from a Lagrangian point of view are scarce for the MSD region. Moreover, although the occurrence of the MSD in the tropical Americas has been associated with the CLLJ, none of the studies has shown a CLLJ-MSD modulation by the MJO. To achieve this, the study focuses on the following: (1) the identification of the major climatological moisture sources for the MSD region in Mexico; (2) the evaluation of the role the moisture transport towards Mexico plays on the bimodal precipitation pattern, and (3) the analysis of the influence of the MJO on moisture transport to the MSD region in Mexico. The study concludes by proposing a mechanism by which the MJO modulates the MSD in Mexico.
The next section provides a description of the data, the MJO index, and the analysis methodology. The results of the study are presented and discussed in section 3, and section 4 provides a summary and conclusions.



Section snippets
Data and analysis procedures
In this study, the atmospheric water vapour transport towards the MSD region in Mexico is investigated using a three-dimensional Lagrangian particle dispersion model (FLEXPART v9.0; Stohl and James, 2005) and the methodology of Stohl and James, 2004, Stohl and James, 2005. FLEXPART has shown coherent results at the regional and global scales for climatological assessment of oceanic and continental moisture source regions (e.g. Gimeno et al., 2012, Gimeno et al., 2013), and here it is applied to 
Climatological moisture sources of the MSD region in Mexico
Backward Lagrangian trajectories were used to identify the main moisture sources for four regions in Mexico, which are shown in Fig. 1. These four regions were chosen based on the areas where different types of MSD occur in Mexico, according to Perdigón-Morales et al. (2018): (1) the southwestern region that encloses a portion of the area with August-only MSD; (2) the region in the Yucatan Peninsula that contains a portion of the area with July-only MSD, and (3) the northeastern and (4)
Summary and conclusions
The MSD in Mexico is modulated by changes in the convective and circulation patterns associated with the eastward propagation of the MJO (PM19). Until this present study, however, a physical mechanism linking the MJO to the MSD in Mexico remained unclear. In this work, our understanding of how the MJO modulates the MSD in Mexico is improved. For this purpose, the Lagrangian particle dispersion model FLEXPART was used to analyse the transport of water vapour towards the MSD region in Mexico and
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