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Abstract
The assessment of sources of moisture is key to the understanding of the hydrological cycle at different time scales, because it enables the establishment of source-sink relationships and the identification of the main moisture transport conveyors and associated processes, the result of which is precipitation. Gimeno et al. (2012) provided a comprehensive review of the state-of-the-art in the assessment of moisture source-sinks and how different approaches can contribute to improving our knowledge of this component of the Earth’s Climate System. Since then, a variety of studies have focused on more specific aspects of the moisture budget and the source-sink distribution across the globe by integrating observations, satellite-derived products, physical tracers and numerical modelling. Here, we summarise the main advances in the field related to the impact of the moisture source-sink relationship on rainfall distribution, and add to the scientific debate on the question of the residence time of water vapour. We also revisit some of the recent advances in the role of the major mechanisms of moisture transport at a global scale, mainly Atmospheric Rivers and Low-Level Jet systems (Gimeno et al., 2016), in terms of their effects on precipitation extremes. Finally, we set out some of the main challenges for future research.





Introduction
To explain the origin and variability of continental precipitation, there is a need to understand the rather complex internal processes of the hydrological cycle. The hydrological cycle consists of a continuous succession of stages through which water passes from the atmosphere to the Earth, before returning to the atmosphere (WMO, 2012). The atmospheric branch of this cycle plays a key role as a natural conveyor between water bodies (oceans, rivers, lakes), evaporation, and continental precipitation, but it also relates directly to the contribution of evaporation from land to local and remote precipitation (van der Ent et al., 2014; Gimeno et al., 2012). Oceans cover the greater proportion of the planet’s surface (~71%) and contain 97% of the Earth's water. The water that evaporates from them becomes the principal source of moisture for continental precipitation (Gimeno et al., 2010; Gimeno et al., 2012; van der Ent and Savenije, 2013). However, some authors (e.g., Van der Ent and Savenije, 2011; van der Ent et al., 2010) have remarked that around 40% of the precipitation on land originates from continental rather than from oceanic evaporation, pointing to the importance of moisture recycling. Based on the understanding of source-sink relationships, Gimeno et al. (2012) performed a characterisation from several related studies to assess how continental regions are influenced by water from different moisture source regions. Numerous processes and factors are involved in driving the source-sink relationships; for example, changes in land cover affect vegetation-regulated moisture recycling, which is a critical source for adjacent sinks (Keys et al., 2016). Indeed, global changes in land cover averaged from 1850 to 2000 were shown to have increased discharge through reduced evapotranspiration (Bosmans et al., 2017). Human water use (irrigation, industrial use, etc.) also affects the natural patterns involved in runoff and groundwater reservoirs; it induces groundwater-to-atmosphere feedback, which potentially weakens continental sinks over arid watersheds (e.g., in southern Europe), possibly contributing to the drying of these areas (Keune et al., 2018). Furthermore, important modes of climate variability such as the El Niño-Southern Oscillation (ENSO), the Atlantic Multidecadal Oscillation (AMO), and the North Atlantic Oscillation (NAO) are associated with large-scale shifts in atmospheric circulation cells, and consequently have a strong effect on the modulation of global and regional precipitation (Stephens et al., 2018; Zhang et al., 2013).
As global warming continues over the short and long term (IPCC, 2014), the global climatological characteristics of the source-sink relationships of the atmospheric moisture as they are known today could be altered. Indeed, water vapour plays a key role in the warming of the atmosphere. Some studies have highlighted the crucial role of local and poleward moisture transport from lower latitudes to explain both Arctic warming and the decline in rainfall and sea ice extent in recent years in an area today considered a global ‘hotspot’ (Gimeno-Sotelo et al., 2019; Zhong et al., 2018). As the temperature of the atmosphere increases, so does its capacity to hold water according to the Clausius-Clapeyron relationship (Held and Soden, 2006). Accordingly, the thermodynamic response to idealised climate warming can be understood as a generalised mechanism of “dry gets drier and wet gets wetter”, in which the greatest precipitation is enhanced the most from increased gross stratification of moisture (Chen et al., 2019). Observational and modelling studies suggest that the strong dependence of saturated vapour pressure on temperature will result in increased evaporation, and hence precipitation, leading to an intensification of the water cycle (Gimeno et al., 2015). From the connections already established, changes in certain hotspot moisture source regions (Nieto et al., 2014) will be directly related to projected increases in the intensity of extreme precipitation events, probably of unprecedented magnitude, throughout the 21st century (Giorgi et al., 2019). Marked differences between latitudes and continents are expected (Madakumbura et al., 2019), with a knock-on effect on the availability of freshwater resources (Cosgrove and Loucks, 2015), a topic of worldwide concern today and for the future. In a crowded world with populations still on the rise, and changing patters of consumption, humankind has not done enough to plan for and manage the future of water availability (FAO, 2011).
There has been a notable advance in the number of studies of the origins of precipitation, the identification of moisture sources, and the establishment of climatologies of moisture source-sink relationships following Gimeno et al. (2012). The results have provided new detailed insights regarding the role of synoptic-scale systems such as Low-Level Jets (e.g. Algarra et al., 2019; Zhang et al., 2019), Atmospheric Rivers (e.g. Dettinger et al., 2015; Ralph et al., 2017a; Eiras-Barca et al., 2017), and monsoons (e.g. Ordoñez et al., 2019; Sorí et al., 2018; Pathak et al., 2017; Hu and Dominguez, 2015) on precipitation over different continental areas. Additionally, a great number of studies have given further consideration to the role of moisture sources in the diagnosis of the occurrence of extreme hydroclimatic events (e.g., Drumond et al., 2019; Bohlinger and Sorteberg, 2018), even at multiple spatiotemporal scales (Herrera-Estrada et al., 2019). To this end, a number of authors have implemented classical Eulerian (Van der Ent and Savenije, 2011), Lagrangian (Stohl and James, 2004, Stohl and James, 2005; Dominguez et al., 2006; Dirmeyer et al., 2014), and stable isotope approaches (Dansgaard, 1964), as well as new sophisticated and robust methods such as Eulerian mesoscale tracer tools (Insua-Costa and Miguez-Macho, 2018). The results of these studies have contributed to a deeper understanding of the functioning of the hydrological cycle on the planet and have provided support for socioeconomic planning. In the present review, we aim to provide an update of the most recent results (after Gimeno et al., 2012), and a broad characterisation of the genesis of continental precipitation and its associated mechanisms. The remainder of this article may be summarised as (1) methods and techniques for the identification of moisture sources, (2) the question of the residence time of water vapour, (3) the climatological position of the moisture sources for continental precipitation, (4) the role of meteorological structures at a planetary scale in terms of moisture transport (Low-Level Jets, Atmospheric Rivers, and monsoons), and (5) the role of oceanic and continental moisture sources in the development of extreme precipitation events.



Section snippets
Advances in methods used to establish source-receptor relationships
The novel methodologies applied in the establishment of source-receptor relationships related to moisture transport can be categorised using the classification contained in Gimeno et al. (2012). On the one side, analytical or box models provide simple paradigms to evaluate the vertically integrated balance of water vapour using a number of assumptions. These approximations (e.g., negligible changes in the storage of atmospheric water or a well-mixed atmosphere) make these models easy to
The question of residence time of water vapour
One of the key parameters of interest in the understanding of the global hydrological cycle is the residence time of water vapour in the atmosphere. Classical studies based on the balance between the incoming or outgoing flux, the ratio between water in the local atmospheric column and evaporation/precipitation, or the use of age tracers in the global circulation model have all shown residence times of around 8–10 days (see van Der Ent and Tuinenburg (2017) for a review). This value is
Studies of source and sink regions
Following the moisture source-sink assessments made at the global scale (e.g., Rasmusson and Mo, 1996; Yanai and Tomita, 1998; Knippertz et al., 2013; Nieto et al., 2014), the scientific community has now turned to more specific local studies. In the last few decades a number of authors have investigated moisture transport at a regional scale. A summary of the main results obtained by continent is presented below, and a synthesis of the link between sinks and sources of moisture as found in the 
Atmospheric moisture transport and extreme events: anomalies of moisture transport linked to droughts and floods
The source-sink relationship for atmospheric water vapour can be used to assess the causes of strong precipitation events and floods, as well as the longer-term variability of rainfall and drought (Gimeno, 2013). The past decade has seen a growing number of studies that have employed different methods and techniques to try to achieve this goal for various regions worldwide.
The role of meteorological structures at planetary scale in the moisture transport: Low-Level Jets, Atmospheric Rivers and monsoons
At the global scale, Atmospheric Rivers (ARs) and Low-Level Jet systems (LLJs) are the two major mechanisms of moisture transport (Gimeno et al., 2016). Global climate change is causing important modifications to patterns of moisture transport. Over a relatively short time scale, variations in the regions of occurrence, frequency, intensity, and amount of moisture transported by these large-scale meteorological structures is having an ongoing significant socioeconomic impact. On the one hand,
Future challenges
Over the next few years, further progress in the general area of atmospheric moisture transport is essential, and will require advances in the assessment of moisture sources, improvement in the approaches used to find the source-sink relationships, or better understanding of the role of moisture transport on rainfall distribution, and how the moisture is transported by atmospheric structures at the planetary scale, such as by Atmospheric Rivers or Low-Level Jet systems. We propose the following 
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	Interannual variations in stable isotopes of atmospheric water in arid Central Asia due to changes in atmospheric circulation
2024, Global and Planetary Change

Show abstract
The oxygen isotope compositions in atmospheric water including water vapor and precipitation have been widely used to trace moisture sources and to reconstruct past climates. However, the environmental controls of stable isotopes in atmospheric water depend on the time scales. Because of limited observations in arid Central Asia, factors controlling interannual variations in atmospheric water isotopes are still not clear. Using an isotope-enabled general climate model, we do not find at the annual scale the significant relationship between temperature and δ18O values during 1979–2020 that is usually observed at the monthly scale. Under a warming background, there is no significant enriching trend in water isotopes. We found a strong positive correlation between westerly (and southerly) water vapor flux and δ18O values on an interannual scale for the area between 35°N–50°N and 50°E–80°E in the upstream direction. High and low δ18O years are characterized by different atmospheric circulations of mid-latitude Westerlies, and do not always correspond to the warm and cold years respectively. When the prevailing Westerlies are enhanced, the Westerlies circulation may carry more water vapor from the lower latitudes, leading to higher δ18O values in Central Asia. The changes in Westerlies circulation are supported by the clustered backward trajectories during enriched and depleted years. The limited precipitation isotope observations also show similar findings as the simulations on an interannual scale. The interannual variations of stable isotopes in atmospheric water in arid Central Asia reflect the changes in the mid-latitude Westerlies circulation. This should be taken into account when interpreting oxygen isotope proxies of paleoclimate records.




	The increase in extreme precipitation and its proportion over global land
2024, Journal of Hydrology

Show abstract
Changes in extreme precipitation (EP) have a significant impact on the ecology and sustainable development of most regions, especially when considered against a backdrop of global warming. Using trend analysis and other methods, we analyze the changes in nine extreme precipitation indices (EPIs), looking at the proportion of EP in total precipitation from the perspectives of intensity, frequency, and duration. We also utilize a geo-detector method to investigate the impacts of 15 climate factors on EPIs. Our results indicate that although EP and their proportions show an overall increasing trend on a global scale, they had undergone a process of initial decrease followed by increase over the past approximately 70 years. And this overall global increases are charged by the significant increases happened in Northern Hemisphere and western of South America, especially EP intensity and frequency indices, and their proportion. Whereas CDD shows an opposite trend in spatial distribution, the CWD is decreasing globally. The EPIs and their proportions are all highest in the low elevation belt (≤2000 m), followed by the high elevation belt (≥4000 m), and lowest in the mid-elevation belts (2000-4000 m). Most of them have returned to or exceeded the levels of the mid-20th century in all three elevation belts. Only CWD shows a decreasing trend, which indicates that more EP amounts are occurring with less precipitation duration. In some arid areas, this makes it possible that a short period of precipitation may complete the total amount of precipitation for that year. Global temperature is proven to be the most important factor influencing the EPI globally, and followed by the temperature of each region. And the regions of high latitudes of the Northern Hemisphere and Antarctica which are greatly influenced by global temperature demonstrate the Polar amplification effect. The East Atlantic-West Russia Pattern, Atlantic Multi-Decadal Oscillation, and El Nino-Southern Oscillation indices are the secondly important factors leading to changes in the proportion of global EP. At the same time, we also find that the influence of non-monsoon factors on EP is gradually strengthening. This study clarifies changes in EP globally and in various regions, which will help provide a scientific reference for preventing disasters caused by extreme climate change.




	How much of precipitation over the Euroregion Galicia – Northern Portugal is due to tropical-origin cyclones?: A Lagrangian approach
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Show abstract
This study analyses the contribution of the tropical-origin cyclones (TCs) to monthly rainfall amounts in the Euroregion Galicia–Northern Portugal (EG-NP) from 1980 to 2018, while simultaneously determines the moisture sources that generate this TCs-related precipitation over the EG-NP region. We quantified the amount of rainfall contributed by TCs using the high resolution Multi–Source Weighted–Ensemble Precipitation dataset, and the identification of the sources of moisture was performed by applying a Lagrangian diagnostic method. The EG-NP region was impacted by 30 TCs during the study period, distributed from August to November, with September and October showing the highest frequency, with 10 and 13 TCs respectively. Mostly, TCs influenced the study region after undergoing an extratropical transition, however, a few well know events, such as Ophelia (October 2017) and Leslie (October 2018) still impacted with hurricane category 1 on the Saffir-Simpson wind scale. On average, the TCs-related precipitation accounted for ∼4.2% of mean rainfall from August to November, although September with ∼7.1% exhibited the largest contribution. Likewise, the highest TCs-related rainfall was found towards the western and northern region of EG-NP. Furthermore, during the passage dates, TCs obtained most of the precipitating moisture (∼75%) from the subtropical North Atlantic Ocean. On the other, the traditional climatological moisture sources for the EG-NP came from the Atlantic coast of Morocco and the Iberian Peninsula during August and October, from the western Mediterranean Sea in September, and a weak pattern from the Cantabrian Sea in November. These findings could be useful for future studies on understanding the possible impacts caused by TCs in this region in a warmer climate.




	TROVA: TRansport Of water VApor
2022, SoftwareX

Show abstract
The TRansport Of water VApor (TROVA) software, developed in Python and Fortran for the study of moisture sources and sinks, is presented here. TROVA includes the main Lagrangian methodologies established in the literature, using outputs from the global FLEXible PARTicle dispersion model and the regional FLEXPART-WRF model at different spatial resolutions. TROVA will benefit users investigating the physics of the atmosphere and fields associated with this branch in the study of current and future changes in source–sink moisture relationships and their link with mean and extreme precipitation.
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