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	•Monthly main oceanic and continental moisture sources and related sinks.

	•Preferred sources of moisture that contribute the highest precipitation amount in the Peak Precipitation Month grid by grid.

	•Contributed percentage of precipitation by the preferred source of moisture for each grid point.




Abstract
A worldwide study is presented to understand the role of major global moisture source regions in the occurrence of extreme monthly precipitation over the continents. The Lagrangian model FLEXPART v9.0 was used to analyse the moisture transport for precipitation, and the extreme precipitation was calculated for each grid point (at 0.25°) using the Multi-Source Weighted-Ensemble Precipitation (MSWEP) monthly precipitation dataset. Although the eventual aim of this work is to show the link between the contributions from the sources to their sinks during months of extreme rainfall, we provide, for the first time, much-needed information on these contributions at a monthly scale – previously this information was only available at an annual scale. We also provide maps showing global monthly moisture sources, together with the identification of the peak precipitation month (PPM) and of the preferred moisture source for precipitation in that month.
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Introduction
A primary concern related to climate change is not just the variation in the mean variables of climate, but also in their extremes (Santos and Costa, 2014). Several authors have pointed to future increases in the frequency and magnitude of extremes (Smith, 2011, Singh et al., 2013, Fischer et al., 2013). Understanding how climate change affects these extremes is important due to their impact on the environment and on society as a whole (e.g., Frank et al., 2015, Butt et al., 2015, Nolet and Kneeshaw, 2018, O'Lenick et al., 2019). Such understanding is also crucial monitoring and preparedness of unexpected extreme events (Toreti and Desiato, 2008). Under a warmer climate, precipitation will change substantially (Trenberth, 2011) and the frequency of extreme wet and dry years is expected to increase (Knapp et al., 2015, Ramos et al., 2016). Extreme precipitation events lead to major natural disasters around the world and are the main cause of flood events. Because of this, the comprehensive analysis of global precipitation climatology and the assessment of extreme precipitation events are of particular interest.
To better understand the likely impacts of global climate change on the water cycle, the link between oceanic and terrestrial sources and precipitation is especially relevant (e.g., Gimeno et al., 2010, van der Ent and Savenije, 2013). The identification of the major sources of precipitation is thus important for areas where there are changes in the hydrological cycle due to climate change (Gimeno et al., 2013). Given the importance of this topic, previous authors have investigated the major oceanic and terrestrial water sources of precipitation and their corresponding sink regions at a global (Gimeno et al., 2010, van der Ent et al., 2010) and a regional scale (e.g., Drumond et al., 2014, Sodemann and Zubler, 2010). Gimeno et al. (2010) and Castillo et al. (2014) analysed the oceanic moisture sources using the maximum values of annual divergence flux of moisture. They observed an asymmetrical influence of moisture source regions on precipitation over land in terms of both extent and importance. While the moisture contribution from some large oceanic sources, for instance the South Pacific Ocean, is localized over large continental areas, some smaller sources provide moisture to widespread, vast areas in proportion to their sizes. For example, the Black Sea provides moisture for precipitation over Central Europe (Ciric et al., 2016), the Arabian Peninsula (Heydarizad et al., 2018), and even the Arctic region (Vázquez et al., 2016). Moreover, despite some continental regions receiving moisture from several sources, other regions have no moisture contribution for precipitation from any of these major moisture sources, as identified by Gimeno et al. (2010) and Castillo et al. (2014), where the moisture contribution is more local (e.g.: Greenland Sodemann et al., 2008 or inland parts of Asia Sato et al., 2007). Further details of the main sources of moisture and their contribution to precipitation over continental areas can be found in Gimeno et al., 2010, Gimeno et al., 2013.
In the present work, the analysis of Gimeno et al. (2010) and Castillo et al. (2014) is revisited in order to allow identification of the major oceanic and terrestrial sources of extreme precipitation for the whole of the period 1980–2015. From the detection of these moisture sources, a complete collection of maps of precipitation is developed, taking into account only monthly extremes of precipitation. The aim of this work is twofold, (i) to collate maps of global extremes, and (ii) enhance understanding of the role of the major sources of moisture (oceanic and continental) during the months with intense precipitation. Monthly data from the Multi-Source Weighted-Ensemble Precipitation (MSWEP) dataset are used to analyse the precipitation extremes, and the outputs from the FLEXible PARTicle dispersion (FLEXPART) model are used to compute the associated moisture transport.



Section snippets
Moisture source region definition
Identification of the major global moisture source regions is based on the methodology established by Gimeno et al. (2010). The method uses the Vertically Integrated Moisture Flux (VIMF) divergence to localize maximum values, which are associated with evaporative areas. Using VIMF data obtained from the ERA-Interim dataset (Dee et al., 2011) at a 1° × 1° horizontal resolution, the climatological flux divergence was computed for each month individually over a 36-year period, 1980–2015.

Characterization of global monthly moisture sources and sinks
To investigate the monthly role of the major moisture sources for the peak precipitation months (PPMs) for each 0.25° grid point, it is first necessary to identify moisture sources and the corresponding sinks. The first part is achieved following the methodology of Gimeno et al. (2010), as described in the methodology section. The fiftieth (p50) and fortieth (p40) percentiles are applied to the VIMF divergence to define oceanic and continental sources, respectively. In the present work, the
Summary and conclusions
In this work a detailed global analysis of climatological and extreme precipitation (in terms of the PPM) is performed; and the identification, variability and relative contribution of the main oceanic and continental sources to these precipitation patterns is also investigated. The moisture sources detected in this work are similar to those found by Gimeno et al. (2010) and Castillo et al. (2014). Most of the detected sources are oceanic and located over tropical and subtropical areas; only
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Show abstract
Northern China has experienced a significant increase in vegetation cover over the past few decades. It lacks a comprehensive understanding of how greening impacts local hydrothermal conditions. To address this issue, in our study, the RegCM-CLM45 model was used to conduct a thorough assessment of the impacts of greening on temperature, vapor pressure deficit (VPD), precipitation, and soil moisture. The findings revealed that the local climatic effects of greening varied across different drought gradients based on the aridity index (AI). In drier regions with AI<0.3, the increased energy induced by greening tended to dissipate as sensible heat, exacerbating both warming and drought conditions. Conversely, in wetter regions with AI>0.3, a greater proportion of energy was lost through evapotranspiration, attenuating warming. Additionally, greening enhanced precipitation and soil moisture in drier regions and moderated their decline in wetter regions. Significantly, our research emphasized the effectiveness of grassland expansion and conservation as prime strategies for ecological restoration, particularly in drylands, where they could effectively alleviate soil drought. Given the diverse responses of different land cover transformations to local hydrothermal conditions in drylands, there is an urgent need to address potential adverse effects arising from inappropriate ecological restoration strategies and to develop an optimal restoration framework for the future.




	Projected changes in extreme climate events over Africa under 1.5°C, 2.0°C and 3.0°C global warming levels based on CMIP6 projections
2023, Atmospheric Research

Show abstract
The ongoing global warming is projected to persist throughout the entire century if effective mitigation measures are not put in place. The warming is associated with occurrence of extreme climate events that are prone over Africa. This study uses model data from 24 CMIP6 modeling centers to investigate future changes in extreme climate events over Africa under 1.5 °C, 2.0 °C and 3.0 °C global warming levels (GWLs). The amplified impact in extreme climate events by additional is computed relative to GWL1.5 °C. The models generally simulate observed climate extremes well, with the ensemble mean minimizing data uncertainties. The entire continent is projected to get warmer with the Sahara, Kalahari and parts of the Mediterranean depicting relatively higher temperatures. Both Rx1day and Rx5day are projected to increase over the continent except for the northern and southern regions of the continent. Rx5day is projected to increase by 4–10% for GWL1.5 and GWL3.0 °C. In comparison, an additional 0.5 °C warming between GWL2.0 °C and GWL1.5 °C will lead to an increase of about 43% impact for the climate extremes. An additional GWL1.5 °C (GWL3.0 °C) could result in about 68% increment in climate extremes. The amplified impact of global warming will result in devastating socioeconomic impacts over Africa. This stresses the need of formulating and implementing more ambitious climate change mitigation measures in effort to limit global warming to 1.5 °C.




	Isotopic signatures of moisture recycling and evaporation processes along the Western Ghats orography
2021, Atmospheric Research

Show abstract
The water isotopic composition (δ18O and δ2H) of humid tropical mountain belts is influenced by the limited isotopic elevation effect due to the narrow temperature gradient, high relative humidity, and the moisture feedback processes. The Western Ghats mountain forest ecosystem, recognized as a biological hotspot, contributes significantly to characterizing the hydrological and weather patterns over its windward and leeward sides. The Indian Summer Monsoon southwesterly winds advancing towards the Indian subcontinent through the Arabian Sea between June to September are obstructed by this mountain belt and get orographically uplifted, producing heavy rainfall. The present study intends to improve understanding of the variation of precipitation isotopic composition along multiple stations located at different elevations of the heavily regulated Periyar river basin (PRB), southern Western Ghats, and a coastal station (TRV). The δ18O variation with elevation across PRB reveals an abrupt depletion at the highland station and a pseudo-elevation effect due to the supply of evaporated local moisture from reservoirs and lakes. The contribution of recycled precipitation estimated using back trajectories suggests a maximum of 8.5% of locally recycled rainfall over midland station towards the September month, the daily contribution reaching a maximum of 50.7%. Though this approach did not show any signatures of moisture recycling in the highland station, the surface water (reservoirs and lakes) lc-excess (line-conditioned excess), and the d-excess (deuterium excess) values of precipitation suggest the higher rates of evaporation from large water bodies and their successive role in generating local rainfall. Statistically significant amount effects visible only along coastal stations with lower rates of precipitation and higher temperature indicate that precipitation along the Ghats region (midland and highland) is significantly controlled by orographic uplift of air moisture and the contribution from locally recycled moisture. This is further supported by the significant correlation of δ18O with regional convective processes along the Arabian Sea till midland station and further decrease towards the highland. The present study provides important information on the moisture feedback mechanism in the Western Ghats and the factors controlling the isotopic signatures over the region.




	Moisture sources and paths associated with warm-season precipitation over the Sichuan Basin in southwestern China: Climatology and interannual variability
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Show abstract
This study used the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model to examine the moisture sources and pathways associated with warm-season precipitation over the Sichuan Basin (SCB), southwestern China, with emphasis on the long-term mean state and interannual variability. Four groups of moisture pathways were identified over the period 1981–2017; i.e., the southwesterly, northeasterly, northwesterly, and westerly paths. With respect to the long-term mean state, the southwesterly path made the largest moisture contribution (36.0%) and, in combination with the northeasterly path (the importance of which has received little attention in previous studies), provided 70.2% of the total moisture. The Indian Ocean serves as the most important moisture source, accounting for 36.3% of the total moisture. In terms of interannual variability, compared with dry years, in wet years, the moisture contributions from the southwesterly path and the Indian Ocean increase by 18.6% (38.3% vs. 32.3%) and 20.71% (38.38% vs. 31.80%), but the contributions from the other moisture pathways and other major sources decrease. During the dry years, the northeasterly path, rather than the southwesterly path, provides the most moisture (34.6%). There are significant positive correlations between variations in runoff over the central and northern SCB and the moisture contribution from the Indian Ocean, which is associated with anomalous precipitation patterns over the SCB induced by fluctuations in the moisture contributions from the Indian Ocean.




	Atmospheric river linked to extreme rainfall events over Kerala in August 2018
2021, Atmospheric Research
Citation Excerpt :
A closer observation on the wind fields in Fig. S15a showed that the winds from 12th -13th August intensified till 15th August (Fig. S5b), which suggest a cyclone may have play some role on the 15th August event. The moisture sources for the Western Ghats is dominated with transport from the Indian Ocean with some contributions from the Arabian Sea (Nieto et al., 2019) and any increase from these two sources can trigger extremes. Importantly, increased contribution from the Arabian Sea will mainly impact the adjacent land as any increase from the Indian Ocean (especially the east and south Indian Ocean) will likely rain midway or not reach the Indian continent.



Show abstract
A multi-day atmospheric river (AR) in the second week of August 2018 was pivotal in causing extreme precipitation over south-west coast of India that eventually lead to record-breaking floods in the state of Kerala. Integrated water vapor transport (IVT) analysis depicted an intense and long-duration CAT 5 atmospheric river stretching from the Arabian Sea across South India into the Bay of Bengal. A high-pressure ridge over the eastern Arabian Sea and western India and a trough over the Bay of Bengal forming a subsection of monsoon wave-train was observed ahead of the flood event. The monsoon trough was exacerbated by the synchronous effect of a polar westerly jet trough that created an anomalous low-pressure region covering central and eastern India and a quasi-stationary depression over the Bay of Bengal. The system favored continuous supply of moisture from the Indian Ocean into Kerala. To locate major sources of moisture, the air parcels that rained out to generate extreme precipitation are tracked backwards using the Hybrid Single Particle Lagrangian Integrated Trajectory model (HYSPLIT). The backward trajectory analyses reveal that on 13th August more than 60% of the moisture was contributed from the Central-Eastern Indian Ocean, with some intermittent contributions from the Arabian Sea; while on 14th–16th August, about 25–30% was contributed from the Arabian Sea




	A data base of contributions of major oceanic and terrestrial moisture sources on continental daily extreme precipitation
2021, Data in Brief

Show abstract
Most of the moisture transported in the globe has its origin in the well-known main moisture sources defined by Gimeno et al. [1]. They provide moisture for precipitation over continental areas in the world in different proportions. This paper presents the daily moisture contribution over each 0.5 × 0.5 continental gridded point from the three preferred moisture sources (primary, secondary, and tertiary) for continental extreme precipitation during the Peak Precipitation Month. The data consist of the moisture contribution (|E−P<0|) field by month from the three preferred sources obtained using an approach based on the Lagrangian particle dispersion model FLEXPART. The data here presented is directly related to the results presented in Vazquez et al. [2].
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