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Highlights

	•A global distribution of nocturnal LLJs during warm season for both hemispheres is obtained using an objective index.

	•It is provided the location of the main moisture sinks and sources associated with each LLJ.

	•Changes between days of jet and no-jet are reported geographically in terms of evaporation and precipitation.

	•A brief appointment is done in terms of water scarcity and the association with the LLJs occurrence.




Abstract
Low-level jets (LLJs) are defined as regions of anomalously high wind speeds occurring within the first kilometre of the troposphere. They are filamentous structures that are usually strongly related to moisture transport. This study analysed the moisture transport associated with LLJs, and the role of LLJs in precipitation events that occasionally lead to extreme precipitation and major floods. A daily climatology dataset of nocturnal LLJs was developed and moisture transport was studied by analysing the source and sink regions. A nocturnal LLJ index based on the vertical structure of temporal wind variations was applied, and a total of 33 nocturnal LLJs were identified and characterised. The FLEXPART Lagrangian model was then used to simulate jet behaviour and to identify major source and sink regions during the period from 1980 to 2016. Differences between days with LLJs and days with no LLJs were subsequently calculated for each LLJ on a global scale with respect to moisture transport for the sources and sinks of moisture. Finally, each LLJ was analysed in terms of its associated socioeconomic impact and relationship with water scarcity.





Introduction
Low-level jets (LLJs) are common global meteorological phenomena and they are considered a major global mechanism of moisture transport, together with atmospheric rivers. As such, they are receiving an increasing attention in analyses of local precipitation in the regions in which they occur (Gimeno et al., 2016). In fact, LLJs generally occur in specific regions of the world, and tend to be semi-stationary seasonal events. Simplistically, they can be defined as filamentous regions or corridors of anomalously high wind speeds that are located within the first kilometre of the troposphere (Jiang et al., 2006; Nicholson, 2016). Several dynamic conditions are responsible for triggering and maintaining the structures of these LLJs, which can be essentially summarised as follows: (i) thermal gradients generated by topography, (ii) oscillations of the Planetary Boundary Layer (PBL), and (iii) characteristics of the Earth's surface. As an example, the Intra-Americas low-level jet (IALLJ) shows clear seasonal behaviour in response to thermal contrasts during the summer season (Amador, 2008). During the boreal summer, the IALLJ is divided into two branches: one that moves to the north, and another that crosses Central America and reaches the Pacific Ocean. However, in winter, one branch of the IALLJ turns to the south after crossing the Isthmus of Panama. Although LLJ systems occur throughout the year, they tend to be more strongly associated with the warm season (Bonner, 1968), and are more stable during the night (Blackadar, 1957). For these two reasons, this study focuses on nocturnal LLJs that begin to develop after sunset, reach a maximum at midnight, dissipate with the onset of daytime convective mixing, and are assumed to be caused by the nocturnal decoupling of the PBL (e.g. Jiang et al., 2007).
An initial theory on the development of LLJs was presented in a seminal paper by Blackadar (1957), who proposed that LLJs are the result of inertial oscillation of the ageostrophic wind triggered by a sudden decay of turbulence in the boundary layer after sunset, due to radiative cooling of the land's surface. However, this theory cannot explain the occurrence of certain LLJ structures, such as the Great Plains LLJ (GPLLJ). A subsequent theory proposed by Holton (1967) emphasised the importance of the role of thermal forcing in the diurnal oscillation of the boundary layer wind (as a consequence of sloping terrain), which affects the strength of LLJs. More recently, although the formation of these structures and their dominant mechanism are not yet well understood, a combination of the Blackadar mechanism and the thermal wind balance produced by sloping terrain are assumed to lead to the generation of these nocturnal LLJs (Parish and Oolman, 2010; Shapiro et al., 2016; Parish, 2017). For example, Wexler (1961) proposed that the origin of the GPLLJ is related to blocking of the easterly trade winds by the Rocky Mountains, and topography is thus an important trigger for the formation of such LLJ structures. Terrain characteristics can significantly deviate the direction of the wind at low levels and canalise it. Another example of this is the South American LLJ (SALLJ), whose flow intensifies when channelled through the eastern Andes (Salio et al., 2002). Furthermore, models of general circulation (Ting and Wang, 2006; Jiang et al., 2007) and experiments with terrain and terrain suppression (Pan et al., 2004) have suggested that topography is an essential factor in maintaining LLJs.
Climatological interest in LLJs is increasing because they are considered to be the main mechanisms for (sub)tropical moisture transport (Gimeno et al., 2016). Furthermore, their key role in transporting moisture suggests that they are strongly associated with precipitation patterns. It is therefore expected that changes in the behaviour of LLJs will lead to modifications in local (and even global) hydrological cycles (e.g. Pan et al., 2004; Gimeno et al., 2016). As with atmospheric rivers, a clear connection with the behaviour of nocturnal LLJs and extreme precipitation has been determined, and Gimeno et al. (2016) (and references therein) show that anomalies in the behaviour of LLJs, in regions that are strongly affected by them, are strongly related to the occurrence of droughts or floods. In addition, Monaghan et al. (2010) showed that nocturnal precipitation in at least ten different regions worldwide is clearly led by these jets.
LLJs are not a new phenomenon in the literature, and numerous studies have described and analysed their occurrence in specific regions. In particular, continental areas affected by monsoon regimes have received special attention. These areas have a common characteristic: the LLJ plays a key role in transporting large amounts of seasonal moisture in areas where adjacent oceanic regions act as dominant moisture sources. Studies presenting this aspect have been conducted on the North American Monsoon (NAM, Higgins et al., 1997b; Higgins et al., 1997a, Higgins et al., 1997b; Mo and Berbery, 2004) and in an analysis of the South American Monsoon (SAM, e.g. Vera et al., 2006). Furthermore, Xavier et al. (2018) and Wang et al. (2012) obtained similar conclusions with respect to monsoonal LLJs over India and China, respectively.
Studies have also been conducted on other aspects of LLJs. For example, Stensrud (1996) summarised in a review paper the most likely regions for LLJ occurrence. Rife et al. (2010) identified continental regions where nocturnal LLJs occur using an objective methodology based on the wind's vertical-structure index over a short period (1985–2005). Twenty-one potential LLJ regions were identified in their analysis during the summer period, including two LLJs that had not been previously identified (the Tarim Pendi and the Ethiopian LLJs).
One of the most studied LLJs is perhaps the GPLLJ (e.g. Bonner, 1968; Whiteman et al., 1997). It is located on the Great Plains, and has been previously associated with precipitation anomalies over the entire eastern US (e.g. Higgins et al., 1997a, Higgins et al., 1997b; Mo and Berbery, 2004; Algarra et al., 2019). Together with the GPLLJ, the mechanism of the South American LLJ (SALLJ) has also been well-documented in the literature (e.g. Marengo et al., 2004; Vera et al., 2006). The SALLJ flows parallel to the east of the Andes and has an important geostrophic component; it is considered to be the main mechanism contributing to moisture transport that reaches the La Plata River basin, and it carries moisture from the Amazon throughout the South American continent (Vera et al., 2006; van der Ent et al., 2010).
The bulk of the literature has been based on Bonner criteria (Bonner, 1968) for identifying LLJ events (e.g. Whiteman et al., 1997; Saulo et al., 2000; Marengo, 2002; Marengo et al., 2004; Salio et al., 2002). These criteria are based on the magnitude, horizontal extent, and vertical profile of the wind speed. However, Oliveira et al. (2018) modified the criteria when identifying the SALLJ by increasing the depth of the layer, and these changes have enabled the identification of a broader spectrum of LLJs. In addition, Montini et al. (2019) recently used the 75th percentile of wind speed as a threshold when identifying SALLJ events, rather than using a fixed threshold. Another method of identification of LLJ events, used in this work, is that proposed by Rife et al. (2010). Differently from the Bonner criteria, the Rife methodology allows to establish an intensity index of LLJ, reducing the subjectivity of the Bonner method by not having to establish fixed thresholds. More details on the methodology based on Rife et al. (2010) can be consulted in the Data and Methods section.
Despite the increasing interest in the connection between LLJs and extreme rainfall, and the associated increased understanding, a lack of high-resolution data and long-term observations have hampered global-perspective analyses. In addition, classical approaches used in such studies are based on Eulerian formalisms (e.g. Marengo et al., 2004) and do not allow for global identification of source and sink regions, which is a particularity of Lagrangian approaches. Furthermore, the total amount of precipitable water, or precipitation, associated with each LLJ has not yet been quantified well, and it is likely to be larger than the amount currently considered (Gimeno et al., 2016).
This paper provides a detailed analysis of source and sink regions of each LLJ, with the aim of understanding and better-predicting present and future impacts on the hydrological cycle. This is especially relevant within the context of global warming, where an intensification of the hydrological cycle is foreseen (Gimeno et al., 2010, Gimeno et al., 2012, Gimeno et al., 2013). The goals of this research are to 1) objectively identify the most relevant LLJs worldwide, and to characterise their dynamical structure (both horizontally and vertically) together with their typical time evolution; and 2) detect their associated moisture sources and sink regions and their potential impacts on social-economy. The structure of the article is as follows: Section 2 presents the methodologies used in this work; Section 3 presents the results in terms of the impacts from both physical and socioeconomical perspectives; and Section 4 includes both a discussion of the results and the conclusions that can be derived from them.



Section snippets
Rainfall, population and water scarcity datasets
Socioeconomic impacts associated with LLJs have been estimated from rainfall, population, and water scarcity datasets. Information on rainfall was retrieved from the Multi-Source Weighted-Ensemble Precipitation (MSWEP) dataset, which is a high-resolution (0.25°) gauge-satellite-reanalyses-based dataset available at a 3 h time step that has become a very reliable precipitation tool used in hydrological analyses (Beck et al., 2017). Information on population was obtained from the Socioeconomic
Results
Fig. 1a and b show the average daily NLLJI calculated for the period 1980–2016 in the months of July and January, respectively, together with the mean wind fields at 00 solar local time at the near-surface level (53 sigma level). The 95th percentile of the NLLJI was used as the threshold to detect the main regions of occurrence. In total, 33 regions of NLLJ occurrence were identified on a global scale, and are summarised in Fig. 1c, where blue and red numbers show LLJs identified in the austral 
Discussion and conclusions
A global distribution of nocturnal low-level jets (NLLJ) associated with warm seasons for both hemispheres is obtained in this work by employing a nocturnal index, based on the vertical distribution and time evolution of winds (Rife et al., 2010), and fed with ERA-Interim data from 1980 to 2016. A total of 33 NLLJ regions are identified and characterised: 20 in the northern hemisphere and 13 in the southern hemisphere. Some new NLLJs in the easternmost region of Brazil and the western region of 
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	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.




	Where does the link between atmospheric moisture transport and extreme precipitation matter?
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Citation Excerpt :
For example, this is very visible during both December–February and June–August in storm track regions owing to ARs (see Fig. 7 in Guan and Waliser, 2015) or during June–August in the North Atlantic owing to tropical cyclones (see Fig. 1 in Bloemendaal et al., 2020). The high coincidence in the IVTp maxima with Ph in the subtropical bands of maximum LLJs occurrence (see Fig. 4 in Algarra et al., 2019) is also noticeable. Therefore, the comparison between the Ph and IVTp patterns indicates that the relationship between extreme precipitation and IVT seems to be highly dependent upon the occurrence of the main global moisture transport mechanisms, namely ARs, LLJs, and tropical cyclones (Gimeno et al., 2016).



Show abstract
Atmospheric moisture transport is the primary component of the atmospheric branch of the water cycle, and its anomalies strongly influence drought and precipitation extremes. We utilised the full geographical and temporal spectrum of the ERA-5 reanalysis data and extreme value theory to identify regions where the atmospheric moisture transport, quantified as local integrated moisture vertical transport (IVT), influences daily extreme precipitation, and where this influence has a relevant dynamic component, which may alter the dependency between IVT and extreme precipitation as temperatures increase with climate change. We showed that this dependency is weak or negligible in tropical regions and strong but nonuniform in extratropical regions. Its influence is much greater in areas where the main moisture transport mechanisms occur, namely, atmospheric rivers, low-level jets, and tropical cyclones. The dynamic component of IVT, linked to wind, is highly consequential in regions with landfalling atmospheric rivers, landfalling tropical cyclones, or moisture-transporting low-level jets.




	Concurrent extreme events of atmospheric moisture transport and continental precipitation: The role of landfalling atmospheric rivers
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Citation Excerpt :
If moisture transport is quantified as vertically integrated water vapor transport (IVT), a local measure of the moisture advected horizontally in the atmosphere, the simultaneous occurrence of extreme IVT and extreme precipitation must be spatially and temporally diverse throughout the world because most of the moisture is transported via two major mechanisms of atmospheric moisture transport, Low Level Jets (LLJs) in tropical and subtropical regions and Atmospheric Rivers (ARs) in subtropical and extratropical areas (Gimeno et al., 2016). The first of these structures, LLJs, have semi-permanent positions with well defined but distant moisture sources, regions of IVT maxima, and moisture sinks, where the precipitation associated with the system is the highest (Algarra et al., 2019). The distance between areas of strong IVT and precipitation associated with LLJs means that the influence that IVT should have on extreme precipitation (at grid scale) may not be that strong.



Show abstract
An analysis of concurrent extreme events of continental precipitation and Integrated Water Vapor Transport (IVT) is crucial to our understanding of the role of the major global mechanisms of atmospheric moisture transport, including that of the landfalling Atmospheric Rivers (ARs) in extratropical regions. For this purpose, gridded data on CPC precipitation and ERA-5 IVT at a spatial resolution of 0.5° were used to analyse these concurrent events, covering the period from Winter 1980/1981 to Autumn 2017. For each season, and for each point with more than 400 non-dry days, several copula models were fitted to model the joint distribution function of the two variables. At each of the analysed points, the best copula model was used to estimate the probability of a concurrent extreme. At the same time, within the sample of observed concurrent extremes, the proportion of days with landfalling ARs was calculated for the whole period and for two 15-year sub-periods, one earlier period and one more recent (warmer) period. Three metrics based on copulas were used to analyse carefully the influence of IVT on extreme precipitation in the main regions of occurrence of AR landfall. The results show that the probability of occurrence of concurrent extremes is strongly conditioned by the dynamic component of the IVT, the wind. The occurrence of landfalling ARs accounts for most of the concurrent extreme days of IVT and continental precipitation, with percentages of concurrent extreme days close to 90% in some seasons in almost all the known regions of maximum occurrence of landfalling ARs, and with percentages greater than 75% downwind of AR landfall regions. This coincidence was lower in tropical regions, and in monsoonal areas in particular, with percentages of less than 50%. With a few exceptions, the role of landfalling ARs as drivers of concurrent extremes of IVT and continental precipitation tends to show a decrease in recent (warmer) periods. For almost all the landfalling AR regions with high or very high probabilities of achieving a concurrent extreme, there is a general trend towards a lower influence of IVT on extreme continental precipitation in recent (warmer) periods.
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Citation Excerpt :
Wang et al. (2014), in their study related to the role of LLJ on the moisture transport during a rainstorm process in North China, illustrated the multi-scale characteristics of the associated convective systems and the resulting rainband over their study region. Algarra et al. (2019) analyzed global climatology of nocturnal LLJ and its coupling with moisture transport. They found that the LLJ plays a crucial role in transporting moisture during the Indian summer monsoon.



Show abstract
Characteristics of moisture transport associated with a monsoon depression (MD) formed over the Bay of Bengal and later moved westward over central India are presented. The investigation is carried out mainly using the Weather Research and Forecast (WRF) cloud-resolving model simulations and the vertically integrated water vapor transport (IVT) to assess the path and features of the moisture transport. The model performance evaluation is carried out using micrometeorological and microwave radiometer observations from the Cloud Aerosol Interaction and Precipitation Enhancement Experiment (CAIPEEX). The results indicate that the strengthened LLJ during the nocturnal periods helps to enhance the moisture convergence in the lower troposphere and thus the rainfall, both before the formation of MD as well as during its passage over land. The moisture budget over a selected region along the path of the MD gave further insights on the moisture convergence, associated precipitation and related features during the study period. The analyses using IVT and LLJ strength are illustrated to be useful in identifying areas of intense convection.
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Keeping this in view, we present the projection of lower (850 hPa) and upper (200 hPa) level JJA winds. The circulation at 850 hPa is the representative of the low level jets (Tang et al., 2017; Algarra et al., 2019) which is important mechanism to transport moisture in the atmosphere while 200 hPa is the representative of the upper level anticyclonic circulation associated with monsoon deep convection and upper level jets (westerlies in midlatitudes) which influence the development of disturbances (e.g. low pressure systems) at the surface (Clark et al., 2009; Melamed-Turkish et al., 2018). For example, the regions with wind acceleration at 200 hPa induces upper level divergence contributing to intensify the vertical moments of air and consequently causing the precipitation (Trenberth et al., 2006; Wang et al., 2008).



Show abstract
There is research evidence that due to global warming, global precipitation and monsoon area have shown a shift which needs to be analyzed at regional scale. This study analyses future precipitation and monsoon spatial shift over Pakistan and Upper Indus Basin (UIB) based on latest Coordinated Regional Climate Downscaling Experiment - Coordinated Output for Regional Evaluations (CORDEX-CORE) high resolution projections (25 km) for the South Asian domain. Three global climate models from Coupled Model Intercomparison Project Phase 5 (CMIP5) (MIROC5, NorESM1-M and MPI-ESM-MR) provided the lateral boundary conditions for the Regional Climate Model (RegCM4) under Representative Concentration Pathways 2.6 (RCP2.6) and RCP8.5 scenarios. Results indicate that JJA precipitation over Upper Indus Basin (UIB which also includes North Pakistan) is projected to increase more under RCP8.5 and less under RCP2.6 while for Pakistan it shows slightly increase (decrease) in RCP2.6 (RCP8.5). The results also show a projected expansion in monsoon area in UIB and northward shift of MCR which corresponds with future precipitation changes in the area and hence indicate the penetration of monsoon system over UIB under higher warming scenario. The changes in monsoon precipitation and domain are related to the changes in wind circulation patterns at 850 hPa and 200 hPa atmospheric levels.
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