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The tropics and mountains: a complex system

The understanding of the water cycle over mountain regions is a continuous challenge for the scientific community. The complex topography (steepness, roughness, altitude, orientation, and others) and the scarcity of meteorological stations over mountains are, among all the factors, the main reasons for this "hole" in the comprehension of the many components of the mountain water cycle. Aside from being an academic issue, the study of the water cycle over mountains is a socio-economic and ecological issue.

While mountains occupy 12.5% of the land surface on Earth, they are home of 7% of the total human population (511 200 million people up to the 2015), they host a quarter of the biodiversity on land with nearly one half of the world hotspot biodiversity, and they are the main source of water for the lowland population used in consumption, seasonal irrigation and the generation of energy [START_REF] Körner | Mountain Systems[END_REF][START_REF] Viviroli | Climate change and mountain water resources: Overview and recommendations for research, management and policy[END_REF][START_REF] Körner | A global inventory of mountains for bio-geographical applications[END_REF].

The analysis of the water cycle within the tropics has become an important issue due to the high level of vulnerability of its population and ecosystems to high-impact hydrological events as drought, floods, cyclones, change in the onset and demise of wet and dry season, etc. The strong ocean-atmosphere-land coupling has hindered the identification of the various mechanisms associated with these hydrological events. This becomes a more urgent problem concerning the actual changes in the water cycle due to the anthropogenic emissions of greenhouse gases. If to this context, we add the complexity of mountain regions, we end by having complex atmospheric mechanisms associated with changes in the water cycle over tropical mountains. Thus, in view of the actual problematic around water resources over tropical mountain, it is of priority to understand these mechanisms.

The tropical Andes

The Andes are the largest chain of mountains in the Southern Hemisphere. They extend meridionally from the Patagonia region (55 • S) to northern Venezuela (11 • N) and they traverse with their 7000 km of longitude seven countries: Chile, Argentina, Bolivia, Peru, Ecuador, Colombia and Venezuela (Figure 1.1a). Along its meridional extension of about 66 degrees, the Andes present different climatic features always associated with a high level of biodiversity [START_REF] Borsdorf | The Andes: A Geographical Portrait[END_REF][START_REF] Schoolmeester | The Andean Glacier and Water Atlas[END_REF].

Particular attention has received the tropical Andes, a region comprised between 20 • S and 11 • N, for holding a high-level biodiversity. It is in the transition between the Amazon and the tropical Andes ( 500 to 3000 m.a.s.l.; Figure 1.1b) between 20 • S and 5 • S where [START_REF] Myers | Biodiversity hotspots for conservation priorities[END_REF] catalogued at least 20 000 endemics plants and 1 567 endemic vertebrates species, recognizing this region as a biodiversity hotspot, which is also vulnerable to changes in the water cycle. On the other hand, it has been estimated 1.3. Why is it important to study the southern tropical Andes precipitation? that at least 75 million people depend on water resources originating from the tropical Andes, being the population living on the dry coast of western tropical South America totally dependable of the Andean rivers for its water supply, which is vital for human consumption and sustains several key economic activities such as agriculture, cattle raising, mining, and others [START_REF] Vergara | Economic impacts of rapid glacier retreat in the Andes[END_REF][START_REF] Buytaert | Predicting climate change impacts on water resources in the tropical Andes: Effects of GCM uncertainty[END_REF][START_REF] Buytaert | Uncertainties in climate change projections and regional downscaling in the tropical Andes: Implications for water resources management[END_REF][START_REF] Schoolmeester | The Andean Glacier and Water Atlas[END_REF][START_REF] Espinoza | Hydroclimate of the Andes Part I: Main Climatic Features[END_REF][START_REF] Poveda | High Impact Weather Events in the Andes[END_REF]. Indeed, large cities and capitals such as Lima, La Paz, Sucre, Quito, Bogota and Caracas depend directly of water resources form the tropical Andes (Figure 1.1b; [START_REF] Buytaert | Water for cities: The impact of climate change and demographic growth in the tropical Andes[END_REF]Ioris, 2015;[START_REF] Grainger | The development and intersection of highland-coastal scale frames: a case study of water governance in central Peru[END_REF].

The ecosystem services provide by the tropical Andes go beyond the water cycle itself by transporting minerals that fertilizes soils in the lowlands of the Amazon region and the western coast of South America (e.g. [START_REF] Guyot | Suspended sediment yields in the amazon basin of peru: A first estimation[END_REF][START_REF] Santini | Sediment budget in the Ucayali River basin, an Andean tributary of the Amazon River[END_REF][START_REF] Morera | Pertinent spatiotemporal scale of observation to understand suspended sediment yield control factors in the Andean region: The case of the Santa River (Peru)[END_REF]Morera et al., , 2017;;[START_REF] Espinoza-Villar | Spatio-temporal monitoring of suspended sediments in the Solimões River (2000-2014[END_REF][START_REF] Vauchel | A reassessment of the suspended sediment load in the Madeira River basin from the Andes of Peru and Bolivia to the Amazon River in Brazil, based on 10 years of data from the HYBAM monitoring programme[END_REF][START_REF] Armijos | Rainfall control on Amazon sediment flux: synthesis from 20 years of monitoring[END_REF]. This means that alterations in the water cycle over the tropical Andes could impact on water resources and soil degradation in regions far away of the Andes. 1.3 Why is it important to study the southern tropical Andes precipitation?

From all the components of the water cycle, precipitation is the most important input of fresh water into the hydrological system. In contrast to the northern and equatorial tropical Andes (8 • S-11 • N), where precipitation spread all along the year, population and ecosystems living in the southern tropical Andes (20 • S-8 • S) depend mostly on austral summer precipitation, which is the peak of annual precipitation in this region [START_REF] Bendix | Die Niederschlagsjahreszeiten in Ecuador und ihre klimadynamische Interpretation ( Rainy Seasons in Ecuador and Their Climate-Dynamic Interpretation )[END_REF][START_REF] Vacher | Responses of two main Andean crops, quinoa (Chenopodium quinoa Willd) and papa amarga (Solanum juzepczukii Buk.) to drought on the Bolivian Altiplano: Significance of local adaptation[END_REF]Vuille et al., 2000b;[START_REF] Garreaud | Subtropical cold surges: Regional aspects and global distribution[END_REF][START_REF] Garreaud | The climate of the Altiplano: Observed current conditions and mechanisms of past changes[END_REF][START_REF] Ochoa-Tocachi | Impacts of land use on the hydrological response of tropical Andean catchments[END_REF][START_REF] Schoolmeester | The Andean Glacier and Water Atlas[END_REF][START_REF] Ricaurte | A Classification System for Colombian Wetlands: an Essential Step Forward in Open Environmental Policy-Making[END_REF][START_REF] Espinoza | Hydroclimate of the Andes Part I: Main Climatic Features[END_REF]. As an example, the Titicaca Lake, the highest navigable lake in the world and an important water resource at 3800 m.a.s.l., is recharged by precipitation during the December-March season [START_REF] Aceituno | Impacto de los fenónemos el Niño y la Niña en regímenes fluviométricos andinos[END_REF]. Rivers in the western slopes of the southern tropical Andes and flowing into the Pacific Ocean are the principal source of water for population and ecosystems in the dry coast of southern Peru [START_REF] Buytaert | Water for cities: The impact of climate change and demographic growth in the tropical Andes[END_REF][START_REF] Schoolmeester | The Andean Glacier and Water Atlas[END_REF]. This suggests that a dry summer period in the southern tropical Andes could jeopardize the water availability not only at a local scale but at a regional scale as well. Indeed, the availability of water resources in the southern tropical Andes has historically impacted the Andean society. Chepstow-Lusty et al. (2009) stated that one of the factors allowing the Inca Empire to expand was a larger water availability allowing them to increase their agriculture production. While December-March precipitation over the southern tropical Andes is seen as a source of life, June-August precipitation is often perceived as a devastating event. Precipitation in this season is mostly associated with snowfalls, hail, and cold temperature, and its impacts are numerous: killing cattle, ruining entire crop fields, damaging the road infrastructures, and threatening people's life shown the cities on western South America. Magenta circles indicate cities with less than one million habitants, orange ones represent cities with a population between one and 5 million people, and red circles are cities with more than 5 millions of habitants. The black solid line indicates the Andes-Amazon transition zone. Data source for the digital elevation model is the USGS 30 ARC-second Global Elevation Data, GTOPO30 and the population map comes from https://simplemaps.com/data/world-cities. 1.3. Why is it important to study the southern tropical Andes precipitation? (Sistema Nacional de Defensa Civil, 2006;[START_REF] Perea-Flores | El friaje y las heladas: diagnóstico de la problemática en el Perú y legislación comparada[END_REF]. Thus, the understanding of the temporal variations in precipitation over the southern tropical Andes on different time scales and its associated atmospheric mechanisms is a major issue not only from an academic perspective but also for improving water and risk management and ecosystem protection.

The identification of atmospheric mechanisms associated with southern tropical Andes precipitation becomes even more important if we consider the current context of global climate change and changes in the land use related to anthropogenic pressure. On the one hand, glaciers in the southern tropical Andes have undergone a rapid retreat since 1970 (Vuille et al., 2008a[START_REF] Vuille | Rapid decline of snow and ice in the tropical Andes -Impacts, uncertainties and challenges ahead[END_REF][START_REF] Rabatel | Current state of glaciers in the tropical Andes: A multi-century perspective on glacier evolution and climate change[END_REF], and this is more notorious in small glaciers located at low altitudes [START_REF] Rabatel | Current state of glaciers in the tropical Andes: A multi-century perspective on glacier evolution and climate change[END_REF]. This is due to a continuous warming over the upper-elevation zones of the tropical Andes [START_REF] Vuille | Impact of the global warming hiatus on Andean temperature[END_REF][START_REF] Aguilar-Lome | Elevation-dependent warming of land surface temperatures in the Andes assessed using MODIS LST time series (2000-2017[END_REF]. Considering that glaciers will continue their retreat under the different scenarios of global warming [START_REF] Vuille | Rapid decline of snow and ice in the tropical Andes -Impacts, uncertainties and challenges ahead[END_REF][START_REF] Hock | GlacierMIP-A model intercomparison of global-scale glacier mass-balance models and projections[END_REF], the role of precipitation over the Southern tropical Andes as a water resource for population and ecosystems will continue growing in the future.

On the other hand, it is well-known that humidity over the southern tropical Andes has its origin over the Amazon rainforest (Vuille, 2003b;[START_REF] Perry | Precipitation delivery in the tropical high Andes of southern Peru: new findings and paleoclimatic implications[END_REF][START_REF] Hurley | Forward modeling of δ 18O in Andean ice cores[END_REF]. Recent studies documented changes in the rainfall regime over the Amazon since the beginning of the '90s, which are associated with variations in the regional atmospheric circulation over tropical South America and the tropical Atlantic [START_REF] Barichivich | Recent intensification of Amazon flooding extremes driven by strengthened Walker circulation[END_REF][START_REF] Wang | The strengthening of Amazonian precipitation during the wet season driven by tropical sea surface temperature forcing[END_REF]Espinoza et al., 2019a). These atmospheric changes make us questioning if the transport of humidity towards the southern tropical Andes has also changed. As evapotranspiration of the Amazon forest plays an important role in the atmospheric humidity by recycling water from precipitation [START_REF] Eltahir | Precipitation recycling in the Amazon basin[END_REF]Staal et al., 2018;[START_REF] Ampuero | The Forest Effects on the Isotopic Composition of Rainfall in the Northwestern Amazon Basin[END_REF][START_REF] Espinoza | Hydroclimate of the Andes Part I: Main Climatic Features[END_REF], it is an open question to assess whether future scenarios of deforestation of the Amazon rainforest might have a side effect on precipitation over the southern tropical Andes [START_REF] Aide | Woody vegetation dynamics in the tropical and subtropical Andes from 2001 to 2014: Satellite image interpretation and expert validation[END_REF].

In this context, the "Laboratoire Mixte International -GREAT ICE (LMI-GREAT ICE)", and its IGE (Institut des Géosciences de l'Environnement) components (ANDEs team and AMANECER project) have recognized the great importance of studying the large and regional (Amazon connection) atmospheric circulation associated with precipitation over the tropical Andes at different time scales and using atmospheric models to understand them. Thus, our efforts, in this PhD thesis, aimed at evidencing the different atmospheric mechanisms associated with precipitation variability in the southern tropical Andes on different time scales. We plan to characterize the atmospheric mechanisms associated with the temporal variability of precipitation on intra-seasonal, seasonal and interannual time scale. Trends and decadal changes in precipitation in this Andean region are also analyzed. Furthermore, this research aims at studying precipitation over the southern tropical Andes not as a single and isolated entity, but as a part of a more complex interaction with other regions of the tropical Andes, the Amazon region, and Chapter 1. The general context and the objective of this thesis the other zones of the tropical band, a perspective that has never been taken as such before.

The identification of mechanisms associated with precipitation is a crucial step when interpreting the response of precipitation over the southern tropical Andes in the context of Climate Change (e.g. [START_REF] Minvielle | Projecting rainfall changes over the South American Altiplano[END_REF][START_REF] Morales | Precipitation changes in the South American Altiplano since 1300 AD reconstructed by tree-rings[END_REF]Neukom et al., 2015). The Coordinated Regional Downscaling Experiment (CORDEX; [START_REF] Giorgi | Regional Dynamical Downscaling and the CORDEX Initiative[END_REF] framework has been used to identify possible changes in precipitation on a regional to local scale in South America under same condition of spatial resolution, domain and model parametrization (e.g. Falco et al., 2019;Llopart et al., 2020;Solman and Blázquez, 2019). However, the spatial resolution of the regional circulation models (RCMs) used in CORDEX ( 0.44 • x 0.44 • ) might it not good when analyzing mechanisms over the complex topography of the tropical Andes (e.g. [START_REF] Junquas | Understanding the influence of orography on the precipitation diurnal cycle and the associated atmospheric processes in the central Andes[END_REF]. Therefore, we also made use of a global -regional model to understand the climatic conditions under which the identified atmospheric mechanisms influence the precipitation variability in the southern tropical Andes.

Understanding of the principal atmospheric mechanisms associated with precipitation over the southern tropical Andes.

-General introduction and motivation of this study: The importance of identifying mechanisms associated with precipitation on the tropical Andes -State of the art regarding tropical Andes precipitation: Large-and regional-scale atmospheric circulation This manuscript comprises six chapters with the overall thesis structure being illustrated in Figure 1.2.

After a general introduction (Chapter 1), Chapter 2 is devoted to present a general review of the large 1.3. Why is it important to study the southern tropical Andes precipitation? and the regional-scale circulation influencing precipitation over the southern tropical Andes. In Chapter 3, using in situ and satellite data precipitation, we identify the Andean regions between 20 • S and 1 • N associated with a unimodal and bimodal annual cycle of precipitation. These results helped us to identify properly the southern tropical Andes (20 • S-8 • S) which, as we explained in the above paragraph, is a region characterized by a unimodal annual cycle of precipitation with a peak in the December-March season. In addition, we determined a region between the southern tropical Andes (20 • S-8 • S) and the equatorial Andes (5 • S-1 • S), which we named the transition zone (8 • S-5 • S), displaying a bimodal annual cycle of precipitation. The atmospheric mechanisms associated with the annual cycle of precipitation of these three regions were also characterized. We also identified the atmospheric mechanisms related to the maximum and minimum events of monthly precipitation in the wet season of the three Andean regions. Although we identified a different precipitation variability between the transition zone and the southern tropical Andes, our results showed that part of the southern tropical Andes (north of 12 • S) is also influenced by the precipitation variability of the transition zone. Thus, for the next chapters, we only analyzed precipitation over the upper-elevations zones (>3000 m.a.s.l.) of the southern tropical Andes between 20 • S and 12 • S. In Chapter 4, we investigate the atmospheric mechanisms controlling winter extreme precipitation events in the central region of the southern tropical Andes (18 • S -15 • S; >3000 m.a.s.l.). We decided to shorten our area of study because of the availability of rain-gauge stations with daily data. Until Chapter 4, we covered the analysis of precipitation over the southern tropical Andes on intraseasonal, seasonal and interannual time scale. In Chapter 5, we analyze trends and decadal changes in the wet season precipitation over the southern tropical Andes, and we associated these changes to the ones identified in the atmospheric circulation over the tropical South America, especially over the Amazon rainforest. Following the results of Chapter 5, we explore, in Chapter 6, the large-and regional-scale climatic conditions influencing the atmospheric mechanisms that control austral summer precipitation by using the Weather Research and Forecasting (WRF) model, which technical details are also done in this chapter. Finally, in Chapter 7 we provide the general conclusion regarding the important outcomes of this research. Likewise, we propose potential research topics to be addressed in the near future.
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Tropical and South American atmospheric circulation The interaction between the large-scale circulation and regional atmospheric mechanisms sets the spatial pattern of precipitation over the southern tropical Andes on different time scales (e.g. [START_REF] Espinoza | Hydroclimate of the Andes Part I: Main Climatic Features[END_REF]. This chapter provides a brief review of the atmospheric mechanisms associated with precipitation over tropical South America and how they modulate precipitation over the southern tropical Andes on intraseasonal, seasonal, interannual and longer time scales. First, we describe the atmospheric mechanism associated with the seasonal cycle of precipitation over tropical South America. Second, we detail the atmospheric circulations having an impact on precipitation over tropical South America on intraseasonal and interannual time scales. Third, we explore long-term changes in precipitation over tropical South America and the possible known climate forcings. In each subsection, we mention the relationship between the atmospheric mechanisms (large-or regional-scale) in tropical South America and precipitation over the southern tropical Andes.

Climatic features of the tropical zone

The low-level atmospheric circulation of the tropics is dominated by an easterly flow known as the trade winds, which are responsible for the westward transport of moisture within the tropics (Figure 2.1).

In terms of precipitation, the tropics are characterized by receiving a high amount of precipitation throughout the year, especially in zones near the equator, where zones of low-level wind convergence predominate (Figure 2.1). Over the oceans, tropical precipitation mainly organizes in an equatorial band known as the Intertropical Convergence Zone (ITCZ).

The Intertropical Convergence Zone (ITCZ)

The intertropical Convergence Zone (ITCZ) is an equatorial band of convective clouds, high values of precipitation over the oceans, and low-level wind convergence (Figure 2.1;[START_REF] Waliser | A Satellite-derived Climatology of the ITCZ[END_REF][START_REF] Philander | Why the ITCZ Is Mostly North of the Equator[END_REF][START_REF] Adam | Seasonal and interannual variations of the energy flux equator and ITCZ. Part II: Zonally varying shifts of the ITCZ[END_REF]. The ITCZ is observed over the oceans, but it can influence land precipitation. This is the case of equatorial South America, where the Pacific and Atlantic ITCZ influence the spatio-temporal precipitation variability (e.g. [START_REF] Mechoso | The Impact of Sea Surface Temperature Anomalies on the Rainfall over Northeast Brazil[END_REF][START_REF] Bendix | Die Niederschlagsjahreszeiten in Ecuador und ihre klimadynamische Interpretation ( Rainy Seasons in Ecuador and Their Climate-Dynamic Interpretation )[END_REF][START_REF] Marengo | Interannual variability of surface climate in the Amazon basin[END_REF]Vuille et al., 2000a;[START_REF] Biasutti | The annual cycle over the tropical Atlantic, south America, and Africa[END_REF][START_REF] Poveda | Annual and inter-annual variability of the present climate in northern South America and southern Mesoamerica[END_REF][START_REF] Espinoza | Spatio-temporal rainfall variability in the Amazon basin countries (Brazil, Peru, Bolivia, Colombia, and Ecuador)[END_REF][START_REF] Sierra | Precipitation over Northern South America and its seasonal variability as simulated by the CMIP5 models[END_REF].

The climatology zonal-mean position of the global ITCZ is in the Northern Hemisphere, at ∼5 • N, but it shows a strong seasonality. Due to the high thermal inertial of the ocean, the migration of the ITCZ has a delay of one or two months regarding the seasonal cycle of solar radiation. Globally, the ITCZ reaches its northernmost position (∼10 • N) and shows high values of precipitation during the July-September season. On the other hand, the southernmost position of the ITCZ occurs in the January-March season. Furthermore, some differences in the characteristics of the ITCZ can be identified between Annual precipitation and horizontal winds at 1000 hPa Figure 2.1: Climatology of precipitation (color shading) and horizontal winds at 1000 hPa (u-v; vectors) for the 1979-2018 period. We used the GPCP Precipitation data provided by the NOAA/OAR/ESRL PSL, Boulder, Colorado, USA, from their Web site at https://psl.noaa.gov/ (Adler et al., 2003), and horizontal winds from the ERA-Interim web page (https: // apps. ecmwf. int/ datasets/ data/ interim-full-moda/ levtype= pl/ ; [START_REF] Dee | The ERA-Interim reanalysis: Configuration and performance of the data assimilation system[END_REF] oceans. For instance, the Atlantic Ocean displays a well-defined ITCZ, which is narrower than the one in the Pacific Ocean. In addition, the Atlantic ITCZ reaches its southernmost position during the March-May season, one month later that the Pacific ITCZ. This zonal differences in the ITCZ have been attributed to low-clouds over the eastern tropical Pacific and they role in the interhemispheric gradient of energy [START_REF] Masunaga | The Southeast Pacific warm band and double ITCZ[END_REF][START_REF] Hwang | Link between the double-intertropical convergence zone problem and cloud biases over the southern ocean[END_REF]. Additionally, the Andes topography also plays a role in the eastern Pacific ITCZ location but in a lower degree [START_REF] Donohoe | The relationship between ITCZ location and cross-equatorial atmospheric heat transport: From the seasonal cycle to the last glacial maximum[END_REF]. Indeed, the location and the seasonal migration of the ITCZ are, indeed, associated with one of the large-atmospheric circulations within the tropics, the Hadley cell (e.g. Schneider et al., 2014;[START_REF] Geen | Monsoons, ITCZs and the Concept of the Global Monsoon[END_REF].

The Hadley cell

The Hadley cell is a thermally driven circulation, meaning that its strength and meridional extent are proportional to the temperature gradient between the equator (5 • S-5 • N) and the Poles (Held and Hou, 1980;[START_REF] Lindzen | Hadley Circulations for Zonally Averaged Heating Centered off the Equator[END_REF][START_REF] Vallis | Atmospheric and Oceanic Fluid Dynamics: Fundamentals and Large-Scale Circulation[END_REF]. Climatologically, the Hadley cell is composed of an ascending branch slightly north of the equator, between 5 • N and 10 • N, and two descending branches in the sub-Chapter 2. Tropical and South American atmospheric circulation tropics at 30 • S and 30 • N (Figure 2.2). The raising branch is a zone where convection is easily developed. Indeed, the ITCZ is part of this branch (Schneider et al., 2014;[START_REF] Schwendike | Local partitioning of the overturning circulation in the tropics and the connection to the Hadley and Walker circulations[END_REF]. On the other hand, the two descending branches indicate subsidence zones, where precipitation is scarce (Figure 2.1).

Besides, an upper-level westerly flow, known as the subtropical jet, is observed over each descending branch. The Hadley cell displays a nearly equatorially symmetric circulation on the global annual mean, with a slightly northward displacement (Figure 2.2a,b). This northward offset is explained by the imbalance of energy between the Northern and the Southern Hemisphere due to a warmer Northern hemisphere mainly due to the ocean circulation and, in a lower order, the great extensions of continents in the Northern Hemisphere [START_REF] Chiang | Extratropical cooling, interhemispheric thermal gradients, and tropical climate change[END_REF][START_REF] Fučkar | Influence of the extratropical ocean circulation on the intertropical convergence zone in an idealized coupled general circulation model[END_REF][START_REF] Marshall | The ocean's role in setting the mean position of the Inter-Tropical Convergence Zone[END_REF][START_REF] Frierson | Contribution of ocean overturning circulation to tropical rainfall peak in the Northern Hemisphere[END_REF]Schneider et al., 2014). Moreover, due to more energy in the summer hemisphere, the Hadley cell exhibits a greater asymmetry during the summer seasons, with its ascending branch located deeper in the tropical band of the summer hemisphere (Figure 2.2c; [START_REF] Lindzen | Hadley Circulations for Zonally Averaged Heating Centered off the Equator[END_REF][START_REF] Dima | On the seasonality of the Hadley Cell[END_REF][START_REF] Nguyen | The hadley circulation in reanalyses: Climatology, variability, and Change[END_REF][START_REF] Schwendike | Local partitioning of the overturning circulation in the tropics and the connection to the Hadley and Walker circulations[END_REF][START_REF] Schneider | Eddy-Mediated Regime Transitions in the Seasonal Cycle of a Hadley Circulation and Implications for Monsoon Dynamics[END_REF]. The asymmetric circulation of the Hadley cell has been used to explain the dynamics of the monsoon systems in the tropical zone, including the South America Monsoon System (SAMS Bordoni andSchneider, 2008, 2010;[START_REF] Schneider | Eddy-Mediated Regime Transitions in the Seasonal Cycle of a Hadley Circulation and Implications for Monsoon Dynamics[END_REF][START_REF] Geen | Monsoons, ITCZs and the Concept of the Global Monsoon[END_REF].

The South American Atmospheric Circulation

Tropical South America, as part of the tropics, experiments seasonal changes in its atmospheric circulation, which also impact on the spatial pattern of precipitation. During the austral summer, when the maximum solar radiation is at the Southern Hemisphere, precipitation over tropical South America is associated with the SAMS, and high values of precipitation are observed in its southern region. Contrariwise, during the austral winter, tropical South America precipitation is mostly observed at equatorial latitudes making a single band of precipitation with the Atlantic and Pacific ITCZ.

The South American Monsoon System (SAMS)

Basically, monsoon systems are typical atmospheric circulation in tropical continents surrounded by oceans, developed during the summer season of the respective hemisphere. The classical view of monsoon systems is of a sea-breeze circulation triggered by the temperature contrast between land and ocean [START_REF] Webster | Monsoons: processes, predictability, and the prospects for prediction[END_REF]. Due to this perspective, monsoon systems were identified as low-level winds coming from the ocean toward the warm continent where low-level winds convergence enhancing convection and intensifying vertical transport of moisture from lower to mid-tropospheric levels. These characteristics are observed during the mature phase of the SAMS in the December-February season.

At the lower troposphere, trade winds coming from the tropical Atlantic enter into tropical South The zonal-mean meridional circulation is represented by the mass streamfunction (color shading). The mass streamfunction is calculated by using meridional winds at different levels from 1000 to 100 hPa in equation 1. Red (blue) shading indicates clockwise (counterclockwise) movement of the circulation. The magenta line is the 0 Kg s -1 mass streamfunction, which indicates the separation between the two cells of the Hadley cell (∼5 • N) and the limit with the Ferrel cell (∼30 • S and ∼30 • N). The annual climatology of vertical motion and meridional winds (vectors) and zonal winds (contour). Westerlies (easterlies) are indicated by solid (dashed) lines, and the contour interval is 5 m s -1 . c) Similar to b), but for the December-February season. Data source: Era-Interim (https: // apps. ecmwf. int/ datasets/ data/ interim-full-moda/ levtype= pl/ ; [START_REF] Dee | The ERA-Interim reanalysis: Configuration and performance of the data assimilation system[END_REF] America, transporting moisture (Figure 2.3a; Satyamurty et al., 2012). Once over the continent, trade winds turn southward, forming a southerly flow that crosses the equator, and reaches the subtropical regions with the highest velocities to the east of the Andes. This southward flow is known as the South American Low-Level Jet (SALJJ), and it is responsible for the poleward transport of moisture in South America [START_REF] Berri | The effect of the low-level jet on the poleward water vapour transport in the central region of South America[END_REF][START_REF] Marengo | Interdecadal variability and trends of rainfall across the Amazon basin[END_REF][START_REF] Poveda | Seasonal precipitation patterns along pathways of South American low-level jets and aerial rivers[END_REF]. Over the central Amazon, lowlevel winds convergence enhances upward motion at 500 hPa (Figure 2.3b). The acceleration of upward motion also reinforces the vertical transport of the moisture from lower to mid-tropospheric levels in the central Amazon (Figure 2.3a). Besides, the low-level convergence, as well as the upward motion at 500 hPa, form a band from the central Amazon to the South Atlantic, traversing the Atlantic coast between 25 • S and 20 • S at 45 • W ( Figure 2.3a,b). This zone is known as the South Atlantic Convergence Zone (SACZ), and this a climatic feature of tropical South America associated with the mature phase of the SAMS. At 200 hPa, anticyclonic wind circulation is located near the Bolivian Andes (Figure 2.3b). This Chapter 2. Tropical and South American atmospheric circulation high-pressure system is known as the Bolivian High, and it is another distinctive feature of the SAMS. Indeed, the cross-equatorial northerly flow at the lower troposphere as well as the origin of the Bolivian High are explained by using the Gill model with a heating source centered off the equator (e.g. [START_REF] Gill | Some simple solutions for heat-induced tropical circulation[END_REF][START_REF] Dias | Large-Scale Response of the Tropical Atmosphere to Transient Convection[END_REF][START_REF] Demaria | Linear Response of a Stratified Tropical Atmosphere to Convective Forcing[END_REF][START_REF] Figueroa | Simulations of the Summer Circulation over the South American Region with an Eta Coordinate Model[END_REF]. ; vectors) and specific humidity at 500 hPa (q; g kg -1 ; color shading). b) Vertical motion at 500 hPa (w ; Pa hr -1 ; shaded) and horizontal winds at 200 hPa (u-v ; m s -1 ; vectors). In a) and b) the red line indicates the contour of 3000 m.a.s.l. c) Zonal-mean of the meridional circulation between 80 • W and 40 • W. Meridional winds and vertical motion (v-w; m s -1 -Pa min -1 ; vectors) are showed as vectors and zonal winds as contours (u; m s -1 ; contours). Easterly (westerly) winds are represented by dashed (solid) blue (red) lines with a contour interval of 2 (5) m s -1 . The contour of 0 m s -1 is shown as a thick black line. The zonal-mean is calculated for the region within the magenta polygon in a). The dashed gray line is the maximum altitude for each grid latitude within the magenta polygon. The variables u,v, and w are calculated from the ERA-Interim data set [START_REF] Dee | The ERA-Interim reanalysis: Configuration and performance of the data assimilation system[END_REF], https: // apps. ecmwf. int/ datasets/ data/ interim-full-moda/ levtype= pl/ ] [) .

A heating source centered off the equator produces at the lower-troposphere, a low-pressure system located to the south-west (north-west) of the heating source when it is in the Southern (Northern) Hemisphere (Figure 2.4a). [START_REF] Figueroa | Simulations of the Summer Circulation over the South American Region with an Eta Coordinate Model[END_REF] showed that placing the heating source over the central 2.2. The South American Atmospheric Circulation Amazon produces a low-pressure system over tropical South America to the east of the Central Andes (15 • S and 25 • S), known as the Chaco-low (Figure 2.4b). The low-pressure perturbation arrives until the equator, but in the Northern Hemisphere, a high-pressure system forms. The dipole in the pressure field between both hemispheres creates a cross-equatorial flow to the west of the heating source that transports mass from the cold to the warm hemisphere, similar to the lower branch of the asymmetrical Hadley cell.

While the Andes impede the presence of strong westerlies over tropical South America, the Andes intensify the cross-equatorial northerly low-level flow [START_REF] Figueroa | Simulations of the Summer Circulation over the South American Region with an Eta Coordinate Model[END_REF]. Besides, the authors stated that the intensity of the SACZ is an interaction between the topography of the Andes and central Amazon convection. Thus, the Andes and convection related to SAMS are important factors that, throughout an interaction between them, condition the actual atmospheric circulation over tropical South America in the DJF season. Silva [START_REF] Dias | Large-Scale Response of the Tropical Atmosphere to Transient Convection[END_REF] showed that upper-level easterlies to the west of the heat source are due to the generation of Rossby waves produced by the mid-tropospheric heating (Figure 2.5a). When the heating is centered at the equator, twins Rossby waves are generated to the west of the heat source.

These Rossby waves are characterized by anticyclonic wind circulation and slow westward propagation.

Chapter 2. Tropical and South American atmospheric circulation Indeed, they are still in the region even 64 hours after the heating was turned off. As the source of heating is in the Southern Hemisphere, which in the case of the SAMS is over the central Amazon, the Rossby wave in this hemisphere is larger and has a more poleward position than its counterpart in the Northern Hemisphere. These are the characteristics of the Bolivian High. Subsequent studies using GCMs and including the Andes' topography, indeed, showed that the Bolivian High has its origin in the latent heat liberation during the convection process over the central Amazon (Figure 2.5b;[START_REF] Virji | A Preliminary Study of Summertime Tropospheric Circulation Patterns over South America Estimated from Cloud Winds[END_REF][START_REF] Demaria | Linear Response of a Stratified Tropical Atmosphere to Convective Forcing[END_REF][START_REF] Figueroa | Simulations of the Summer Circulation over the South American Region with an Eta Coordinate Model[END_REF][START_REF] Lenters | On the Origin of the Bolivian High and Related Circulation Features of the South American Climate[END_REF]. These studies also signaled that the cross-equatorial low-level southerly flow and the Bolivian High are components of the mature phase of the SAMS. On the other hand, convection over the central Andes have a secondary role in the origin of the Bolivian High, mainly by changing its position and intensity [START_REF] Lenters | On the Origin of the Bolivian High and Related Circulation Features of the South American Climate[END_REF].

Notwithstanding, the view of monsoons as climatic systems responding to the temperature contrast between land and ocean has changed in recent decades. Recent studies have documented that monsoon systems respond to the difference of energy between the summer and the winter hemisphere, meaning an exchange of energy and mass between both hemispheres, as observed in the asymmetric circulation of the Hadley cell (Bordoni andSchneider, 2008, 2010;[START_REF] Schneider | Eddy-Mediated Regime Transitions in the Seasonal Cycle of a Hadley Circulation and Implications for Monsoon Dynamics[END_REF][START_REF] Nie | Observational evaluation of a convective quasi-equilibrium view of monsoons[END_REF][START_REF] Geen | Monsoons, ITCZs and the Concept of the Global Monsoon[END_REF]. Indeed, [START_REF] Nie | Observational evaluation of a convective quasi-equilibrium view of monsoons[END_REF] showed that the mature phase of the SAMS shows a similar atmospheric circulation than the asymmetric Hadley cell. The zonal-mean meridional circulation over tropical South America during the austral summer is observed in Figure 2.3c . The meridional circulation is calculated by applying a zonal mean in the vertical motion and meridional winds from 1000 to 100 hPa inside the magenta polygon in Figure 2.1a. Using the same procedure, we also computed the zonal-mean of zonal winds over tropical South America (Figure 2.3c).

During the mature phase of the SAMS, the meridional circulation over tropical South America places its ascending branch in the region between 20 • S and 0 • N, where upward motion dominates, while the descending branch is located in the Northern Hemisphere, between 15 • N and 25 • N. Two cross-equatorial meridional flows with opposite direction complete the meridional circulation: an upper-level northward flow and a low-level southward flow. These two cross-equatorial flows are characteristics of monsoon systems making part of the exchange of mass end energy between the summer and the winter hemisphere (Held and Hou, 1980;[START_REF] Lindzen | Hadley Circulations for Zonally Averaged Heating Centered off the Equator[END_REF][START_REF] Vallis | Atmospheric and Oceanic Fluid Dynamics: Fundamentals and Large-Scale Circulation[END_REF]. Regarding the SAMS, the low-level northerlies transport moist and warm air from the tropical North Atlantic toward South America, while the upper-level southerlies are responsible for the cross-equatorial northward energy transport. In association with the upper-level flow, upper-level easterlies are observed in the upper branch of the meridional circulation. This relationship is in accord with the theory of the asymmetric Hadley cell [START_REF] Lindzen | Hadley Circulations for Zonally Averaged Heating Centered off the Equator[END_REF][START_REF] Dima | On the seasonality of the Hadley Cell[END_REF]. Besides, Bordoni andSchneider (2008, 2010) highlighted the importance of upper-level easterly over monsoon regions by protecting them from the extratropical and 2.2. The South American Atmospheric Circulation westerlies atmospheric perturbations. However, it is important to mention that extratropical-tropical interaction could still occur by the advection of vorticity by the divergent wind proper of the large-scale circulation. Over latitudes outside of the zone of upper-level easterlies, it is observed the presence of upper-level westerlies, which are part of the subtropical jets in the Northern and Southern Hemisphere.

Influence of the seasonal ITCZ migration on tropical South American circulation

A different atmospheric circulation characterizes tropical South America during the June-August season when the SAMS does not exist. In this season, trade winds dominate the lower-troposphere of tropical South America and show an acceleration compared to the DJF season (Figure 2.6a). As the northerly flow is not developed in this season, the SALLJ is only observed to the east of the subtropical Andes, disconnected of the equatorial region, but connected to the subtropical High over the South Atlantic. At the mid-troposphere, the equatorial band of South America displays enhanced upward motion together with a moistening at this tropospheric-level ( The aforementioned atmospheric circulation over tropical South America develops because of a zonally enlogated source of heating near the equator, which is the case of the ITCZ [START_REF] Gill | Some simple solutions for heat-induced tropical circulation[END_REF]. This last can be observed in the meridional circulation over tropical South America, which has its ascending branch slightly north of the equator, between 0 • N and 10 

Atmospheric circulation over tropical South America during the transition seasons

In the September-November season generally occurs the onset of the SAMS [START_REF] Wang | Cross-equatorial flow and seasonal cycle of precipitation over South America[END_REF][START_REF] Li | Transition of the large-scale atmospheric and land surface conditions from the dry to the wet season over Amazonia as diagnosed by the ECMWF re-analysis[END_REF][START_REF] Vera | Toward a unified view of the American monsoon systems[END_REF][START_REF] Sierra | Precipitation over Northern South America and its seasonal variability as simulated by the CMIP5 models[END_REF], a transition period when precipitation over tropical South America starts to be influenced by the SAMS. The meridional circulation over tropical South America displays a no well-defined ascending branch between 15 N, connecting the SALJJ with the equatorial region. At the upper-troposphere, the subtropical jet in the Southern Hemisphere is still stronger than the one in the Northern Hemisphere, but the former shows a poleward position compared to the JJA season. As we can observe in this season, there is not still the exchange of mass and energy between both hemispheres. Furthermore, the fact that upper-level easterlies are weak over monsoon regions, observed over tropical South America in this season, means that it could be influenced by eastward and extratropical atmospheric perturbations (Bordoni andSchneider, 2008, 2010).

The Chapter 2. Tropical and South American atmospheric circulation

Precipitation over tropical South America

As we described in previous sections, the atmospheric circulation over tropical South America changes with the seasons, and it conditions the spatial pattern of precipitation (Figure 2 S and 15 • N is calculated using the Climate Hazard Group InfraRed Precipitation with Station (CHIRPS) data set (https: // data. chc. ucsb. edu/ products/ CHIRPS-2. 0/ ; [START_REF] Funk | The climate hazards infrared precipitation with stations-a new environmental record for monitoring extremes[END_REF]. Precipitation over the oceans and the continent north of 15 • N is used from the GPCP Precipitation data provided by the NOAA/OAR/ESRL PSL, Boulder, Colorado, USA, from their Web site at https: // psl. noaa. gov/ (Adler et al., 2003).

The South American Atmospheric Circulation

December-February precipitation over tropical South America displays a southward migration (Figure 2.8b). To the west of the equatorial Andes and following the southward migration of the Pacific ITCZ, precipitation increases over Ecuador. The opposite occurs over the western Colombia coast. Over the interior of the continent, the SAMS plays an important role by increasing precipitation over southern tropical South America (Figure 2.8b). The SACZ has also reached its mature phase, displaying values of precipitation higher than 6 mm day -1 . Nevertheless, the highest values of precipitation over tropical South America are in the region between 20 • S and 0 • N, which is the region influenced by the meridional circulation associated with the SAMS. Inside this region, we observe that the central Amazon and the eastern side of the Andes, known as hotspot precipitation zones [START_REF] Espinoza | Rainfall hotspots over the southern tropical Andes: Spatial distribution, rainfall intensity, and relations with largescale atmospheric circulation[END_REF], display the highest values of precipitation. The seasonal increase of precipitation over the hotspot precipitation region is, indeed, associated with the cross-equatorial low-level northerly flow, as shown by [START_REF] Espinoza | Rainfall hotspots over the southern tropical Andes: Spatial distribution, rainfall intensity, and relations with largescale atmospheric circulation[END_REF] and [START_REF] Chavez | Orographic rainfall hot spots in the Andes-Amazon transition according to the TRMM precipitation radar and in situ data[END_REF]. On the other hand, precipitation over the upper-elevation southern tropical Andes is also influenced by the development of the Bolivian High through the well-known effect of the high-level easterlies (e.g. [START_REF] Vuille | Atmospheric circulation over the Bolivian Altiplano during dry and wet periods and extreme phases of the southern oscillation[END_REF][START_REF] Garreaud | The climate of the Altiplano: Observed current conditions and mechanisms of past changes[END_REF][START_REF] Garreaud | The Andes climate and weather[END_REF][START_REF] Espinoza | Hydroclimate of the Andes Part I: Main Climatic Features[END_REF]. The influence of the Bolivian High is mainly by two factors. The Bolivian High generates a downward flux of easterly momentum to Amazonian lowlands, intensifying the upslope flow that transports moisture from the western Amazon toward the upper-elevation southern tropical Andes. [START_REF] Falvey | Moisture variability over the South American Altiplano during the South American low level jet experiment (SALLJEX) observing season[END_REF] showed that the Bolivian High also transports zonally mid-tropospheric moisture to the southern tropical Andes, helping to the development of deep convection.

The March-May season in tropical South America is characterized by an equatorward migration of precipitation, which is connected with the Atlantic and the Pacific ITCZ (Figure 2.8c). Precipitation over the central Amazon and the SACZ region decreases in this season, but the hotspot precipitation zones still display high values of precipitation. Over the west side of the equatorial Andes, the arrival of precipitation to the northern Peruvian coast follows the development of a second band of the ITCZ over the eastern Pacific. During this season, the reduction in cloud cover over the southern Eastern Pacific allows the increase of net radiation over this region, warming the sea surface temperature [START_REF] Masunaga | The Southeast Pacific warm band and double ITCZ[END_REF][START_REF] Hwang | Link between the double-intertropical convergence zone problem and cloud biases over the southern ocean[END_REF]. The second band is not developed in the SON season, mainly due to the reduction in net radiation caused by the great percentage of cloud cover over the Eastern Pacific. The total equatorward migration of precipitation takes place in the June-August season (Figure 2.8d). Higher values of precipitation are observed in northern South America than over southern tropical South America. Thus, on seasonal time scales, the SAMS influences precipitation over the tropical Andes south of 0 • N, while precipitation over the equatorial and northern tropical Andes is associated with the Atlantic and Pacific ITCZ (e.g. [START_REF] Vuille | Atmospheric circulation over the Bolivian Altiplano during dry and wet periods and extreme phases of the southern oscillation[END_REF]Vuille et al., 2000a;[START_REF] Garreaud | The climate of the Altiplano: Observed current conditions and mechanisms of past changes[END_REF][START_REF] Garreaud | The Andes climate and weather[END_REF]Poveda Chapter 2. Tropical and South American atmospheric circulation et al., 2006;[START_REF] Espinoza | Hydroclimate of the Andes Part I: Main Climatic Features[END_REF]. Nevertheless, the compensated subsidence caused by regional-scale convection due to the SAMS during the austral summer plays an important role in the equatorial and northern tropical Andes' dry conditions. All this suggests that different annual cycles of precipitation characterize the tropical Andes between 20 • S and 1 • N. As precipitation over the southern tropical Andes is associated with the SAMS, the annual cycle in this Andean region is unimodal, with a wet season in the December-February season. However, the exact equatorward limit of the region dominated by this unimodal annual cycle of precipitation, associated with the SAMS, has not been established by preceding studies. This latter is one of the points addressed in this thesis.

Intraseasonal variability of precipitation over tropical South America

Precipitation over tropical South America displays a high-frequency variability, for instance due to extratropical perturbation as cold air incursions (e.g. [START_REF] Marengo | Cold surges in tropical and extratropical south America: The strong event in June 1994[END_REF]Garreaud, 1999aGarreaud, ,b, 2000a;;[START_REF] Vera | A diagnostic study of cold-air outbreaks over South America[END_REF]Espinoza et al., 2011;[START_REF] Boers | Propagation of Strong Rainfall Events from Southeastern South America to the Central Andes[END_REF][START_REF] Paccini | Intra-seasonal rainfall variability in the Amazon basin related to large-scale circulation patterns: a focus on western Amazon-Andes transition region[END_REF]. Alvarez et al. (2013) showed that the extratropical atmospheric perturbations triggering cold air incursion are associated with the famous Madden-Julian oscillation (MJO), one of the most important intraseasonal variability between 20 to 90 days in the tropical band (Madden andJulian, 1971, 1972). The extratropical region, disturbed throughout the emission of Rossby waves by the convective mode of the MJO, also perturbates the troposphere over subtropical South America. It is important to mention, nevertheless, that the MJO, during its eastward propagation, can directly influence equatorial South America weather, but it does not generate cold air incursions (Recalde-Coronel et al., 2020;[START_REF] Mayta | The role of the Madden-Julian oscillation on the Amazon Basin intraseasonal rainfall variability[END_REF][START_REF] Ampuero | The Forest Effects on the Isotopic Composition of Rainfall in the Northwestern Amazon Basin[END_REF].

Cold air incursions are a distinctive characteristic of the intraseasonal variability of subtropical South America. They are associated with low-level southerly winds anomalies to the east of the subtropical Andes, an increase in sea level pressure at the leading edge of the incursion following by a temperature drop (Figure 2.9; [START_REF] Marengo | Cold surges in tropical and extratropical south America: The strong event in June 1994[END_REF][START_REF] Garreaud | Summertime incursions of midlatitude air into subtropical and tropical South America[END_REF]Garreaud, 1999aGarreaud, , 2000a;;[START_REF] Vera | A diagnostic study of cold-air outbreaks over South America[END_REF]. Garreaud (2000a) showed that the origin of the cold air incursions is an eastward-propagated high-pressure system at the lower-troposphere, coming from the subtropical Pacific and crossing over the Andes at ∼40 • S (Figure 2.9a-d). As the high-pressure system enters into the continent, it transports anticyclonic vorticity and cold air from extratropical regions. The wind circulation associated with the high-pressure system is originally in geostrophic balance, meaning that easterly winds should be observed at the northward side of the pressure system. However, due to the blocking effect of the Andes, friction is not enough to balance the meridional gradient at the front of the incursion resulting in a northward flow propagation (Figure 2.9a,b;Garreaud, 1999a;[START_REF] Seluchi | Influence of the Subtropical Andes on Baroclinic Disturbances: A Cold Front Case Study[END_REF]. This mechanism is valid until 18 • S, the latitude where the orientation of the Andes changes. North of this latitude, the ageostrophic flow continues its northward propagation due to the weak Coriolis force, 2.2. The South American Atmospheric Circulation impeding to return the flow to a geostrophic balance (Figure 2.9c,d). Besides, the propagation of cold air incursion north of 18 • S is also associated with the mid-and upper synoptic waves accelerating and displacing equatorward the subtropical jet. Due to the horizontal wind acceleration, a meridional circulation forms over South America with upward motion in the northern flank of the jet and subsidence in the southern flank ((Figure 2.9e; Garreaud, 1999a). The upward motion enhances convection while moving toward tropical regions. On the other hand, the subsidence is responsible for increasing the advection of anticyclonic vorticity from the extratropic, pushing further northward the incursion. Garreaud (1999a). Horizontal winds (u-v; m s -1 ; vectors), air temperature (t; • C; color shading), and geopotential height (z; m; contours) at 850 hPa are displayed. Positive (negative) anomalies of geopotential height are drawn with solid (dashed) lines. The contour interval is 20 m. The variables u, v, t, and z are from Era-Interim (https: // apps. ecmwf. int/ datasets/ data/ interim-full-moda/ levtype= pl/ ; [START_REF] Dee | The ERA-Interim reanalysis: Configuration and performance of the data assimilation system[END_REF] . e) Latitude-pressure level cross-section at 60 • W on 1200 UTC 14/05/1993. Vectors indicate the meridional ageostrophic circulation (va-w) and the shading displays zonal winds from 30 to 60 m s -1 . The character J indicates the position of the subtropical jet. This figure is a modification from Figure 11b in Garreaud (1999a) @Cpyright 1999 AMS.

The association between cold air incursion and convection over tropical South America during the austral summer (DJF) was signaled by [START_REF] Kousky | Interdiurnal Surface Pressure Variations in Brazil: Their Spatial Distributions, Origins and Effects[END_REF]; [START_REF] Kousky | Principal Modes of Outgoing Longwave Radiation and 250-mb Circulation for the South American Sector[END_REF]; [START_REF] Garreaud | Summertime incursions of midlatitude air into subtropical and tropical South America[END_REF]. Subsequent studies showed that intraseasonal precipitation over tropical South America during the transition seasons (SON, MAM) and austral winter (JJA) is also associated with cold air incursions (Garreaud, 2000a;[START_REF] Vera | A diagnostic study of cold-air outbreaks over South America[END_REF]Espinoza et al., 2011;Alvarez et al., 2013;[START_REF] Sicart | Radiative properties of clouds over a tropical Bolivian glacier: seasonal variations and relationship with regional atmospheric circulation[END_REF][START_REF] Paccini | Intra-seasonal rainfall variability in the Amazon basin related to large-scale circulation patterns: a focus on western Amazon-Andes transition region[END_REF][START_REF] Eghdami | Extreme orographic rainfall in the eastern Andes tied to cold air intrusions[END_REF]. Indeed, [START_REF] Paccini | Intra-seasonal rainfall variability in the Amazon basin related to large-scale circulation patterns: a focus on western Amazon-Andes transition region[END_REF] showed that cold air incursions are responsible for extreme precipitation events over the western Amazon, being more evident in the JJA season.

Previous studies signaled cold air incursions as the principal synoptic factor triggering extreme pre-Chapter 2. Tropical and South American atmospheric circulation cipitation events at the eastern flank of the Central Andes (15 • S-25 • S; e.g. [START_REF] Garreaud | Summertime incursions of midlatitude air into subtropical and tropical South America[END_REF]Garreaud, 2000a;Alvarez et al., 2013;[START_REF] Sicart | Radiative properties of clouds over a tropical Bolivian glacier: seasonal variations and relationship with regional atmospheric circulation[END_REF][START_REF] Eghdami | Extreme orographic rainfall in the eastern Andes tied to cold air intrusions[END_REF]Castino et al., 2020). Nevertheless, [START_REF] Hurley | Cold air incursions, δ 18O variability, and monsoon dynamics associated with snow days at Quelccaya Ice Cap, Peru[END_REF] showed that cold air intrusion can also triggers snowfalls over the Quelcaya Ice Cap (70.82 • W and 13.93 • S; 5600 m.a.s.l.) in the austral summer season (DJF). In the JJA season, intraseasonal variability of cloudy days over the Zongo glacier (60 • W and 16 • S; 4900-6000 m.a.s.l.) for the 2005-2013 period were associated with cold air incursions [START_REF] Sicart | Radiative properties of clouds over a tropical Bolivian glacier: seasonal variations and relationship with regional atmospheric circulation[END_REF]. However, a direct connection between precipitation over high-altitude southern tropical Andes (>3000 m.a.s.l.) and cold air incursions has not been stated, but the results of [START_REF] Sicart | Radiative properties of clouds over a tropical Bolivian glacier: seasonal variations and relationship with regional atmospheric circulation[END_REF] indicate a possible connection between them, and this is one of the point analyzed in this thesis. [START_REF] Vuille | Regional snowfall patterns in the high, arid andes[END_REF]. Horizontal winds (u-v; vectors) and geopotential height (z; color shading) at 200 hPa are displayed. The variables u, v, and z are from the ERA-Interim data set (https://apps.ecmwf.int/datasets/data/interim-full-moda/levtype=pl/ [START_REF] Dee | The ERA-Interim reanalysis: Configuration and performance of the data assimilation system[END_REF]. [START_REF] Sicart | Radiative properties of clouds over a tropical Bolivian glacier: seasonal variations and relationship with regional atmospheric circulation[END_REF] also showed that cloudy days over the Zongo glacier are related to the passage 2.3. Interannual variability of precipitation over tropical South America of cut-off lows. Cut-off lows are isolated upper-level low-pressure systems having its origin on upperlevel troughs (e.g. [START_REF] Palmén | Origin and Structure of High-Level Cyclones South of the: Maximum Westerlies[END_REF][START_REF] Hoskins | On the use and significance of isentropic potential vorticity maps[END_REF][START_REF] Nieto | Climatological Features of Cutoff Low Systems in the Northern Hemisphere[END_REF][START_REF] Pinheiro | A new perspective of the climatological features of upper-level cut-off lows in the Southern Hemisphere[END_REF][START_REF] Pinheiro | Structure and evolution of intense austral cut-off lows[END_REF].

The latter is characterized by mid-and upper-level cyclonic wind circulation associated with oriented northwestern titled waves, which display a northeastern propagation (e.g. [START_REF] Hoskins | On the use and significance of isentropic potential vorticity maps[END_REF][START_REF] Cox | A general circulation model study of a tropopause-folding event at middle latitudes[END_REF][START_REF] Knippertz | Tropical-extratropical interactions related to upper-level troughs at low latitudes[END_REF][START_REF] Pinheiro | Structure and evolution of intense austral cut-off lows[END_REF]. Upper-level troughs are mainly observed coming from the subtropical Pacific and crossing subtropical South America, enhancing convection and precipitation during its eastward propagation [START_REF] Garreaud | The influence of the Andes on cutoff lows: A modeling study[END_REF]. Few studies analyzed the influence of cut-off lows or upper-level troughs on tropical precipitation over South America (Figure 2.10; [START_REF] Vuille | Regional snowfall patterns in the high, arid andes[END_REF][START_REF] Bonshoms | Dry season circulation-type classification applied to precipitation and temperature in the Peruvian Andes[END_REF], but they have signaled that they trigger extreme precipitation events, most of them associated with snowfalls over the southern tropical Andes. Thus, we also analyze for the JJA season the impact of upper-level troughs on triggering extreme precipitation events in the southern tropical Andes.

Interannual variability of precipitation over tropical South America

The large-scale phenomenon with a high impact on tropical precipitation is the El Niño Southern Oscillation (ENSO; e.g. [START_REF] Mcphaden | ENSO as an Integrating Concept in Earth Science[END_REF]. The ENSO is part of the natural variability of the Earth system that has its origin in the coupling of the ocean and atmosphere over the tropical Pacific [START_REF] Bjerknes | A possible response of the atmospheric Hadley circulation to equatorial anomalies of ocean temperature[END_REF][START_REF] Bjerknes | Atmospheric Teleconnections from the Equatorial Pacific[END_REF][START_REF] Dijkstra | Ocean-Atmosphere Interaction and the Tropical Climatology. Part II: Why the Pacific Cold Tongue Is in the East[END_REF][START_REF] Neelin | Ocean-Atmosphere Interaction and the Tropical Climatology. Part I: The Dangers of Flux Correction[END_REF][START_REF] Liu | A coupled theory of tropical climatology: Warm pool, cold tongue, and walker circulation[END_REF].

The ENSO has strong impacts on the global climate by modifying the meridional Hadley circulation, and one of the most important zonal overturning circulations in the tropics, the Walker cell. This zonal circulation, composed by different cells located in each ocean, depends on the east-west sea surface temperature (SST) gradient (Figure 2.11;[START_REF] Liu | A coupled theory of tropical climatology: Warm pool, cold tongue, and walker circulation[END_REF][START_REF] Bretherton | A simple model of a convectively coupled walker circulation using the weak temperature gradient approximation[END_REF][START_REF] Wang | Atlantic climate variability and its associated atmospheric circulation cells[END_REF][START_REF] Ashok | Individual and combined influences of ENSO and the Indian Ocean Dipole on the Indian summer monsoon[END_REF][START_REF] Schwendike | Local partitioning of the overturning circulation in the tropics and the connection to the Hadley and Walker circulations[END_REF][START_REF] Vallis | Atmospheric and Oceanic Fluid Dynamics: Fundamentals and Large-Scale Circulation[END_REF]. Over the tropical Pacific (Atlantic), the ascending branch is located over the western Pacific (tropical South America) while the descending branch is located over the eastern Pacific (eastern Atlantic; Figure 2.14a). As we mentioned above, this zonal circulation changes following the two phases of the ENSO, El Niño and La Niña (Figure 2.12).

El Niño is associated with the SST increment in the central and eastern Pacific, where upward motion enhances (Figure 2.12a). The development of convection in the central and eastern Pacific is associated with eastward displacement of the Pacific Walker circulation. This also means an eastward displacement of the descending branch, which is over equatorial South America, particularly over the Amazon and the tropical Atlantic, indicating less precipitation over these regions (Figure 2.12a;[START_REF] Saravanan | Interaction between tropical Atlantic variability and El Nino-Southern Oscillation[END_REF][START_REF] Chiang | Interdecadal changes in eastern Pacific ITCZ variability and its influence on the Atlantic ITCZ[END_REF][START_REF] Chiang | Tropical tropospheric temperature variations caused by ENSO and their influence on the remote tropical climate[END_REF][START_REF] Grimm | The El Ni??o impact on the summer monsoon in Brazil: Regional processes versus remote influences[END_REF][START_REF] Grimm | Interannual climate variability in South America: Impacts on seasonal precipitation, extreme events, and possible effects of climate change, Stoch[END_REF][START_REF] Grimm | Connection between spring conditions and peak summer monsoon rainfall in South America: Role of soil moisture, surface temperature, and topography in eastern Brazil[END_REF][START_REF] Grimm | ENSO and extreme rainfall events in South America[END_REF][START_REF] Marengo | Extreme seasonal droughts and floods in Amazonia: Causes, trends and impacts[END_REF][START_REF] Cai | Climate impacts of the El Niño-Southern Oscillation on South America[END_REF][START_REF] Cerón | Spatiotemporal analysis of the droughts in Cali, Colombia and their primary relationships with the El Nino-Southern Oscillation (ENSO) between 1971 and 2011[END_REF]. In addition, the El Niño impedes the northward migration of the Pacific ITCZ in the September-May season (Ma and Li,Chapter 2. Tropical and South American atmospheric circulation 2008; [START_REF] Nguyen | The hadley circulation in reanalyses: Climatology, variability, and Change[END_REF][START_REF] Schwendike | Local partitioning of the overturning circulation in the tropics and the connection to the Hadley and Walker circulations[END_REF][START_REF] Guo | Relationship between El Niño-Southern Oscillation and the symmetry of the hadley circulation: Role of the sea surface temperature annual cycle[END_REF][START_REF] Sulca | Impacts of different ENSO flavors and tropical Pacific convection variability (ITCZ, SPCZ) on austral summer rainfall in South America, with a focus on Peru[END_REF][START_REF] Xie | Eastern pacific ITCZ dipole and ENSO diversity[END_REF]. This causes precipitation over western Colombia to decrease, while the coast of Ecuador and northern Peru experiment an increment of flood frequency due to frequent extreme precipitation events [START_REF] Poveda | Annual and inter-annual variability of the present climate in northern South America and southern Mesoamerica[END_REF][START_REF] Santini | Sediment budget in the Ucayali River basin, an Andean tributary of the Amazon River[END_REF]Takahashi and Martínez, 2017;[START_REF] Sulca | Impacts of different ENSO flavors and tropical Pacific convection variability (ITCZ, SPCZ) on austral summer rainfall in South America, with a focus on Peru[END_REF][START_REF] Cai | Climate impacts of the El Niño-Southern Oscillation on South America[END_REF]. Opposite atmospheric circulation and impact on precipitation over tropical South America occur during the La Niña events (Figure 2.12b).

Recent studies identified the existence of two different types of El Niño events (Figure 2.13a,b;[START_REF] Takahashi | ENSO regimes: Reinterpreting the canonical and Modoki El Nio[END_REF][START_REF] Freund | Higher frequency of Central Pacific El Niño events in recent decades relative to past centuries[END_REF]. The central Pacific (CP) and the eastern Pacific (EP) El Niño events are characterized by positive SST anomalies in the central and eastern Pacific, respectively. This indicates that the associated changes in the Walker circulation are also different, suggesting that their impacts on tropical precipitation vary (Figure 2.13c,d), as observed in South America [START_REF] Andreoli | The influence of different El Niño types on the South American rainfall[END_REF][START_REF] Sulca | Impacts of different ENSO flavors and tropical Pacific convection variability (ITCZ, SPCZ) on austral summer rainfall in South America, with a focus on Peru[END_REF][START_REF] Andreoli | Effects of two different La Niña types on the South American rainfall[END_REF][START_REF] Cai | Climate impacts of the El Niño-Southern Oscillation on South America[END_REF]. In general, EP El Niño events are associated with floods in the western coast of tropical South America (Peru, Ecuador, and Colombia) while the Amazon rainforest and the tropical Andes undergo by an extreme drought period, with significantly anomalies over the northern Andes (Figure 2.13c;[START_REF] Cai | Climate impacts of the El Niño-Southern Oscillation on South America[END_REF]. Similar precipitation anomalies over the Amazon rainforest and the northern tropical Andes arise during CP El Niño events [START_REF] Jimenez | The role of ENSO flavours and TNA on recent droughts over Amazon forests and the Northeast Brazil region[END_REF]. The southern tropical Andes exhibit a significantly decreased (increased) precipitation during this type of El Niño (La Niña) event (Figure 2.13d; [START_REF] Santini | Sediment budget in the Ucayali River basin, an Andean tributary of the Amazon River[END_REF][START_REF] Sulca | Impacts of different ENSO flavors and tropical Pacific convection variability (ITCZ, SPCZ) on austral summer rainfall in South America, with a focus on Peru[END_REF][START_REF] Cai | Climate impacts of the El Niño-Southern Oscillation on South America[END_REF]. The weakening (strengthening) of easterlies at 200 hPa over the tropical Andes, which decreases moisture transport from the Amazon toward the Andes, explains dry (wet) years in the southern tropical Andes. However, the impact of the El Niño on southern tropical Andes precipitation has diminished in recent years. During the El Niño 2015-2016, one of the strongest recorded, precipitation anomalies over the southern tropical Andes did not drop as much as weak the El Niño events 1989-1990 and 1991-1992, suggesting that other mechanisms could also have an important role on precipitation over the southern tropical Andes. [START_REF] Lavado Casimiro | Basin-scale analysis of rainfall and runoff in Peru (1969-2004): Pacific, Titicaca and Amazonas drainages[END_REF] signaled a significant relationship between precipitation over the southern Amazon-Andes transition zone and the difference of tropical SST between the North Atlantic and South Atlantic. Thus, in this thesis, we also examine the interannual variability of the precipitation over the southern tropical Andes and its associated mechanisms, not systematically related to ENSO.

Long-term precipitation changes in tropical South America

Besides the strong interannual variability, tropical precipitation over South America has also suffered long-term changes. Regarding the Pacific Ocean, several studies showed the impact of the Pacific Chapter 2. Tropical and South American atmospheric circulation Decadal Oscillation (PDO) on the precipitation over tropical South America, especially by modulating the impact of the ENSO phases (e.g. [START_REF] Kayano | Relations of South American summer rainfall interannual variations with the Pacific Decadal Oscillation[END_REF][START_REF] Da Silva | The impact of El Niño on South American summer climate during different phases of the Pacific Decadal Oscillation[END_REF][START_REF] Toshie Kayano | Evolving anomalous SST patterns leading to ENSO extremes: Relations between the tropical Pacific and Atlantic Oceans and the influence on the South American rainfall[END_REF][START_REF] Jacques-Coper | Characterization of the 1970s climate shift in South America[END_REF][START_REF] Kayano | El Niño-Southern Oscillation related teleconnections over South America under distinct Atlantic Multidecadal Oscillation and Pacific Interdecadal Oscillation backgrounds: La Niña[END_REF][START_REF] Silva | South America Climate During the 1970-2001 Pacific Decadal Oscillation Phases Based on Different Reanalysis Datasets[END_REF]. Changes in SST in the tropical Atlantic, like the one associated with the Atlantic Multidecadal Oscillation (AMO), also is a source of decadal, interdecadal, and long-term variability for precipitation over tropical South Amer-2.4. Long-term precipitation changes in tropical South America ica, including the tropical Andes (Toshie [START_REF] Toshie Kayano | Evolving anomalous SST patterns leading to ENSO extremes: Relations between the tropical Pacific and Atlantic Oceans and the influence on the South American rainfall[END_REF][START_REF] Kayano | How the Atlantic multidecadal oscillation (AMO) modifies the ENSO influence on the South American rainfall[END_REF][START_REF] Bustamante | Holocene changes in monsoon precipitation in the Andes of NE Peru based on δ 18O speleothem records[END_REF]Jones and Carvalho, 2018;[START_REF] Kayano | El Niño-Southern Oscillation related teleconnections over South America under distinct Atlantic Multidecadal Oscillation and Pacific Interdecadal Oscillation backgrounds: La Niña[END_REF][START_REF] Humanes-Fuente | Two centuries of hydroclimatic variability reconstructed from tree-ring records over the Amazonian Andes of Peru[END_REF].

Recent studies pointed out changes in the precipitation variability over tropical South America, in particular over the Amazon forest, since the beginning of the 21 st Century [START_REF] Wang | The strengthening of Amazonian precipitation during the wet season driven by tropical sea surface temperature forcing[END_REF][START_REF] Espinoza | Evolution of wet-day and dry-day frequency in the western Amazon basin: Relationship with atmospheric circulation and impacts on vegetation[END_REF]Espinoza et al., , 2019a;;[START_REF] Barichivich | Recent intensification of Amazon flooding extremes driven by strengthened Walker circulation[END_REF]. Espinoza et al. (2019a) showed a significant decrease in SON precipitation over the Southern Amazon, associated with intensified subsidence in this region. The authors stated that the intensification of upward motion over equatorial South America, a component of the symmetric regional Hadley cell, has accelerated downward motion over the southern Amazon. On the other hand, precipitation in the MAM and DJF seasons has significantly increased over the equatorial Amazon (Figure 2.14a,b;Espinoza et al., 2019a). [START_REF] Barichivich | Recent intensification of Amazon flooding extremes driven by strengthened Walker circulation[END_REF] attributed this intensification to changes in the zonal overturning Walker circulation in the tropical band (Figure 2 in [START_REF] Barichivich | Recent intensification of Amazon flooding extremes driven by strengthened Walker circulation[END_REF]. For one side, the Walker cell over the Pacific has strengthened in the 1990-2015 period, meaning a decrease in the large-scale subsidence over the central Amazon and the tropical Atlantic. The strengthening of the Pacific Walker cell has been associated with the cooling of the central and eastern Pacific in recent decades, an oceanic mechanism related to the hiatus in the increasing global temperature (e.g. [START_REF] Schmidt | Reconciling warming trends[END_REF][START_REF] Liu | Tracking ocean heat uptake during the surface warming hiatus[END_REF][START_REF] Hu | The extreme El Niño of 2015-2016 and the end of global warming hiatus[END_REF]. On the other side, the Walker cell over the tropical Atlantic also shows a strengthening in the 1990-2015 period, which is associated with the tropical Atlantic warming since the 1970s. This latter mechanism has intensified upward motion over tropical South America while subsidence over the eastern equatorial Atlantic has increased, which has accelerated the trade winds that transport moisture to tropical South America.

The influence of tropical Atlantic warming on the intensification of equatorial Amazon precipitation in the December-May season was confirmed by [START_REF] Wang | The strengthening of Amazonian precipitation during the wet season driven by tropical sea surface temperature forcing[END_REF], who used different data sets as model outputs and in situ data. Espinoza et al. (2019a) signaled that, although precipitation increases in both MAM and DJF seasons, increases in DJF precipitation are mostly present over the western Amazon (Figure 2.14). Changes in precipitation over the western Amazon during the DJF season indicate modifications in the meridional circulation associated with the SAMS, which correspondingly could also influence precipitation over the high-altitudes southern tropical Andes. Thus, we explore possible changes in the austral summer precipitation over the tropical Andes, especially the ones associated with changes in Amazon convection.

In the following chapters, we analyze the precipitation variability over the southern tropical Andes and its associated atmospheric mechanisms on different time-scales. As many previous studies focused on the influence of the central and eastern Pacific on precipitation in this Andean region (e.g. Garreaud, 1999b;[START_REF] Vuille | Atmospheric circulation over the Bolivian Altiplano during dry and wet periods and extreme phases of the southern oscillation[END_REF][START_REF] Garreaud | Subtropical cold surges: Regional aspects and global distribution[END_REF][START_REF] Garreaud | The Andes climate and weather[END_REF][START_REF] Sulca | Impacts of different ENSO flavors and tropical Pacific convection variability (ITCZ, SPCZ) on austral summer rainfall in South America, with a focus on Peru[END_REF], we mainly focus our efforts to understand the connection between the Amazon convection and southern tropical Andes precipitation. As part of tropical South America, the tropical Andes exhibits this seasonal precipitation variability. Southern regions are characterized by a unimodal cycle of precipitation with a seasonal maximum during the December-March season (e.g. [START_REF] Aceituno | Impacto de los fenónemos el Niño y la Niña en regímenes fluviométricos andinos[END_REF][START_REF] Garreaud | The climate of the Altiplano: Observed current conditions and mechanisms of past changes[END_REF][START_REF] Vuille | Interannual variability of summertime convective cloudiness and precipitation in the central Andes derived from ISCCP-B3 data[END_REF], evidently associated with the mature phase of the SAMS. On the other hand, the equatorial Andes shows a more complex seasonal precipitation variability with different annual cycles of precipitation (e.g. [START_REF] Bendix | Die Niederschlagsjahreszeiten in Ecuador und ihre klimadynamische Interpretation ( Rainy Seasons in Ecuador and Their Climate-Dynamic Interpretation )[END_REF][START_REF] Laraque | Heterogeneous Distribution of Rainfall and Discharge Regimes in the Ecuadorian Amazon Basin[END_REF][START_REF] Espinoza | Spatio-temporal rainfall variability in the Amazon basin countries (Brazil, Peru, Bolivia, Colombia, and Ecuador)[END_REF][START_REF] Tobar | Seasonal rainfall patterns classification, relationship to ENSO and rainfall trends in Ecuador[END_REF]. Nevertheless, their seasonal peaks can be observed between March and August, which is the period of the ending phase of the SAMS.

The above characterization has improved our understanding of the seasonal precipitation variability in the tropical Andes. Nevertheless, regions where the annual cycle of precipitation associated with the mature phase of the SAMS have not been clearly identified. The same problem arrives when analyzing the interannual variability of precipitation over the tropical Andes. On interannual time scales, it is known that precipitation over southern regions is impacted by the ENSO (e.g. [START_REF] Vuille | Atmospheric circulation over the Bolivian Altiplano during dry and wet periods and extreme phases of the southern oscillation[END_REF]Garreaud, 1999b;[START_REF] Vuille | Interannual variability of summertime convective cloudiness and precipitation in the central Andes derived from ISCCP-B3 data[END_REF][START_REF] Santini | Sediment budget in the Ucayali River basin, an Andean tributary of the Amazon River[END_REF]. However, it has not been shown if Andean regions, only associated with the mature phase of the SAMS on seasonal time scales, are only impacted by the ENSO or if they also respond to other variabilities associated with the tropical Atlantic Ocean, for instance. Besides, the question if the ENSO or the tropical Atlantic variability have the same impacts in the equatorial Andes as in southern regions is also valid.

Previous studies have analyzed the annual cycle of precipitation in the tropical Andes and its associated mechanisms with a local perspective or maybe delimited by countries. The same perspective has been used in the analysis of the interannual precipitation variability. Our analysis takes a different standpoint, showing a regional perspective of precipitation over the tropical Andes between 20 • S and 1 • N. With this regional approach, we aim to identify the Andean region where the mature phase of the SAMS modules the annual cycle of precipitation, and analyze the large-scale circulation associated with its interannual precipitation variability.

All the points mentioned above were addressed in the scientific article "New insights into the rain-
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fall variability in the tropical Andes on seasonal and interannual time scales" published in Climate Dynamic (Segura et al., 2019). In this article, a power spectral density analysis is used to characterize the annual cycle of precipitation, leading to classify the tropical Andes between 20 • S and 1 • N in three regions: the southern tropical Andes (20 • S-8 • S), the transition zone (8 • S-5 • S), and the equatorial Andes (5 • S-1 • N). To our knowledge, it is the first time that a power spectral density analysis is applied in studying the annual cycle of precipitation over the tropical Andes. We also documented the atmospheric circulation on a regional scale associated with the annual cycle of precipitation in each region. Furthermore, we analyzed the interannual variation of monthly precipitation during the wet season of each zone and its associated large-scale circulation. The results of this article helped to identify properly the region known as the southern tropical Andes and the large-and regional-scale atmospheric circulation associated with its seasonal and interannual precipitation variability for the 1982-2016 period.

Introduction

The Andes are the largest mountain chain in the world, extending South-North over 7240 km from Patagonia to Venezuela, and the highest mountain chain situated in the inner tropics. Over the south tropical and equatorial region the Andes act as a topographic barrier between the cold and dry eastern Pacific and the warm and moist Amazon region, which produces a strong zonal gradient of precipitation. (Figure 3.1a,b;e.g. Bendix and Lauer, 1992;Garreaud, 1999b;[START_REF] Houston | The central Andean west-slope rainshadow and its potential contribution to the origin of hyper-aridity in the Atacama Desert[END_REF][START_REF] Garreaud | The Andes climate and weather[END_REF][START_REF] Espinoza | Rainfall hotspots over the southern tropical Andes: Spatial distribution, rainfall intensity, and relations with largescale atmospheric circulation[END_REF]. The complexity of the topography and the low density of the rainfall network over these Andean regions have complicated the proper characterization of the spatio-temporal patterns of precipitation. In this study we will focus on the precipitation variability over the south tropical and equatorial Andes on seasonal and interannual time scales.

On seasonal time scales, rain-gauge stations over the southernmost tropical Andes have shown the presence of an unique wet period in the austral summer (December-February; [START_REF] Vuille | Interannual variability of summertime convective cloudiness and precipitation in the central Andes derived from ISCCP-B3 data[END_REF][START_REF] Garreaud | The Andes climate and weather[END_REF]. This seasonal peak of precipitation is related to the mature phase of the South American Monsoon System, which is associated with the presence of both the Low Level Jet (LLJ) and the Bolivian High (BH) in the lower and upper troposphere of western South America, respectively (Figure 3.1a,c;e.g. Horel et al., 1989;[START_REF] Zhou | Does a monsoon climate exist over South America?[END_REF][START_REF] Vera | Toward a unified view of the American monsoon systems[END_REF][START_REF] Garreaud | Present-day South American climate[END_REF]. Studies have shown that the wet season over the southern tropical eastern Andes / western Amazon region (350-2000 m.a.s.l.), known as "hotspot" precipitation regions, is associated with the northernmost position of the LLJ [START_REF] Espinoza | Rainfall hotspots over the southern tropical Andes: Spatial distribution, rainfall intensity, and relations with largescale atmospheric circulation[END_REF]Junquas et al., 2016;[START_REF] Chavez | Orographic rainfall hot spots in the Andes-Amazon transition according to the TRMM precipitation radar and in situ data[END_REF]. On the other hand, the seasonal peak of precipitation at higher elevations in the southern tropical Andes (>3000 m.a.s.l.), especially over the Altiplano (22 • S-15 • S), is related to the presence of the BH [START_REF] Virji | A Preliminary Study of Summertime Tropospheric Circulation Patterns over South America Estimated from Cloud Winds[END_REF][START_REF] Vuille | Atmospheric circulation anomalies associated with 1996/1997 summer precipitation events on Sajama Ice Cap, Bolivia[END_REF]Garreaud, 1999b;[START_REF] Garreaud | The climate of the Altiplano: Observed current conditions and mechanisms of past changes[END_REF][START_REF] Vuille | Interannual variability of summertime convective cloudiness and precipitation in the central Andes derived from ISCCP-B3 data[END_REF][START_REF] Garreaud | The Andes climate and weather[END_REF]. However, the latitudinal extension of this rainfall regime and the influence of the LLJ and BH over the tropical Andes during the wet season have not been investigated in previous studies. It is thus one of the principal objectives addressed in this study. Over the equatorial Andes, rain-gauge stations display a more complex seasonal rainfall variability than the southern tropical Andes [START_REF] Bendix | Die Niederschlagsjahreszeiten in Ecuador und ihre klimadynamische Interpretation ( Rainy Seasons in Ecuador and Their Climate-Dynamic Interpretation )[END_REF][START_REF] Laraque | Heterogeneous Distribution of Rainfall and Discharge Regimes in the Ecuadorian Amazon Basin[END_REF][START_REF] Espinoza | Spatio-temporal rainfall variability in the Amazon basin countries (Brazil, Peru, Bolivia, Colombia, and Ecuador)[END_REF][START_REF] Rollenbeck | Rainfall distribution in the Andes of southern Ecuador derived from blending weather radar data and meteorological field observations[END_REF][START_REF] Campozano | Rainfall and Cloud Dynamics in the Andes: A Southern Ecuador Case Study[END_REF][START_REF] Campozano | Climatology and Teleconnections of Mesoscale Convective Systems in an Andean Basin in Southern Ecuador: The Case of the Paute Basin[END_REF]. The eastern slope presents a unimodal regime with a peak in the June-August period, which is associated with an intensification of the westward humidity transport from the equatorial Amazon and orographic uplift forced by the topography of the Andes [START_REF] Bendix | Die Niederschlagsjahreszeiten in Ecuador und ihre klimadynamische Interpretation ( Rainy Seasons in Ecuador and Their Climate-Dynamic Interpretation )[END_REF][START_REF] Rollenbeck | Rainfall distribution in the Andes of southern Ecuador derived from blending weather radar data and meteorological field observations[END_REF][START_REF] Campozano | Rainfall and Cloud Dynamics in the Andes: A Southern Ecuador Case Study[END_REF]. The high equatorial Andes are characterized by two rainfall seasons: one in the February-April period and the second one in the October-December period [START_REF] Bendix | Die Niederschlagsjahreszeiten in Ecuador und ihre klimadynamische Interpretation ( Rainy Seasons in Ecuador and Their Climate-Dynamic Interpretation )[END_REF][START_REF] Laraque | Heterogeneous Distribution of Rainfall and Discharge Regimes in the Ecuadorian Amazon Basin[END_REF][START_REF] Espinoza | Spatio-temporal rainfall variability in the Amazon basin countries (Brazil, Peru, Bolivia, Colombia, and Ecuador)[END_REF][START_REF] Rollenbeck | Rainfall distribution in the Andes of southern Ecuador derived from blending weather radar data and meteorological field observations[END_REF][START_REF] Campozano | Rainfall and Cloud Dynamics in the Andes: A Southern Ecuador Case Study[END_REF][START_REF] Campozano | Climatology and Teleconnections of Mesoscale Convective Systems in an Andean Basin in Southern Ecuador: The Case of the Paute Basin[END_REF]. [START_REF] Bendix | Die Niederschlagsjahreszeiten in Ecuador und ihre klimadynamische Interpretation ( Rainy Seasons in Ecuador and Their Climate-Dynamic Interpretation )[END_REF] argued that the rainfall in the February-April period is related to atmospheric processes of the eastern Pacific region and winds from the Panama Gulf. In contrast, the atmospheric mechanisms associated with the rainfall in the October-December period have not been thoroughly studied. Moreover, the nonhomogeneous spatial distribution of rain-gauge stations over this region has complicated the task to characterize properly the zones where the unimodal or bimodal rainfall regimes dominate.

In contrast to the seasonal variability, the interannual precipitation variability in the upper-elevation zone of the southern tropical Andes has been studied using rain-gauge stations and satellite data sets Chapter 3. Influence of the large-and regional-scale atmospheric circulation on the annual cycle and interannual variability of tropical Andes precipitation (e.g. [START_REF] Vuille | Atmospheric circulation over the Bolivian Altiplano during dry and wet periods and extreme phases of the southern oscillation[END_REF]Garreaud, 1999b;[START_REF] Vuille | Interannual variability of summertime convective cloudiness and precipitation in the central Andes derived from ISCCP-B3 data[END_REF][START_REF] Sulca | Impacts of different ENSO flavors and tropical Pacific convection variability (ITCZ, SPCZ) on austral summer rainfall in South America, with a focus on Peru[END_REF]. Results indicate that precipitation in this region responds principally to the sea surface temperature (SST) variability in the central Pacific Ocean and to zonal winds in the upper troposphere of the southern tropical Andes, which is a proxy of the position and strength of the BH. (e.g. [START_REF] Vuille | Atmospheric circulation over the Bolivian Altiplano during dry and wet periods and extreme phases of the southern oscillation[END_REF]Garreaud, 1999b;[START_REF] Garreaud | The climate of the Altiplano: Observed current conditions and mechanisms of past changes[END_REF][START_REF] Vuille | Interannual variability of summertime convective cloudiness and precipitation in the central Andes derived from ISCCP-B3 data[END_REF]Vuille et al., 2008b;[START_REF] Lagos | El Niño related precipitation variability in Peru[END_REF][START_REF] Santini | Sediment budget in the Ucayali River basin, an Andean tributary of the Amazon River[END_REF][START_REF] Sulca | Impacts of different ENSO flavors and tropical Pacific convection variability (ITCZ, SPCZ) on austral summer rainfall in South America, with a focus on Peru[END_REF][START_REF] Rau | Regionalization of rainfall over the Peruvian Pacific slope and coast[END_REF]. A weak (strong) and northward (southward) displaced BH is associated with westerly (easterly) anomalies at 200 hPa over the southern tropical Andes, which inhibits (enhances) moisture influx from the east, thereby increasing (reducing) atmospheric stability and reducing (increasing) precipitation over upper-elevation regions of the Andes (Garreaud, 1999b;[START_REF] Garreaud | The climate of the Altiplano: Observed current conditions and mechanisms of past changes[END_REF][START_REF] Vuille | Interannual variability of summertime convective cloudiness and precipitation in the central Andes derived from ISCCP-B3 data[END_REF]. Besides, westerly (easterly) anomalies at 200 hPa over the southern tropical Andes are strongly associated with warm (cold) SST anomalies in the central Pacific. [START_REF] Sulca | Impacts of different ENSO flavors and tropical Pacific convection variability (ITCZ, SPCZ) on austral summer rainfall in South America, with a focus on Peru[END_REF] demonstrated that the low precipitation values in the hotspot precipitation regions are also related to warm SST anomalies in the central Pacific. Therefore, this could suggest a relationship between the precipitation over the western Amazon and over the upper-elevation zones in the southern tropical Andes, which has not been fully studied before on interannual time scales.

Similarly to what is observed on seasonal time scales, rain-gauge stations over the equatorial Andes show a complex spatial precipitation variability on interannual time scales. Precipitation over the western region is related to the SST over the central and eastern tropical Pacific while rainfall over the eastern region is associated with SST anomalies in the tropical Atlantic Ocean (Vuille et al., 2000a;[START_REF] Francou | New evidence for an ENSO impact on low-latitude glaciers: Antizana 15, Andes of Ecuador, 0°28[END_REF][START_REF] Lagos | El Niño related precipitation variability in Peru[END_REF][START_REF] Bendix | Heavy rainfall episodes in Ecuador during El Niño events and associated regional atmospheric circulation and SST patterns[END_REF][START_REF] Vicente-Serrano | The complex influence of ENSO on droughts in Ecuador[END_REF][START_REF] Campozano | Climatology and Teleconnections of Mesoscale Convective Systems in an Andean Basin in Southern Ecuador: The Case of the Paute Basin[END_REF][START_REF] Tobar | Seasonal rainfall patterns classification, relationship to ENSO and rainfall trends in Ecuador[END_REF]. Recent studies using in-situ and satellite precipitation data sets demonstrated that warm SST anomalies in the central Pacific Ocean are related to less precipitation in the upper-elevation equatorial Andes, whereas a warming in the eastern Pacific triggers convection and precipitation over western slopes of the equatorial Andes during the austral summer (December-February; [START_REF] Bendix | Heavy rainfall episodes in Ecuador during El Niño events and associated regional atmospheric circulation and SST patterns[END_REF][START_REF] Santini | Sediment budget in the Ucayali River basin, an Andean tributary of the Amazon River[END_REF][START_REF] Sulca | Impacts of different ENSO flavors and tropical Pacific convection variability (ITCZ, SPCZ) on austral summer rainfall in South America, with a focus on Peru[END_REF][START_REF] Vicente-Serrano | The complex influence of ENSO on droughts in Ecuador[END_REF][START_REF] Tobar | Seasonal rainfall patterns classification, relationship to ENSO and rainfall trends in Ecuador[END_REF]. Unlike the situation in the southern tropical Andes, no significant relationship between austral summer precipitation and wind field at 200 hPa over the equatorial Andes has been observed [START_REF] Francou | New evidence for an ENSO impact on low-latitude glaciers: Antizana 15, Andes of Ecuador, 0°28[END_REF][START_REF] Sulca | Impacts of different ENSO flavors and tropical Pacific convection variability (ITCZ, SPCZ) on austral summer rainfall in South America, with a focus on Peru[END_REF]. Despite the fact that the February-April period is the wettest season in most of the equatorial Andes, the interannual precipitation variability in this period and its associated atmospheric mechanisms are still not completely understood.

As discussed above, the equatorial and southern tropical Andes display a complex spatio-temporal precipitation pattern, shaped by a unique geographic configuration. The difficult access to large areas is one of the factors responsible for the poor density of the rain-gauge network covering this region, which hitherto has limited the ability of the scientific community to characterize the rainfall regime and 3.2. New insights into the rainfall variability in the tropical Andes on seasonal and interannual time scales its links to atmospheric circulation and SST fields in more detail. New satellite data sets are now documenting precipitation at high spatial resolution over more than three decades. Combining various data sets described in section 3.2.2 (CHIRPS for precipitation, ERA-Interim for the atmospheric dynamics and ERSST V.4 for SST) allows us to address two major issues in this paper: i) obtaining a refined vision of the rainfall regimes over the entire southern hemisphere range of the tropical Andes (20 • S-1 • N;

Figure 3.1e), focusing on the seasonal cycle and how it varies from the southern tropical to the equatorial region as well as on the interannual time scales (section 3.2.3); ii) studying the physical processes associated with these patterns for both the seasonal cycle (section 3.2.4) and the interannual variability (section 3.2.5). A summary and discussion of our findings are given in section 3.2.6. 1970-2013 (1982-2009). The monthly missing values (<20%) were not been replaced. The detailed information regarding the rain-gauge stations (name, longitude, latitude and altitude) are given in Table S1 (Appendix A.1).

Data and Methods

Atmospheric variables:

In order to identify the main atmospheric circulation patterns associated with precipitation in our study region, we used the 38-year reanalysis data set ERA-Interim (0.5 • x0.5 at monthly time step [START_REF] Dee | The ERA-Interim reanalysis: Configuration and performance of the data assimilation system[END_REF]. Specifically we used the vertically integrated water vapor flux and the vertically integrated tropospheric water vapor, downloaded from http://apps.ecmwf.int/datasets/data/interimfull-moda/levtype=sfc/. The horizontal and vertical components of wind, the potential temperature and the specific humidity were used globally at pressure levels between 1000 and 100 hPa. In addition, using Chapter 3. Influence of the large-and regional-scale atmospheric circulation on the annual cycle and interannual variability of tropical Andes precipitation the horizontal wind at 200 hPa, we computed the 200 hPa divergent wind with the objective of relating large-scale subsidence and deep convection with precipitation variability in the tropical Andes, as computed in previous papers (e.g. Krishnamurti et al., 1973;[START_REF] Tanaka | Trend and interannual variability of Walker, monsoon and Hadley circulations defined by velocity potential in the upper troposphere[END_REF].

Global Sea Surface Temperature: We used the Extended Reconstructed Sea Surface Temperature data set (ERSST v.4;[START_REF] Huang | Extended reconstructed sea surface temperature version 4 (ERSST.v4). Part I: Upgrades and intercomparisons[END_REF] [START_REF] Lagos | El Niño related precipitation variability in Peru[END_REF][START_REF] Santini | Sediment budget in the Ucayali River basin, an Andean tributary of the Amazon River[END_REF][START_REF] Rau | Regionalization of rainfall over the Peruvian Pacific slope and coast[END_REF]. As our objective is to analyze the precipitation variability over the tropical Andes without assuming a priori relationships with extreme ENSO events, we decided not to include this region in our analysis.

Empirical Orthogonal Function: We used the Empirical Orthogonal Function method [START_REF] Lorenz | Empirical Orthogonal Functions and Statistical Weather Prediction[END_REF] to identify the main spatial modes of precipitation variability in the tropical Andes (EOF's) and their associated temporal variability or principal component (PC's). We used the normalized values of precipitation with the purpose of avoiding any influence of the quantity of precipitation when calculating the PC's. The normalization was done using the following equation:

zP (i, j,t) = P (i, j,t) -P i, j σ (P i, j ) , (3.1) 
in which zP i, j,t is the normalized precipitation at longitude i, latitude j and time t; P i, j,t is the precipitation at the same grid point (i,j) and time (t); P i, j and σ (P i, j ) are the historical mean and standard deviation, respectively of the precipitation at the grid point i,j. As described in the data section (see section 3.2.2.1), 3.2. New insights into the rainfall variability in the tropical Andes on seasonal and interannual time scales we used the CHIRPS precipitation data set at monthly time step from January 1981 to December 2016.

This means that the seasonal cycle of precipitation at each grid point is not removed since we wanted to jointly analyze the seasonal and the interannual precipitation variability. First, we calculated the principal components (PCs) of the precipitation in a selected Andean region using the singular value decomposition. Secondly, the spatial structures (EOFs) were computed using a correlation analysis between the PC's and the normalized precipitation at each grid point of the tropical Andes, using Equation 3.1. Because of the strong autocorrelation in each PC and in the precipitation field due to the intrinsic annual cycle, degrees of freedom were calculated using the methodology proposed by [START_REF] Bretherton | The effective number of spatial degrees of freedom of a time-varying field[END_REF] in order to determine correlation coefficients with a significance level of 99% (p-value of 0.01). Moreover, the significance of all the correlation analyses done in this study was also computed using the method of [START_REF] Bretherton | The effective number of spatial degrees of freedom of a time-varying field[END_REF].

Cramér test: The Cramér method is a statistical test that is used to determine if a portion of a time series has a significantly different mean value compared with the mean value of the total time series [START_REF] Cramér | Mathematical Methods of Statistics[END_REF]. It thus serves the same purpose as a Student-t test, except that it allows for the two series to be of different length. It is used here for the composite analysis of atmospheric variables and SSTs with a threshold p-value of 0.05.

Power spectral density: We used the power spectral density method in order to identify the Andean regions where either a unimodal or a bimodal annual precipitation regime dominates. First, monthly precipitation at each grid point in the tropical Andes was detrended and normalized with respect to the historical mean and standard deviation, following Equation 3.1. Then, using the Thomson method [START_REF] Thomson | Spectrum estimation and harmonic analysis[END_REF] we calculated the power spectrum density of precipitation at each grid point. The

Thomson method uses a finite number of tapers or windows that are created using Discrete Prolate Spheroidal Sequences (DPSS), which are orthogonal between them. This means that while the first DPSS increases the weight for the central part of the time series, the second gives more weight to the beginning and the end of the time series. In addition, this implies that for each DPSS a periodogram is estimated. Then, all these periodograms are averaged to create one representative periodogram of the time series. This method ensures that the resulting periodogram is influenced by recurring events rather than single events that occur during a short period of time. In our analysis we used nine (9) DPSS and the periodogram in each grid point has 256 values. In order to identify significant periods, we calculated the red noise (Rn) of the time series with a significance level of 95% (p-value of 0.05). Rn was calculated using the equation provided by [START_REF] Gilman | On the power Spectrum of "Red Noise[END_REF]:

Rn = 1 -p 2 1 -2 * p * cos( π * f r f nyq ) + p 2 (3.2)
Chapter 3. Influence of the large-and regional-scale atmospheric circulation on the annual cycle and interannual variability of tropical Andes precipitation where p is the one-lag autocorrelation of the time series, fr is the frequency estimated in our periodogram and fnyq is the Nyquist frequency, which is the half of the sampling rate. The Nyquist frequency in our study is 0.5 since the sampling rate is one (1) month. As our objective is to explain the seasonal variability, we only used significant spectrum values between frequencies of 0.2 (5 months) and 0.06 (16.67 months).

The maximum spectral value between 10 and 16.67 months is defined as the unimodal index (PSD 12 )

and the value between 5 and 8 months as the bimodal index (PSD 6 ). We used the unimodal and bimodal indices in the next equation to estimate the relative difference between the unimodal and bimodal regime Harmonic Analysis: Missing data is a constant problem when studying the precipitation variability over the tropical Andes and most of the rain-gauge stations used in this study present missing values. Due to this fact, the computation of the power spectral density was not possible with the in-situ precipitation.

Instead, we used the harmonic analysis in order to calculate the amplitude of the harmonic (C k ) at 6

(bimodal) and 12 (unimodal) months. In order to calculate the amplitude, first we used the expression:

H k (t) = A k * cos(2 * π * t k ) + B k * sin(2 * π * t k ) +Ct (3.4)
where H k is the temporal series of the harmonic with a period k. We only calculated the harmonics with a period of 6 and 12 months. A k and B k are constants that modulate the cosine and sine functions at a period k, respectively. Ct is a constant value. t is the sequence of time, and in this study t starts at 1 and finishes at m, where m is the product of the numbers of years by 12. Then, the right hand of Equation 3.4

was used in a regression analysis together with the time series of precipitation of each rain-gauge station in order to obtain the coefficients A k and B k . Finally, C k is calculated using the following equation:

C 2 k = A 2 k + B 2 k (3.5)
The relative difference between the amplitudes at 6 and 12 months (C 12-6 ) is calculated following : As for PSD 12-6 , negative values of C 12-6 indicate that the bimodal precipitation regime is stronger than the unimodal one while positive values show the opposite. Contrary to the PSD analysis, the harmonic analysis could be influenced by non-recurring events that appear once in a short period of time.

C 12-6 = C 12 -

3.2.3

Refining the characterization of the precipitation regimes over the tropical Andes an overestimation of C 6 since the harmonic analysis could be influenced by non-recurring events. For instance, precipitation in the October-November period for three years could influence the amplitude of the C 6 .

Over the region between 8 • S and 5 • S in zones where PSD 12-6 is negative, rain-gauge stations show Chapter 3. Influence of the large-and regional-scale atmospheric circulation on the annual cycle and interannual variability of tropical Andes precipitation negative values of C 12-6 . This is also observed north of 5 • S, where the density of rain-gauge stations is still lower.

As Figure 3.2a suggests, we could divide our zone of study in three regions: the southern tropical (20 • S-8 • S) and equatorial (5 • S-1 • N) Andes, which are characterized by a dominant unimodal precipitation regime on seasonal time scales, and a transition zone where a bimodal variability is well observed between 8 • S-5 • S. Using the precipitation in these three identified regions, we will analyze the principal modes of precipitation in the tropical Andes on seasonal and interannual time scales.

Principal rainfall modes on seasonal and interannual time scales

An EOF analysis is performed on the precipitation in each region with the aim of identifying their dominant spatio-temporal precipitation variability on seasonal and interannual time scales (see Data and Method for more details). Over the equatorial Andes the leading mode of precipitation variability explains 52% of the total variance (EOFE1; Figure 3.3c). This smaller percentage, in comparison with EOFS1 (78%) and EOFT1 (71%), indicates that the equatorial Andes are characterized by a more complex spatio-temporal rainfall variability than the two other zones. In addition, low values of EOFE1 over the the eastern Andean slopes between 1 

Seasonal precipitation variability in the tropical Andes and its associated atmospheric circulation

The temporal time series associated with the primary EOF calculated by each identified region, named principal components (PCS1, PCT1 and PCE1; not shown), are analyzed in this section. The atmospheric mechanisms associated with the seasonal variability of each PC are also analyzed in this section.

Principal precipitation regimes in the tropical Andes

The boxplot diagrams of the annual values of PCS1 (Figure 3.4a), PCT1 (Figure 3. As it is expected, the annual cycle of PCS1 shows that the southern tropical Andes are characterized by a wet season in the December-March period and a strong dry season in the June-August period (Figure 3.4a). In addition, most of the interannual precipitation variability is observed during the wet period, with scarce extreme rainfall events during the dry season (Figure 3.4a). Figure 3.4d shows a strong and significant (p-value<0.05) correlation between the annual cycle of PCS1 and the annual cycle Chapter 3. Influence of the large-and regional-scale atmospheric circulation on the annual cycle and interannual variability of tropical Andes precipitation of precipitation over the southern tropical Andes.

In the equatorial Andes, the wet and dry periods are from February to April and from July to September (Figure 3.4c), respectively. Moreover, there is a small increase in precipitation in October. Unlike the southern tropical Andes, the equatorial Andes show the presence of extreme rainfall events during the entire year, even during the dry period (Figure 3 between the unimodal regimes of the southern tropical and equatorial Andes.

Seasonal atmospheric circulation in the tropical Andes

To analyze the relationship between the seasonal precipitation in the tropical Andes and regional atmospheric circulation, we computed composites of climatological vertically integrated water vapor flux and vertically integrated water vapor for three (3) periods in the year (Figure 3.5). The first one is from October to November (Figure 3.5a), which is the beginning of the wet season in the southern tropical Andes (Figure 3.4a), and the first wet season for the transition zone (Figure 3.4b). The second is from December to February (Figure 3.5b), and it is used to analyze the peak of the wet season in the southern tropical Andes (Figure 3.4a). Finally, the period from March to April (Figure 3.5c) is chosen to study the peak of precipitation in the transition zone and the equatorial Andes (Figure 3.4b,c). Furthermore, the average precipitation during each period with respect to the mean annual value is also estimated at each grid point displayed in Figure 3.5. To estimate these ratios, first the climatological annual cycle of precipitation is calculated at each grid point (12 months from January to December). Then, the climatological mean value for the period of study is estimated and divided by the mean value of the climatological annual cycle. For instance, for the October-November period the climatological values of October and November are averaged and the result is divided by the mean value of the climatological period from January to December. Values grater (smaller) than 100% indicate that the precipitation during the October-November period is above (below) the mean value of the climatological annual cycle. The same method was applied to the other periods analyzed in this section.

The October-November period is marked by more precipitation with respect to the mean of the climatological annual cycle (>100%) in the entire transition zone and the eastern slopes of the southern tropical Andes (Figure 3.5a). The increased precipitation in the transition zone during this period is associated with a predominant westward component of the moisture flux in the equatorial zone and with a weak southward moisture flux along the eastern slope of the equatorial Andes.

The December-February period is characterized by an increase in precipitation over the entire southern tropical Andes, being more noticeable at upper-elevation regions, especially over the Altiplano (>160%). During this period, a northward extension of the LLJ along the eastern Andean slopes and the western Amazon region can be observed (Figure 3.5b). Over the eastern equatorial Pacific atmo-Chapter 3. Influence of the large-and regional-scale atmospheric circulation on the annual cycle and interannual variability of tropical Andes precipitation spheric humidity is enhanced with respect to the October-November period, which is related to the onset of the southward displacement of the eastern part of the ITCZ.

In the March-April period precipitation decreases in the southern tropical Andes while the opposite is observed in the transition zone and the equatorial Andes, especially in the western upper-elevation zone of the Andes (>140%; Figure 3.5c). Figure 3.5c shows that the increased precipitation along the eastern flanks of the Andes north of 8 [START_REF] Hastenrath | The Intertropical Convergence Zone of the Eastern Pacific revisited[END_REF].

With the aim of evaluating the atmospheric circulation in the mid-and upper troposphere over the tropical Andes, we computed pressure-latitude cross-section composites of the horizontal wind and vertical motion from 1000 to 100 hPa along the tropical Andes (20 • S-1 • N; Figure 3.6). We used the same periods as in Figure 3.5, but we have also included the June-August period, which represents the dry season in the three identified regions. In the October-November period a baroclinic atmospheric structure is established over the tropical Andes, with westerly winds prevailing in the upper troposphere and easterly winds in the mid-troposphere north of 10 • S (Figure 3.6a). Shallow convection is observed over Andean regions north of 8 • S while weak ascending motion from 600-200 hPa is observed between 16 • S-8 • S.

In the December-February period, a barotropic atmospheric structure has been developed over the tropical Andes south of 6 • S, with easterly winds dominating at all tropospheric levels (Figure 3.6b). In the upper level, the zero line of zonal wind at 200 hPa indicates a Bolivian High (BH) centered at 16 • S. Chapter 3. Influence of the large-and regional-scale atmospheric circulation on the annual cycle and interannual variability of tropical Andes precipitation period nor in the October-November period.
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Interannual rainfall variability in the tropical Andes and its associated atmospheric circulation

To study the interannual precipitation variability in the tropical Andes, the seasonal variability of PCS1, PCT1 and PCE1 was removed, by subtracting in each year the annual cycle of the respective time series. Chapter 3. Influence of the large-and regional-scale atmospheric circulation on the annual cycle and interannual variability of tropical Andes precipitation are selected and referred to as extreme precipitation events. For PCS1, 78% of all extreme events (86) occurred in months between December and March. For PCE1 (Figure 3.7c) and PCT1 (Figure 3.7b), we focused on the period from February to April, which is the wet season in both regions. In the equatorial Andes (PCE1), 41% of all the extreme events occur in this period, while in the transition zone (PCT1) the percentage is 48%. In the next subsections, extreme low and high monthly values of PCS1 that occurred from December to March are referred to as extreme monthly dry and wet events in the southern tropical

Andes. The same nomenclature is used for the transition zone and the equatorial Andes for low and high monthly PCs values in each region between February and April. With the aim of analyzing the regional anomalies of convection, we computed a cross section of meridional humidity transport and zonal-vertical wind anomalies from 1000 to 100 hPa at 12 • S for extreme monthly dry (Figure 3.8c) and wet events (Figure 3.8d). Extreme monthly dry (wet) events are significantly associated with weak (strong) ascending motion between 600-300 hPa over the Andes and western Amazon (Figure 3.8c,d). Moreover, southward humidity transport in mid-tropospheric levels (700-500 hPa) appears to be limited by anomalous subsidence, while deep convection favors it. Chapter 3. Influence of the large-and regional-scale atmospheric circulation on the annual cycle and interannual variability of tropical Andes precipitation A cross-section of mean zonal wind and mean vertical-meridional wind, computed for the tropical Andes from 1000 to 100 hPa for extreme monthly wet events (Figure 3.8f), shows significant easterly winds dominating the upper troposphere between 20 • S-8 • S, which indicate a strengthening of the northern branch of the BH during wet events. This is also observed in Figure 3.9b. Figure 3.8f shows that the center of the BH is located at 19 • S, and it is accompanied by strong ascending motion all the way to 8 • S.

In contrast, extreme monthly dry events show significant westerly winds at upper levels north of 20 anomalies is observed during extreme monthly wet events, but no significant moisture flux anomalies are found over equatorial South America, suggesting that extreme monthly wet events may be more closely associated with the variability of the atmospheric circulation over the eastern Pacific. 

Atmospheric circulation associated with precipitation in the transition zone

The composite of precipitation and moisture flux anomalies during extreme monthly dry events (Fig- 
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Figure 3.11: The same as Figure 8, but for dry a, c, e) and wet b, d, e) events that occurred in the transition zone (PCT1) from February to April (FMA). The cross section in c, d) was calculated at 6 • S.

Another important characteristic of extreme monthly wet events in the transition zone is the lack of a significant influence of zonal wind anomalies at 200 hPa. The composite of mean horizontal wind and vertical motion over the entire tropical Andes from 1000-100 hPa for wet events (Figure 3.11f) confirms that zonal winds in the mid-and upper troposphere are not significantly related to precipitation in the transition zone. However, a barotropic atmospheric strcuture is observed with significant upward motion north of 8 • S. We hypothesize that due to the reduced Andean topography in the transition zone Chapter 3. Influence of the large-and regional-scale atmospheric circulation on the annual cycle and interannual variability of tropical Andes precipitation when compared to the southern tropical or equatorial Andes, deep convection is not required to develop precipitation over the highest elevations of the transition zone. Opposite conditions are observed during extreme monthly dry events (Figure 3.11e), in which significant westerly winds dominate the upper troposphere (200 hPa), demonstrating the intensification of the eastern branch of the Walker Cell. [START_REF] Chavez | Orographic rainfall hot spots in the Andes-Amazon transition according to the TRMM precipitation radar and in situ data[END_REF]Takahashi and Martínez, 2017;[START_REF] Xie | Eastern pacific ITCZ dipole and ENSO diversity[END_REF]. Indeed, Takahashi and Martínez (2017) suggested that cold SST in the central-western Pacific decreases the temperature in the mid-and upper tropical troposphere, creating the environment to trigger deep convection, while warm SST in the eastern Pacific favor a southward displacement of the ITCZ which destabilizes the atmosphere over the northern Peruvian coast.

A similar analysis was performed for the transition zone but no significant SST anomalies were found (not shown). However, anomalies of DW at 200 hPa are similar to those over the equatorial Andes (not An important result of our analysis is the characterization of the bimodal annual regime of precipitation in the transition zone. Besides, we show that the two wet seasons in this region are associated with different atmospheric mechanisms, which has not been documented before. The wet season in the October-November period is related to the westward humidity transport from the equatorial Amazon, while the wet season in the February-April period is associated with the climatological southward migration of the ITCZ.

shown). P10 P90 Equatorial Andes FMA a) b) Kg m -1 s -1 Kg s -1
As previous studies have shown, the southern tropical Andes exhibit a unimodal annual regime of precipitation. In this study we also show that the influence of the LLJ and the BH modulates the seasonal precipitation variability of the tropical Andes between 20 • S-8 • S.

On the other hand, despite specific zones showing a bimodal annual regime of precipitation, the equatorial Andes exhibit a predominance of a unimodal rainfall regime with a wet season in the February-April period. Even if the spatial distribution of rain-gauge stations is not sufficiently dense, the in-situ precipitation in regions where rain-gauge stations are available shows a similar annual rainfall regime to the one calculated using CHIRPS. Furthermore, the analysis of the seasonal atmospheric circulation provides an explanation for a unimodal rainfall regime because atmospheric conditions in the October-November period are not sufficient to develop deep convection over the equatorial Andes. In contrast, For the interannual analysis, the first PC for each identified region was deseasonalized and the corresponding percentile 10 and 90 were calculated. Then for each PC, months holding PC values above (below) percentile 90 (10) were categorized as extreme monthly wet (dry) events. In addition, we only analyzed extreme monthly wet and dry events in the December-March period for the southern tropical Andes (PCS1), and in the February-April period for the transition zone (PCT1) and the equatorial Andes (PCE1).

The composite analysis of December-March extreme monthly dry and wet events in the southern tropical Andes demonstrates a significant relationship between the precipitation in the upper-elevation

Andes and the eastern Andean slopes in regions south of 8 • S. Likewise, we found a statistical relationship between the convection over the western Amazon/eastern slopes of the Andes and the position and the intensity of the BH on interannual time scales. This relation is likely due to the westward moisture transport from the western Amazon associated with the strength and position of the BH. Previous studies have shown that the convection in the central Amazon influences the position of the BH [START_REF] Dias | Large-Scale Response of the Tropical Atmosphere to Transient Convection[END_REF][START_REF] Demaria | Linear Response of a Stratified Tropical Atmosphere to Convective Forcing[END_REF][START_REF] Figueroa | Simulations of the Summer Circulation over the South American Region with an Eta Coordinate Model[END_REF]. However, [START_REF] Lenters | On the Origin of the Bolivian High and Related Circulation Features of the South American Climate[END_REF] showed that the strength of the BH is also related to the condensation in the central Andes. Thus, the role of convection in the western Amazon in determining the position and the strength of the BH as well as the precipitation over the Altiplano should be addressed in future studies. On a large-scale, we showed that the SST variability over the central Pacific influences dry and wet events in the southern tropical Andes, as many studies suggested (e.g. [START_REF] Vuille | Atmospheric circulation over the Bolivian Altiplano during dry and wet periods and extreme phases of the southern oscillation[END_REF][START_REF] Garreaud | The climate of the Altiplano: Observed current conditions and mechanisms of past changes[END_REF][START_REF] Vuille | Interannual variability of summertime convective cloudiness and precipitation in the central Andes derived from ISCCP-B3 data[END_REF][START_REF] Sulca | Impacts of different ENSO flavors and tropical Pacific convection variability (ITCZ, SPCZ) on austral summer rainfall in South America, with a focus on Peru[END_REF][START_REF] Rau | Regionalization of rainfall over the Peruvian Pacific slope and coast[END_REF].

An interesting outcome of this study is that Andean regions in the transition zone are not primarly influenced by the SST variability in the central Pacific, meaning that the Niño and Niña events are not the main factor influencing the interannual precipitation variability over the equatorial Andes. For instance, February-April extreme monthly wet events in the transition zone are related to an increased convection over equatorial Amazon while February-April extreme monthly dry events are related to an intensification of the eastern branch of the Walker Cell. This suggests that the interannual variability in the transition zone is mainly modulated by regional-to local-scale atmospheric conditions. Our results highlight the importance of understanding the development of local convection over the transition zone and its relationship with humidity transport from the Amazon, the eastern Pacific and their interaction Chapter 3. Influence of the large-and regional-scale atmospheric circulation on the annual cycle and interannual variability of tropical Andes precipitation with the orography in this region, which is characterized by the lowest altitudes of the tropical Andes.

A clear influence of atmospheric processes in the eastern Pacific region on the precipitation of the equatorial Andes is observed during the February-April period. We show that an anomalous southerly (northerly) position of the ITCZ enhances (inhibits) convection and precipitation over the equatorial Andes on interannual time scales. [START_REF] Xie | Eastern pacific ITCZ dipole and ENSO diversity[END_REF] showed that the interannual meridional displacement of the ITCZ is an important source of variability of the eastern Pacific region during the February-April period, and this is not related to SST variability in the Niño 1+2 region. This could be a reason for the non-significant relationship between February-April precipitation and SST in the eastern Pacific.

Therefore, studies regarding the mechanisms related to the displacement of the ITCZ in the eastern Pacific are essential to better understand the February-April precipitation variability of the equatorial Andes. Moreover, we observed that easterly winds at 200 hPa are also associated with deep convection in the upper-elevation regions in the equatorial Andes during the February-April period.

Finally, we are well aware that atmospheric processes that operate at higher (< 4 months) and lower frequencies (> 7 years) also affect the tropical Andes region. For instance, previous studies have shown that extratropical cold air incursions have an impact on the precipitation over the Altiplano and the western Amazon [START_REF] Espinoza | The Major Floods in the Amazonas River and Tributaries (Western Amazon Basin) during the 1970-2012 Period: A Focus on the 2012 Flood*[END_REF][START_REF] Sicart | Radiative properties of clouds over a tropical Bolivian glacier: seasonal variations and relationship with regional atmospheric circulation[END_REF][START_REF] Hurley | Forward modeling of δ 18O in Andean ice cores[END_REF][START_REF] Paccini | Intra-seasonal rainfall variability in the Amazon basin related to large-scale circulation patterns: a focus on western Amazon-Andes transition region[END_REF].

On the other hand, Segura et al. (2016) demonstrated that the precipitation over the northern Altiplano is characterized by a significant decadal variability. Therefore, future studies need to also focus on understanding the intraseasonal and decadal precipitation variability over the tropical Andes.

Final remarks

One of the important findings of this article is the identification and the characterization of the annual cycle and the interannual variability of precipitation in the transition zone (8 • S-5 • S) of the tropical Andes. However, several questions regarding this zone remain unanswered. For instance, the reason for the presence of a region showing a bimodal seasonal variability between two regions showing a unique seasonal maximum is still not clear. We theorize that local-scale mechanisms due to the special topography in this region, in particular the low-elevation mountains (<3000 m.a.s.l.), could play an important role. For this question, it will be necessary to use a regional circulation model to analyze the interaction of local atmospheric mechanisms with the regional atmospheric circulation.

Regarding the interannual precipitation variability in the transition zone, we have two clear questions that need to be addressed in futures studies. The first one concerns the analysis of the interannual precipitation variability of the October-November season, which has not been done in this study. The second one follows our results, which indicate that February-April precipitation in this region does not respond to the ENSO variability. Thus, it is still unknown the large-scale circulation modulating the interannual 3.3. Final remarks variability of February-April precipitation in this region.

In the same token, we showed the interannual variability of February-April precipitation in the equatorial Andes is not influenced by the ENSO but by the latitudinal migration of the ITCZ. Then, the identification of the possible mechanisms modulating the position of the ITCZ in the eastern Pacific will, indeed, help to understand the interannual variations of precipitation in the equatorial Andes.

The results of this paper highlighted the influence of the SAMS on the annual cycle of precipitation over southern tropical Andes (20 • S-8 • S). Besides, it is the region between 20 • S and 12 • S over 2000 m.a.s.l. that is only influenced by the mature phase of the SAMS that occurs in the December-February season, confirming previous studies (e.g. Garreaud, 1999b;[START_REF] Garreaud | The climate of the Altiplano: Observed current conditions and mechanisms of past changes[END_REF]Vuille et al., 2008a;[START_REF] Espinoza | Hydroclimate of the Andes Part I: Main Climatic Features[END_REF]. Most importantly, our results show, for the first time, that zones between 12 

Introduction

In Chapter 3, we identified monthly extreme events over the southern tropical Andes. Most of them occur during the December-March season, which is the wet season in this Andean region. These monthly events respond to the large-scale atmospheric circulation associated with the two phases of the ENSO, La Niña and El Niño. On the other hand, monthly precipitation events during the June-August season show a lower interannual variability due to scarce precipitation in this season. Besides, June-August precipitation is barely related to the ENSO dynamics [START_REF] Cai | Climate impacts of the El Niño-Southern Oscillation on South America[END_REF]. However, it is known that June-August extreme precipitation events in the high-altitude southern tropical Andes (>3000 m.a.s.l.) have social-economic importance on the Andean population due to its devastating impacts. In contrast to austral summer precipitation, extreme precipitation events in the June-August season occurs in the range of the synoptic time scale, meaning that events last, as an average, between one to five days. After this period, the troposphere over the southern tropical Andes returns to dry meteorological conditions [START_REF] Vuille | Regional snowfall patterns in the high, arid andes[END_REF][START_REF] Bonshoms | Dry season circulation-type classification applied to precipitation and temperature in the Peruvian Andes[END_REF].

In this region, upper-level troughs have been signaled as triggers of winter extreme precipitation events [START_REF] Vuille | Regional snowfall patterns in the high, arid andes[END_REF][START_REF] Bonshoms | Dry season circulation-type classification applied to precipitation and temperature in the Peruvian Andes[END_REF], but the synoptic meteorological conditions on a regional scale have not been analyzed. Below the altitude of 3000 m.a.s.l, cold air incursions at the east of the Andes are the main factor triggering extreme precipitation on the eastern of the southern tropical Andes in all seasons, but a direct connection with precipitation over high-altitude in the austral winter has not been previously identified (see section 2.2.5).

In this chapter, we identified the synoptic meteorological conditions triggering extreme winter precipitation events in the northern Altiplano (18 • S-15 • S; > 3000), a region located inside the southern tropical

Andes. The results of this study were submitted to the journal Climate Dynamic as "Extreme austral winter precipitation events over the South-American Altiplano: Regional Atmospheric Features"

on May 29 th , 2020. Aside from the reduction of the analyzed area due to the availability of rain-gauge stations with daily time step data, we selected to study the extreme precipitation events in the northern Altiplano since this Andean region is strongly impacted by these events. For this, we identified a zone where the availability of rain-gauge stations does not drastically change during the 1979-2014 period in the northern Altiplano, especially intending to conserve the northeast-southwest gradient of available rain-gauge stations. Nevertheless, in the article, we also used satellite precipitation data set to show that precipitation, during extreme events in the northern Altiplano, is also observed in most of the upper-elevation zones of the southern tropical Andes.

4.2. Extreme austral winter precipitation events over the South-American Altiplano: Regional Atmospheric Features 4.2 Extreme austral winter precipitation events over the South-American Altiplano: Regional Atmospheric Features 

Introduction

The Central Andes, located between 15 • S and 25 • S, are geographically bound by the Amazon to the east and the eastern tropical Pacific to the west. This geographic configuration results in an east-west precipitation gradient over the Central Andes, with wet regions near the Amazon border (e.g. [START_REF] Bendix | Die Niederschlagsjahreszeiten in Ecuador und ihre klimadynamische Interpretation ( Rainy Seasons in Ecuador and Their Climate-Dynamic Interpretation )[END_REF][START_REF] Houston | The central Andean west-slope rainshadow and its potential contribution to the origin of hyper-aridity in the Atacama Desert[END_REF][START_REF] Garreaud | The Andes climate and weather[END_REF][START_REF] Espinoza | Rainfall hotspots over the southern tropical Andes: Spatial distribution, rainfall intensity, and relations with largescale atmospheric circulation[END_REF]. The Altiplano is an arid region located in the Central Andes above 3000 m.a.s.l., where the annual precipitation value is approximately between 200-700 mm year -1 [START_REF] Garreaud | The climate of the Altiplano: Observed current conditions and mechanisms of past changes[END_REF][START_REF] Vuille | Interannual variability of summertime convective cloudiness and precipitation in the central Andes derived from ISCCP-B3 data[END_REF]. Of all the annual precipitation over the Altiplano, 75% falls during austral summer (December-February), and this is associated with the development of the Bolivian High and convection over the western Amazon (e.g. Lenters andCook, 1997, 1999;Garreaud, 1999b;[START_REF] Vuille | Atmospheric circulation over the Bolivian Altiplano during dry and wet periods and extreme phases of the southern oscillation[END_REF][START_REF] Espinoza | Hydroclimate of the Andes Part I: Main Climatic Features[END_REF][START_REF] Segura | Recent changes in the precipitation-driving processes over the southern tropical Andes/western Amazon[END_REF].

Though the contribution of austral winter precipitation to the annual amount is small in the Altiplano, extreme precipitation events during this season, including rain, snow and hailstorms, have strong social and economic impacts on Andean societies. Indeed, these events cause considerable damage to road infrastructure, crop fields, and the livestock sector as well as being responsible for the loss of human lives (Sistema Nacional de Defensa Civil, 2006;[START_REF] Perea-Flores | El friaje y las heladas: diagnóstico de la problemática en el Perú y legislación comparada[END_REF]. Thus, the objective of this study is to understand the atmospheric mechanisms associated with extreme precipitation events in the northern Altiplano (15 • S-18 • S) during austral winter (June-July-August; JJA).

During austral winter, the retreat of the South American Monsoon System (SAMS) reduces the development of deep convection over most of the southern part of tropical South America, and as a consequence, upper-level easterlies do not exist over this region (e.g. [START_REF] Dias | Large-Scale Response of the Tropical Atmosphere to Transient Convection[END_REF][START_REF] Horel | An investigation of the Annual Cycle of Convective Activity over the Tropical Americas[END_REF][START_REF] Lenters | On the Origin of the Bolivian High and Related Circulation Features of the South American Climate[END_REF][START_REF] Zhou | Does a monsoon climate exist over South America?[END_REF][START_REF] Wang | Cross-equatorial flow and seasonal cycle of precipitation over South America[END_REF][START_REF] Vera | Toward a unified view of the American monsoon systems[END_REF][START_REF] Garreaud | Present-day South American climate[END_REF][START_REF] Nie | Observational evaluation of a convective quasi-equilibrium view of monsoons[END_REF]. Therefore, mid-and upper-level westerlies originating over the cold and dry eastern tropical Pacific prevail over the central Andes during JJA (Garreaud, 1999b;[START_REF] Vuille | Atmospheric circulation over the Bolivian Altiplano during dry and wet periods and extreme phases of the southern oscillation[END_REF][START_REF] Garreaud | The Andes climate and weather[END_REF][START_REF] Espinoza | Hydroclimate of the Andes Part I: Main Climatic Features[END_REF]. Mid-and upper-level westerlies introduce westerly momentum flux over eastern Andean ridge, thereby preventing the upslope transport of moist air from the western Amazon toward the Altiplano (Garreaud, 1999b).Thus, this explains the small amount of precipitation over the Altiplano during austral winter. Notwithstanding this atmospheric circulation, the Altiplano has Chapter 4. Revealing the atmospheric mechanisms triggering extreme precipitation events over the southern tropical Andes in the austral winter faced extreme precipitation events during this season [START_REF] Vuille | Regional snowfall patterns in the high, arid andes[END_REF].

Cold air incursions, also called "cold surges", originating in mid-latitudes over South America are one among the synoptic-scale circulations influencing extreme precipitation events over the eastern Central

Andes [START_REF] Garreaud | Summertime incursions of midlatitude air into subtropical and tropical South America[END_REF]Garreaud, 1999a;[START_REF] Boers | Propagation of Strong Rainfall Events from Southeastern South America to the Central Andes[END_REF][START_REF] Hurley | Cold air incursions, δ 18O variability, and monsoon dynamics associated with snow days at Quelccaya Ice Cap, Peru[END_REF][START_REF] Eghdami | Extreme orographic rainfall in the eastern Andes tied to cold air intrusions[END_REF]. Indeed, cold surge events are a distinctive feature of the South American climatology, and they are observed in all seasons [START_REF] Parmenter | A Southern Hemisphere cold front passage at the equator[END_REF][START_REF] Garreaud | Summertime incursions of midlatitude air into subtropical and tropical South America[END_REF]Garreaud, 2000a;[START_REF] Vera | A diagnostic study of cold-air outbreaks over South America[END_REF][START_REF] Lupo | South American cold surges: Types, composites, and case studies[END_REF]Alvarez et al., 2013;[START_REF] Espinoza | The Major Floods in the Amazonas River and Tributaries (Western Amazon Basin) during the 1970-2012 Period: A Focus on the 2012 Flood*[END_REF][START_REF] Paccini | Intra-seasonal rainfall variability in the Amazon basin related to large-scale circulation patterns: a focus on western Amazon-Andes transition region[END_REF]. Garreaud (2000a) showed that the precursor of cold surges consists of a cold High-pressure system at lower-levels, originating over the subtropical eastern Pacific and crossing the Andes between 30 • S and 45 • S to reach southern Argentina (see Figure 10 in Garreaud, 2000a). At this point of the event, the low-level flow is geostrophic, but the blocking effect of the subtropical Andes turns the lowlevel flow into an ageostrophic, terrain-parallel flow, with a northward direction that allows the incursion to propagate into lower latitudes. Occasionally, these cold surges can reach the equatorial regions of South America [START_REF] Marengo | Cold surges in tropical and extratropical south America: The strong event in June 1994[END_REF]Garreaud, 1999aGarreaud, , 2000a;;[START_REF] Vera | A diagnostic study of cold-air outbreaks over South America[END_REF][START_REF] Seluchi | Influence of the Subtropical Andes on Baroclinic Disturbances: A Cold Front Case Study[END_REF][START_REF] Bowerman | An influence of extreme southern hemisphere cold surges on the North Atlantic Subtropical High through a shallow atmospheric circulation[END_REF]. During the austral summer, the convergence of low-level southerlies with warm and moist low-level northerlies originating over the Amazon creates a NW-SE oriented band of strong precipitation, extending from the eastern Central Andes toward the Atlantic, reflecting the leading edge of the cold surge (see Figure 3 in [START_REF] Garreaud | Summertime incursions of midlatitude air into subtropical and tropical South America[END_REF]Garreaud, 1999aGarreaud, , 2000a)). Along the eastern slopes of the Central Andes, precipitation occurs at the intersection of the cold surge with the terrain (1000-2000 m.a.s.l) which is also the altitude of maximum moisture flux during cold surge events [START_REF] Chavez | Orographic rainfall hot spots in the Andes-Amazon transition according to the TRMM precipitation radar and in situ data[END_REF][START_REF] Eghdami | Extreme orographic rainfall in the eastern Andes tied to cold air intrusions[END_REF]. In the northeastern Altiplano, [START_REF] Hurley | Cold air incursions, δ 18O variability, and monsoon dynamics associated with snow days at Quelccaya Ice Cap, Peru[END_REF] showed that cold surges are also responsible for most of the snowfall at Quelccaya Ice Cap in Peru, leading to with extreme precipitation events during the austral summer (70.82 • W, 13.93 • S; 5670 m.a.s.l.). However, the relationship between extreme precipitation events over the Altiplano and cold surge events during austral winter has hitherto not been explored in detail. [START_REF] Hoskins | On the use and significance of isentropic potential vorticity maps[END_REF][START_REF] Cox | A general circulation model study of a tropopause-folding event at middle latitudes[END_REF][START_REF] Kiladis | Observations of Rossby waves linked to convection over the eastern tropical Pacific[END_REF][START_REF] Knippertz | Tropical-extratropical interactions related to upper-level troughs at low latitudes[END_REF]. In addition, strong updrafts along the eastern side of the upper-level troughs can produce precipitation when approaching regions characterized by a moist and warm troposphere. Several studies have shown that upper-level troughs can develop into cut-off 4.2. Extreme austral winter precipitation events over the South-American Altiplano: Regional Atmospheric Features lows, which are isolated cells moving equatorward [START_REF] Hoskins | On the use and significance of isentropic potential vorticity maps[END_REF][START_REF] Kiladis | Circulation anomalies associated with tropical convection during northern winter[END_REF][START_REF] Knippertz | Tropical plumes and extreme precipitation in subtropical and tropical West Africa[END_REF][START_REF] Campetella | Upper-level cut-off lows in southern South America[END_REF][START_REF] Garreaud | The influence of the Andes on cutoff lows: A modeling study[END_REF][START_REF] Pinheiro | A new perspective of the climatological features of upper-level cut-off lows in the Southern Hemisphere[END_REF][START_REF] Wernli | Identification and ERA-15 climatology of potential vorticity streamers and cutoffs near the extratropical tropopause[END_REF]. [START_REF] Vuille | Regional snowfall patterns in the high, arid andes[END_REF] evidenced that snowfalls during six dry seasons (May-September of 1984, 1986[START_REF] Mechoso | The Impact of Sea Surface Temperature Anomalies on the Rainfall over Northeast Brazil[END_REF]-1993) over the south-central Altiplano (25

• S-20 • S)
are mainly influenced by cut-off lows originating over the eastern Pacific. In a recent study, the passage of upper-level troughs over the Altiplano was identified as the principal factor triggering precipitation over the Peruvian Andes during austral winter [START_REF] Bonshoms | Dry season circulation-type classification applied to precipitation and temperature in the Peruvian Andes[END_REF]. However, the authors showed that dry synoptic conditions in the Peruvian Andes could equally be associated with the passage of upperlevel troughs. Thus, remains unclear if convection over the Altiplano is triggered by the presence of upper-level troughs alone, or if it requires an interaction of the upper-level trough with other atmospheric mechanisms. Furthermore, how these circulation anomalies relate to extreme precipitation events over the northern Altiplano have not yet been explored.

Thus, the goal of this study is to identify the atmospheric mechanisms triggering extreme precipitation events over the dry northern Altiplano, a region where studies regarding winter extreme precipitation events are scant. Using in-situ precipitation data from the northern Altiplano, we characterize for the first time extreme precipitation events occurring in June to August (JJA) from 1979 to 2014. The ERA-Interim reanalysis data set [START_REF] Dee | The ERA-Interim reanalysis: Configuration and performance of the data assimilation system[END_REF] was used to map low-, mid-and upper-level atmospheric circulation over South America and the eastern Pacific at the onset of these extreme events. Likewise, we made use of the CHIRPS precipitation product [START_REF] Funk | The climate hazards infrared precipitation with stations-a new environmental record for monitoring extremes[END_REF] to detect regions in South America where rainfall is associated with extreme precipitation events over the northern Altiplano.

This paper has the following structure. In Section 4.2.2 we present the data and the methodology of this study. Characteristics of the identified extreme precipitation events, including their duration and the associated atmospheric circulation at the onset of the events, are presented in Section 4. S1a in Appendix B.1). Thus, as our approach is to work with the highest number of available data, in order to have a better spatial representation of precipitation over the northern Altiplano, we decided to use data from all 101 rain-gauge stations. CHIRPS data set. The Climate Hazard group Infrared Precipitation with Station (CHIRPS) dataset is a gridded precipitation product resulting from the combination of satellite precipitation estimates and in-situ precipitation data [START_REF] Funk | The climate hazards infrared precipitation with stations-a new environmental record for monitoring extremes[END_REF]. The high spatial resolution (0.05 • x0.05 • ) and its long temporal coverage render CHIRPS one of the most useful precipitation products to study precipitation variability over the tropical Andes [START_REF] Paccini | Intra-seasonal rainfall variability in the Amazon basin related to large-scale circulation patterns: a focus on western Amazon-Andes transition region[END_REF][START_REF] Sulca | Impacts of different ENSO flavors and tropical Pacific convection variability (ITCZ, SPCZ) on austral summer rainfall in South America, with a focus on Peru[END_REF][START_REF] Satgé | Consistency of satellite-based precipitation products in space and over time compared with gauge observations and snow-hydrological modelling in the Lake Titicaca region[END_REF]Segura et al., 2019[START_REF] Segura | Recent changes in the precipitation-driving processes over the southern tropical Andes/western Amazon[END_REF]. In this study, we use CHIRPS at a daily time scale during the austral 4.2. Extreme austral winter precipitation events over the South-American Altiplano: Regional Atmospheric Features winter seasons in the 1979-2014 period in order to identify regions over tropical South America where precipitation is associated with extreme precipitation events over the northern Altiplano.

Atmospheric reanalysis data set. We used horizontal wind and vertical motion, temperature, specific humidity and geopotential height from the ERA-Interim reanalysis data set (http://apps.ecmwf.int/ datasets/data/interim-full-daily/; [START_REF] Dee | The ERA-Interim reanalysis: Configuration and performance of the data assimilation system[END_REF]. The atmospheric variables have a spatial resolution of 0.5 • x 0.5 • and cover pressure levels from 1000 to 100 hPa. We analyzed these atmospheric variables at a daily time scale for the June-August season in the 1979-2014 period.

Methods

Extreme precipitation events in the northern Altiplano. With the aim of computing a single timeseries representing precipitation over the northern Altiplano, we calculated the arithmetic mean of the insitu precipitation for each day between the 1 st June and 31 st August in the 1979-2014 period (Figure 4.1b;

PP-Andes). For each day, we averaged over all the data available in the 101 rain-gauge station located in the northern Altiplano. We used this approach because the spatial distribution of rain-gauge stations in our study zone, more stations in the eastern side than in the western, is maintained during the 1979-2014 period (Figure S1b in Appendix B.1). Indeed, 32 of 57 rain-gauge stations with at least 80% of available date also display this spatial distribution even in 2014, which is the year with the minimum number of rain-gauge stations (Figure S1b in Appendix B.1). This assures that PP-Andes is not influenced by small values of precipitation in the western region even during periods with minimum rain-gauge stations with available data. Then, we calculated the percentile 90 (p90; red line in Figure 4.1b) of PP-Andes, and we identified days in which PP-Andes is equal or greater than p90 (0.67 mm day -1 ). We used a fixed percentile 90 (p90) instead of a seasonal value for the 1979-2014 period because the large number of days with zero precipitation in June and July decreases the value of their respectively percentile 90 compared to August. Using the fixed p90 we identified 333 individual extreme precipitation events in the 1979-2014 period. [START_REF] Compagnucci | Principal sequence pattern analysis: A new approach to classifying the evolution of atmospheric systems[END_REF] used sequences of 5 consecutive days to capture properly the synoptic-scale circulation over South America. We applied this concept to group individual extreme precipitation events, and we proceeded as follows. For the June-August season in each year during the 1979-2014 period, we detected the first (n 1 ) and the second event (n 2 ) occurring after 1 st June. Then, if n 1 and n 2 are separated by five consecutive days or less with precipitation minor to p90, we merged these two events into a single event (ev 1 ) that started in n 1 and finished in n 2 . We repeated the same operation between ev 1 and third individual event since 1 st June (n 3 ). In the opposite case, n 1 is considered as a single extreme event (ev 1 ), and the same operation is calculated between n 2 and n 3 . The final events considered for the study are indicated in equal to 0 mm day -1 , meaning that precipitation is always present during events even if precipitation in the time-breach span is below the percentile 90. After this procedure, we identified 129 winter extreme precipitation events in the northern Altiplano (129 WEPEs). We divided the WEPEs into three groups regarding their duration: events lasting one day (56 WEPEs), two days (28 WEPEs) and more than two days (45 WEPEs).

Composite means and anomalies of atmospheric circulation and precipitation. In this study, we used the anomalies of horizontal wind and vertical motion, temperature, geopotential height and specific humidity, when compared to their climatology over the reference period 1979-2014. First, we computed a daily climatology for each variable from the 22 nd May to the 10 th September. Second, the daily climatology was temporally smoothed using a Hamming window of 5 days. Then, daily anomalies are computed by subtracting from the original data the smoothed daily climatology for each atmospheric variable. The same procedure was done for calculating precipitation anomalies using the CHIRPS data set.

In order to describe the atmospheric processes that are associated with the onset of winter extreme precipitation events in the northern Altiplano, we used daily lead-lag composites of anomalous horizontal wind and vertical motion, specific humidity, geopotential height and temperature at different pressure levels (1000-100 hPa). The composite analysis starts four days before (Day-4) the initial day of the event (Day0). We also analyzed the regional precipitation pattern over western tropical South America using CHIRPS precipitation anomalies. The significance of the anomalies depicted in composite analysis is evaluated using the Cramér test with a significance level of 95% [START_REF] Cramér | Mathematical Methods of Statistics[END_REF], which was used in previous studies over the tropical Andes (Segura et al., 2019).

Composite analyses were also performed using the zonal-mean of atmospheric variables from 30 • S to 0 • N, and from 80 • W to 60 • W to describe the atmospheric circulation over western tropical South America. Indeed, we aim to describe the moisture transport from the western Amazon toward the northern Altiplano. In order to avoid noise, introduced from the very different atmospheric circulation to the west of the Andes, especially at lower-tropospheric levels, we proceeded as follows. For each grid-point latitude, we calculated the longitude located one degree to the west of the highest altitude between 80 • W and 60 • W. Then, the zonal-mean is calculated by averaging the data only over the region extending from this longitude to 60 • W.

K-means clustering analysis. With the aim of depicting the atmospheric circulation associated with the onset of each WEPE, we applied a K-means clustering of normalized anomalies of geopotential height at 500 hPa at the initial day of each event. The normalization was done using the mean and the 4.2. Extreme austral winter precipitation events over the South-American Altiplano: Regional Atmospheric Features standard deviation of the historical daily anomalies of geopotential height at 500 hPa in each grid-point.

In addition, the clustering process was separately applied to each WEPE group classified by its duration (see section 4.2.2.2). For each WEPE group and using the silhouette method, we decided to obtain three clusters or three groups of days. The silhouette coefficient measures the relative difference between the intra-cluster distance and the distance to the next closest cluster. This means that days in each cluster have similar spatial pattern of geopotential height at 500 hPa, that separates them from the ones in the other two clusters. The atmospheric circulation at 850, 500, and 200 hPa associated with each cluster is computed by averaging horizontal winds, geopotential height, specific humidity, and temperature at those pressure levels in days corresponding to each cluster.

Winter extreme precipitation events (WEPEs) over the northern Altiplano

We identified 129 WEPEs in our zone of study ( two days are displayed in Figure 4.2a, b, c, respectively. Rain-gauge stations display a progressive precipitation increase from the eastern side toward the interior of the northern Altiplano, as WEPEs lengthen in duration. This result suggests that WEPEs lasting more than two days have a larger regional impact that those lasting only one or two days. WEPEs are associated, at this tropospheric level, with cold temperature anomalies over extratropical South America, accompanied by southerly wind anomalies along the eastern side of the Central Andes, which are indicators of cold surges originating at higher latitudes (Garreaud, 1999a(Garreaud, , 2000a;;[START_REF] Vera | A diagnostic study of cold-air outbreaks over South America[END_REF][START_REF] Seluchi | Influence of the Subtropical Andes on Baroclinic Disturbances: A Cold Front Case Study[END_REF][START_REF] Espinoza | The Major Floods in the Amazonas River and Tributaries (Western Amazon Basin) during the 1970-2012 Period: A Focus on the 2012 Flood*[END_REF]. However, the position of the leading edge of cold surges differs between groups. In addition, in WEPEs lasting more than two days, northerly wind anomalies over the Amazon toward Southeastern South America (SESA) and a strong temperature gradient along the leading edge of the cold surge are evident (Figure 4.2f). Indeed, Garreaud (2000a) showed that this low-level atmospheric circulation is similar to an early stage of a cold surge event, while the one associated with WEPEs lasting one day is similar to a late stage, when the cold surge is penetrating the tropics.

At 500 hPa, anomalies of geopotential height at Day0 of WEPEs indicate a positively tilted wave 4.2. Extreme austral winter precipitation events over the South-American Altiplano: Regional Atmospheric Features train with a northeastward orientation, emanating from the Southern Pacific towards the West coast of South America ( Chapter 4. Revealing the atmospheric mechanisms triggering extreme precipitation events over the southern tropical Andes in the austral winter

Classifying atmospheric circulation patterns associated with WEPEs

In this section we applied the K-means clustering analysis to anomalies of geopotential height at 500 hPa at day zero (Day0) of WEPEs. It is well known that wave trains emanating from the southern Pacific are the main cause triggering cold surges and upper-level troughs over subtropical South America (Garreaud, 2000a;[START_REF] Vera | A diagnostic study of cold-air outbreaks over South America[END_REF][START_REF] Campetella | Upper-level cut-off lows in southern South America[END_REF][START_REF] Garreaud | The influence of the Andes on cutoff lows: A modeling study[END_REF]. However, we observe in Figure 4.2 that horizontal wind anomalies over the tropical western coast of South America are also important. We therefore decided to apply the clustering method to the domain 40 [START_REF]1 Elevation map showing the location of the biggest cities in western South America[END_REF]. This means that we analyzed nine patterns of geopotential height anomalies at 500 hPa (three atmospheric clusters for each type of WEPE according to its duration). We also identified the atmospheric circulation at 200 hPa and 850 hPa, as well as the regional precipitation pattern associated with each cluster (Figures 4.3,4.4,4.5).

WEPEs lasting one day

Group1 and Group2 of WEPEs lasting one day account for 30 and 20 events, respectively. Precipitation during WEPEs in Group1 and Group2 is above average over most of the western Amazon and over the tropical Andes (Figure 4.3a, e). This increase in precipitation is accompanied by positive anomalies of specific humidity at 500 hPa over the same regions, with strong anomalies over the Altiplano The upper-level trough is associated with decreased atmospheric pressure and cyclonic anomalies at the mid-and upper troposphere (Figure 4.3c,d,g,h). Furthermore, upper-level troughs can trigger heavy precipitation events when they encounter regions where the lower-and mid-troposphere exhibit a high moisture content [START_REF] Hoskins | On the use and significance of isentropic potential vorticity maps[END_REF][START_REF] Cox | A general circulation model study of a tropopause-folding event at middle latitudes[END_REF][START_REF] Kiladis | Observations of Rossby waves linked to convection over the eastern tropical Pacific[END_REF][START_REF] Knippertz | Tropical-extratropical interactions related to upper-level troughs at low latitudes[END_REF]. Thus, there is likely an association between the upper-level trough over the Peruvian-Chilean coast and the cold surge along the eastern Central Andes, both contributing to increased precipitation over the northern Altiplano.

On the other hand, a precipitation dipole is observed between the tropical Andes and the western 4.2. Extreme austral winter precipitation events over the South-American Altiplano: Regional Atmospheric Features Amazon during WEPEs of Group3, which is composed of 6 events. Increased moisture at 500 hPa is apparent over much of the tropical Andes (Figure 4.3i). The precipitation pattern over the western Amazon in Group3 can be explained by the atmospheric circulation at 850 hPa, which displays southerly wind anomalies at the equator and along the eastern equatorial Andes (Figure 4.3j). Indeed, several studies have shown that while the leading edge of this low-level southerly regime enhances convection, the back edge is associated with subsidence and dry conditions (Garreaud, 1999a(Garreaud, , 2000a;;[START_REF] Wang | Influence of cross-Andes flow on the South American low-level jet[END_REF][START_REF] Espinoza | The Major Floods in the Amazonas River and Tributaries (Western Amazon Basin) during the 1970-2012 Period: A Focus on the 2012 Flood*[END_REF][START_REF] Sicart | Radiative properties of clouds over a tropical Bolivian glacier: seasonal variations and relationship with regional atmospheric circulation[END_REF][START_REF] Paccini | Intra-seasonal rainfall variability in the Amazon basin related to large-scale circulation patterns: a focus on western Amazon-Andes transition region[END_REF]. The anomalous high-pressure system observed over subtropical South America at 500 hPa and 200 hPa is associated with an eastward oriented wave train, which display a different pattern than Group1 and Group2 (Figure 4.3k, l). Indeed, this anomalous circulation is a source of anticyclonic vorticity anomalies that allow low-level southerly wind anomalies to reach the equator (Garreaud, 1999a(Garreaud, , 2000a;;[START_REF] Vera | A diagnostic study of cold-air outbreaks over South America[END_REF][START_REF] Lupo | South American cold surges: Types, composites, and case studies[END_REF][START_REF] Pezza | Dynamical conditions and synoptic tracks associated with different types of cold surge over tropical South America[END_REF][START_REF] Bowerman | An influence of extreme southern hemisphere cold surges on the North Atlantic Subtropical High through a shallow atmospheric circulation[END_REF]. Thus, our results show that, during Group3 events, southerly wind anomalies at the equator are associated with precipitation over the northern Altiplano, southern tropical Andes in the austral winter even if anomalous subsidence is observed over the western Amazon. pressure gradient, which is associated with a cold surge propagating into tropical regions in the following days (Garreaud, 1999a(Garreaud, , 2000a;;[START_REF] Vera | A diagnostic study of cold-air outbreaks over South America[END_REF]. ). On the other hand, low-level easterly wind 

Three mechanisms triggering WEPEs in the northern Altiplano

In this section, we focus our attention on the atmospheric circulation during the onset of WEPEs over the northern Altiplano associated with: i) increased mid-tropospheric moisture over the western Amazon, ii) cold surges along the eastern slopes of the Central Andes and iii) an upper-level trough over the Peruvian-Chilean coast. Since these three mechanisms are associated with WEPEs lasting one day (Group 1 and

2), two days (Group 1 and 2) and more than two days (Groups 1, 2 and 3; see sections 4.2.4. 1-4.2.4.3), we decided to combine them in a single composite. Thus, the composite analysis was computed using 117 WEPEs, allowing us to calculate the significance of the anomalies at the 95% significance level.

From Day-4 to Day-2, significant and positive precipitation anomalies over subtropical and tropical

South America indicate that precipitation propagates northward, from the SESA region toward the western Amazon (Figure 4.6a-c). At 850 hPa, the propagation of convection toward the western Amazon is consistent with the weakening of northerly wind anomalies. On Day-1 and Day-0 we observe that the northward propagation of precipitation has stalled over the western Amazon ( ing edge, produce upward motion reaching mid-tropospheric levels during the JJA season (Garreaud, 1999a(Garreaud, , 2000a;;[START_REF] Espinoza | The Major Floods in the Amazonas River and Tributaries (Western Amazon Basin) during the 1970-2012 Period: A Focus on the 2012 Flood*[END_REF][START_REF] Bowerman | An influence of extreme southern hemisphere cold surges on the North Atlantic Subtropical High through a shallow atmospheric circulation[END_REF]. However, Figure 4.7e shows that the ascending branch at the leading edge of the cold surge reaches the upper-troposphere over the Altiplano, specifically in the same zone where the eastern side of the upper-level trough is centered. Thus, the interaction between the upper-level trough and the cold surge also plays a major role in promote ascending motion over the Altiplano. Previous studies have shown that convection warms the core of the upperlevel trough, decreasing its cyclonic vorticity and terminating the system [START_REF] Hoskins | On the use and significance of isentropic potential vorticity maps[END_REF][START_REF] Garreaud | The influence of the Andes on cutoff lows: A modeling study[END_REF]. Thus, our results suggest that cold air advection by the cold surge keeps the upper-level trough alive, even if latent heat due to convection is released at mid-and upper tropospheric levels over the Altiplano.

As stated above, upper-level westerly wind anomalies over the Altiplano indicate the presence of an upper-level trough emanating from the eastern Pacific. Thus, we computed a lead-lag composite analysis of the vertical structure of anomalous air temperature, zonal and meridional wind and vertical motion at 20 • S between 100 • W and 40 • W (Figure 4.7f-j). As several studies have stated, upper-level troughs are characterized by ascending motion over their eastern region and subsidence on their western side [START_REF] Hoskins | On the use and significance of isentropic potential vorticity maps[END_REF][START_REF] Cox | A general circulation model study of a tropopause-folding event at middle latitudes[END_REF][START_REF] Kiladis | Observations of Rossby waves linked to convection over the eastern tropical Pacific[END_REF][START_REF] Knippertz | Tropical-extratropical interactions related to upper-level troughs at low latitudes[END_REF]. In addition, cold air tempera- In a-j) the 3000 m.a.s.l. contour is shown as a green line.

also noticed at the core of the upper-level trough (Figure 4.7h-j). We observe an intensification of wind and temperature anomalies while the upper-level trough approaches the Altiplano (Figure 4.7f-j). On Day0, anomalous upward motion over the Altiplano and over the western Amazon is, indeed, associated 4.2. Extreme austral winter precipitation events over the South-American Altiplano: Regional Atmospheric Features with the placement of the eastern branch of the upper-level trough over these two regions (Figure 4.7j).

These results indicate that the interaction between these three atmospheric mechanisms plays an important role in the development of WEPEs in the northern Altiplano: i) lower-and mid-tropospheric moistening over the western Amazon before the onset of WEPEs, ii) a cold surge arriving at latitudes of the eastern Central Andes, and iii) an upper-level trough over the Peruvian-Chilean coast. Indeed, the eastern branch of the upper-level trough enhances convection developed by the cold surge along its leading edge. In addition, the cold surge is an additional source of cold air temperature for the upper-level trough, keeping the system alive. This could be an explanation for WEPEs lasting more than three days.

It is important to mention that snowfall events associated with cut-off lows as described by [START_REF] Vuille | Regional snowfall patterns in the high, arid andes[END_REF] also from part of the WEPEs associated with these 3 atmospheric components.

Low-level southerly regime triggering precipitation over the northern Altiplano

In order to understand how low-level southerlies crossing the equator could produce precipitation over the northern Altiplano at Day0 of WEPEs lasting one day, we made use of composites analysis of anomalous atmospheric circulation at different pressure levels and precipitation from four days prior to the initial day of the event (Figures 4.8 and 4.9). Note that since only six WEPEs lasting one day are associated with this low-level southerly regime, it is not possible to perform a significance test for those composites.

From four to two days prior to the development of heavy precipitation over the northern Altiplano, the western Amazon presents increased precipitation (Figure 4.8a-c). These precipitation anomalies are explained by the southerly wind incursion from subtropical South America to the equatorial region, as observed in cold air temperature anomalies to the east of the tropical Andes at 850 hPa in Figure 4.8fh. The anomalous anticyclonic circulation over subtropical South America is a characteristic feature of cold surges propagating equatorward (Figure 4.8f-h Garreaud, 1999a, 2000a;[START_REF] Vera | A diagnostic study of cold-air outbreaks over South America[END_REF][START_REF] Espinoza | The Major Floods in the Amazonas River and Tributaries (Western Amazon Basin) during the 1970-2012 Period: A Focus on the 2012 Flood*[END_REF]. While low-level southerly wind anomalies cross the equator, negative precipitation anomalies prevail over the western Amazon (c.f. [START_REF] Wang | Influence of cross-Andes flow on the South American low-level jet[END_REF][START_REF] Paccini | Intra-seasonal rainfall variability in the Amazon basin related to large-scale circulation patterns: a focus on western Amazon-Andes transition region[END_REF], as observed on Day-1 and Day0 (Figure 4.8d, e, i, j). On the other hand, the passage of low-level southerlies is associated with increased moisture at 500 hPa over the western Amazon, as observed from Day-3 to Day-1 over the western Amazon ( In order to have a better sense of the atmospheric processes taking place over western South America, we calculated composite anomalies of the zonal-mean of zonal and meridional wind and vertical motion, and specific humidity at different pressure levels between 80 an important factor in the equatorward propagation of cold surges (Garreaud, 1999a(Garreaud, , 2000a;;[START_REF] Vera | A diagnostic study of cold-air outbreaks over South America[END_REF][START_REF] Espinoza | The Major Floods in the Amazonas River and Tributaries (Western Amazon Basin) during the 1970-2012 Period: A Focus on the 2012 Flood*[END_REF][START_REF] Bowerman | An influence of extreme southern hemisphere cold surges on the North Atlantic Subtropical High through a shallow atmospheric circulation[END_REF]. 4.2. Extreme austral winter precipitation events over the South-American Altiplano: Regional Atmospheric Features the western Amazon toward the Altiplano (Garreaud, 1999b). These results suggest that WEPEs lasting one day over the northern Altiplano are associated with moisture over the western Amazon that has been lifted by the low-level southerlies to the east of the tropical Andes, and then transported south- 

ward

Conclusion

Extreme winter precipitation events over the northern Altiplano (18 The K-means clustering method was applied separately to geopotential height anomalies at 500 hPa at the initial day (Day0) of WEPEs lasting one day, two days, and more than two days, respectively.

This analysis showed that six WEPEs lasting one day, and six WEPEs lasting two days are associated with a low-level southerly regime along the eastern tropical Andes crossing the equator, and with an eastward propagating high-pressure system over subtropical South America. The remaining 117 WEPEs are mainly associated with three atmospheric components: i) lower-and mid-tropospheric moistening over the western Amazon before the onset of WEPEs, ii) a cold surge along the eastern central Andes, and iii) an upper-level trough over the Peruvian-Chilean coast.

The lead-lag composite analysis on WEPEs associated with the three components revealed the following characteristics. Prior to the onset of WEPEs, a lower-tropospheric moistening over the western Amazon, associated with low-level northerly wind anomalies is observed over the western Amazon. On Day0, a cold surge arrives to the east of the northern Central Andes (20 • S) inducing convection and precipitation over this Andean region. The eastern side of the upper-level trough arrives over the Altiplano on Day0, intensifying the moisture transport from the western Amazon toward the northern Altiplano. In 4.2. Extreme austral winter precipitation events over the South-American Altiplano: Regional Atmospheric Features addition, we documented an association between the upper-level trough over the Peruvian-Chilean coast and the cold surge along the eastern Central Andes. The upper-level trough helps sustain the convection triggered by the cold surge to the east of the Central Andes and facilitates moisture transport over the Altiplano, while the cold surge transports cold air toward the upper-level trough, thereby maintaining the cold core of the system.

The daily lead-lag composite analysis of WEPEs associated with the low-level southerly wind regime crossing the equator describes another mechanism of precipitation over the northern Altiplano. Lowlevel southerly winds that crossed the equator lift moist air from lower-to mid-tropospheric levels over the western Amazon. In addition, a meridional circulation with mid-level northerlies is created near the leading edge of the low-level southerly flow. This southward flow at mid-tropospheric levels transports moisture from the western Amazon and moistens the mid-troposphere over the Altiplano three days after the arrival of the low-level southerly anomalies at the equator. This delay is explained by the anomalous subsidence over the Altiplano associated with an anomalous subtropical High over subtropical South America. Indeed, the anomalous high-pressure system is one of the factors responsible for the low-level southerly wind anomalies reaching equatorial regions (Garreaud, 1999a(Garreaud, , 2000a;;[START_REF] Vera | A diagnostic study of cold-air outbreaks over South America[END_REF][START_REF] Bowerman | An influence of extreme southern hemisphere cold surges on the North Atlantic Subtropical High through a shallow atmospheric circulation[END_REF]. Easterly wind anomalies, prevailing over the Altiplano one day before the initiation of WEPEs, further help to sustain moisture transport from the lower elevations to the east of the Central Andes toward the Altiplano (Garreaud, 1999b).

The 101 rain-gauge stations used in this study allowed identifying the extreme winter precipitation events over the northern Altiplano. Nevertheless, it is important to keep in mind that most of these raingauge stations are located on the eastern side of the northern Altiplano. Thus, a question to address in the future is to assess the influence of these two types of atmospheric circulation for extreme precipitation events over the western part of our study region. Furthermore, the interaction of the two atmospheric circulation systems with the diurnal cycle of precipitation over the Altiplano should be investigated, since the eastern, central, and western Altiplano are characterized by different diurnal cycles of precipitation [START_REF] Junquas | Understanding the influence of orography on the precipitation diurnal cycle and the associated atmospheric processes in the central Andes[END_REF]. On a regional scale, the two atmospheric circulation systems associated with WEPEs perturb the tropospheric circulation over western tropical South America in a way that could potentially also induce heavy precipitation events over other regions of the upper-elevation tropical Andes (>3000 m.a.s.l.; 20 • S-0 • N). Another topic that we did not explored in this study, but which is of potential relevance for studies on interannual an interdecadal timescales, is the influence of large-scale coupled modes of ocean-atmosphere variability, such as the ENSO and the Pacific Decadal Oscillation on the occurrence of WEPEs.

Chapter 4. Revealing the atmospheric mechanisms triggering extreme precipitation events over the southern tropical Andes in the austral winter 4.3 Supplementary results

Spatial impact of the WEPEs

One question addressed in this section is the local impact of the WEPEs regarding the area influenced by these events. To answer this question, we used the June-August precipitation from CHIRPS at daily time step over our region of study (18 • S-15 • S; >3000 m.a.s.l.) for the 1981-2014 period. First, we calculated a single time series of daily precipitation by averaging precipitation of all the grid points located within the study zone, similar to the procedure done with the in situ precipitation data. Second, we estimated the percentile 90 of this time series, which we called the regional percentile 90. Third, for each day in the June-August season in the 1982-2014 period, we counted the total number of grid points where daily precipitation is above the regional percentile 90. At the end of this procedure, we obtained a daily time series of the number of grid points where precipitation is extreme. Then, we selected the maximum number of grid points showing extreme precipitation during days within each WEPE. To get the percentage of the area influenced by each WEPE, we divided the number of grid points showing extreme precipitation by the total grid point in our zone of study, and the result was multiplied by 100%. Andes triggered only two WEPEs that influenced more than 50% of the northern Altiplano. Thus, the impact of WEPEs regarding the area of influence depends on its associated mechanisms and the duration of the events. This result could be useful in futures studies to forecast the possible area influenced by WEPEs.

Tropical and extratropical interaction triggering WEPEs

We stated that major impact in terms of area of influence and precipitation rates are observed during WEPEs associated with the three components. Besides, we also showed a possible contribution of the tropical mid-tropospheric circulation coming from the eastern Pacific in generating this kind of event.

To identify possible atmospheric contribution for the tropical Pacific, we computed a lead-lag composite analysis of the atmospheric circulation at large-scale from nine (9) days before the beginning of the WEPEs associated with the three components (117 events; Figure 4.12).

From day-9 to day-6, cyclonic wind anomalies accompanied by a low-pressure system at 500 hPa are Figure 4.11: Scatter plot between the maximum in situ precipitation rate (x-axis) and the maximum influenced area in percentage (y-axis) during the winter extreme precipitation events (WEPEs) in the northern Altiplano (18 • S-15 • S). The influenced area is calculated by dividing the number of grid points (NGP) showing precipitation higher than the regional percentile 90, estimated by using the CHIRPS data set, and the total NGP in our zone of study (see section 4.3.1 for more details). WEPEs are divided by their associated mechanisms (marker type) and by their duration (colors). Circle marker signals WEPEs associated with lower-and mid-tropospheric moistening over the western Amazon, cold surge along the eastern Central Andes and an upper-level trough over the Peruvian-Chilean coast. The diamond markers represent WEPEs triggered by a low-level southerly regime along the eastern tropical Andes. Markers with blue, red, and black color signal WEPEs, which last one, two, and more than two days, respectively.

observed around 150 • W in the southern tropical band (30 • S-10 • S) with an eastward propagation. At day-5, this system interacts with the extratropical region, generating in the extratropics a high-pressure system at 500 hPa, associated with anticyclonic wind circulation (at ∼45 • S, ∼120 • W). On the tropical band, wind anomalies decrease, but weakened easterlies remain to the east of 150 • W. At day-4 and day-3, the high-pressure system in the extratropics and easterlies in the tropics continue their eastward propagation at 500 hPa, while they both intensify. At day-2, both systems interact and form a low-pressure system at 500 hPa around 80 • W over the eastern Pacific. This interaction reinforces both systems, forming a wave train and perturbing western tropical South America circulation. The day when WEPEs start, wind anomalies at 500 hPa are observed over South America. In particular, wind anomalies over tropical South America signal a southward and westward moisture transport from the Amazon toward the southern tropical Andes. These results show a significant tropical-extratropical connection that influences the meteorological conditions in the western and eastern side of the Andes, triggering extreme precipitation 

Final remarks

During the austral winter season (JJA), most of the regional precipitation and convection is observed over equatorial South America, linked to the Atlantic and Pacific ITCZ (Figure 2.6). This atmospheric circulation also indicates strong subsidence over southern tropical South America, including the upperelevation southern tropical Andes. In this study, we showed that three atmospheric mechanisms break the atmospheric stability over western tropical South America and drive 97% (117 events) of all the identified winter extreme precipitation events in the high-altitude southern tropical Andes. These mechanisms are the moistening of the lower-and mid-troposphere over the western Amazon, cold air incursion at the eastern Central Andes, and an upper-trough over the Peruvian-Chilean coast. These three mechanisms, indeed, trigger the most extreme events regarding the maximum precipitation rate and the impacted area.

Of these three mechanisms, it is the cold air incursion that has been characterized in previous studies (Garreaud, 1999a(Garreaud, , 2000a[START_REF] Garreaud | Subtropical cold surges: Regional aspects and global distribution[END_REF]. On the other hand, the large-scale conditions allowing upper-level troughs to arrive into tropical latitudes of tropical South America has not been studied before. In our perspective, these large-scale atmospheric conditions should be addressed in futures studies to improve the forecast of winter extreme precipitation events over the upper-elevation southern tropical Andes. In the same token, the reasons for a previous tropospheric moistening over the western Amazon has not been addressed in this study. It remains unanswered if tropical or extratropical perturbations are responsible for the intensified moisture transport from the Atlantic toward the western Amazon during the austral winter, when the SAMS does not exist.

Furthermore, several interesting questions arise regarding the possible influence of the interaction of these three atmospheric mechanisms in other seasons. The onset of the SAMS occurs between September and November. In this season, low-level moisture starts to be transported from equatorial South America toward southern tropical South America traversing the western Amazon, moistening the troposphere over this Amazon region. However, it is still unknown if the other two mechanisms (upper-level trough and cold air incursion) arrive to interact with the already moistened mid-troposphere over the western Amazon, producing precipitation events over the southern tropical Andes. If the interaction occurs, the question regarding the role of this interaction in the September-November precipitation is totally wellfounded. It is important to remember that precipitation in this season is the most important source of water for the sowing occurring in this Andean region.

Until this point of this thesis, our results emphasize the role of the moisture transport from the Amazon toward the upper-elevation southern tropical Andes in different seasons. We showed that extratropical perturbation, as cold air incursions and upper-level troughs, can potentially trigger convection over the Amazon in the austral winter, and as a consequence, moisture is vertically transported from the western the ENSO and the decadal Pacific SST variability and its impact on South America precipitation could be understood by using the work of [START_REF] Grimm | Use of Barotropic Models in the Study of the Extratropical Response to Tropical Heat Sources[END_REF]. The authors showed that the impact of the ENSO on the large-scale circulation is highly dependent on the location of the forcing.

The influence of the central Pacific SST on Altiplano precipitation on decadal time scales is throughout changes in zonal winds at 200 hPa over the Altiplano. These changes are associated with modifications in the subtropical Jet and the position of Rossby wave trains in the Southern Pacific, as shown by [START_REF] Grimm | Use of Barotropic Models in the Study of the Extratropical Response to Tropical Heat Sources[END_REF]. Changes in zonal winds over the Altiplano are, indeed, associated with the position and intensity of the Bolivian High. Likewise, the Bolivian High has been used as an indicator to explain the precipitation variability in the southern tropical Andes on different time scales, from intraseasonal to paleoclimatic time scales (Garreaud, 1999b(Garreaud, , 2000b;;Vuille et al., 2000b;[START_REF] Morales | Precipitation changes in the South American Altiplano since 1300 AD reconstructed by tree-rings[END_REF]Segura et al., 2016;[START_REF] Sulca | Impacts of different ENSO flavors and tropical Pacific convection variability (ITCZ, SPCZ) on austral summer rainfall in South America, with a focus on Peru[END_REF], and including projection of precipitation using global warming scenarios [START_REF] Minvielle | Projecting rainfall changes over the South American Altiplano[END_REF][START_REF] Vera | Influence of Anthropogenically-Forced Global Warming and Natural Climate Variability in the Rainfall Changes Observed Over the South American Altiplano[END_REF], but always associated with the Pacific variability.

In Chapter 3, Figure 3.7a displays more precipitation during dry monthly events in the austral summer for 2000-2016 compared to the 1982-1999 period in the southern tropical Andes. This increase in precipitation is accompanied by a decrease in the frequency of dry monthly events during the 2000-2016 period. Additionally, [START_REF] Chávez | Spatio-temporal trends in land surface phenology of Andean peatlands across the South American Altiplano using a non-parametric approach and Landsat NDVI time series[END_REF] showed an expansion of vegetation in the Chilean Altiplano.

All these elements put in evidence long-term changes in precipitation over the southern tropical Andes, which has not been identified in previous studies.

Recently, changes in precipitation over equatorial South America since the beginning of the 21 st Century, in particular over the equatorial amazon, have been documented in several studies, especially due to changes in tropical Atlantic SST (see section 2.4). Indeed, at interdecadal and paleoclimatic time scales, using tree-ring proxies, precipitation over the upper-elevation southern tropical Andes has been associated with the SST in the tropical Atlantic and changes in the intensity of the SAMS (Humanes- the southern tropical Andes/western Amazon" [START_REF] Segura | Recent changes in the precipitation-driving processes over the southern tropical Andes/western Amazon[END_REF]. In this article, we documented for the first time the association between western Amazon convection and precipitation over the southern tropical Andes at interannual and longer time scales, which is a second mechanism aside from the Bolivian High transporting moisture from the Amazon toward the high-altitude southern tropical Andes. 

Introduction

The tropics encompass the wettest regions of the world, receiving more than 50% of the global annual precipitation (Adler et al., 2003[START_REF] Adler | The Global Precipitation Climatology Project (GPCP) monthly analysis (New Version 2.3) and a review of 2017 global precipitation[END_REF]. Recent studies have documented changes in tropical precipitation variability since the 1990s, with an increase in extreme wet and dry events during the rainy and the dry season, respectively [START_REF] Allan | Current changes in tropical precipitation[END_REF][START_REF] Hsu | Trends in global monsoon area and precipitation over the past 30 years[END_REF][START_REF] Kao | Precipitation, circulation, and cloud variability over the past two decades[END_REF][START_REF] Adler | The Global Precipitation Climatology Project (GPCP) monthly analysis (New Version 2.3) and a review of 2017 global precipitation[END_REF][START_REF] Gu | Precipitation intensity changes in the tropics from observations and models[END_REF][START_REF] Panthou | Rainfall intensification in tropical semi-arid regions: The Sahelian case[END_REF]. South America is home to the largest tropical rainforest of the world, the Amazon, and the highest mountain chain in the inner tropics, the Andes. A significant increase in precipitation and enhanced deep convection over the northern Amazon Basin, in the core of tropical South America, has been detected in the December-May (wet) season since the end of the 20 th Century, especially over its western and equatorial regions [START_REF] Barichivich | Recent intensification of Amazon flooding extremes driven by strengthened Walker circulation[END_REF][START_REF] Wang | The strengthening of Amazonian precipitation during the wet season driven by tropical sea surface temperature forcing[END_REF]Espinoza et al., 2019a,b). This increased convection over the northern Amazon Basin has been attributed

to changes in the Walker cell over the tropical Pacific Ocean and the cell connecting tropical South America and the tropical Atlantic Ocean [START_REF] Espinoza | Evolution of wet-day and dry-day frequency in the western Amazon basin: Relationship with atmospheric circulation and impacts on vegetation[END_REF][START_REF] Barichivich | Recent intensification of Amazon flooding extremes driven by strengthened Walker circulation[END_REF]. The authors argued that the tropical North Atlantic warming has indeed intensified low-level easterlies, increasing moisture transport from the Atlantic Ocean towards the Amazon. This mechanism was also identified by [START_REF] Wang | The strengthening of Amazonian precipitation during the wet season driven by tropical sea surface temperature forcing[END_REF], who used the Community Atmosphere Model version 4 (CAM4) to show that the main factor responsible for the increased November-May precipitation over the Amazon, is the warming of the tropical North Atlantic.

In contrast to the equatorial Amazon, precipitation over the southern Amazon (southward of 15 • S) has experienced a significant decline, especially in the September-November season [START_REF] Marengo | The drought of 2010 in the context of historical droughts in the Amazon region[END_REF]Fu et al., 2013;[START_REF] Debortoli | Rainfall patterns in the Southern Amazon: a chronological perspective (1971-2010[END_REF][START_REF] Espinoza | Evolution of wet-day and dry-day frequency in the western Amazon basin: Relationship with atmospheric circulation and impacts on vegetation[END_REF]Espinoza et al., , 2019a)). Espinoza et al. (2019a) also showed that the September-November rainfall decline over the 1982-2017 period is significantly associated with increased mid-tropospheric subsidence over the southern Amazon, but also with enhanced deep convection over the equatorial Amazon. Based on these results, the authors inferred that tropical North Atlantic warming impacts the Amazonian precipitation through a seasonal change in the meridional circulation between the tropical North Atlantic and tropical South America. According to these studies, it appears that changes in the atmospheric circulation in tropical South America, especially in Chapter 5. Long-term changes in the atmospheric connection between the Amazon and the southern tropical Andes during the austral summer the Amazon region, have occurred since the last decades of the 20 th Century and that they are mainly associated with the tropical North Atlantic warming.

Regarding precipitation in the southern tropical Andes (>3000 m.a.s.l.; 20 • S -12 • S), the picture is much less conclusive. For instance, [START_REF] Morales | Precipitation changes in the South American Altiplano since 1300 AD reconstructed by tree-rings[END_REF] showed that annual precipitation reconstructed from tree-ring growth in the western Altiplano during the period 1300-2006 CE displays a negative trend since the second half of the 20th Century, while using in-situ precipitation data, the authors noticed that annual precipitation in the same region does not show significant trends. Possible trends are of special interest when it comes to austral summer precipitation, since it is an essential water resource for agriculture, ecosystem sustainability, and human consumption, especially in the Altiplano region [START_REF] Garreaud | The climate of the Altiplano: Observed current conditions and mechanisms of past changes[END_REF]Vuille, 2003a,b;[START_REF] Vizy | Relationship between Amazon and high Andes rainfall[END_REF][START_REF] Perry | Precipitation delivery in the tropical high Andes of southern Peru: new findings and paleoclimatic implications[END_REF]Segura et al., 2019;[START_REF] Vera | Influence of Anthropogenically-Forced Global Warming and Natural Climate Variability in the Rainfall Changes Observed Over the South American Altiplano[END_REF], where it is strongly associated with Amazonian convection. The main objective of this study is therefore to analyze long-term changes in December-February precipitation over the southern tropical Andes, including its mean values and interannual variability, and its relationship with the intensified convection observed over the western Amazon. To that end, we used the CHIRPS satellite precipitation product and in-situ precipitation data covering the upper-elevation zones of the Andes (>3000 m.a.s.l.)

between 20 • S and 12 • S. In addition, the ERA-interim reanalysis data set is used to evaluate temporal changes in the atmospheric circulation, connecting convection over the Amazon with precipitation over the southern tropical Andes.

This manuscript has the following structure. In Section 5.2.2, we give a brief review of prior studies related to December-February precipitation variability over the southern tropical Andes on different time scales. The December-February atmospheric circulation climatology over South America is also described in this section, since it constitutes important background information. We discuss the data sets and methods used in Section 5.3, and we present and describe our primary results in Section 5.2.4. This latter section is composed of three subsections. In the first one, we introduce the upward motion over the western Amazon as an explanatory mechanism for precipitation variability over the southern tropical Andes. The second and the third subsections are focused on how the increased convection over the western Amazon has influenced the long-term precipitation variability in the southern tropical Andes. A discussion of our results and the principal conclusion of this study are presented in Section 5.2.5.

Background

The southern tropical Andes are characterized by a particular geographical configuration, with the wet and warm Amazon region to the east and the dry and cold eastern tropical Pacific to the west. Therefore, the spatial pattern of precipitation over this Andean region is characterized by a strong east-west gradient (e.g. [START_REF] Bendix | Die Niederschlagsjahreszeiten in Ecuador und ihre klimadynamische Interpretation ( Rainy Seasons in Ecuador and Their Climate-Dynamic Interpretation )[END_REF][START_REF] Houston | The central Andean west-slope rainshadow and its potential contribution to the origin of hyper-aridity in the Atacama Desert[END_REF][START_REF] Garreaud | The Andes climate and weather[END_REF]Espinoza et al., 5.2. Recent changes in the precipitation-driving processes over the southern tropical Andes/western Amazon 2015). The complex topography and the low density of stations make it difficult to accurately characterize the spatio-temporal precipitation variability in this region. Segura et al. (2019) showed that the upper-elevation southern tropical Andes (>3000 m.a.s.l and south of 8 • S) shares a similar seasonal and interannual precipitation variability. Confirming previous studies, the authors demonstrated that the annual cycle of precipitation in this region is unimodal with a peak in December-March representing 75%

of the total annual precipitation [START_REF] Garreaud | The climate of the Altiplano: Observed current conditions and mechanisms of past changes[END_REF][START_REF] Vuille | Interannual variability of summertime convective cloudiness and precipitation in the central Andes derived from ISCCP-B3 data[END_REF].

December-March precipitation over the southern tropical Andes is associated with the development of the so-called Bolivian High (BH), an anticyclonic system between 400 and 200 hPa (Figure 5.1a; [START_REF] Virji | A Preliminary Study of Summertime Tropospheric Circulation Patterns over South America Estimated from Cloud Winds[END_REF][START_REF] Lenters | On the Origin of the Bolivian High and Related Circulation Features of the South American Climate[END_REF][START_REF] Vuille | Atmospheric circulation anomalies associated with 1996/1997 summer precipitation events on Sajama Ice Cap, Bolivia[END_REF][START_REF] Garreaud | The climate of the Altiplano: Observed current conditions and mechanisms of past changes[END_REF][START_REF] Vuille | Interannual variability of summertime convective cloudiness and precipitation in the central Andes derived from ISCCP-B3 data[END_REF][START_REF] Garreaud | The Andes climate and weather[END_REF]. The anticyclonic circulation around the BH produces upper-level easterlies over the southern tropical Andes, especially over the Altiplano. As a consequence, zonal winds at 200 hPa (U200) over the southern tropical Andes have often been used as an index for depicting the intensity and position of the BH. Furthermore, several studies have evidenced a strong and significant relationship between December-March precipitation and U200 over this region on different time scales: diurnal [START_REF] Junquas | Understanding the influence of orography on the precipitation diurnal cycle and the associated atmospheric processes in the central Andes[END_REF], intraseasonal (Garreaud, 2000b;[START_REF] Sicart | Radiative properties of clouds over a tropical Bolivian glacier: seasonal variations and relationship with regional atmospheric circulation[END_REF], seasonal (Garreaud, 1999b;Segura et al., 2019), interannual (Vuille et al., 2000b;[START_REF] Garreaud | Interannual Rainfall Variability over the South American Altiplano[END_REF][START_REF] Minvielle | Projecting rainfall changes over the South American Altiplano[END_REF][START_REF] Sulca | Impacts of different ENSO flavors and tropical Pacific convection variability (ITCZ, SPCZ) on austral summer rainfall in South America, with a focus on Peru[END_REF]Segura et al., 2019;[START_REF] Vera | Influence of Anthropogenically-Forced Global Warming and Natural Climate Variability in the Rainfall Changes Observed Over the South American Altiplano[END_REF] and decadal (Segura et al., 2016). The physical mechanism of this relationship relies on the introduction of easterly (westerly) momentum flux from the mid-and upper troposphere toward lowlands in the eastern Andes, which enhances (prevents) moistureladen near-surface upslope flow (Garreaud, 1999b). In addition, [START_REF] Falvey | Moisture variability over the South American Altiplano during the South American low level jet experiment (SALLJEX) observing season[END_REF] highlighted the importance of the mid-tropospheric zonal moisture transport from the central Amazon in developing convection over the Altiplano. It is worth noting here that the role played by moisture transport in the mid-troposphere (700-400 hPa) in the development of deep convection in tropical regions, essentially by decreasing dry entrainment in clouds, was pointed in several studies (e.g. [START_REF] Zhang | Variability of Water Vapor, Infrared Radiative Cooling, and Atmospheric Instability for Deep Convection in the Equatorial Western Pacific[END_REF][START_REF] Sassi | Relationship between upper tropospheric humidity and deep convection[END_REF][START_REF] Wu | What Controls the Transition from Shallow to Deep Convection?[END_REF][START_REF] Sherwood | Tropospheric water vapor, convection, and climate[END_REF].

The interannual December-March precipitation variability in the southern tropical Andes is associated with sea surface temperature (SST) variability in the central Pacific (El Niño -La Niña events; e.g. [START_REF] Aceituno | Impacto de los fenónemos el Niño y la Niña en regímenes fluviométricos andinos[END_REF]Vuille et al., 2000b;[START_REF] Garreaud | Interannual Rainfall Variability over the South American Altiplano[END_REF][START_REF] Vuille | Interannual variability of summertime convective cloudiness and precipitation in the central Andes derived from ISCCP-B3 data[END_REF][START_REF] Lagos | El Niño related precipitation variability in Peru[END_REF]Vuille et al., 2008b;[START_REF] Sulca | Impacts of different ENSO flavors and tropical Pacific convection variability (ITCZ, SPCZ) on austral summer rainfall in South America, with a focus on Peru[END_REF]. Warm (cold) SST anomalies in the central Pacific are associated with anomalous upper-level westerlies (easterlies) over the southern tropical Andes, which inhibit (enhance) convection and precipitation over this Andean region (Garreaud, 1999b).

Furthermore, the influence of the central Pacific SST variability on December-March precipitation over the southern tropical Andes has also been highlighted on decadal time scales (Segura et al., 2016).

On the other hand, the Amazon Basin was shown to be the main moisture source for precipitation 5.2. Recent changes in the precipitation-driving processes over the southern tropical Andes/western Amazon over the southern tropical Andes (Vuille, 2003a,b;[START_REF] Martinez | Sources of atmospheric moisture for the La Plata River Basin[END_REF][START_REF] Perry | Precipitation delivery in the tropical high Andes of southern Peru: new findings and paleoclimatic implications[END_REF].

Indeed, the BH is a product of deep convection over the continental South Atlantic Convergence Zone, which includes the central Amazon and central and southeastern Brazil, during the mature phase of the South American Monsoon System or SAMS [START_REF] Dias | Large-Scale Response of the Tropical Atmosphere to Transient Convection[END_REF][START_REF] Demaria | Linear Response of a Stratified Tropical Atmosphere to Convective Forcing[END_REF][START_REF] Figueroa | Simulations of the Summer Circulation over the South American Region with an Eta Coordinate Model[END_REF][START_REF] Lenters | On the Origin of the Bolivian High and Related Circulation Features of the South American Climate[END_REF][START_REF] Gandu | Impact of tropical heat sources on the South American tropospheric upper circulation and subsidence[END_REF][START_REF] Rodwell | Subtropical anticyclones and summer monsoons[END_REF]. The SAMS is related to a climatological intensification of low-level winds and moisture transport from the tropical Atlantic Ocean toward the southern tropical continent (Figure 5.1b; e.g. [START_REF] Virji | A Preliminary Study of Summertime Tropospheric Circulation Patterns over South America Estimated from Cloud Winds[END_REF][START_REF] Vera | Toward a unified view of the American monsoon systems[END_REF][START_REF] Nie | Observational evaluation of a convective quasi-equilibrium view of monsoons[END_REF]. This process is associated with increased vertical moisture transport from lower to uppertropospheric levels, which is a necessary condition for developing deep convection over the Amazon region (Figure 5.1a,b;[START_REF] Zhou | Does a monsoon climate exist over South America?[END_REF][START_REF] Schiro | Deep Convection and Column Water Vapor over Tropical Land versus Tropical Ocean: A Comparison between the Amazon and the Tropical Western Pacific[END_REF][START_REF] Sakaguchi | Role of Troposphere-Convection-Land Coupling in the Southwestern Amazon Precipitation Bias of the Community Earth System Model Version 1 (CESM1)[END_REF]. Indeed, [START_REF] Nie | Observational evaluation of a convective quasi-equilibrium view of monsoons[END_REF] showed that the meridional circulation associated with the SAMS is characterized by a strong ascending branch south of the Equator (18 • S-0 • N) and low-level northerlies originating over the Northern Hemisphere (see Figure 8c in [START_REF] Nie | Observational evaluation of a convective quasi-equilibrium view of monsoons[END_REF].

In order to capture how the meridional circulation and moisture transport between the tropical North Atlantic and western tropical South America might influence the relationship between convection over the western Amazon and precipitation over the southern tropical Andes, we computed the zonal-mean of meridional winds and vertical motion from the ERA-Interim reanalysis data set at different pressure levels (1000-100 hPa) inside the region delimited by the magenta line in until reaching the western Amazon region (15 • S -0 • N). Meridional winds in the opposite direction are observed at upper-levels between the western Amazon region and the tropical North Atlantic. This implies that there is an exchange of energy and mass between the Southern and the Northern Hemisphere, in agreement with our current understanding of monsoon systems [START_REF] Bordoni | Monsoons as eddy-mediated regime transitions of the tropical overturning circulation[END_REF][START_REF] Schneider | Eddy-Mediated Regime Transitions in the Seasonal Cycle of a Hadley Circulation and Implications for Monsoon Dynamics[END_REF]. Another characteristic of monsoon systems is the presence of upper-level easterlies over the ascending branch (dashed lines in Figure 5.1c). This meridional circulation and the associated upper-level easterlies over its ascending branch have previously been diagnosed by [START_REF] Gill | Some simple solutions for heat-induced tropical circulation[END_REF] and Silva [START_REF] Dias | Large-Scale Response of the Tropical Atmosphere to Transient Convection[END_REF] based on theoretical considerations. These mechanisms are in fact a response to the Chapter 5. Long-term changes in the atmospheric connection between the Amazon and the southern tropical Andes during the austral summer diabatic heating released over regions of deep tropical convection (in this case the South American monsoon). South of this meridional circulation cell a westerly regime prevails in the mid-and the upper troposphere (as expected from [START_REF] Bordoni | Monsoons as eddy-mediated regime transitions of the tropical overturning circulation[END_REF][START_REF] Schneider | Eddy-Mediated Regime Transitions in the Seasonal Cycle of a Hadley Circulation and Implications for Monsoon Dynamics[END_REF][START_REF] Nie | Observational evaluation of a convective quasi-equilibrium view of monsoons[END_REF]. The transition between easterlies and westerlies is observed between 20 ). This region, which largely intersects the Altiplano region, will be generically referred to in the following as the southern tropical Andes (note that in other publications, the area is rather named -Central Andes-, being in the middle of the Cordillera that extends from Patagonia to Colombia). The high spatial resolution (0.05 • x0.05 • ) and the temporal coverage from January 1981 to December 2018 make CHIRPS a suitable satellite precipitation product to study the precipitation variability over the complex topography of the Andes, as shown in previous studies [START_REF] Paccini | Intra-seasonal rainfall variability in the Amazon basin related to large-scale circulation patterns: a focus on western Amazon-Andes transition region[END_REF][START_REF] Sulca | Impacts of different ENSO flavors and tropical Pacific convection variability (ITCZ, SPCZ) on austral summer rainfall in South America, with a focus on Peru[END_REF]Segura et al., 2019). The SRTM digital elevation product was interpolated to match the CHIRPS resolution, to allow selection of the grid points of the December-February precipitation field corresponding to our study domain.

In-situ records. In this study, we made use of 98 rain-gauge stations over the Altiplano: 79 from the National Service of Meteorology and Hydrology (SENAMHI) of Peru and 28 from the project "Data on climate and Extreme weather for the Central Andes" (DECADE; [START_REF] Hunziker | Identifying, attributing, and overcoming common data quality issues of manned station observations[END_REF]. The insitu precipitation data set covers the period from 1982 to 2015 at a monthly time step. More specific details regarding the rain-gauges are listed in Table S1 (Appendix C.1). For any given year and station, December-February precipitation is computed only if all 3 monthly values of the December-February season are available; otherwise it is treated as a missing value. Based on that criterion, we found that the maximum number of years with missing data is three (3).

Atmospheric and sea surface temperature data sets. We used specific humidity, equivalent potential temperature, zonal and meridional wind and vertical motion at pressure levels between 1000 and 100 hPa from the ERA-Interim reanalysis (http://apps.ecmwf.int/datasets/data/interim-full-daily/; [START_REF] Dee | The ERA-Interim reanalysis: Configuration and performance of the data assimilation system[END_REF]. This reanalysis data set is available from January 1981 to December 2018 at a monthly 5.2. Recent changes in the precipitation-driving processes over the southern tropical Andes/western Amazon time step and with a spatial resolution of 0.5 • x0.5 • . Next, for each variable the interannual variability of the December-February season is analyzed.

Methods

Empirical Orthogonal Function. The Empirical Orthogonal Function (EOF) method was used to obtain the leading mode of the spatio-temporal December-February precipitation variability over our domain of study. With the aim of avoiding that the EOF analysis might be biased by the strong west-east precipitation gradient across the southern tropical Andes, precipitation at each grid point was normalized using its historical mean and standard deviation before the EOF analysis was applied. The spatial pattern associated with the first mode of December-February precipitation over the southern tropical Andes is referred as EOF1-Andes while the principal component is denoted as PC1-Andes. EOF1-Andes is presented as the correlation field between precipitation at each grid point and PC1-Andes.

Butterworth filter. Segura et al. (2016) showed that austral summer precipitation over the southern tropical Andes presents a significant decadal and interdecadal variability (periods > 8 years). With the objective of analyzing changes in the interannual variability of December-February precipitation over the southern tropical Andes, we applied a Butterworth high-pass filter to the first principal component PC1-Andes. The Butterworth filter uses a cutoff frequency to keep only the frequencies of interest when analyzing the power spectrum of a time series. The power spectrum values of the relevant frequencies are multiplied by one (1), while those of the frequencies to be discarded, are multiplied by zero (0). An interesting feature of the Butterworth filter is that it allows controlling the sharpness applied to the frequency cutoff. This is referred to as the order of the filter. A small (large) order value means a soft (sharp) transition between relevant and discarded frequencies [START_REF] Roberts | Use of the Butterworth Low-Pass Filter for Oceanographic Data[END_REF]. The Butterworth filter has been widely used to analyze precipitation and other meteorological variables in different regions (e.g. [START_REF] Zeng | Causes and impacts of the 2005 Amazon drought[END_REF][START_REF] Gouirand | An analysis of low-and high-frequency summer climate variability around the Caribbean antilles[END_REF][START_REF] Berntell | Representation of Multidecadal Sahel Rainfall Variability in 20th Century Reanalyses[END_REF] including the Altiplano [START_REF] Melice | Decadal time scale variability recorded in the Quelccaya summit ice core δ 18O isotopic ratio series and its relation with the sea surface temperature[END_REF]Segura et al., 2016). In this study, the interannual (decadal) variability is composed of all frequencies higher (lower) than 0.125 yr -1 or periods lower (higher) than 8 years. The computation of the interannual variability of PC1-Andes was done as follows. First, we used the Butterworth filter with an order of 5 to obtain the decadal variability of PC1-Andes. Then, we subtracted this decadal time series from the original PC1-Andes to obtain the interannual variability of PC1-Andes. The same procedure was applied to all atmospheric variables discussed later.

Trend analysis. We used the Kendall test with a significance level at 95% to evaluate precipitation trends. The slope of the trend is calculated using a linear regression. For the CHIRPS data set we analyzed the 1982-2018 period, while in-situ precipitation trends were computed for the 1982-2015 period. A trend analysis was also applied to atmospheric variables for the period 1980-2018. A correlation analysis for the 1982-2018 period between PC1-Andes and the interannual variability of zonal winds and specific humidity over western tropical South America and the tropical North Atlantic

Ocean at different tropospheric levels shows two important features (Figure 5.4) specifically localized between 25 • S and 15 • S, the region where the Altiplano is located: i) a significant negative correlation between PC1-Andes and zonal winds above 600 hPa, and ii) a significant positive correlation between PC1-Andes and specific humidity in the mid-troposphere (600-400 hPa). These two characteristics have been analyzed in previous studies and, indeed, they are physically related (Garreaud, 1999b;Vuille and 5.2. Recent changes in the precipitation-driving processes over the southern tropical Andes/western Amazon These results suggest the existence of a significant connection between precipitation over the southern tropical Andes and convection over the western Amazon, which is part of the meridional circulation over western tropical South America. The association between upward motion and cross-equatorial low-level northerlies in the tropical region was already identified in theoretical studies [START_REF] Gill | Some simple solutions for heat-induced tropical circulation[END_REF][START_REF] Dias | Large-Scale Response of the Tropical Atmosphere to Transient Convection[END_REF]. However, to our best knowledge, convection over the western Amazon has not been identified in previous studies as a possible explanatory factor for precipitation variability in the southern tropical Andes. Though several studies have shown daily extreme precipitation events over the eastern tropical Andes to be tied to convection over the western Amazon, the mechanism for triggering convection was tropical Andes during the austral summer generally associated with southerly cold air incursions originating over high latitudes [START_REF] Hurley | Cold air incursions, δ 18O variability, and monsoon dynamics associated with snow days at Quelccaya Ice Cap, Peru[END_REF][START_REF] Sicart | Radiative properties of clouds over a tropical Bolivian glacier: seasonal variations and relationship with regional atmospheric circulation[END_REF] rather than with the meridional circulation over western tropical South America as we show in this study.

As explained in section 5.2.1, an intensification of convection over the Amazon since the beginning of the 21 st century has been detected in several studies [START_REF] Barichivich | Recent intensification of Amazon flooding extremes driven by strengthened Walker circulation[END_REF][START_REF] Wang | The strengthening of Amazonian precipitation during the wet season driven by tropical sea surface temperature forcing[END_REF]Espinoza et al., 2019a). In the following sections, we analyze how enhanced convection over the western Amazon has influenced the long-term precipitation variability in the southern tropical Andes. Zonal-mean is calculated using v, w, u and q in the region delimited by the magenta line in Figure 5.1b. The dashed magenta line is the Andes' profile calculated as in Figure 5.1c. Atmospheric data is retrieved from the ERA-Interim reanalysis data set.

Long-term precipitation increase in the southern tropical Andes

for the period 2002-2017 in the Altiplano using the NDVI Landsat data set.

-Strengthening of the meridional circulation over western tropical South America A trend analysis of horizontal winds at 200 hPa for the 1980-2018 period shows a significant acceleration of easterlies over the equatorial western Amazon and of westerlies over subtropical South America.

On the other hand, no significant trends in zonal winds at 200 hPa are observed over the southern tropical Andes (Figure 5.5a). This means that positive precipitation trends observed in the southern tropical Andes are not directly associated with changes in U200 over this region and that other possible influencing factors have to be identified. To start with, let's come back to the pioneering work of [START_REF] Gill | Some simple solutions for heat-induced tropical circulation[END_REF] and [START_REF] Dias | Large-Scale Response of the Tropical Atmosphere to Transient Convection[END_REF], stating that upper-level easterly acceleration in the equatorial region is explained as being a response to an intensified heat source closer to the equator. Considering the 1980-2018 ten-Chapter 5. Long-term changes in the atmospheric connection between the Amazon and the southern tropical Andes during the austral summer dency for the ascending motion at 500 hPa over the western Amazon, a likely candidate for providing this heating source is the associated enhanced convection in this region (Figure 5.5a), already detected in previous studies [START_REF] Barichivich | Recent intensification of Amazon flooding extremes driven by strengthened Walker circulation[END_REF]Espinoza et al., 2019a). The overall scheme would thus go as follows: intensified convection over the western Amazon has provided a heating source close to the equator, causing acceleration of the upper-level easterlies over western equatorial South America and distorting the traditional Bolivian High response. [START_REF] Dias | Large-Scale Response of the Tropical Atmosphere to Transient Convection[END_REF]. As the heat source intensifies closer to the equator, the upper-level high drifts to the southwest of the heat source and the baroclinic response leads to a northerly flow acceleration in the lower troposphere. The latter suggests an enhanced moisture transport from the tropical North Atlantic towards the western Amazon, which would explain the significant increase in specific humidity at levels from 850 to 100 hPa in the region of the ascending branch. It is known that reanalysis products have problems in reproducing the cross-equatorial mass flux -even though ERA-Interim reanalysis are performing the best in this respect [START_REF] Berrisford | Atmospheric conservation properties in ERA-Interim[END_REF] -casting some uncertainty on the quantitative results of our analysis. However, the strengthening of the meridional circulation over western tropical South America identified in our study is consistent with the theoretical response to an equatorial diabatic heat source [START_REF] Gill | Some simple solutions for heat-induced tropical circulation[END_REF][START_REF] Dias | Large-Scale Response of the Tropical Atmosphere to Transient Convection[END_REF]. Furthermore, positive trends in precipitation and streamflow over the western Amazon, associated with intensified convection over this region, have already been documented in previous studies [START_REF] Barichivich | Recent intensification of Amazon flooding extremes driven by strengthened Walker circulation[END_REF][START_REF] Wang | The strengthening of Amazonian precipitation during the wet season driven by tropical sea surface temperature forcing[END_REF]Espinoza et al., 2019a).

Positive trends in specific humidity are observed in the mid-troposphere (700-500 hPa), indicating that vertical moisture transport from the lower to the mid-troposphere has intensified over the 1980-2018 period (Figure 5.6a). In the Amazon, the seasonal increase in mid-tropospheric moisture, which results in an increased equivalent potential temperature (θ e) at mid-tropospheric levels, is associated with the development of deep convection over this region due to reduced atmospheric stability between the mid-and upper troposphere [START_REF] Fu | How do atmosphere and land surface influence seasonal changes of convection in the tropical Amazon?[END_REF][START_REF] Scala | Cloud draft structure and trace gas transport[END_REF][START_REF] Zhuang | Seasonal variation of shallow-to-deep convection transition and its link to the environmental conditions over the Central Amazon[END_REF]. Due to the mid-tropospheric moistening over western tropical South America (80 [START_REF] Hsu | Increase of global monsoon area and precipitation under global warming: A robust signal?[END_REF] argued that a future precipitation increase in monsoon regions is due to tropospheric moistening (thermodynamic component) -linked to a warming of the tropical oceans -rather than changes in the atmospheric circulation in the tropics, especially changes in wind convergence (dynamic component). For the 1982-2018 period, we found results over tropical South America that are consistent with that vision. In particular, we found a spatial pattern of the vertically integrated total moisture trends in the troposphere (1000-100 hPa; not shown) that is similar to the spatial pattern of the 500 hPa specific humidity trends displayed in Figure 5.5b, while no significant trends are observed in vertically integrated wind convergence (not shown).
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Hence, these results indicate that observed positive trends in precipitation in the southern tropical Andes are significantly associated with increased convection over the Amazon and reduced atmospheric stability over the southern tropical Andes. These processes are connected with an increased vertical moisture transport from lower-to upper-tropospheric levels over western tropical South America. In the next section, we will show how the relationship between precipitation over the southern tropical 5.2. Recent changes in the precipitation-driving processes over the southern tropical Andes/western Amazon Andes and atmospheric circulation over the western Amazon has concomitantly evolved with time for the 1982-2018 period.

Long-term variation in the interannual precipitation variability

In the previous section, we showed that atmospheric stability over western tropical South America south of 10 • S has been reduced. At the same time, it appears from Figure 5.6b that its year-to-year variability has also been reduced after 2006, suggesting a more constant vertical moisture transport from the lower to the mid-troposphere over those regions, including the southern tropical Andes. This raises the question whether the strengthening of the meridional circulation, through constant vertical moisture transport and a more predisposed atmosphere to develop deep convection, has affected the year-to-year precipitation variability in the southern tropical Andes, thereby becoming its principal source of interannual variability.

As seen previously, PC1-Andes has an intrinsic significant decadal trend, which is associated with the strengthening of the meridional circulation over western tropical South America. Figure 5.7a shows that PC1-Andes also exhibits a decadal fluctuation, but since it only covers 37 years it is difficult to evaluate its significance. It is, however, necessary to filter out this decadal-scale signal in order to retrieve the interannual signal and examine its linkage with the fluctuation of the meridional circulation. To that end, a high-pass filter was applied to PC1-Andes with a cut-off period of 8 years (see section 5.2.3.2). The time series associated with the interannual PC1-Andes variability is referred to as PC1-high (black line in Figure 5.7a). The removal of the decadal-scale signal was equally applied to vertical and horizontal winds and specific humidity for the same region shown in Figure 5.4, in order to obtain their interannual fluctuations. PC1-high is then regressed upon the zonal-mean meridional wind and vertical motion over western tropical South America and the tropical North Atlantic at different tropospheric levels (1000 hPa-100 hPa; Figure 5.7b). Figure 5.7b also shows a correlation analysis between PC-high and the zonal-mean specific humidity and zonal winds. This analysis is similar to the one carried out in Figure 5.4, in which unfiltered data were used.

Significant regression coefficients are observed between PC1-high and vertical motion above 600 hPa in the western Amazon, similar to the results using unfiltered data (Figure 5.4), suggesting that convection over the western Amazon is significantly associated with precipitation over the southern tropical Andes at interannual time scales for the 1982-2018 period. (1989)(1990)(1991)(1992)(1993)(1994)(1995)(1996)(1997)(1998). w500-high in 20 • S-15 • S represents an average of vertical velocities at 500 hPa between the northern Altiplano and the western Amazonian lowlands. For the region in 15 • S-10 • S, w500-high mainly corresponds to vertical velocities at 500 hPa over the western Amazon. This analysis is also done using the interannual variability of zonal winds at 200 hPa in the region between 20 • S and 15 • S of western tropical South America (U200-Andes; Figure 5.8c). A correlation analysis between w500-Amazon and U200-Andes yields a correlation coefficient of r=0.33 (p-value<0.05). Although the correlation between w500-Amazon and U200-Andes is significant, the low correlation coefficient indicates that these variables are only weakly related since they share only 10% of the variance. In addition, this result suggests that the regional atmospheric circulation associated with U200-Andes and w500-Amazon is different. With the aim of identifying atmospheric mechanisms associated with U200-Andes and w500-Amazon, we performed a correlation analysis using these two variables and interannual variations (< 8years) of zonal-mean zonal winds and specific humidity at different tropospheric levels over western tropical South America and the tropical North Atlantic (Figure 5.9). The regression analysis between the interannual variability of the meridional circulation (meridional wind and vertical motion) over these regions and both U200-Andes and w500-Amazon is also shown in Figure 5.9. These analyses are done for the 1980-2018 period. Since U200-Andes and w500-Amazon are negatively correlated with PC1-high, we multiplied U200-Andes and w500-Amazon by -1 before computing the correlation and regression analyses. Our objective with this procedure is to obtain atmospheric circulation associated with upper-level easterlies over the Altiplano (U200-Andes x -1) and upward motion over the western Amazon (w500-Amazon x -1), indices of the two mechanisms that enhance precipitation over the southern tropical Andes.

As expected, negative values of U200-Andes (easterlies) are associated with easterly anomalies above 600 hPa between 25 • S-15 • S (Figure 5.9a). This correlation pattern is related to the vertical structure of the Bolivian High, shown by [START_REF] Lenters | On the Origin of the Bolivian High and Related Circulation Features of the South American Climate[END_REF]. Figure 5.9a also shows that negative values of U200-Andes (easterlies) are not related to upward motion on a regional scale, but on a local scale, especially in the southern Altiplano. In addition, a moistened mid-troposphere in this region is associated with negative U200-Andes values (easterlies). A different correlation pattern is found when 5.2. Recent changes in the precipitation-driving processes over the southern tropical Andes/western Amazon using negative values of w500-Amazon (Figure 5.9b). Negative w500-Amazon values (upward motion) are characterized by a significant relationship with lower and mid-tropospheric upward flow between 20 • S-10 • S. Figure 5.9b also shows that w500-Amazon is associated with anomalous low-and mid-level northerlies between 5 • S-20 • N and low-and mid-level westerly anomalies at the Equator. Accordingly, convection over the western Amazon between 15 • S and 10 • S at interannual time scales (periodicity < 8 years) is sustained by increased low-and mid-level moisture transport from the tropical North Atlantic rather than moisture transport originating over eastern equatorial South America. An interesting feature regarding Figure 5.9 is the relationship between decreased lower-tropospheric moisture between 20 • S and 0 • N, associated with negative values of U200-Andes (Figure 5.9a) and w500-Amazon (Figure 5.9b).

Thus, at interannual time scales, upper-level easterlies over the Altiplano between 20 • S and 15 • S are associated with local convection over this region and horizontal moisture transport towards the southern tropical Andes from the central Amazon. On the other hand, upward motion over the western Amazon (15 • S-10 • S) is associated with a regional increase in vertical moisture transport from lower-to uppertropospheric levels, especially in the region between 20 • S and 10 • S. These results are explained using Gill's model [START_REF] Gill | Some simple solutions for heat-induced tropical circulation[END_REF] and the results of [START_REF] Dias | Large-Scale Response of the Tropical Atmosphere to Transient Convection[END_REF]. U200-Andes is more closely related to the convective forcing in the continental portion of the SACZ while the meridional flow is very much influenced by the equatorial heat source in the western Amazon. Thus, when convection over the western Amazon is enhanced, cross-equatorial northerly winds in the lower troposphere are accelerated. Moreover, [START_REF] Dias | Large-Scale Response of the Tropical Atmosphere to Transient Convection[END_REF] showed that an equatorial heat source could perturb upper-level easterlies in the equatorial region but not in the southwest region of the heating.

As previously described, interannual variations in precipitation over the southern tropical Andes respond differently to U200-Andes and w500-Amazon after 2002 (Figure 5.8b,c). In order to identify significant patterns of atmospheric circulation associated with precipitation over the southern tropical Andes at interannual time scales, we performed a correlation analysis similar to the one shown in Fig- 

Discussion and conclusions

The results presented above led us to propose a schematic ( The first element is the zonal wind at 200 hPa (U200). Previous studies (e.g. [START_REF] Vuille | Atmospheric circulation anomalies associated with 1996/1997 summer precipitation events on Sajama Ice Cap, Bolivia[END_REF][START_REF] Garreaud | The climate of the Altiplano: Observed current conditions and mechanisms of past changes[END_REF][START_REF] Vuille | Interannual variability of summertime convective cloudiness and precipitation in the central Andes derived from ISCCP-B3 data[END_REF][START_REF] Garreaud | The Andes climate and weather[END_REF][START_REF] Vera | Influence of Anthropogenically-Forced Global Warming and Natural Climate Variability in the Rainfall Changes Observed Over the South American Altiplano[END_REF] have demonstrated that a strong negative relationship exists between DJF precipitation and U200 over the southern tropical 5.2. Recent changes in the precipitation-driving processes over the southern tropical Andes/western Amazon Andes (i.e., high values of DJF precipitation are associated with stronger easterlies at 200 hpa) at different time scales. U200 over this Andean region is part of the so-called Bolivian High, which is indeed a response to the latent heat release generated by deep convection over the continental region of the South Atlantic Convergence Zone -SACZ [START_REF] Dias | Large-Scale Response of the Tropical Atmosphere to Transient Convection[END_REF][START_REF] Demaria | Linear Response of a Stratified Tropical Atmosphere to Convective Forcing[END_REF][START_REF] Figueroa | Simulations of the Summer Circulation over the South American Region with an Eta Coordinate Model[END_REF][START_REF] Lenters | On the Origin of the Bolivian High and Related Circulation Features of the South American Climate[END_REF][START_REF] Gandu | Impact of tropical heat sources on the South American tropospheric upper circulation and subsidence[END_REF][START_REF] Rodwell | Subtropical anticyclones and summer monsoons[END_REF]. This U200-related mechanism (schematized in Figure 5.11 in red color) does not show any significant change over the 1980-2018 period; yet, DJF precipitation displays a significant increase over the same period. This suggests another controlling mechanism that took over since the beginning of the 2000's.

This second controlling mechanism is the upward motion over the western Amazon -which is part of the meridional circulation between the tropical North Atlantic and western tropical South America (blue color in Figure 5.11). This upward motion over the western Amazon has intensified over the two last decades as part of the increased meridional moisture transport from the tropical North Atlantic. This led to increased convection and reduced atmospheric stability between the mid-and upper troposphere over western tropical South America, including the southern tropical Andes, resulting in increased moisture transport from lower-to mid-tropospheric levels. These results are in line with the theory proposed in [START_REF] Gill | Some simple solutions for heat-induced tropical circulation[END_REF] and [START_REF] Dias | Large-Scale Response of the Tropical Atmosphere to Transient Convection[END_REF]. Indeed, while upper-level easterly acceleration over the southern tropical Andes is associated with diabatic heating south of the equator (continental SACZ), the cross-equatorial wind acceleration in the lower and upper troposphere is a response of a more equatorial heat source provided by the enhanced convection over the western Amazon. This latter enhancement of convection over the western Amazon was identified in previous studies [START_REF] Barichivich | Recent intensification of Amazon flooding extremes driven by strengthened Walker circulation[END_REF][START_REF] Wang | Atlantic climate variability and its associated atmospheric circulation cells[END_REF] Interannual time scales (periodicity<8 years): r PC1-Andes (PC1-high) and u (shaded); regress PC1-Andes (PC1-high) and v-w (vector) et al., 2018;Espinoza et al., 2019a).

The hypothesis of the existence of two atmospheric mechanisms determining the DJF precipitation variability over the southern tropical Andes, U200 and western Amazon convection, is favored by the analysis of its interannual variability (periodicity <8 years) and its associated atmospheric mechanisms.

Before 2000, a period when upward motion over the western Amazon was not strong enough for decreasing atmospheric stability, the interannual variability of DJF precipitation was strongly coupled with U200 The second mechanism (in blue) is the upward motion over the western Amazon (WA), which is an important factor for decreasing atmospheric stability over the southern tropical Andes. Upward motion over the WA and the Llanos Low-Level Jet (LLJet) are components of the meridional circulation between the tropical North Atlantic and western tropical South America. Upper-level easterlies over western equatorial South America are also associated with this meridional circulation.

5.2.

Recent changes in the precipitation-driving processes over the southern tropical Andes/western Amazon regional analysis evidences that interannual fluctuations of southern tropical Andes precipitation started to be significantly associated with the meridional circulation over western tropical South America. Thus, enhanced convection over the western Amazon and strengthened low-level northerlies originating over the tropical North Atlantic seem to explain anomalous wet years in the southern tropical Andes after 2002, as occurred during the 2011/2012 La Niña summer (Figure 5.12b). As a matter of fact, the lowlevel northerly flow has been identified as being the cause of anomalous wet years in the northwestern Amazon [START_REF] Espinoza | The Major Floods in the Amazonas River and Tributaries (Western Amazon Basin) during the 1970-2012 Period: A Focus on the 2012 Flood*[END_REF][START_REF] Sierra | Precipitation over Northern South America and its seasonal variability as simulated by the CMIP5 models[END_REF]. The existence of these two independent modes challenges our vision of how global change might impact the regional rainfall regime. Whilst, up to now, the role of U200 anomalies has been emphasized [START_REF] Garreaud | The climate of the Altiplano: Observed current conditions and mechanisms of past changes[END_REF][START_REF] Minvielle | Projecting rainfall changes over the South American Altiplano[END_REF]Neukom et al., 2015;[START_REF] Vera | Influence of Anthropogenically-Forced Global Warming and Natural Climate Variability in the Rainfall Changes Observed Over the South American Altiplano[END_REF] as the main driver of past and future precipitation changes in this region, changing conditions over the western Amazon and warming of the tropical North Atlantic could also play a major role in shaping the longterm evolution of precipitation in the southern tropical Andes. Indeed, the projected decrease in summer precipitation in the Altiplano -due to westerly acceleration of the upper-level winds over the Andescan be offset by an increase in western Amazon convection, an issue that deserves further scrutiny. By the same token, this explains why the use of ENSO for predicting southern tropical Andes rainfall is not as powerful as it once appeared, since its influence is modulated by these two competing regional circulation factors. These results pave the way for considering new research topics, such as the influence of western Amazon convection on the variability of southern tropical Andes precipitation on a larger spectrum of time scales, ranging from diurnal, to intraseasonal, seasonal and decadal.

Chapter 5. Long-term changes in the atmospheric connection between the Amazon and the southern tropical Andes during the austral summer

Final remarks

Our results break with the paradigm of the relationship between the interannual precipitation variability in the upper-elevation southern tropical Andes and the zonal wind at 200 hPa over this Andes region, associated with the position and intensity of the Bolivian High. Our results, indeed, emphasize the western Amazon convection as an atmospheric mechanism controlling the interannual precipitation variability in the upper-elevation southern tropical Andes for the 2002-2018 period, while the Bolivia High plays a secondary role. These findings open new topics regarding the hydrological cycle in the southern tropical Andes and over tropical South America.

The Bolivian High is an upper-level system having its origin in central Amazon convection. However, its variability on intraseasonal and interannual time scales are associated with large-scale circulation associated with the Pacific SST variability (Garreaud, 1999b). Otherwise, western Amazon convection is more associated with a typic monsoon system, strongly associated with an ocean-atmosphere-land coupling, and less modified by extratropical perturbations (Bordoni andSchneider, 2008, 2010;[START_REF] Geen | Monsoons, ITCZs and the Concept of the Global Monsoon[END_REF]. However, the characterization of the meridional circulation over the western Amazon, as part of the SAMS, is scantiness. As the western Amazon convection and the Bolivian High response to different mechanisms (tropical and extratropical), it is logical to believe that the annual cycle of precipitation and its variations at intraseasonal time scales (dry spells) have also changed. Then, changes in the annual precipitation cycle need to be documented in futures studies due to the importance of austral summer precipitation as the principal water resource in the southern tropical Andes.

On a more regional perspective, the identified change in the meridional circulation could also affect other regions of the tropical Andes. For instance, we showed in Chapter 3 a connection between convection in the equatorial Amazon and precipitation the transition zone of the tropical Andes, located between 8 • S and 5 • S, meaning that possible changes have also occurred in this Andean region. This is also applicable for the western Amazon, where increased precipitation in the austral summer and austral autumn has been identified by Espinoza et al. (2019a).

With a more atmospheric perspective, it is unknown the reasons for the difference in the long-term changes in convection over the western Amazon and the SACZ region. While they both are related to the mature phase of the SAMS, we showed that only western Amazon convection has intensified. Thus, it is possible to theorize that the SACZ and the meridional circulation over western tropical South America are associated with different atmospheric mechanism aside from the SAMS, and this is a research topic that should be addressed in the future.

Several studies have shown that meridional circulation over monsoon regions are associated with the interhemispheric difference of energy, and they are also related to the global Hadley circulation 5.3. Final remarks (Bordoni andSchneider, 2008, 2010;[START_REF] Marshall | The ocean's role in setting the mean position of the Inter-Tropical Convergence Zone[END_REF][START_REF] Geen | Monsoons, ITCZs and the Concept of the Global Monsoon[END_REF][START_REF] Smyth | Characterizing drying in the South American monsoon onset season with the moist static energy budget[END_REF].

Following this premise, we propose futures studies to analyze the changes in the atmospheric circulation over tropical South America related to the changes in the interhemispheric difference of energy.

The intensification of the meridional circulation over western tropical South America is a fascinating and challenging topic to analyze. For [START_REF] Barichivich | Recent intensification of Amazon flooding extremes driven by strengthened Walker circulation[END_REF], the long-term enhanced convection over equatorial South America is associated with changes in the tropical Walker circulation over the Pacific and the Atlantic Ocean. The authors indicated that the observed tropical Atlantic warming is the main cause of trade winds intensification from the Atlantic towards tropical South America, which has intensified convection over the equatorial Amazon.

The hypothesis of the Atlantic warming as the key factor for the recently enhanced convection over equatorial South America was confirmed by [START_REF] Wang | The strengthening of Amazonian precipitation during the wet season driven by tropical sea surface temperature forcing[END_REF]. The authors showed, using different sources of precipitation as from satellite and reanalysis data sets, a precipitation increase in equatorial South America, specifically over the Amazon. Using the Community Atmosphere Model version 4 (CAM4), the authors stated that between the historical central Pacific cooling and tropical Atlantic warming, the latter is the one influencing recent changes in tropical South America precipitation.

In this study, the enhanced convection over the western Amazon was identified as part of the intensification of the meridional circulation connecting the tropical North Atlantic and the western Amazon, meaning that the moisture transport by the low-level northerly flow has also intensified. In addition to the acceleration of trade winds identified by [START_REF] Barichivich | Recent intensification of Amazon flooding extremes driven by strengthened Walker circulation[END_REF], we hypothesize that the acceleration of the low-level northerly flow is also a consequence of tropical Atlantic warming. To explore this hypothesis, we decided to use the Weather Research and Forecasting Model (WRF) to simulate the response of the atmospheric circulation over tropical South America under historical changes in the global SST, including the tropical North Atlantic warming. Because we want to explore changes in the largeand regional-scale circulation associated with changes in global SST, we used WRF with a global domain with a zoom-in resolution in tropical South America and with the highest resolution over western tropical South America. In the next chapter, we give a brief description of the WRF model, and we detail the different simulations done to understand the relationship between western Amazon convection and precipitation over upper-elevation southern tropical Andes.
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Introduction

We have identified in Chapter 5 the interannual relationship between December-February precipitation over the upper-elevation southern tropical Andes (>3000 m.a.s.l.) and upward motion over the western Amazon. We have associated this relationship with the long-term intensification of the meridional circulation connecting the western Amazon and the tropical North Atlantic. It is important to remark that changes in the South America tropical circulation co-occur with changes in the tropical circulation and changes in precipitation patterns in the tropics [START_REF] Allan | Current changes in tropical precipitation[END_REF][START_REF] Hsu | Trends in global monsoon area and precipitation over the past 30 years[END_REF][START_REF] Kao | Precipitation, circulation, and cloud variability over the past two decades[END_REF][START_REF] Adler | The Global Precipitation Climatology Project (GPCP) monthly analysis (New Version 2.3) and a review of 2017 global precipitation[END_REF][START_REF] Gu | Precipitation intensity changes in the tropics from observations and models[END_REF][START_REF] Panthou | Rainfall intensification in tropical semi-arid regions: The Sahelian case[END_REF].

Over tropical South America, increases in December-February precipitation have been documented

over the Amazon region [START_REF] Barichivich | Recent intensification of Amazon flooding extremes driven by strengthened Walker circulation[END_REF][START_REF] Wang | The strengthening of Amazonian precipitation during the wet season driven by tropical sea surface temperature forcing[END_REF]Espinoza et al., 2019a). [START_REF] Barichivich | Recent intensification of Amazon flooding extremes driven by strengthened Walker circulation[END_REF] signaled that this precipitation increase is associated with the strengthening of the Atlantic Walker cell. This latter is observed by the intensification of trade winds from the Atlantic Ocean to South America and the intensification of western and equatorial Amazon convection. The cooling in the equatorial Pacific has also contributed to the strengthening of the Atlantic Walker cell by decreasing the atmospheric stability in the Amazon region, allowing convection over this region to enhance [START_REF] Espinoza | Evolution of wet-day and dry-day frequency in the western Amazon basin: Relationship with atmospheric circulation and impacts on vegetation[END_REF][START_REF] Barichivich | Recent intensification of Amazon flooding extremes driven by strengthened Walker circulation[END_REF]. On the other hand, [START_REF] Wang | The strengthening of Amazonian precipitation during the wet season driven by tropical sea surface temperature forcing[END_REF], showed, by using reanalysis data sets and atmospheric circulation models, that the principal forcing for precipitation increases over the equatorial Amazon is the tropical Atlantic warming. The SST increment in the tropical Atlantic, according to the authors, has increased the moisture flux from the Atlantic toward South America, increasing low-level moisture convergence, and as consequence precipitation has also increased.

Understanding the causes of the intensification of western Amazon convection, associated with the Pacific or Atlantic variability, are crucial to the project precipitation changes in the upper-elevation southern tropical Andes under different global warming scenarios. Thus, we aim in this chapter to reproduce the association between precipitation over the upper-elevation southern tropical Andes and the meridional circulation in an atmospheric model forced by historical sea surface temperature (SST). This result could corroborate the existence of this relationship. Additionally, by changing the historical SST, we attempt to determine if the actual trend of SST is responsible for the actual intensification of the meridional circulation over western tropical South America.

Due to its high spatial resolution, the weather research and forecasting model (WRF; [START_REF] Skamarock | A Description of the Advanced Research WRF Version 3[END_REF]) has been used to analyze the interaction between regional atmospheric circulation and the local atmospheric processes in South America (e.g. [START_REF] Garreaud | The influence of the Andes on cutoff lows: A modeling study[END_REF][START_REF] Viale | Upstream orographic enhancement of a narrow cold-frontal rainband approaching the Andes[END_REF][START_REF] Müller | Evaluation of WRF model forecasts and their use for hydroclimate monitoring over Southern South America[END_REF]Posada-Marín et al., 2019). Over the tropical Andes, WRF has been previously used to simulate and understand local atmospheric processes associated with the diurnal cycle of precipitation and Chapter 6. Modelling the regional atmospheric circulation over western tropical South America and its sensibility to historical SST changes surface temperature [START_REF] Junquas | Understanding the influence of orography on the precipitation diurnal cycle and the associated atmospheric processes in the central Andes[END_REF][START_REF] Saavedra | Impacts of topography and land use changes on the air surface temperature and precipitation over the central Peruvian Andes[END_REF], austral summer precipitation [START_REF] Ochoa | Evaluation of TRMM 3B42 precipitation estimates and WRF retrospective precipitation simulation over the Pacific-Andean region of Ecuador and Peru[END_REF]Trachte, 2018;[START_REF] Moya-Álvarez | Statistical characterization of vertical meteorological profiles obtained with the WRF-ARW model on the central Andes of Peru and its relationship with the occurrence of Bibliography precipitation on the region[END_REF] and extreme precipitation events [START_REF] Moya-Álvarez | Extreme rainfall forecast with the WRF-ARW model in the Central Andes of Peru[END_REF][START_REF] Eghdami | Extreme orographic rainfall in the eastern Andes tied to cold air intrusions[END_REF][START_REF] Flores-Rojas | On the dynamic mechanisms of intense rainfall events in the central Andes of Peru, Mantaro valley[END_REF]. At the regional scale, WRF has been used to analyze the effects of deforestation in the Amazon region on precipitation and moisture transport over tropical South America [START_REF] Bagley | Drought and Deforestation: Has land cover change influenced recent precipitation extremes in the Amazon?[END_REF][START_REF] Langenbrunner | Why Does Amazon Precipitation Decrease When Tropical Forests Respond to Increasing CO2?[END_REF][START_REF] Eiras-Barca | Changes in South American hydroclimate under projected Amazonian deforestation[END_REF]. Additionally, [START_REF] Martinez | Sea surface temperaturerelated response of precipitation in northern South America according to a WRF multi-decadal simulation[END_REF] analyzed the coupling of the SST in the Atlantic and Pacific with precipitation in northern South America by using multi-decadal simulation in WRF. As we want to understand the impact of global SST trends in the regional circulation over tropical South America, we use WRF on a global run and with multi-decadal simulations (38 years).

Introduction to the weather research and forecasting model-WRF

The use of climate models has been of enormous help in the current understanding of the Earth system, its past changes, and projections under various scenarios of global warming due to the anthropogenic emission of greenhouse gases. The Global Circulation Models (GCM) and its different generations (CMIP3, CMIP5, and CMIP6) have been useful for this task since they simulate the various component of the Earth system as the atmosphere, cryosphere, ocean, land surface and the interaction between them. Another group of models called Atmospheric Global Circulation Model (AGCM), are used only to simulate the atmospheric circulation without adding the interaction with the ocean. They are forced by the surface conditions imposed during the simulation as the SST. However, GCMs and AGCMs have a coarse spatial resolution that does not allow them to have a good representation of atmospheric processes over complex mountain terrain as the Andes. For instance, the analysis of precipitation over the Andes is problematic since grid points over the Andes, due to the coarse resolution, also represent part of the western Amazon, in particular the hyper-humid Amazon-Andes transition zone.

A solution to this problem is the use of the called Regional Climate Models (RCM), which have a spatial resolution of kilometers. Contrary to AGCMs, RCMs are used to model a specific region, meaning that they need to be forced in the lateral boundaries of the region and by the surface conditions. Generally, to project changes of the climate at a regional-scale with a better resolution, RCMs are forced by the GCMs' outputs. Nowadays, reanalysis data sets are used to force RCMs, in an attempt to understand local atmospheric processes that reanalysis data can not resolve. One of the well-known RCM is the WRF model. WRF is a non-hydrostatic model, with the option to be hydrostatic, and uses the sigma coordinate level to discretize the vertical axis. The sigma coordinate pressure system is used in weather or climate simulations in mountain terrain since it follows the topography by scaling the vertical levels with the surface pressure, avoiding in this way, that vertical levels to be abruptly interrupted by the topography.

WRF configuration for a global run

Another advantage of the WRF model is its characteristic to simulate the global atmospheric circulation, meaning that only surface conditions, as the SST, force the model. The global option of WRF has been used in few studies [START_REF] Zhang | The Global Weather Research and Forecasting (GWRF) Model: Model Evaluation, Sensitivity Study, and Future Year Simulation, Atmos[END_REF], and to our knowledge, WRF-global simulations with nesting in South America and nesting in the tropical Andes have not been computed before. In this study, we used WRF-global to analyze the influence of the large-scale atmospheric circulation, associated with SST trends, on the regional circulation over South America tropical and precipitation over the southern tropical Andes. Following this purpose, we first validated the model by using different parameterization schemes and choosing the one representing adequately the global precipitation and wind patterns, regional precipitation over tropical South America and the atmospheric mechanisms associated with December-February precipitation over the upper-elevation southern tropical South America, which are the Bolivian High and western Amazon convection. Furthermore, by comparing simulations with a coarse and high spatial resolution over the tropical Andes (between 20 • S and 0 • N) and using the twoway nesting method, we want to analyze the impact of improving the topography of the tropical Andes on the large-and regional circulation.

6.3 WRF configuration for a global run

Domains

The characteristics of the domains used in our simulations are listed in Table 6. This region includes subtropical and tropical South America, the Caribbean sea, part of Central America, and the southern region of the tropical North Atlantic. We chose to locate the second domain in this region to have a better spatial resolution when analyzing the meridional circulation between the tropical North Atlantic and tropical South America. The third domain is located between 23.875 • S-83.25 • W and 0.125 • S-61.5 • W, with a spatial resolution of 0.25 • x0.25 • (Figure 6.1c). This domain is named WRF-ANDES in the rest of this chapter, and it has been selected to have a better spatial resolution in the upper-elevation southern tropical Andes.

In the vertical axis, the model is configured to simulate the atmospheric circulation from the surface to 50 hPa, divided into 40 levels and by using the sigma coordinate system. The characteristics mentioned above are part of the namelist.wps file, which can be read in Appendix D.1 It is important to mention that we applied the two-way nesting to the three domains, meaning that there are feedbacks between WRF-GLOBAL and WRF-AMS and between WRF-AMS and WRF-ANDES. sensibility to historical SST changes Our simulations start on November 1 st of year "n-1" and finished on March 5 th of year"n", meaning that we simulated only the November-February season. The selection of this season is based on the interest to reproduce December-February precipitation over the southern tropical Andes and its associated atmospheric mechanisms, which are components of the mature phase of the SAMS. Additionally, the first 30 days, meaning all November, are considered as part of the spin-off period, which does not enter in our analysis. The simulation has a time step of 600 seconds for WRF-GLOBAL. For WRF-ANDES the time step is 200 seconds, which is the results 600 seconds divided by three, the resolution ratio between WRF-GLOBAL and WRF-AMS. Likewise, WRF-ANDES has a time step of 66.67 seconds. The outputs of the three domains were configured to be saved each 3 hours in simulation time. The outputs were then daily averaged for the analysis. The namelist.input file (Appendix D.2) contains the configuration of the simulation regarding the simulated period, computation time and the interval to save the outputs.

Input data

The input data for our simulations are from the ERA-Interim reanalysis data set [START_REF] Dee | The ERA-Interim reanalysis: Configuration and performance of the data assimilation system[END_REF]. As we simulate WRF on a global scale, our simulations do not need atmospheric lateral boundary condi- Table 6.1: The characteristics of the three domains used in our analyses.

tions. Atmospheric variables as winds, temperature, humidity, and among others are only used as initial conditions for the simulation in the November-February season, meaning that simulations started with the atmospheric conditions on November 1 st of each year at 00:00 hr. On the other hand, data from several surface conditions are used throughout the simulation period on a daily time step. The surface variables are the sea ice flag, the vegetation fraction, the leaf area index, the background albedo and the SST. These variables are maintained because they condition the calculation of atmospheric circulation. Indeed, we are interested in changing the global SST pattern to identify its associated modification on the global and regional (South America) atmospheric circulation. It is important to remark that these simulations were done using the DAHU server, part of the CIMENT project (GRICAD/UGA; https://gricad.univ-grenoble-alpes.fr/).

Based-satellite precipitation products and reanalysis data sets

To identify the biases of our simulation considering precipitation, we used the Global Precipitation Climatology Project (GPCP; [START_REF] Adler | The Global Precipitation Climatology Project (GPCP) monthly analysis (New Version 2.3) and a review of 2017 global precipitation[END_REF] and the Climate Hazard Group InfraRed Precipitation with Station data (CHIRPS; [START_REF] Funk | The climate hazards infrared precipitation with stations-a new environmental record for monitoring extremes[END_REF]. GPCP data set has a resolution of 2. Table 6.2: The parameterization schemes used in the sensitivity test. MP_physics is the microphysics scheme, ra_lw_physics is the longwave radiation scheme, ra_lw_physics is the shortwave radiation scheme, radt is the responding time of the shortwave radiation scheme in minutes, sf_sfclay_physics is the surfacelayer scheme, sf_surface_physics is the land-surface scheme, bl_pbl_physics is the boundary layer scheme, bldt is the responding time of the boundary layer scheme, the cu_physics is the cumulus scheme, and cudt is the responding time of the cumulus scheme. The Domain column refers to the domains used in each simulation and the November-February season column indicates the seasons used in the simulation. For instance, 1983-1985 signals that the simulation run for the November-February seasons : 1982-1983, 1983-1984, and 1984-1985.
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We simulated three November-February seasons with contrasting global atmospheric circulation related to the ENSO variability, 1982ENSO variability, -1983ENSO variability, , 1983ENSO variability, -1984ENSO variability, , and 1984ENSO variability, -1985, to , to 6.2, 6.3, 6.4, and 6.5). We also show the comparative analysis for the December-February seasons in [START_REF] Thomson | Spectrum estimation and harmonic analysis[END_REF][START_REF] Dias | Large-Scale Response of the Tropical Atmosphere to Transient Convection[END_REF]and 1984-1985 in Appendix D.3 and Appendix D.4, respectively.

For the 1983-1984 austral summer, most of the simulations display December-February precipitation values higher than the GPCP product on a global scale (WRF-GLOBAL), but SIMU_NT and SIMU_NT+TD show the lowest positive biases (Figure 6.2). The positive bias in precipitation is mostly observed at the equator, especially in the Pacific and Indian ITCZ region. On the other hand, SIMU_NT and SIMU_NT+TD show less precipitation in the South Pacific Convergence Zone (SPCZ) and the subtropical regions compared to the GPCP product. Similar precipitation bias is observed during the austral summers of [START_REF] Thomson | Spectrum estimation and harmonic analysis[END_REF][START_REF] Dias | Large-Scale Response of the Tropical Atmosphere to Transient Convection[END_REF](Appendix D.3) and 1984-1985 (Appendix D.4). Indeed, dry conditions in the SPCZ region indicate changes in propagation of Rossby waves impacting South America [START_REF] Gandu | Impact of tropical heat sources on the South American tropospheric upper circulation and subsidence[END_REF][START_REF] Van Der Wiel | The influence of diabatic heating in the South Pacific Convergence Zone on Rossby wave propagation and the mean flow[END_REF]. is also characterized by positive precipitation bias. SIMU_NT and SIMU_NT+TD display wetter conditions in the southern Amazon and drier conditions in equatorial South America than the GPCP product.

Additionally, SIMU_NT+TD displays strong positive biases over the central and eastern Amazon, not observed in SIMU_NT. Similar bias in precipitation was identified in the [START_REF] Thomson | Spectrum estimation and harmonic analysis[END_REF]-1983 (Appendix D.3) (Appendix D.3) and the 1984-1985 austral summers (Appendix D.4). Thus, we observe two types of simulations, one simulation group composed of SIMU_KF, SIMU_NT, and SIMU_NT+TD that show positive precipitation bias over southern tropical South America and the simulation group composed of SIMU_GD and SIMU_BETTS displaying negative precipitation bias over southern tropical South America.

The precipitation bias over tropical South America showed by the simulations is related to the ability of the parametrization schemes to simulate the components of the SAMS. At 850 hPa, SIMU_KF, SIMU_NT, and SIMU_NT+TD, which show positive precipitation bias over southern tropical South America, can reproduce the cross-equatorial low-level northerly flow observed in the ERA-Interim data 6.1 set (Figure 6.4, Appendix D.3, D.4). Indeed, this northerly flow is a component of the meridional circulation associated with the SAMS. Nevertheless, this low-level flow does not reach the southern subtropical region, wherein those simulations, low-level easterly winds dominate, meaning that the subtropical part of the SALLJ is not well represented by these three simulations (SIMU_KF, SIMU_NT, and SIMU_NT+TD). On the other hand, SIMU_GD and SIMU_BETTS do not reproduce the crossequatorial low-level northerly flow, which can explain the negative precipitation bias of these simulations over the southern regions of tropical South America. Despite this fact, SIMU_GD presents a weak SALLJ, explaining the positive precipitation bias over south-eastern South America.

The differences between the two groups of simulations, SIMU_KF, SIMU_NT and SIMU_NT+TD for one side, and SIMU_GD and SIMU_BETTS for the other side, are more evident when analyzing the wind circulation at 200 hPa (Figure 6.5). The Bolivian High, observed by using the ERA-Interim data set, is reproduced by simulations SIMU_KF, SIMU_NT, and SIMU_NT+TD, while this is not the 6.4. Sensitivity tests case of SIMU_GD and SIMU_BETTS. Similar wind circulation differences at 850 and 200 hPa between simulations and the ERA-Interim data set are noticed in the [START_REF] Thomson | Spectrum estimation and harmonic analysis[END_REF][START_REF] Dias | Large-Scale Response of the Tropical Atmosphere to Transient Convection[END_REF][START_REF] Dias | Large-Scale Response of the Tropical Atmosphere to Transient Convection[END_REF]-1984 years (Appendix D.3 and Appendix D.4). These results are in accord with the analysis of mid-tropospheric heating on tropical atmospheric circulation [START_REF] Gill | Some simple solutions for heat-induced tropical circulation[END_REF][START_REF] Dias | Large-Scale Response of the Tropical Atmosphere to Transient Convection[END_REF][START_REF] Figueroa | Simulations of the Summer Circulation over the South American Region with an Eta Coordinate Model[END_REF]. The crossequatorial low-level northerly flow and the Bolivian High are associated with convection over southern tropical South America during the SAMS (SIMU_KF, SIMU_NT, and SIMU_NT+TD). On the other hand, equatorial mid-tropospheric heating is associated with low-level wind convergence near the equator, impeding the formation of the cross-equatorial low-level flow, and simulating a weak Bolivian High in a more equatorward location (SIMU_GD and SIMU_BETTS). Analyzing more deeply the wind circulation at 850 hPa over tropical South America in SIMU_KF, SIMU_NT, and SIMU_NT+TD, we observe that SIMU_KF shows a more equatorward low-level wind convergence than SIMU_NT and SIMU_NT+TD over the western Amazon (Figure 6.4). Besides, SIMU_NT and SIMU_NT+TD could reproduce, at 200 hPa, the location and shape of the Bolivian High observed in the ERA-Interim reanalysis (Figure 6.5). Between SIMU_NT and SIMU_NT+TD, the latter one shows more precipitation over eastern Brazil (Figure 6.3). These characteristics show that SIMU_NT has the most suitable combination of parameterization schemes for representing the tropical South American climate and the same parameterization schemes will be used for the next steps of our simulations.
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Resolution Sensitivity

To test the importance of the spatial resolution in the atmospheric simulations over the tropical Andes we conducted the following experience. We run WRF with the three domains mentioned in section 6.3.3, which are WRF-GLOBAL, WRF-AMS, and WRF-ANDES. The simulations were done for 38 November-February seasons in the 1980-2017 period and using the parameterization schemes of SIMU_NT (Table 6.2). We named this set of simulations SIMU_3D. We also conducted a second group of simulations using only the first two domains, WRF-GLOBAL and WRF-AMS, with the same characteristics of SIMU_3D, 38 November-February seasons in the 1980-2017 period and using the parameterization schemes of SIMU_NT. This set of simulations is called SIMU_2D. The objective of this simulation experience is to identify how, by adding a third domain over the tropical Andes through the two-way nesting technique, the simulation of the second domain (WRF-AMS) can be improved. Hereafter, WRF-AMS from the two-domains simulation is called WRF-AMS2D and WRF-AMS from the three-domains simulation is called WRF-AMS3D. To identify the significant differences in the atmospheric conditions between the two groups of simulations, we applied the T-test to the climatology difference between WRF-AMS3D and WRF-AMS2D. Again, we only worked with the December-February season since we considered the data from November as part of the spin-off period. South America circulation (WRF-AMS). At the regional scale of tropical South America, the spatial pattern of the climatology of December-February precipitation between WRF-AMS2D and WRF-AMS3D are similar (Figure 6.6a,b). However, the tropical Andes presents significant differences in December- The total precipitation calculated by WRF comes from cumulus and microphysics schemes. Then, we decided to identify in which of these schemes precipitation is more influenced by a better spatial representation of the tropical Andes. The changes in precipitation coming from the cumulus scheme and the microphysics scheme in WRF-AMS are displayed in Figure 6.7. A better spatial resolution in the tropical Andes significantly increased cumulus precipitation over the Amazon-Andes transition zone below 1000 m.a.s.l., while significantly decreased precipitation is observed over the upper-elevation tropical Andes above 300 m.a.s.l. Less precipitation over the upper-elevation tropical Andes, in a better spatial representation of the tropical Andes, is also associated with significantly decreased precipitation from the microphysics scheme. Regarding the atmospheric circulation, a better spatial representation of the tropical Andes does not significantly influence the atmospheric circulation on a larger-or regionalscale but a local-scale (Appendix D.5).

Thus, in the following sections we will use SIMU_3D to analyze December-February precipitation over the upper-elevation southern tropical Andes and its associated mechanisms. It is important to con-Chapter 6. Modelling the regional atmospheric circulation over western tropical South America and its sensibility to historical SST changes sider that SIMU_3D is now our control simulation and it is named SIMU_CTRL.

Assessment of the model in terms of precipitation and atmospheric circulation

Until this section we analyzed some combinations of parameterization schemes to identify the one suitable for our zone of study. Furthermore, we tested the necessity of a better spatial representation of the tropical Andes to improve the spatial pattern of precipitation in this Andean region. In this section, we compared SIMU_CTRL against precipitation products as GPCP and CHIRPS as well as atmospheric variables from the ERA-Interim data set for the 1980-2017 period.

Large-scale atmospheric circulation

Comparing the climatology of December-February precipitation of the global domain (WRF-GLOBAL)

with the GPCP product in Figure 6.8, we observe a dipole between the equator and the rest of the tropics.

In particular, SIMU_CTRL shows a double ITCZ in the Indian Ocean. An opposite picture is observed in the subtropics and extratropics, where SIMU_CTRL displays a negative bias of precipitation, except for the Atlantic Ocean and the Asian and North American continent. 

Regional-scale atmospheric circulation

Over South America (WRF-AMS), the climatology of December-February precipitation in SIMU_CTRL has a similar pattern than the observed in the CHIRPS precipitation product (Figure 6.9). Nevertheless, important precipitation biases can be noticed, as observed in Figure 6.9. Drier conditions in SIMU_CTRL than in the CHIRPS data set are observed in equatorial and subtropical South America. On the contrary, southern tropical South America in SIMU_CTRL presents higher precipitation values than the CHIRPS data set, except for the southern tropical Andes. The precipitation bias indicates that SIMU_CTRL reproduces enhanced convection over southern tropical South America, which is also associated with a more northward maritime SACZ and an equatorward position of the Atlantic ITCZ (Figure 6.8) At the regional-scale of South America, the horizontal wind pattern at 850 hPa in SIMU_CTRL also The intensified upper-level easterlies over equatorial South America could be associated with the enhanced convection in southern tropical South America since both are part of the meridional circulation associated with the SAMS. The increased precipitation over the maritime region of the SACZ also plays an important role in the acceleration of upper-level easterlies over equatorial South America [START_REF] Gandu | Impact of tropical heat sources on the South American tropospheric upper circulation and subsidence[END_REF]. Likewise, upper-level easterlies intensification over the eastern Pacific, observed in SIMU_CTRL, could be explained by the positive bias of precipitation in the ITCZ region (Figure 6.8, 6.9, 6.10).

We computed the climatology of the zonal-mean of vertical motion and meridional winds of the WRF-AMS domain over western tropical South America and the tropical North Atlantic, using the same methodology as in Chapter 5. We also calculated the zonal-mean of zonal winds and specific humidity. The climatology zonal-mean of the meridional circulation, zonal winds, and specific humidity over western tropical South America using SIMU_CTRL are shown in Figure 6.11a. The same procedure was done with the Era-Interim data set for the 1980-2017 DJF period, and it is displayed in Figure 6.11b. The difference between the climatology of SIMU_CTRL and the ERA-Interim is shown in Figure 6.11c.

SIMU_CTRL can reproduce the general characteristic of the meridional circulation as the ascending branch over the western Amazon (20 • S-0 • N), the descending branch in the tropical North Atlantic and the cross-equatorial flows at the lower-and upper-troposphere (Figure 6.11a, b). However, SIMU_CTRL displays an intensified upward motion in the ascending branch, while the other components of the meridional circulation display small differences with the ERA-Interim data set (Figure 6.11c). The overestimation of western Amazon convection is in accord with the intensification of easterlies in the upper branch of the meridional circulation. South of 20 • S, in the place where the subtropical part of the SALLJ should be located, SIMU_CTRL displays stronger low-level convection than in the ERA-Interim data set. These results confirm that SIMU_CTRL, indeed, overestimates convection over the western Amazon. In the Chapter 6. Modelling the regional atmospheric circulation over western tropical South America and its sensibility to historical SST changes mid-and upper-troposphere over the same region, SIMU_CTRL also shows an overestimation of westerly winds, meaning that the subtropical jet is stronger in SIMU_CTRL. Nevertheless, the well-simulated position of the Bolivian High indicates that the equatorward extension of the subtropical jet over tropical South America is well represented. Looking at the atmospheric humidity over western tropical South America, the pressure-latitude pattern is similar compared to the ERA-Interim data set, but we observe a strong underestimation of SIMU_CTRL south of 20 • S and between 0 • N and 10 • S (Figure 6.11c). While the underestimation of moisture in the lower-troposphere south of 20 • S is associated with the not-well represented of the subtropical part of the SALLJ, enhanced mid-tropospheric subsidence between 0 • N and 10 • N could explain the lack of moisture at the lower-troposphere in this zone by inhibiting convection and letting increasing moisture transport to southern tropical South America. Another possibility is the no-good representation of Amazon rainforest evapotranspiration, which has not been evaluated in this study.

Another approach to evaluate the outputs of SIMU_CTRL is to use the moist static energy (MSE), which is a thermodynamic variable that has conservative properties under the assumption of hydrostatic balance and moist adiabatic processes. The equation of the MSE is the following: 6.5. Assessment of the model in terms of precipitation and atmospheric circulation

MSE = c pd * T + q * L v + g * z, (6.1) 
Where C pd is the specific heat at constant pressure, T is the temperature, q is the specific humidity, L v is the latent heat of vaporization, g is the gravitational constant, and z is the geopotential height. The first term indicates the energy that has the air parcel due to its temperature. The second term is the potential energy released due to the condensation of the water vapor in the air parcel. The third term indicates the potential energy that the air parcel has due to its vertical position from the surface.

As we mentioned before, the MSE is conserved in adiabatic and hydrostatic processes. The condensation of the water vapor increments the temperature of the air parcel, as well as, the changes in the gravitational potential energy are compensated by changing the temperature throughout changes in the pressure. The MSE has been used to diagnose atmospheric processes associated with regions of deep convection as the ITCZ and monsoon regions on different time scales [START_REF] Neelin | Modeling Tropical Convergence Based on the Moist Static Energy Budget[END_REF][START_REF] Khairoutdinov | High-Resolution Simulation of Shallow-to-Deep Convection Transition over Land[END_REF][START_REF] Xue | Role of Land Surface Processes in South American Monsoon Development[END_REF][START_REF] Hill | A moist static energy budget-based analysis of the Sahel rainfall response to uniform oceanic warming[END_REF][START_REF] Adames | Moisture and Moist Static Energy Budgets of South Asian Monsoon Low Pressure Systems in GFDL AM4.0[END_REF][START_REF] Smyth | Characterizing drying in the South American monsoon onset season with the moist static energy budget[END_REF]. [START_REF] Bordoni | Monsoons as eddy-mediated regime transitions of the tropical overturning circulation[END_REF] used the MSE to show that monsoon systems, indeed, are associated with the interhemispheric exchange of energy between the summer hemisphere, where the monsoon develops and has high values of vertically integrated MSE, and the winter hemisphere, characterized by low values of vertically integrated MSE. The authors also show that the high values of MSE in the monsoon regions are sustained by the low-level moisture transport from the winter hemisphere.

In our study, we calculated the December-February climatology of the vertically integrated MSE ({MSE}) over tropical South America using both data sets, SIMU_CTRL, and the ERA-Interim reanalysis from 925 hPa to 100 hPa. (Figure 6.12). The spatial pattern is similar between both data sets. High values of {MSE} are observed over the western Amazon, between 20 • S and 10 • S. However, SIMU_CTRL displays lower values of MSE than the ERA-Interim data set.

To identify the pressure level where the {MSE} is underestimated in SIMU_CTRL, we calculated the zonal-mean of MSE for each pressure level from 925 hPa to 100 hPa over western tropical South America and tropical North Atlantic with both data sets, SIMU_CTRL and the ERA-Interim data set (Figure 6.13a,b). The zonal-mean is calculated as in Figure 6.11. We also computed the difference of zonal-mean MSE between both data sets (Figure 6.13c).

As a whole, the latitude-pressure level distribution of the MSE in our region of analysis is similar in SIMU_CTRL compared to the ERA-Interim data set. The maximum values of MSE are observed in the Southern Hemisphere, between 20 • S and 10 • S, which is expected during the mature phase of the SAMS. However, SIMU_CTRL underestimates the MSE compared to the ERA-interim data set in most of the troposphere over western tropical South America, especially at the mid-and upper-troposphere Chapter 6. Modelling the regional atmospheric circulation over western tropical South America and its sensibility to historical SST changes Therefore, our results show that even if SIMU_CTRL produces biases in representing the atmospheric circulation over tropical South America, the climatic features that characterize the mature phase of the SAMS are reproduced by the model, as western Amazon convection, the Bolivian High and the latitudinal gradient of MSE over western tropical South America.

Regional precipitation over the southern tropical Andes

In Chapter 5, we showed that the Bolivian High and western Amazon convection control the interannual December-February precipitation variability in the southern tropical Andes. Furthermore, the intensification of western Amazon convection is also associated with the long-term precipitation increase in the southern tropical Andes. While the interannual variability of the Bolivian High is associated with SST anomalies in central equatorial Pacific (e.g. Garreaud, 1999b;Vuille et al., 2000b;[START_REF] Vuille | Interannual variability of summertime convective cloudiness and precipitation in the central Andes derived from ISCCP-B3 data[END_REF][START_REF] Garreaud | Present-day South American climate[END_REF], the long-term intensification of western Amazon convection is highly probably to be related with tropical Atlantic warming and eastern Pacific cooling [START_REF] Barichivich | Recent intensification of Amazon flooding extremes driven by strengthened Walker circulation[END_REF][START_REF] Wang | The strengthening of Amazonian precipitation during the wet season driven by tropical sea surface temperature forcing[END_REF]. Thus, in this section, we evaluate if SIMU_CTRL can reproduce the relationship between the precipitation variability over the southern tropical Andes and the Bolivian High and western Amazon convection, meaning the necessity to evaluate in SIMU_CTRL, the interannual and the long- term variability of December-February precipitation over the southern tropical Andes.

To select the region considered as the southern tropical Andes in SIMU_CTRL, we followed the next procedure. We calculated the interannual time series of December-February of zonal winds at 200 hPa between 25 • S-80 • W and 15 • S-70 • W (U200-Andes), the region where the Bolivian High is located. Several studies have also shown that SST anomalies in the central Pacific, related to the ENSO variability, are strongly associated with upper-level zonal winds over the southern tropical Andes that at the same time modulates December-February precipitation over the upper-elevation of this Andean region (e.g. Garreaud, 1999b;Vuille et al., 2000b;[START_REF] Garreaud | Subtropical cold surges: Regional aspects and global distribution[END_REF]Segura et al., 2016;[START_REF] Sulca | Impacts of different ENSO flavors and tropical Pacific convection variability (ITCZ, SPCZ) on austral summer rainfall in South America, with a focus on Peru[END_REF][START_REF] Espinoza | Hydroclimate of the Andes Part I: Main Climatic Features[END_REF]. In SIMU_CTRL, U200-Andes is significantly correlated with precipitation over the southern tropical Andes, between 15 • S and 20 Regarding the precipitation variability, we observe that ZPP-CTRL does not reproduce the decadal oscillation observed in ZPP-CHIRPS, but the interannual variability of ZPP-CTRL and ZPP-CHIRPS Chapter 6. Modelling the regional atmospheric circulation over western tropical South America and its sensibility to historical SST changes 6.6 Understanding the WRF precipitation biases and its associated atmospheric processes and SST relationships over the upper-southern tropical Andes in WRF simulations shows that microphysics precipitation is associated with a tropical perturbation in zonal winds due to the interannual ENSO variability (Figure 6.16c). Differently, ZPP-Cumus is influenced by extratropical zonal wind perturbations (Figure 6.16d), which has not been observed with the observational and reanalysis data set on interannual time scales but on intraseasonal time scales (e.g. [START_REF] Garreaud | Interannual Rainfall Variability over the South American Altiplano[END_REF]. Thus, the difference in the spatial correlation with the global SST confirms that ZPP-Micro and To identify the regional atmospheric mechanisms associated with ZPP-Micro and ZPP-Cumus, we computed a correlation analysis with the zonal-mean of zonal winds over western tropical South America and the tropical North Atlantic for the December-February season in the 1980-2017 period (Figure 6.17).

The regression analysis was also computed between the December-February zonal-mean of the meridional circulation and both ZPP-Micro and ZPP-Cumus (Figure 6.17). ZPP-Camus is not associated with the meridional circulation over western tropical South America but shows a significant relationship with zonal winds over the southern tropical Andes (Figure 6.17a). Nevertheless, as we described, this relationship is due to extratropical perturbations. Moreover, the spatial pattern of correlation coefficients

does not resemble the one between the CHIRPS data set and zonal winds from the ERA-Interim data set shown in Figure 5.10a.

The correlation pattern between ZPP-Micro and December-February zonal winds over western tropical South America from SIMU_CTRL is similar to Figure 5.10a (Figure 6.17b). Thus, the relationship between the Bolivian High and precipitation over upper-elevation southern tropical Andes is reproduced by SIMU_CTRL, in particular by the microphysics scheme. The regression analysis between ZPP-Micro and December-February meridional winds and vertical motion over western tropical South America indicate a significant relationship with the meridional circulation associated with the SAMS (Figure 6.17b).

Specifically, the cross-equatorial low-level northerly flow and the upward motion over the western Ama-sensibility to historical SST changes Zonal-mean is calculated using v, w, and u in the region delimited by the magenta line in Figure 5.1b. The dashed magenta line is the Andes' profile calculated as in Figure 6.11.

zon are associated with ZPP-Micro. Therefore, the microphysics scheme can reproduce the relationship of precipitation over the upper-elevation southern tropical Andes with both the Bolivian High and western Amazon convection. Additionally, our simulation proves, by some means, the existence of the influence of the western Amazon convection on the interannual precipitation variability in the southern tropical Andes.

Even if SIMU_CTRL can reproduce the relationship between western Amazon convection and precipitation over the upper-elevation southern tropical Andes, it was not able to reproduce the precipitation increase in this Andean region (Figure 6.15). Computing a trend analysis in the December-February meridional circulation over western tropical South America in SIMU_CTRL, we found no trend in the cross-equatorial low-level flow neither the long-term intensification of the ascending branch over the western Amazon (Appendix D.8). The no-good representation of the intensified upward motion over the western Amazon means, in the same sense, that SIMU_CTRL can not reproduce the long-term midtropospheric moistening over the western Amazon and the southern tropical Andes (Appendix D.8).

Thus, even if SIMU_CTRL arrived to reproduce the relationship of western Amazon convection and 6.6. Understanding the WRF precipitation biases and its associated atmospheric processes and SST relationships over the upper-southern tropical Andes in WRF simulations precipitation over upper-elevation southern tropical South America, it can not simulate the long-term intensification of the meridional circulation. This is an interesting question since, in the observational and reanalysis data set, the Andes-Amazon relationship is observed after the intensification of the meridional circulation over the western tropical Andes.

MSE analysis approach

As we showed in Chapter 5, the atmospheric stability over the southern tropical Andes can be estimated These results mean that precipitation over the southern tropical Andes in SIMU_CTRL has been under a regime of intensified western Amazon convection since the beginning of the simulation, explaining the atmospheric western Amazon-Andes connection even if the model is not able to reproduce the in-Chapter 6. Modelling the regional atmospheric circulation over western tropical South America and its sensibility to historical SST changes tensification of the meridional circulation over western tropical South America. Even if SIMU_CTRL shows this bias, our results confirm the connection between western Amazon convection, a component of the meridional circulation associated with the SAMS, and December-February precipitation over the upper-elevation southern tropical Andes on interannual time scales. The results regarding the atmospheric stability over western tropical South America provoked questions concerning the interhemispheric difference of the MSE, which is an important characteristic for the meridional circulation associated with the SAMS. Specifically, we wonder if SIMU_CTRL could reproduce the interannual and long-term variability of the interhemispheric difference of MSE observed in the ERA-Interim data set between western tropical South America and the tropical North Atlantic. Thus, we decided to compute, as a proxy of the interhemispheric difference of energy, the difference of zonalmean MSE between the region 20 • S-15 • S and 10 • N-15 • N at each pressure level from 925 hPa to 100 hPa. The zonal-mean MSE is calculated for the same region where we computed the zonal-mean meridional circulation (Figure 6.11), and the interhemispheric difference was calculated for SIMU_CTRL and the ERA-Interim data set as observed in Figure 6.19c and Figure 6.19d,respectively. By the fact that MSE is underestimated in SIMU_CTRL (Figure 6.13), the interhemispheric difference of MSE shows lower values in SIMU_CTRL than in the ERA-Interim data set (Figure 6.18c,d). This underestimation is also associated with the no reproduction of the long-term increase of MSE over west-6.6. Understanding the WRF precipitation biases and its associated atmospheric processes and SST relationships over the upper-southern tropical Andes in WRF simulations ern tropical South America south of 0 • N by SIMU_CTRL, which is observed in the ERA-Interim data set. Nevertheless, some characteristics of the interhemispheric difference of MSE in the ERA-Interim data set are reproduced by SIMU_CTRL. For example, the highest interhemispheric difference of MSE reproduced by SIMU_CTRL is at the lower-troposphere, especially at 800 hPa, and this is similar to the ERA-Interim data set (Figure 6.18c,d). Additionally, it is interesting to observe that the interannual variability of this interhemispheric difference of MSE is, indeed, reproduced by SIMU_CTRL.

SST changes modelling approach

The results in the previous section show that changes in South America atmospheric circulation asso- and as a consequence, less moisture is transported to the southern Amazon due to the intensified convection over equatorial South America. However, these results are not in accord with the actual precipitation sensibility to historical SST changes and atmospheric circulation changes in tropical South America during December-February, when precipitation increases are also observed in the western Amazon. On the other hand, a dipole of precipitation between the equatorial and southern Amazon has been observed in the September-November season (Espinoza et al., 2019a). The authors showed that this precipitation dipole is associated with the intensification of the symmetric regional Hadley cell over tropical South America, intensified convection in equatorial South America, and more subsidence over the southern Amazon.

No convection experiment over western tropical South America

In the experiment of SST change (SIMU_SST) it was no possible to evidence the intensification of the meridional circulation over western tropical South America due to global SST trends. To analyze the impact of western Amazon convection in the meridional circulation over western tropical South America and the atmospheric circulation over South America, we computed the following experience.

We decided to run a set of simulation similar to SIMU_CTRL, but deactivating the cumulus scheme in WRF-ANDES, meaning that the processes involved in deep convection are not solved due to the coarse resolution (0.25 • x0.25 • ) that does not allow the convection-permitting option in WRF to activate. We named this simulation SIMU_NOCVEC.

6.6. Understanding the WRF precipitation biases and its associated atmospheric processes and SST relationships over the upper-southern tropical Andes in WRF simulations

The climatology difference of December-February precipitation in WRF-AMS between SIMU_CTRL and SIMU_NOCVEC is observed in Figure 6.20a. No deep convection over the western Amazon, aside from significantly decreases precipitation in this region, also decreases precipitation over the Chaco region, the northern La Plata basin, and the southern Amazon. Conversely, increased precipitation is observed over equatorial South America outside WRF-ANDES, the tropical Andes, the central-eastern Amazon, and eastern Brazil.

These changes in precipitation could be explained by changes in the meridional circulation over western tropical South America (Figure 6.20b). SIMU_NOCVEC shows a weakened meridional circulation with intensified upward motion over northern South America, explaining the precipitation increase over equatorial South America. Both cross-equatorial flows in the upper-and lower-troposphere also are weakened by the deficit of convection over the western Amazon. The weakened cross-equatorial lowlevel northerly flow transport less moisture toward the Chaco region, the northern La Plata basin and the southern Amazon. The significant increase in precipitation over the tropical Andes could be explained by the specific humidity that does not precipitate over the western Amazon and it is transported upslope by the still presented Bolivian High. Only significant values at the 95% confidence level according to the T-test are displayed. Zonal-mean is calculated using v, w, u and q in the region delimited by the magenta line in Figure 5.1b. Dashed magenta line represents the Andes' profile. The profile is calculated as the maximum topography elevation according to the topography of WRF-AMS.

The upper-level easterlies over the meridional circulation are also weakened, indicating that the in-Chapter 6. Modelling the regional atmospheric circulation over western tropical South America and its sensibility to historical SST changes tensification of upper-level easterlies over equatorial South America in SIMU_CTRL is also related to the overestimation of western Amazon convection. Another noticeable feature is the no presence of significant anomalies in the region where the Bolivian High is located, confirming that the Bolivian High and western Amazon convection, even if both are associated with the SAMS, respond to different atmospheric mechanisms as stated in Chapter 5. At the upper-troposphere over 30 • S, significant easterly anomalies indicate the weakened of the subtropical jets over subtropical South America. While at first, it could be a spurious result, Figure 5.5a (Chapter 5) showed an acceleration of the subtropical jet over South America in 1980-2018 by using the ERA-Interim data set. Thus, our results indicate that, indeed, there is a connection between western Amazon convection and the subtropical jet over South America.

Discussion

Several factors should be highlighted regarding our simulation. First, it is important to note that a diagnostic regarding the pertinent vertical resolution ratio to the horizontal one (dz/dx) has not been explored. This is an important issue to take into account for futures studies as stated in previous studies (Lindzen and Fox-Rabinovitz, 1989;[START_REF] Zhuang | The importance of vertical resolution in the free troposphere for modeling intercontinental plumes[END_REF]. Second, the spin-off period of 30 days, used in this study, was chosen by considering that the atmosphere could reach stable conditions in a short time since initial conditions were used. However, it was not analyzed the conditions of soil moisture, which could have an important role in local convection over the upper-elevation tropical Andes. Third, we could not explore the sensitivity of the top of the troposphere, established at 50 hPa, which could have a crucial role in the development of convection over the upper-elevation tropical Andes. Despite these factors, which could explain the biases in our simulations, our results show a significant relationship between precipitation over the upper-elevation southern tropical Andes and western Amazon convection, observed using satellite and observational data sets.

The sensitivity test of parameterization schemes signaled that simulations reproducing the Bolivian High and the cross-equatorial low-level flow (SIMU_KF, SIMU_NT, SIMU_NT+TD), both of them associated with the SAMS, could not reproduce the subtropical part of the SALLJ. The analysis of SIMU_CTRL gave insights into this issue. We observed that the no reproduction of the subtropical part of the SALLJ is associated with the overestimation of southern Amazon convection and with a strong low-level cyclonic wind circulation at 20 • S, between the southern Amazon and the Chaco region. [START_REF] Figueroa | Simulations of the Summer Circulation over the South American Region with an Eta Coordinate Model[END_REF] showed that this low-level cyclonic circulation is part of the wave response to the mid-tropospheric heating in the tropics, and it is located to the south of the heat source. Furthermore, the authors showed that a strong single peak of mid-tropospheric diabatic heating over the central Amazon produces a strong cyclonic wind circulation at the lower-troposphere (see Figure 14a in [START_REF] Figueroa | Simulations of the Summer Circulation over the South American Region with an Eta Coordinate Model[END_REF], similar to the observed in SIMU_CTRL (Figure 6.10a). On the other hand, a temporal-continuous 6.7. Discussion mid-tropospheric diabatic heating over the central Amazon decreases the intensity of this low-level cyclonic wind circulation (see Figure 8a in [START_REF] Figueroa | Simulations of the Summer Circulation over the South American Region with an Eta Coordinate Model[END_REF]. On a global scale, dry conditions over the South Pacific Convergence Zone could be also an additional source of intense convection over the western Amazon, since this region impact on South American precipitation troughthout the propagation of Rossby waves. Thus, we theorize that the no reproduction of the subtropical part of the SALLJ and the overestimation in the low-level wind convergence and upward motion over the western and southern Amazon is due to the representation of the deep convection process. Likewise, the overestimation of western Amazon convection is a factor for the intense meridional circulation over western tropical South America in SIMU_CTRL.

The overestimation of western Amazon convection could explain the relationship between the precipitation over this Andean region and upward motion over the western Amazon, even if SIMU_CTRL could not reproduce the long-term intensification of the meridional circulation. The analysis of the atmospheric stability, using the MSE approach, reveals that SIMU_CTRL, for the 1980-2017 period, reproduces values of atmospheric stability between 200 hPa and 500 hPa over the western Amazon, where convection is overestimated, and the southern tropical Andes similar to the observed in ERA-Interim for the 2000-2017 period, when the intensification of the meridional circulation occurred. It is important to remember that the long-term intensification of the meridional circulation over western tropical South America is associated with the long-term trend and change in the interannual variability of December-February precipitation over the upper-elevation southern tropical Andes. Though SIMU_CTRL is biased in terms of precipitation and atmospheric circulation, our results corroborate the existence of a relationship between precipitation over upper-elevation southern tropical Andes and the meridional circulation over western tropical South America, especially with the ascending branch located over the western Amazon.

Unfortunately, we could not link the long-term intensification of the meridional circulation over western tropical South America. The experiment, in which we doubled the global SST trend identified in the December-February season, signals an increment in the vertically integrated MSE in the equatorial region, meaning a decrease in the meridional gradient of MSE between southern tropical South America and the tropical North Atlantic. These results are traduced in a significant precipitation increase over equatorial South America and a precipitation decrease over the southern Amazon, while no significant increment over the western Amazon. We theorize that the equatorial response to changes in SST is associated with the underestimation of the atmospheric stability over equatorial South America in SIMU_CTRL compared with ERA-Interim (Figure 6.13c; Figure 6.18a,b). Then, the underestimation of the atmospheric stability could play a role by allowing precipitation in the equatorial region in a scenario of Atlantic warming.

Lower values of atmospheric stability in SIMU-CTRL than in the ERA-Interim data set are related to Chapter 6. Modelling the regional atmospheric circulation over western tropical South America and its sensibility to historical SST changes the underestimation of MSE in SIMU_CTRL due to cold tropospheric biases and a bad representation of the atmospheric humidity. Until now, we can not state that the bias in temperature and humidity are related, but these types of biases have also been recognized in GCMs [START_REF] John | Temperature and humidity biases in global climate models and their impact on climate feedbacks[END_REF][START_REF] Tian | Evaluating CMIP5 models using AIRS tropospheric air temperature and specific humidity climatology[END_REF]. Additionally, the dry bias in the mid-troposphere over tropical south America could be associated with inadequate representation of the surface fluxes over the Amazon region, in particular the latent heat flux could be misrepresented and underestimated in our simulation. Another important element to take into account is the low upper limit of the troposphere in our simulation (50 hPa), which could also contribute to negative biases of tropospheric MSE. As the role of temperature and moisture are very important to trigger precipitation in the tropics, it would be important to analyze if these biases can affect the representation of precipitation in the tropical band.

Summary and conclusions

We used the WRF model for a global run (WRF-GLOBAL) with two nested regions, one located over South America (WRF-AMS) and the other over the tropical Andes (WRF-ANDES; Figure 6. In the first experiment, we evaluated different parameterization schemes in the WRF model for three December-February seasons (1982-1983, 1983-1984, and 1984-1985). From the four cumulus schemes used, two of them, the Kain-Fritsch and the New Tiedke scheme, can reproduce these two characteristics of the SAMS, the Bolivian High, and the cross-equatorial low-level northerly flow. Conversely, the Grell-Devenyi and the Betts-Miller-Janjic cumulus schemes simulated atmospheric conditions similar to the June-August season, with no cross-equatorial low-level winds neither the Bolivian High. Thus, this first experiment shows that these two atmospheric mechanisms, associated with the SAMS, are related between them, and it is following previous studies [START_REF] Dias | Large-Scale Response of the Tropical Atmosphere to Transient Convection[END_REF][START_REF] Figueroa | Simulations of the Summer Circulation over the South American Region with an Eta Coordinate Model[END_REF][START_REF] Vera | Toward a unified view of the American monsoon systems[END_REF]. Because we only changed the cumulus parameterization, we encourage future studies to analyze the impact of the microphysics schemes over the atmospheric circulation over tropical South America. Specifically, studies should focus in the role of the microphysics scheme on the generation of diabatic heating over the tropical Andes. Due to the spatial pattern of regional precipitation over tropical South America, we used for the next simulation the parameterization schemes of SIMU_NT ( (2020). In particular, the simulation with three domains reproduces adequately the altitude of the hotspot precipitation zones, which are below the line of 1000 m.a.s.l. as shown in previous studies [START_REF] Espinoza | Rainfall hotspots over the southern tropical Andes: Spatial distribution, rainfall intensity, and relations with largescale atmospheric circulation[END_REF][START_REF] Chavez | Orographic rainfall hot spots in the Andes-Amazon transition according to the TRMM precipitation radar and in situ data[END_REF]. On the other hand, an improved spatial representation of the tropical Andes did not change, in SIMU_3D, large-(WRF-GLOBAL) or regional-scale (WRF-AMS) December-February precipitation neither the atmospheric circulation.

SIMU_3D, afterward called SIMU_CTRL, reproduces the general climatic features on large-and regional-scales, but it shows biases compared with the ERA-Interim data set. In particular, an intensification of trade winds, an overestimation of precipitation over the ITCZ, and intensified subtropical jets are characteristics of SIMU_CTRL in WRF-GLOBAL. At the regional scale of South America, positive precipitation bias is observed over southern tropical South America, which is associated with an anomalous low-level wind convergence over the southern Amazon and with an overestimation of upward motion over the western Amazon. These biases are also associated with the no representation of the subtropical part of the SALLJ in SIMU_CTRL, explaining drier conditions over subtropical South America compared to the CHIRPS product.

The analysis of December-February precipitation over the upper-elevation southern tropical Andes (>3000 m.a.s.l.) between 20 • S and 15 • S in WRF-ANDES indicates important issues. SIMU_CTRL can not reproduce the long-term variability (decadal, interdecadal, trend) of precipitation in this Andean region, observed by using the CHIRPS product and identified in Chapter 5. However, after the mid-'90s, SIMU_CTRL covariates with the CHIRPS data set on interannual time scales, especially precipitation simulated by the microphysics scheme. We identified that precipitation from the microphysics scheme is, indeed, associated with the Bolivian High and western Amazon convection on interannual time scales, two atmospheric mechanisms evidenced in Chapter 5.

The association between precipitation over the upper-elevation southern tropical Andes and western Amazon convection is explained by lower values of atmospheric stability in SIMU_CTRL compared to ERA-Interim. The underestimation of the atmospheric stability in SIMU_CTRL is due to the intensified meridional circulation over western tropical South America, having the same effect as the long-term intensification of this meridional circulation in ERA-interim, which is the atmospheric connection between the upper-elevation southern tropical Andes and the western Amazon.

We showed that WRF is able, by choosing the adequate parameterization schemes, to reproduce the tropical dynamic over South America associated with the mature phase of the SAMS. As an academic purpose, it is interesting to identify in the other simulations, which do not represent the Bolivian High and the cross-equatorial low-level northerly flow, the mechanisms of precipitation over the southern tropical Andes. Indeed, the same methodology applied in this study could be used in the analysis of GCMs at Chapter 6. Modelling the regional atmospheric circulation over western tropical South America and its sensibility to historical SST changes the moment to categorize models representing the relationship between precipitation over the upper-level southern tropical Andes with the Bolivian High and the western Amazon convection. Besides, by using adequate GCMs, we could predict the evolution of this relationship under the various scenarios of global warming.

7.1. General Conclusion

General Conclusion

The southern tropical Andes is a semiarid region characterized by a marked annual cycle of precipitation. Austral summer precipitation over the southern tropical Andes, which is the unique wet period in this Andean region, is the principal source of water for the ecosystems and a crucial pillar in the socioeconomic activities of the population. On the other hand, even if the dry season in the southern tropical Andes (June-August) shows nearly no precipitation on climatology, extreme precipitation events during the austral winter have devastating effects in this region as the havoc of crops, killing cattle and causing the loss of human lives. The identification of atmospheric mechanisms driving an increase or decrease of austral summer precipitation over the southern tropical Andes could have an important aspect in the water management plan in this arid Andean region. Likewise, the identification of atmospheric mechanisms triggering extremes precipitation events in the austral winter could improve in the forecasting of these events reducing social and economic losses. Besides, once characterized these atmospheric mechanisms associated with austral or winter precipitation over the southern tropical Andes, we could better interpret and understand the possible changes in precipitation in this Andean region due to anthropogenic forcing as the Amazonian deforestation and the greenhouse gases emission. Thus, the objective of this thesis is to evidence the atmospheric mechanisms associated with the large-and regional-scale atmospheric circulation controlling the precipitation variability in the southern tropical Andes during the austral summer and winter, and on different time scales.

Nevertheless, the identification of the atmospheric mechanisms controlling precipitation over the southern tropical Andes always has been a changeling task, either because of the interaction of local-, regional-and large-scale atmospheric circulation occurring in a wide range of time scales or the lack of a proper network of rain-gauge stations in a complex topography as the southern tropical Andes. For these reasons, we considered precipitation over the southern tropical Andes with a regional approach (20 • S-8 • S) rather than a local one, meaning that we are interested in identifying atmospheric mechanisms controlling precipitation over the entire southern tropical Andes, especially above the 3000 m.a.s.l.

To analyze the regional precipitation variability in the southern tropical Andes, we made use of observational and satellite-based precipitation data sets. Furthermore, the identification of the atmospheric mechanisms was achieved by analyzing the ERA-Interim reanalysis data set and climate modeling.

Specific questions

The lack of knowledge regarding the atmospheric mechanisms controlling the austral summer and winter precipitation variability in the southern tropical Andes can be summarized through several questions that motivated this research: The remaining 12 WEPEs were associated with a low-level southerly regime crossing the equator to the east of the Andes. This low-level southerly regime developed a shallow meridional circulation over tropical South America that, two days after reaching the equator, transported mid-tropospheric moisture from the western equatorial Amazon towards the northern Altiplano. Additionally, the presence of anomalous upper-level easterlies over the northern Altiplano, associated with an eastward propagating wave, intensified westward moisture transport from Amazonian lowlands to the east of the southern tropical Andes, resembling the role of the Bolivian High during the austral summer.

7.1.4 A new atmospheric mechanism controlling the austral summer precipitation over the southern tropical Andes

In Chapter 3 and Chapter 4, we signaled the importance of moisture transport from the Amazon to develop precipitation over the upper-elevation southern tropical Andes (>3000 m.a.s.l.). This moisture transport is mostly zonal and associated with the Bolivian High during the austral summer and primary vertical due to deep convection over the western Amazon during the austral winter. Hence, due to the atmospheric relationship between the Amazon and the southern tropical Andes, we decided to analyze, in Chapter 5, if the actual increase in December-February precipitation over the Amazon region, identified in several studies [START_REF] Barichivich | Recent intensification of Amazon flooding extremes driven by strengthened Walker circulation[END_REF][START_REF] Wang | The strengthening of Amazonian precipitation during the wet season driven by tropical sea surface temperature forcing[END_REF]Espinoza et al., 2019a), has influenced precipitation over the upper-elevation southern tropical Andes. The first indication of this influence was observed in Chapter 3, in which we detected a diminution of the frequency of dry months during the December-February season. To address this issue, we used in situ precipitation data sets from SENAMHI-Peru and the DECADE project, and the CHIRPS precipitation product.

We evidenced a significant increase in December-February precipitation over the upper-elevation southern tropical Andes between 20 • S and 12 • S, the region where the SAMS has a huge influence on the annual precipitation cycle (Chapter 3). Looking for the mechanisms associated with this precipitation increase, we showed that western Amazon convection has also intensified since the beginning of the '90s, vielle and Garreaud, 2011;[START_REF] Morales | Precipitation changes in the South American Altiplano since 1300 AD reconstructed by tree-rings[END_REF]Neukom et al., 2015). We showed that the atmospheric dynamic between the southern tropical Andes and the Amazon is not as simple as it was believed. Now, identification of precipitation changes over the upper-elevation southern tropical Andes, made in paleoclimate analysis and projection under global warming scenarios, needs to add a new variable, the upward motion over the western Amazon.

7.1.5 Understanding the atmospheric connection between the western Amazon and the upper-elevation southern tropical Andes

In Chapter 6, the WRF model is used with a global domain (WRF-GLOBAL) with two nesting domains, one over South America (WRF-AMS) and the other over the tropical Andes (WRF-ANDES). Besides, all the domains were configured with the two-way nesting method, meaning that there were feedbacks between the domains. The different simulations analyzed in this chapter, indeed, provided additional insights into the atmospheric mechanism explaining the atmospheric connection between the upperelevation southern tropical Andes and the western Amazon.

We tested a set of parameterization schemes by using WRF-GLOBAL and WRF-AMS with the purpose of selecting the parameterization schemes representing the cross-equatorial low-level northerly flow and the Bolivian High, which are, both of them, components of the mature phase of the SAMS. Simulations using the Kain-Fritsch and the New Tiedke cumulus schemes could represent the Bolivian High and the cross-equatorial low-level northerly flow, while the Betts-Miller and the Grell-Devenyi could not reproduce these two mechanisms. Besides, these results indicate that these two atmospheric mechanisms are connected, as shown in previous studies [START_REF] Dias | Large-Scale Response of the Tropical Atmosphere to Transient Convection[END_REF][START_REF] Figueroa | Simulations of the Summer Circulation over the South American Region with an Eta Coordinate Model[END_REF][START_REF] Vera | Toward a unified view of the American monsoon systems[END_REF]. Due to a better representation of December-February precipitation over tropical South America, Chapter 7. Conclusions and Perspectives we decided to use the New Tiedke cumulus scheme for the succeeding simulations.

With a long-term simulation of 38 December-February seasons in the 1980-2018 period, we compared the difference of two simulation sets, one using only two domains (WRF-GLOBAL and WRF-AMS; named SIMU_2D) and the other using the three domains (WRF-GLOBAL, WRF-AMS, and WRF-ANDES; named SIMU_3D). A better spatial resolution of the tropical Andes (WRF-ANDES) in SIMU_3D than in SIMU_2D improved the spatial representation of precipitation over the southern tropical Andes. Indeed, SIMU_3D places the zones of precipitation hotspot below 1000 m.a.s.l. to the east of the southern tropical Andes, which is the altitude observed in previous studies [START_REF] Espinoza | Rainfall hotspots over the southern tropical Andes: Spatial distribution, rainfall intensity, and relations with largescale atmospheric circulation[END_REF][START_REF] Chavez | Orographic rainfall hot spots in the Andes-Amazon transition according to the TRMM precipitation radar and in situ data[END_REF]. Thus, we decided to analyze precipitation over the southern tropical Andes and its associated mechanisms by using SIMU_3D, which is named SIMU_CTRL in the following paragraphs.

Even if there are biases in SIMU_CTRL compared to the CHIRPS and GPCP precipitation products and the ERA-Interim data sets, SIMU_CTRL can reproduce the principal characteristics of the largescale circulation. At the regional scale of South America, SIMU_CTRL also reproduced the principal features of the mature phase of the SAMS, in particular, the Bolivian High and the meridional circulation connecting the western Amazon (ascending branch) and the tropical North Atlantic (descending branch). Indeed, SIMU_CTRL could reproduce the interannual relationship between precipitation over the upper-elevation southern tropical Andes and both atmospheric mechanisms identified in Chapter 5:

the Bolivian High and the upward motion over the western Amazon.

Notwithstanding, precipitation over the upper-elevation southern tropical Andes in SIMU_CTRL does not show the long-term increase observed by using the CHIRPS data set and in situ precipitation data sets as well as with the ERA-interim reanalyses in Chapter 5. Additionally, we also showed that WRF, with the appropriated parameterization schemes, can reproduce the dynamic circulation associated with a heating source in the tropical band, which is the case of the SAMS.

To summarize, the analysis of precipitation over the southern tropical Andes, on different time scales and seasons, shows a strong connection between Amazon convection and precipitation over the southern tropical Andes, especially above 3000 m.a.s.l. This relationship is related to how moisture is transported from the Amazon toward the upper-elevation southern tropical Andes. While upper-level easterlies are related to the zonal moisture transport due to the transfer of downward momentum to Amazonian lowlands, western Amazon convection is related to upward moisture transport. This latter suggests that upper-level easterlies over the southern tropical Andes are not the only mechanisms controlling precipitation over this Andean region. On the one hand, we identified that western Amazon convection is controlling the interannual variability of December-February precipitation over the upper-elevation southern tropical Andes. On the other hand, during the dry season -JJA-, upper-level westerlies associated with upper-troughs crossing over the southern tropical Andes, and in conjunction with cold air intrusions and a mid-tropospheric moistening over the western Amazon, are responsible for extreme precipitation events occurring over the upper-elevation southern tropical Andes.

Perspectives

Our results, aside from improving our understanding of the atmospheric mechanisms controlling precipitation over the southern tropical Andes on different time scales, have overall opened numerous questions that deserve to be addressed in future studies. These questions are not only related to the atmospheric processes over the southern tropical Andes but also over other Andean regions, the western Amazon, and the tropical region.

From regional to local atmospheric mechanisms in the tropical Andes

The analysis of the annual cycle of precipitation in the tropical Andes (20 • S-1 • N), aside from providing new insight regarding the atmospheric mechanism on a large and regional scale, has also shown the importance of understanding the local atmospheric processes that may interact with the larger-and regional-scale atmospheric mechanisms described in this thesis.

The role of topography is certainly one central issue for a better understanding of these scale relationships. For instance, one may consider that the bimodal annual precipitation cycle in the transition zone is at least partly due to this Andean region being located in the lowest altitudes of the tropical Andes. We theorize that low-elevation mountains (<3000 m.a.s.l.) allow for convection to develop more easily than over the higher surrounding tropical Andes regions. This could explain the significant seasonal maxi-Chapter 7. Conclusions and Perspectives mum in the October-November season even if the westward moisture flux is not as intense as during the other seasonal maximum in the February-April season.

The topography may also play an important role in the different modes in the annual precipitation cycle observed in the equatorial Andes where, aside from a unimodal annual cycle of precipitation with a maximum in the February-April season, there are: i) another unimodal cycle with a maximum in the June-August season, and ii) a bimodal cycle in the northwestern region. We based this idea on the fact that on a regional-scale, the atmospheric mechanisms controlling the annual cycle of precipitation in the equatorial Andes are globally the same; the southward migration of the Pacific ITCZ and the easterly lowlevel flows during the demise of the SAMS. Thus, the complex topography in the equatorial Andes might be influencing, through local atmospheric processes, the regional atmospheric circulation, explaining the variety of annual precipitation cycles in this Andean region.

From our perspective, to address the regional-local atmospheric interactions, it is necessary to use it in conjunction with two perspectives. On the one hand, the high quality of rain-gauge and meteorological station network could allow analyzing the development of local convection and its associated local atmospheric mechanisms. Nevertheless, a complete understanding of all the local atmospheric processes occurring in a complex topography terrain as the tropical Andes is a challenging task. Following this last point, the use of high-resolution atmospheric models, in conjunction with observational and based-satellite data sets, could enhance the understanding of the interaction between local and regional atmospheric processes, as previous studies have shown [START_REF] Junquas | Understanding the influence of orography on the precipitation diurnal cycle and the associated atmospheric processes in the central Andes[END_REF]Trachte, 2018;[START_REF] Trachte | Cross-scale precipitation variability in a semiarid catchment area on the western slopes of the central Andes[END_REF][START_REF] Moya-Álvarez | Extreme rainfall forecast with the WRF-ARW model in the Central Andes of Peru[END_REF][START_REF] Moya-Álvarez | Statistical characterization of vertical meteorological profiles obtained with the WRF-ARW model on the central Andes of Peru and its relationship with the occurrence of Bibliography precipitation on the region[END_REF][START_REF] Saavedra | Impacts of topography and land use changes on the air surface temperature and precipitation over the central Peruvian Andes[END_REF][START_REF] Flores-Rojas | On the dynamic mechanisms of intense rainfall events in the central Andes of Peru, Mantaro valley[END_REF].

The use of a high-resolution model could elucidate the role of local circulation and soil moisture on the development of local convection and precipitation. Here, it is important to highlight the analysis of the local circulation in transporting moisture from the Amazonian lowlands to the upper-elevation tropical Andes. This latter has been studied locally in the northern Altiplano by [START_REF] Junquas | Understanding the influence of orography on the precipitation diurnal cycle and the associated atmospheric processes in the central Andes[END_REF].

Furthermore, high-resolution atmospheric models could also illuminate the processes behind the heterogeneous local response to the observed regional trend of precipitation. It would be interesting to identify the zones where the intensified western Amazon convection has strongly impacted precipitation and to identify local atmospheric mechanisms that may account for these local specificities. Beyond an academic challenge, this question has a strong societal bearing since characterizing zones, where precipitation has also changed on a local scale, would be useful for optimizing water management plans and their impact on ecosystem services, socio-economic activities, and human consumption.

On the other side, it is important to point out the necessity to examine the sensitivity of the vertical resolution and the limit of the upper-troposphere in the simulation. Models using sigma-coordinates levels have huge problems over high-elevation terrain (Lindzen and Fox-Rabinovitz, 1989;Zhuang et al., 7.2. Perspectives 2018). Furthermore, the vertical axis ratio to the horizontal axis should be explored in futures studies to identify the correct resolution to use over the complex-topography tropical Andes. As well as, one question to resolve in futures studies is the spin-off period used in RCMs. In particular, it is important to analyze if the model arrived to a stable state regarding the soils moisture content.

Going further beyond our research, the use of high-resolution atmospheric models could help to understand the interactions between local atmospheric mechanisms over tropical glaciers and the regional atmospheric circulation. For instance, there is a huge gap in understanding the role of precipitation and temperature associated with local and regional atmospheric mechanisms on glacier mass balance [START_REF] Wagnon | Energy balance and runoff seasonality of a Bolivian glacier[END_REF][START_REF] Kaser | Glacier-climate interaction at low latitudes[END_REF][START_REF] Favier | Glaciers of the outer and inner tropics: A different behaviour but a common response to climatic forcing[END_REF][START_REF] Sicart | Atmospheric controls of the heat balance of Zongo Glacier (16??S, Bolivia)[END_REF][START_REF] Rabatel | Current state of glaciers in the tropical Andes: A multi-century perspective on glacier evolution and climate change[END_REF]. Furthermore, new insights regarding these local-regional atmospheric interactions are of great importance when estimating the future of tropical glaciers under the different scenarios of global warming [START_REF] Rabatel | Current state of glaciers in the tropical Andes: A multi-century perspective on glacier evolution and climate change[END_REF].

The capacity of atmospheric models to represent precipitation over the southern tropical Andes was partially tested in this thesis (Chapter 6). The regional precipitation variability was partially reproduced by the WRF model but using a certain set of parameterization schemes that are able to represent two essential components of the SAMS, namely the Bolivian High and the cross-equatorial low-level northerly flow. However, our model could not reproduce the long-term changes in the regional atmospheric circulation over South America. Therefore, whether climate models can adequately reproduce the actual variability of precipitation in the southern tropical Andes, and provide relevant insights on possible changes of the precipitation regime due to global warming, is not totally clear. On one side, we can argue that a high-spatial-resolution atmospheric model, which has not been used in this thesis, will improve the spatial representation of precipitation, which is essential for the Andean region. Nevertheless, the lack of a proper network of rain-gauge and meteorological stations has impeded the validation of the local atmospheric processes involved in convection and precipitation. On the other hand, as RCMs depend on coarse-resolution GCMs, it is also possible that the representation of the large-and regional-scale atmospheric circulation impacts the development of local convection processes solved by RCMs.

Atmospheric mechanisms controlling the intraseasonal precipitation variability in the tropical Andes

The intraseasonal precipitation variability in the southern and tropical Andes has not been deeply analyzed in this thesis, except for the analysis of winter extreme precipitation events in the southern tropical Andes. It is known that the Madden-Julian Oscillation (MJO) is the main intraseasonal variability between 20 days and 90 days within the tropics (Madden andJulian, 1971, 1972). Furthermore, the MJO has been stated to affect precipitation over tropical South America, but its impact depends on the sea-Chapter 7. Conclusions and Perspectives son and regions [START_REF] Mayta | The role of the Madden-Julian oscillation on the Amazon Basin intraseasonal rainfall variability[END_REF][START_REF] Ampuero | The Forest Effects on the Isotopic Composition of Rainfall in the Northwestern Amazon Basin[END_REF]Recalde-Coronel et al., 2020). Recalde-Coronel et al. (2020) showed that, during the February-April season, intraseasonal precipitation variability in the equatorial Andes is influenced by the eastward MJO propagation. On the other hand, [START_REF] Mayta | The role of the Madden-Julian oscillation on the Amazon Basin intraseasonal rainfall variability[END_REF] indicate that MJO, Kelvin waves associated with the MJO, and Rossby wave trains propagating from the southern Pacific Ocean impact on Amazon precipitation are mainly noticeable during the austral winter season.

Thus, it is important to consider the seasons when analyzing the intraseasonal variability in the tropical The analysis of the intraseasonal December-February precipitation variability in the southern tropical Andes becomes more complex when accounting for the recent changes in the mechanisms controlling its interannual precipitation variability. The Bolivian High and western Amazon convection, even if they are associated with the mature phase of the SAMS, show different associated atmospheric mechanisms on interannual time scales. This premise also suggests that during the core of the wet season, the intraseasonal variability could also have changed. We based this hypothesis on the fact that the Bolivian High is affected by extratropical perturbations on intraseasonal time scales [START_REF] Garreaud | Subtropical cold surges: Regional aspects and global distribution[END_REF]. On the other hand, the upward motion over the western Amazon, as part of the meridional circulation associated with the SAMS, is a more typically tropical mechanism and, following the studies of Bordoni andSchneider (2008, 2010), it is less influenced by extratropical perturbations. Thus, futures studies analyzing the intraseasonal variability of precipitation over the southern tropical Andes in the wet season must consider the changes in the regional circulation over tropical South America.

Regarding the onset of the annual cycle of southern tropical Andes precipitation, we wonder if temporal changes have also occurred in the September-November season. The importance of analyzing the intraseasonal September-November precipitation variability is of crucial importance for the sowing pe-7.2. Perspectives riod in the agricultural sector occurring during these months. Additionally, [START_REF] Sicart | Atmospheric controls of the heat balance of Zongo Glacier (16??S, Bolivia)[END_REF] signaled the role of September-November snowfall in conserving tropical glaciers in Bolivia. The challenge of analyzing the precipitation variability in this season is that it is no longer the dry season neither the wet season, meaning that atmospheric mechanisms associated with the austral summer and winter can interact. During the austral winter, we identified that three atmospheric mechanisms interact to trigger intense and long-lasting precipitation events. Following this result, it should be analyzed if these mechanisms are also observed during the September-November season. If this latter is true, the applicability of a forecasting method as "weather types" should be useful not only to prevents damages that occurred during extreme winter precipitation events but to forecast the initiation of the wet season over the southern tropical Andes. The weather types methodology could prove useful to be used in the context of changes in the regional atmospheric circulation over tropical South America. For instance, Espinoza et al. (2019a) revealed important changes in southern Amazon precipitation in this season, which are associated with the intensification of a more equatorial regional Hadley circulation.

Tropical circulation changes and their impacts on tropical South America and the tropical Andes

It is known that meridional circulation over monsoon regions are part of the global Hadley cell, but due to regional mechanisms, this meridional circulation is more evident in some monsoon regions than in others [START_REF] Nie | Observational evaluation of a convective quasi-equilibrium view of monsoons[END_REF][START_REF] Geen | Monsoons, ITCZs and the Concept of the Global Monsoon[END_REF]. Furthermore, several studies identified changes in tropical and monsoon precipitation associated with changes in tropical atmospheric circulation [START_REF] Allan | Current changes in tropical precipitation[END_REF][START_REF] Hsu | Trends in global monsoon area and precipitation over the past 30 years[END_REF][START_REF] Kao | Precipitation, circulation, and cloud variability over the past two decades[END_REF][START_REF] Adler | The Global Precipitation Climatology Project (GPCP) monthly analysis (New Version 2.3) and a review of 2017 global precipitation[END_REF][START_REF] Gu | Precipitation intensity changes in the tropics from observations and models[END_REF][START_REF] Panthou | Rainfall intensification in tropical semi-arid regions: The Sahelian case[END_REF].

In this thesis, we identified the long-term intensification of the meridional circulation over western tropical South America and the tropical North Atlantic, connecting this latter with the western Amazon.

Nevertheless, the understanding of this meridional circulation is rather poor. For instance, an important question is the role of the actual global SST trend in the intensification of this meridional circulation.

One could agree with the hypothesis of tropical Atlantic warming being the principal factor, but the cooling of the equatorial Pacific could also play an important role [START_REF] Barichivich | Recent intensification of Amazon flooding extremes driven by strengthened Walker circulation[END_REF][START_REF] Wang | The strengthening of Amazonian precipitation during the wet season driven by tropical sea surface temperature forcing[END_REF]. This question needs to be solved since knowing the causes of this intensification could help to characterize paleoclimatic periods when southern tropical Andes precipitation was controlled by western Amazon convection.

In the same token, it will be interesting to analyze the impact of deforestation or global warming scenarios on the meridional circulation, especially over the western Amazon, and how these changes could affect the atmospheric relationship between the meridional circulation and the upper-elevation southern tropical Andes. Indeed, possible changes in the atmospheric moisture transport over tropi-Chapter 7. Conclusions and Perspectives cal South America associated with deforestation scenarios have been analyzed using WRF simulations [START_REF] Eiras-Barca | Changes in South American hydroclimate under projected Amazonian deforestation[END_REF][START_REF] Sierra | High Resolution WRF Regional Climate Modeling for the Andes-Amazon Transition Region: Model Validation Early Results[END_REF]. Deforestation, aside from decreasing the latent heat flux, could also impact the concentration of aerosols, like the ones coming from biomass burning and vegetation processes (biogenic aerosols), which play an important role in cloud development. It is important to remark that the atmospheric connection between the southern tropical Andes and the Amazon region and its possible evolution under different scenarios of global warming and deforestation is an important axis of the AMANECER-MOPGA project, in the framework of which this thesis took place. Our results have, indeed, evidenced the existence of the atmospheric connection between the upper-elevation southern tropical Andes and the western Amazon from seasonal to long-term time scales.

List of Figures The parameterization schemes used in the sensitivity test. MP_physics is the microphysics scheme, ra_lw_physics is the longwave radiation scheme, ra_lw_physics is the shortwave radiation scheme, radt is the responding time of the shortwave radiation scheme in minutes, sf_sfclay_physics is the surface-layer scheme, sf_surface_physics is the landsurface scheme, bl_pbl_physics is the boundary layer scheme, bldt is the responding time of the boundary layer scheme, the cu_physics is the cumulus scheme, and cudt is the responding time of the cumulus scheme. The Domain column refers to the domains used in each simulation and the November-February season column indicates the seasons used in the simulation. For instance, 1983-1985 signals that the simulation run for the November-February seasons : 1982-1983, 1983-1984, and 1984-1985 = 0, 0, 0, kvdif = 0, 0, 0, non_hydrostatic = .true.,.true., .true., moist_adv_opt = 0, 0, 0, scalar_adv_opt = 0, 0, 0, chem_adv_opt = 0, 0, 0, tke_adv_opt = 0, 0, 0, fft_filter_lat = 45.,
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 11 Figure 1.1: Elevation map (m.a.s.l.) on a) global scale, and b) western South America. In b) is also shown the cities on western South America. Magenta circles indicate cities with less than one million habitants, orange ones represent cities with a population between one and 5 million people, and red circles are cities with more than 5 millions of habitants. The black solid line indicates the Andes-Amazon transition zone. Data source for the digital elevation model is the USGS 30 ARC-second Global Elevation Data, GTOPO30 and the population map comes from https://simplemaps.com/data/world-cities.
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 12 Figure 1.2: Schematic of the structure of this thesis.
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 1 Climatic features of the tropical zone
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 22 Figure 2.2: a) Schematic of the zonal-mean of the three meridional tropospheric circulations and their associated jets. Regions where upward motion dominates are indicated by the presence of clouds. The images are modified from https: // www. weather. gov/ jetstream/ circ and the National Oceanic and Atmospheric Administration (NOAA). b) Annual climatology of the zonal-mean tropical circulation. The zonal-mean meridional circulation is represented by the mass streamfunction (color shading). The mass streamfunction is calculated by using meridional winds at different levels from 1000 to 100 hPa in equation 1. Red (blue) shading indicates clockwise (counterclockwise) movement of the circulation. The magenta line is the 0 Kg s -1 mass streamfunction, which indicates the separation between the two cells of the Hadley cell (∼5 • N) and the limit with the Ferrel cell (∼30 • S and ∼30 • N). The annual climatology of vertical motion and meridional winds (vectors) and zonal winds (contour). Westerlies (easterlies) are indicated by solid (dashed) lines, and the contour interval is 5 m s -1 . c) Similar to b), but for the December-February season. Data source: Era-Interim (https: // apps. ecmwf. int/ datasets/ data/ interim-full-moda/ levtype= pl/ ; Dee et al., 2011)
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 23 Figure 2.3: Climatology of the atmospheric circulation at different pressure levels for the December-February (DJF) season. a) Horizontal winds at 850 hPa (u-v ; m s -1 ; vectors) and specific humidity at 500 hPa (q; g kg -1 ; color shading). b) Vertical motion at 500 hPa (w ; Pa hr -1 ; shaded) and horizontal winds at 200 hPa (u-v ; m s -1 ; vectors). In a) and b) the red line indicates the contour of 3000 m.a.s.l. c) Zonal-mean of the meridional circulation between 80 • W and 40 • W. Meridional winds and vertical motion (v-w; m s -1 -Pa min -1 ; vectors) are showed as vectors and zonal winds as contours (u; m s -1 ; contours). Easterly (westerly) winds are represented by dashed (solid) blue (red) lines with a contour interval of 2 (5) m s -1 . The contour of 0 m s -1 is shown as a thick black line. The zonal-mean is calculated for the region within the magenta polygon in a). The dashed gray line is the maximum altitude for each grid latitude within the magenta polygon. The variables u,v, and w are calculated from the ERA-Interim data set[START_REF] Dee | The ERA-Interim reanalysis: Configuration and performance of the data assimilation system[END_REF], https: // apps. ecmwf. int/ datasets/ data/ interim-full-moda/ levtype= pl/ ] [) .
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 2 Figure 2.4: a) Pressure (contours) and wind (vectors) perturbations at the lower-troposphere when inducing a pulse of heating centered to the north of the equator in the region |x|<2. Modified from Gill (1980) @QJRMS. b) Horizontal winds (vectors) and divergence (contours) at 850 hPa produced by mid-tropospheric heating centered at 10 • S and 58 • W. Low-level convergence (divergence) is shown as dashed (solid) contours. In a) and b) the heating source is marked by S (yellow), while the center of low-and high-pressure systems are represented by an L (blue) and H (red), respectively. Modified from Figueroa et al. (1995) @ Copyright 1995 AMS .
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 25 Figure 2.5: a) Geopotential height (contours) and wind (vectors) perturbations at the upper-troposphere when inducing a pulse of heating centered to the south of the equator (y=-1200 km) with an influence radius of 750 km. Modified from Silva Dias et al. (1983) @Copyright 1995 AMS. b Horizontal winds (vectors) and divergence (contours) at 200 hPa produced by mid-tropospheric heating centered at 10 • S and 58 • W. Upper-level convergence (divergence) is shown as dashed (solid) contours. In a) and b) the centers of high-pressure systems are represented by H (red). Modified from Figueroa et al. (1995) @Copyright 1995 AMS.
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 2 6.a,b). The spatial pattern of specific humidity and vertical motion indicates a single band of convection with the Atlantic and Pacific ITCZ. At 200 hPa, the Bolivian High has completely vanished, and westerlies dominate southern tropical South America, while weak easterlies are observed at the equator.
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 26 Figure 2.6: Similar to Figure 2.3, but for the June-August season.

  demise of the SAMS occurs in the March-May season (MAM), and it shows a different atmospheric circulation than during the SON season (Figure 2.7a,b). The demise of the SAMS is associated with meridional circulation showing a well-defined ascending branch centered at the equator between 10 • S and 10 • N (Figure 2.7b). The descending branch in the Northern Hemisphere has deaccelerated concerning the DJF season, and weak subsidence is observed south of 10 • S. The SALLJ starts to decouple from the equatorial region due to a deacceleration of low-level northerlies in the tropical region, and it starts to be influenced by the subtropical High over the South Atlantic. Indeed, the cross-equatorial low-level flow has almost disappeared, meaning no moisture transport from the tropical North Atlantic.At the upper-troposphere, easterlies migrated equatorward, allowing the establishment of westerlies over southern tropical South America. The meridional circulation in the MAM season seems to be more associated with an equatorward heating source, observed in the JJA season, meaning that a similar atmospheric circulation observed in the ITCZ has a great influence on precipitation over tropical South America also in this season.
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 27 Figure 2.7: a,b) Similar to Figure 2.3c, but for the September-November and March-May seasons, respectively.

  .8). During the September-November season, the Atlantic and Pacific ITCZs are in the Northern Hemisphere (Figure 2.8a). Of the two of them, it is the Pacific ITCZ that shows a strong influence on precipitation over the western Colombian coast. Precipitation over the inner continent is influenced by the onset of the SAMS and displays a wide band of precipitation from the Colombian Andes to the Atlantic coast, setting the initial stage of the SACZ (Figure 2.8a). However, the highest values are observed to the east of the tropical Andes while, but at higher elevations, precipitation values are less than 1 mm day -1 , especially over the southern tropical Andes.
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 28 Figure 2.8: Seasonal climatology of precipitation (mm day -1 ; color shading) for the 1981-2018 period during: a) the September-November season, b) December-February season (DJF), c) March-May season, and d) June-august season. Land precipitation between 30 • S and 15 • N is calculated using the Climate Hazard Group InfraRed Precipitation with Station (CHIRPS) data set (https: // data. chc. ucsb. edu/ products/ CHIRPS-2. 0/ ;[START_REF] Funk | The climate hazards infrared precipitation with stations-a new environmental record for monitoring extremes[END_REF]. Precipitation over the oceans and the continent north of 15 • N is used from the GPCP Precipitation data provided by the NOAA/OAR/ESRL PSL, Boulder, Colorado, USA, from their Web site at https: // psl. noaa. gov/(Adler et al., 2003).
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 2 Figure 2.9: a-d) Composites analysis of daily anomalies during the cold air incursion occurred from 10/05/1995 to 13/05/1995 analyzed byGarreaud (1999a). Horizontal winds (u-v; m s -1 ; vectors), air temperature (t; • C; color shading), and geopotential height (z; m; contours) at 850 hPa are displayed. Positive (negative) anomalies of geopotential height are drawn with solid (dashed) lines. The contour interval is 20 m. The variables u, v, t, and z are from Era-Interim (https: // apps. ecmwf. int/ datasets/ data/ interim-full-moda/ levtype= pl/ ;[START_REF] Dee | The ERA-Interim reanalysis: Configuration and performance of the data assimilation system[END_REF] . e) Latitude-pressure level cross-section at 60 • W on 1200 UTC 14/05/1993. Vectors indicate the meridional ageostrophic circulation (va-w) and the shading displays zonal winds from 30 to 60 m s -1 . The character J indicates the position of the subtropical jet. This figure is a modification from Figure11bin Garreaud (1999a) @Cpyright 1999 AMS.
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 2 Figure 2.10: a-d) Composites analysis of daily anomalies during the passage of a cut-off low over the southern tropical Andes occurred from 10/08/1993 to 13/08/1993 analyzed by[START_REF] Vuille | Regional snowfall patterns in the high, arid andes[END_REF]. Horizontal winds (u-v; vectors) and geopotential height (z; color shading) at 200 hPa are displayed. The variables u, v, and z are from the ERA-Interim data set (https://apps.ecmwf.int/datasets/data/interim-full-moda/levtype=pl/[START_REF] Dee | The ERA-Interim reanalysis: Configuration and performance of the data assimilation system[END_REF].

Figure 2 .

 2 Figure 2.11: Climatology of the equatorial zonal circulation for the 1979-2018 period. a) Mass streamfunction of the zonal circulation at the equator (10 • S-10 • N; color shading). The mass streamfunction is calculated by using the zonal component of the divergent wind at different levels from 1000 to 100 hPa in equation 2. The magenta line represents the 0 kg s -1 contour for the mass streamfunction and indicates the limit between clockwise (red shading) and counterclockwise (blue shading) movement of the circulation. The annual climatology of vertical motion and the zonal component of the divergent wind is displayed as vectors. The white shading represents the topography. b) Annual climatology of the sea surface temperature (SST; color shading) and horizontal wind at 10 m over oceans (vectors). c) Schematic of the Walker cell circulation over the Pacific and its associated oceanic mechanisms from Collins et al. (2010) Copyright ©2010, Nature Publishing Group. Upward motion, meridional and zonal winds in a) and b) come from Era-Interim (https: // apps. ecmwf. int/ datasets/ data/ interim-full-moda/ levtype= pl/ ; Dee et al., 2011). The HadISST data set (https: // www. metoffice. gov. uk/ hadobs/ hadisst/ data/ download. html ; Rayner, 2003) is used to calculate the SST climatology.

Figure 2 .

 2 Figure 2.12: Schematic of the atmospheric and oceanic features during the three phases of the El Niño Southern Oscillation (ENSO). a) and b) are the warm (El Niño) and the cold (La Niña) phase of the ENSO, respectively. Source: Pacific Marine Environmental Laboratory/National Oceanic and Atmospheric Administration (NOAA).

Figure 2 .

 2 Figure 2.13: Schematic of the atmospheric conditions and anomalies of sea surface temperature during the Eastern Pacific El Niño (a) and the Central Pacific El Niño (b). c) December-February precipitation (shaded) and air temperature (contours) anomalies during the Eastern Pacific El Niño event. Positive (negative) anomalies of air temperature are drawn as red (blue) contours and the contour interval is 0.2 • C. Significant anomalies of precipitation and temperature with a significant of 90% are indicated by stippled areas and thick contours, respectively. d) similar to c), but during the Central Pacific El Niño event. The author for the schematic in a) and b) is PhD. Mandy Freund. The impacts of the different types of El Niño were modified from Cai et al. (2020), Nature Reviews Earth & Environment. Copyright ©2020, Springer Nature.

Figure 2 .

 2 Figure 2.14: a) Trends in the number of days with precipitation higher than 6 mm day -1 for the March-May season. b) Similar to a), but for the December-February season. a) and b) are modification from Figure 5 in Espinoza et al. (2019a) Climate Dynamic, ©Copyright 2018, Springer Nature.
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 2 New insights into the rainfall variability in the tropical Andes on seasonal and interannual time scales

Figure 3 . 1 :

 31 Figure 3.1: Average CHIRPS precipitation (shaded) and vertically integrated water vapor flux (vectors) from a) December to February (DJF), b) June to August (JJA). Average wind field at 200 hPa (vectors) is displayed for c) DJF and d) JJA. e) Topographic map (shaded) of western South America using 30 meters -resolution SRTM data and the region of study (black rectangle). The contour line of 2000 m.a.s.l is plotted for the eastern and western side of the Andes, while the line at 350 m.a.s.l is only plotted in the eastern region in a, b) as black solid line . In c, d, e) the altitude of 350 m.a.s.l is plotted as a red line and the altitude of 2000 m.a.s.l as a blue line.

Figure 3 . 2 :

 32 Figure 3.2: a) Relative difference between PSD 12 and PSD 6 (PSD 12-6 ; shaded) using Equation 3.3 and CHIRPS data set. b) Relative difference between C 12 and C 6 (C 12-6 ) estimated by using Equation 3.4, 3.5, and 3.6 and in-situ precipitation of 206 rain-gauge stations located in Peru and Ecuador. Topography contours (black solid lines) in a, b) are the same as in Figure 3.1.
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 333 Figure 3.3: First principal spatial mode (EOF) for the a) southern tropical Andes (EOFS1), b) transition zone (EOFT1) and c) equatorial Andes (EOFE1). The zone where the EOF analysis is applied is enclosed by a polygon with black solid edge in a,b,c. Only correlation coefficients with p<0.01 are displayed. Topography contours (black solid lines) in a, b, c) are the same as in Figure 3.1. The seasonal and interannual variability for the associated time series of each EOF (PCs) are shown in Figure 3.4 and Figure 3.7, respectively

3 (

 3 4b) and PCE1 (Figure 3.4c) indicate that precipitation in the southern tropical and equatorial Andes (Figure 3.4a,c) follows a unimodal annual regime, while the transition zone is represented by a bimodal one (Figure 3.4b),which is in agreement with the results obtained from the power spectral density analysis in section 3.2.Figure3.2a).

Figure 3

 3 Figure 3.4: Box-plot diagram of normalized annual values and the normalized annual cycle (black solid line) for the first principal components (PCs) of a) the southern tropical Andes (PCS1), b) transition zone (PCT1) and c) equatorial Andes (PCE1). The percentile 25 (bottom blue line), 50 (red line) and 75 (upper blue line) are displayed. The outliers (red crosses) are values exceeding (below) the percentile 75 (25) plus (minus) 1.5 times the interquartile range. These limits are displayed in each box as the upper and lower horizontal black line. Correlation coefficients between the annual precipitation cycle at each grid point in the tropical Andes and the normalized annual cycle of d) PCS1, e) PCT1 and f) PCE1. Only correlation coefficients with p-value<0.05 are displayed. Topography contours (black solid lines) are similar to Figure 3.1.

  .4c). The associated spatial correlation pattern between the annual cycle of PCE1 and the precipitation over the tropical Andes (Figure 3.4f) shows significant (p-value<0.05) positive values in most of the equatorial Andes region, with the exception of the eastern Andean slopes between 2 • S-1 • N and the adjacent upper-elevation Andes, indicating that precipitation over these regions are modulated by a different type of seasonal variability. The bimodal regime observed in the annual cycle of PCT1 presents two marked wet periods; one from February to April and another one from October to November (Figure 3.4b), being the February-April wet season similar to the one observed in the equatorial Andes (Figure 3.4c). On the other hand, 3.2. New insights into the rainfall variability in the tropical Andes on seasonal and interannual time scales a marked dry season is observed in the June-August period, similar to the one observed in the southern tropical Andes. The annual cycle of PCT1 is significantly correlated with the annual cycle of precipitation in the region 8 • S-5 • S (p-value< 0.05; Figure 3.4e). Furthermore, the seasonal variability of PCT1 is significantly (p-value<0.05) associated with the annual cycle of precipitation in some regions of the northern and southern tropical Andes (Figure 3.4e), confirming that this region acts as a transition zone
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 335 Figure 3.6b also shows that the BH is associated with enhanced ascending motion over the southern tropical Andes. In contrast, the transition zone and the equatorial Andes display little mid-tropospheric ascending motion with westerly winds prevailing in the upper troposphere over these regions. Westerly winds in the upper troposphere over the eastern Pacific Ocean are related to an intensification of the Walker Cell in the equatorial Pacific during the austral summer (Schwendike et al., 2015). During the March-April period, westerly winds dominate the upper and mid-troposphere over the southern tropical Andes, associated with low values of ascending motion (Figure 3.6c). In contrast, the transition zone and the equatorial Andes are now characterized by enhanced ascending motion, especially the latter region (Figure 3.6c). Moreover, the vertical atmospheric configuration observed north of 4 • S in December-February has changed as westerly winds are weakened in the upper troposphere. Indeed, in March a core of easterly winds is seen over the equatorial Andes (not shown), suggesting a relationship between easterly winds at 200 hPa and deep convection over the equatorial Andes on seasonal time scales. No strong ascending motion is observed over the transition zone, neither in the March-April

Figure 3 .

 3 6d) a baroclinic atmospheric structure is established over the tropical Andes, with a thermal wind configuration and descending motion over the entire Andean region (Figure 3.6d). Between 6 • S and 3 • S easterly winds are channeled across the Andes along an orographic depression (Figure 3.1b, Figure 3.6d). Figure 3.1b also shows high values of precipitation in the eastern equatorial Andes during the June-August period. Strong westward winds in the equatorial zone at this time may lead to enhanced precipitation, but because of low atmospheric humidity and the large-scale subsidence, precipitation remains reduced in the upper-elevation zone of the equatorial Andes.
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 36 Figure 3.6: Pressure-latitude cross-section of the climatological zonal wind (contours) and the climatological meridional-vertical wind (vectors) over the tropical Andes (20 • S-1 • N) for a) October-November, b) December-February, c) March-April and d) June-August. The zonal mean only takes in account wind data between 2000 m.a.s.l. in the western Andes slope and 350 m.a.s.l. in the eastern Andes slope. Red (blue) contours represent westerly (easterly) winds and the zero contour is displayed in black. The Andean topography is indicated with gray shading.
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 2337 Figure 3.7: a) Normalized interannual monthly time series of the first principal components (PCs) for the southern tropical Andes (PCS1). Blue (red) circles highlight values above (below) percentile 90 (10). Filled circles are only for extreme values between December and March. b)-c) similar to a) but for the transition zone (PCT1) and the equatorial Andes (PCE1), respectively. Filled circles in b)-c) are for extreme values that occurred from February to April.
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 251 Atmospheric circulation associated with precipitation in the southern tropical AndesComposite analysis of precipitation anomalies and vertically integrated water vapor flux anomalies are calculated considering extreme monthly dry (Figure3.8a) and wet (Figure3.8b) events in the southern tropical Andes. Extreme monthly dry events show strong negatives anomalies of precipitation over the Altiplano and the Peruvian hotspot regions. These anomalies are accompanied by an anomalous southerly moisture flux along the eastern Andean slopes north of 10 • S, indicative of decreased southward humidity transport from the equator. On a regional scale, significant negative precipitation anomalies are observed over equatorial South America (SA), probably related to significant westerly moisture flux anomalies that indicate reduced moisture transport from the equatorial Atlantic Ocean towards the continent (Figure3.8a). Significative positive anomalies of rainfall in eastern SA, coinciding with the continental region of the South Atlantic Convergence Zone (SACZ), and a significant cyclonic anomaly of moisture flux suggest moisture convergence in this zone.The opposite spatial distribution of precipitation and moisture flux anomalies are observed during extreme monthly wet events (Figure3.8b), but with some differences. While no significant relationship between precipitation anomalies in the southern tropical Andes and anomalous southward humidity transport over the eastern Andean slopes north of 15 • S is observed, significant anomalous westward moisture flux occurs between 10 • S and 2.5 • S over SA, indicative of enhanced humidity transport from the southern tropical Atlantic towards the continent. Furthermore, the equatorial SA rainfall signal is weaker than for extreme monthly dry events.

3. 2 .Figure 3

 23 Figure 3.8: a) Composite for CHIRPS precipitation (shaded) and vertically integrated water vapor flux (vectors) anomalies considering dry events from December to March (DJFM) in the southern tropical Andes (PCS1). Only significant precipitation anomalies are shown and bold vectors represent significant meridional or zonal vertically integrated water vapor flux anomalies. Topography contours (black bold lines) are the same as in FigureFigure 3.1. c) Pressure-longitude cross section at 12 • S for anomalies of meridional humidity transport (contours; q*v), and zonal-vertical wind velocity (vectors) for dry DJFM events in the southern tropical Andes. Positive (negative) meridional moisture transport anomalies are represented by solid (dashed) lines and only significant values are shaded. Bold vectors represent significant vertical or zonal wind anomalies. Andes profile at 12 • S is shown in gray. e) Pressure-latitude cross section of mean zonal wind (contours) and mean meridional-vertical wind (vectors) averaged over the tropical Andes for dry DJFM events in the southern tropical Andes. The zonal mean only takes in account wind data between 2000 m.a.s.l. on the western Andes slope and 350 m.a.s.l. on the eastern Andes slope. Positive (negative) mean zonal winds values are drawn by solid (dashed) lines and only grid points with significant anomalies are shaded. Bold vectors represent significant meridional or vertical winds. Average zonal profile of the Andes in shown in gray. b, d ,f) similar to a, c, e), respectively, but for wet DJFM events.
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 S39 Figure 3.9: Composites of mean zonal wind (shaded) and mean zonal-meridional wind component (vector) for a) dry and b) wet events from December to March (DJFM) in the southern tropical Andes. Bold vectors represent significant zonal anomalies. c, d) similar to a, b), respectively but for dry and wet events in the equatorial Andes from February to April (FMA). The p-value used is p<0.05. Topography contours (brown bold lines) are drawn as in Figure 3.1.

Figure 3 .

 3 Figure3.10: The same as Figure3.8, but for dry a, c, e) and wet b, d, e) events that occurred in the equatorial Andes (PCE1) from February to April (FMA). The cross section in c, d) was calculated at 0 • N.

ure 3 .

 3 11a) in the transition zone shows dry conditions in the tropical Andes from 15 • S to 1 • N, with large negative rainfall anomalies along the eastern slopes of the equatorial Andes. The Ecuadorian and the northern Peruvian coast also shows dry conditions, probably related to intensified moisture transport away from the coast towards the central Pacific (Figure 3.11a). Furthermore, Figure 3.11a also displays negative rainfall anomalies in the equatorial Amazon, associated with reduced humidity transport from the equatorial Atlantic towards the continent. Opposite conditions are observed for extreme monthly wet events (Figure 3.11b), except that no significant precipitation anomalies are observed in the Ecuadorian Andes. A cross-section at 6 • S from 120 • W to 60 • W, in which anomalies of meridional humidity transport and anomalies of zonal-vertical wind from 1000-100 hPa are analyzed for extreme monthly dry (Figure 3.11c) and wet events (Figure 3.11d), reveals that dry events are characterized by anomalous sub-3.2. New insights into the rainfall variability in the tropical Andes on seasonal and interannual time scales sidence over the eastern Pacific, suggesting a strengthening of the eastern branch of the Walker Cell (Figure 3.11c), although not as strong as during dry events in the equatorial Andes (Figure 3.10c). This could be the reason for similar spatial patterns of precipitation anomalies between the two zones (Figure 3.10a; Figure 3.11a). In contrast, wet events are related to enhanced upward motion over the western Amazon and less subsidence over the eastern Pacific (Figure 3.11d).
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 233 Figure 3.12: Composite of sea surface temperature anomalies (SSTA; contours and shaded) and divergent wind anomalies (DW; vectors) at 200hPa for a) dry and b) wet events from December to March (DJFM) in the southern tropical Andes. Positive (negative) SSTA are indicated by solid (dashed) lines and only significant anomalies are shaded. Bold vectors represent significant meridional or zonal anomalies of divergent wind. c,d) similar to a,b), respectively, but for dry and wet events in the equatorial Andes from February to April (FMA).The p-value used is p<0.05.

Figure 3 .

 3 Figure 3.14: Composite of divergence (contours and shaded) and horizontal component (vectors) of vertically-integrated moisture flux anomalies for a) dry and b) wet events between February and April (FMA) in the equatorial Andes. Positive (negative) SST anomalies are indicated by solid (dashed) lines and only significant anomalies are shaded. Bold vectors represent significant meridional or zonal vertically-integrated moisture flux anomalies .The p-value used is p<0.05.
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 2 New insights into the rainfall variability in the tropical Andes on seasonal and interannual time scales the southerly location of the ITCZ in the eastern Pacific and the intensification of the westward humidity transport from the equatorial Amazon in the February-April period create favorable atmospheric conditions for the development of deep convection and high values of precipitation over the upper-elevation zones of the equatorial Andes. Nevertheless, the existence of a bimodal annual regime at specific locations over the equatorial Andes is an interesting topic to be addressed in the future.

  • S and 8 • S are also influenced by the Pacific ITCZ variability during the March-April season, but to a lesser degree than the SAMS. Then, to characterize winter precipitation and the long-term precipitation variations in the southern tropical Andes, only precipitation in the region between 12 • S and 20 • S and above 2000 m.a.s.l will be considered in those analyses.During the season when the SAMS is absent (June-August), the upper-elevation southern tropical Andes enters a period of scarce precipitation due to the lack of atmospheric mechanisms inducing moisture transport from the Amazon toward this Andean region. In particular, westerly winds at 200 hPa covering all southern tropical South America impede this moisture transport. Additionally, cold and dry air from the eastern Pacific, advected by upper-level westerlies, stabilizes the troposphere over the upper-elevation southern tropical Andes, inhibiting the development of convection in this Andean region.Despite the atmospheric conditions described in the June-August season, precipitation events of a short period (less than five days) occur in the upper-elevation southern tropical Andes. This type of precipitation can not be explained by using the climatological atmospheric circulation, but by understanding the synoptic-scale atmospheric circulation. The analysis of this type of circulation is, indeed, academically fascinating because many questions emerge: is this synoptic circulation inherent from the tropics, extratropics, or is the interaction of mechanisms coming from the tropics or extratropics? Does the synoptic circulation resemble the austral summer circulation, meaning upper-level easterlies over the southern tropical Andes? How is moisture transported? As our goal is to identify most of the atmospheric mechanisms associated with precipitation over the upper-elevation southern tropical Andes, in Chapter 4, we focus our efforts on understanding the synoptic atmospheric mechanisms associated with the winter extreme precipitation events over the upper-elevation zones of the southern tropical Andes.

  H. Segura, J.C. Espinoza, C. Junquas, T. Lebel, M. Vuille, and T. Condom Paper submitted in the journal Climate Dynamics on the 29 nd of May 2020 Abstract in Appendix B.1
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 41 Figure 4.1: a) Percentage of days with data available at each rain-gauge station. The total number of days during June-August seasons in the 1979-2014 period is 3312. The red line denotes the altitude of 3000 m.a.s.l. b) Daily precipitation time series of the northern Altiplano (PP-Andes) calculated by using the arithmetic mean from rain-gauge stations shown in a). The red horizontal line is the percentile 90 of PP-Andes. c,d) Frequency of winter extreme precipitation events (WEPEs) as a function of the period of the month (June-06; July-07; August-08) and the year, respectively. In c) and d), brown, orange and cyan bars represent WEPEs lasting one day, two days and more than two days, respectively.

Figure 4 .

 4 Figure 4.2d, e, f displays the associated anomalies of horizontal winds and air temperature at 850 hPa at the initial day (Day0) of WEPEs lasting one day, two days and more than two days, respectively.

  Figure 4.2g, h, i). Negative anomalies of geopotential height accompanied by cyclonic circulation at 500 hPa are observed over the Peruvian-Chilean coast at 20• S (Figure 4.2g, h, i). In addition, the anomalies of geopotential height and horizontal winds at 500 hPa intensify as WEPEs exhibit longer duration. The same pattern of geopotential height and wind anomalies are observed at 200 hPa(Figure 4.2j, k, l). Thus, these results indicate that upper-level troughs are associated with the development of extreme precipitation events in the northern Altiplano.These results show that cold surges along the eastern Central Andes as well as upper-level troughs over the Peruvian-Chilean coast are associated with heavy precipitation events over the northern Altiplano. In addition, geopotential height anomalies at 500 hPa are related to atmospheric circulation at 850 and 200 hPa over the eastern Pacific and subtropical South America, and the same pattern of anomalies are observed in all three groups. Thus, in the next section we classify different patterns of geopotential height anomalies at 500 hPa with the aim of identifying atmospheric processes that are relevant in producing WEPEs over the northern Altiplano.
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 42 Figure 4.2: a) Mean precipitation during days of winter extreme precipitation events (WEPEs) lasting one day. The red line denotes the altitude of 3000 m.a.s.l. b,c) similar to a), but for WEPEs lasting two days and more than two days, respectively. d) Composite of horizontal wind (vectors) and air temperature (color shading) anomalies at 850 hPa during the initial day (D-0) of WEPEs lasting one day. The green line indicates the altitude of 3000 m.a.s.l. g, j) similar to d), but at 500 and 200 hPa, respectively, and the color shading represents anomalies of geopotential height. e, h, k) similar to d, g, j) respectively, but for WEPEs lasting two days. f, i, l) similar to d, g, j), respectively, but for WEPEs lasting more than two days.

(

  Figure 4.3a, e). At 850 hPa, southerly wind anomalies, accompanied by negative anomalies of temperature south of 20 • S indicate the presence of a cold surge along the eastern Central Andes in Group1 and Group2 (Figure 4.3b, f). The anomalies of geopotential height and horizontal wind at 500 hPa (Figure 4.3c, g), and 200 hPa (Figure 4.3d, h) for Group1 and Group2 indicate a northeastward oriented wave train emanating from the southern Pacific, which is characterized by an upper-level trough over the Peruvian-Chilean coast.

Figure 4 . 3 :

 43 Figure 4.3: a, e, i) Composite maps of daily land precipitation anomalies, and b, f, j) atmospheric circulation anomalies at 850, c, g, k) at 500 and d, h, l) at 200 hPa for the three groups based on the K-means clustering of normalized geopotential height anomalies at 500 hPa at the day 0 of winter extreme precipitation events lasting one day. Group1, Group2 and Group 6 are composed by 30, 20 and 6 days, respectively. a) Daily land precipitation (color shading) and specific humidity at 500 hPa (contours) anomalies. Positive (negative) anomalies of specific humidity are shown as solid (dashed) contours. Contour interval is 0.25 g kg -1 , and the contour of 0 g kg -1 is in black. b) Horizontal winds (u-v; vectors) and air temperature (t;color shading) anomalies at 850 hPa. c, d) similar to b), but at 500 and 200 hPa, respectively. Color shading in c,d represent geopotential height anomalies (z). e, f, g, h) similar to a, b, c, d), respectively, but for Group2. i, j, k, l) similar to a, b, c, d), respectively, but for Group 3. The 3000 m.a.s.l. contour is shown as a green line.

4. 2

 2 .4.2 WEPEs lasting two days WEPEs in Group1 (12 members) and Group2 (10 members) are associated with cold surges along the eastern Central Andes(Figure 4.4c, g) and an upper-level trough over the Peruvian-Chilean coast d, g, h), similar to the situation observed in Group1 and Group 2 of WEPEs lasting one day(Figure 4.3). Likewise, positive precipitation anomalies and increased moisture at 500 hPa are observed over the tropical Andes and over the western Amazon (Figure4.4a, e).Group3 is composed of 6 WEPEs lasting two days and they show similar anomalies of precipitation, specific humidity at 500 hPa and atmospheric circulation at 850, 500 and 200 hPa as Group3 of WEPEs lasting one day (Figure4.3i-l, Figure4.4i-l). However, some differences can be observed; for instance, the southern Amazon shows increased precipitation, which is not observed in Group3 of WEPEs lasting one day. These differences can be explained by easterly wind anomalies at 850 hPa over the central Amazon, displayed in Figure 4.4j and which are not observed in Figure 4.3j, denoting a more important westward moisture transport from the central Amazon toward the eastern slopes of the tropical Andes. While low-level southerly wind anomalies along the eastern equatorial Andes are associated with heavy precipitation events over the Altiplano, an intensified westward moisture transport could help produce two consecutive days of WEPEs.

Figure 4

 4 Figure 4.4: Similar to Figure 3, but for WEPEs lasting two days.

  anomalies over the equatorial region in Group3 indicate an intensified eastward moisture transport from the tropical Atlantic toward the tropical Andes (Figure 4.5j). This could explain the increased precipitation over regions north of 15 • S, including over the western Amazon and the Altiplano, at Day0 of the WEPE (Figure 4.5i). It is important to note that unlike the other groups, Group2 is most frequent in August (Figure S3 in Appendix B.1). Indeed, WEPEs lasting one and two days, are more equally distributed in June, July and August (Figure S3 in Appendix B.1).
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 45 Figure 4.5: Similar to Figure 3, but for WEPEs lasting more than two days.

  Figure 4.6d, e). Similar behavior is noticed in northerly wind anomalies at 850 hPa, which are not extending past equatorial regions of South America(Figure 4.6i, j). On the other hand, significant positive precipitation anomalies over the northern Altiplano are accompanied by the arrival of a cold surge along the eastern Central Andes(Figure 4.6e, j).The lead-lag daily composite analysis of the anomalous zonal-mean of meridional wind and vertical motion, as well as zonal wind and specific humidity anomalies over western tropical South America (80 • W-60 • W, see section 4.2.2.2) is shown in Figure4.7a-e. Significant low-level northerly wind anomalies associated with a significant lower-tropospheric moistening are observed over the western Amazon (north of 20 • S). On Day-2 significant anomalous upward motion is observed over the western Amazon 4.2. Extreme austral winter precipitation events over the South-American Altiplano: Regional Atmospheric Features (Figure 4.7c), consistent with the development of precipitation and convection over the western Amazon in Figure 4.6c. However, convection is not strong enough to trigger precipitation over the high-altitude tropical Andes (Figure 4.7c). On Day-1, significant upper-level westerly wind anomalies south of 20 • S indicate the arrival of the eastern side of the upper-level trough over the Andes (Figure 4.7d). This is associated with a significant and anomalous upward flow at 30 • S-25 • S that connects the upper-level trough and the leading edge of the cold surge. Low-and mid-level northerly wind anomalies over the western Amazon indicate that the upper-level trough is playing an important role in southward moisture transport to the eastern Central Andes and to the Altiplano (Figure 4.7d). The mid-tropospheric moistening and the anomalous upward motion over the western Amazon are consistent with the development of convection and precipitation in this Amazon region as shown in Figure 4.6d (Figure 4.7d). On Day0, wind and specific humidity anomalies show an intensification in comparison to Day-1 (Figure 4.7d, e). At lower-tropospheric levels, southerly wind anomalies south of 20 • S in Figure 4.7e denote the arrival of the cold surge at the northern Central Andes. It is known that cold surges, along their lead-

  ture anomalies at mid-and upper-tropospheric levels and warm anomalies above 200 hPa are distinctive characteristics of upper-level troughs. These features are observed in Figure4.7f-j, in which significant upper-level northerly (southerly) wind anomalies along the eastern (western) side of the upper-level trough are accompanied by significant anomalous upward motion (subsidence) along the eastward propagation of the upper-level trough. Cold (warm) air temperature anomalies below (above) 200 hPa are
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 46 Figure 4.6: Daily lead-lag composite maps based on winter extreme precipitation events (WEPEs) over the northern Altiplano associated with a cold surge along the eastern Central Andes and an upper-level trough over the Peruvian-Chilean coast. The composite analysis is from four days before (Day-4) to the initial day (Day0) of the WEPEs. a-e) Anomalies of precipitation (Precip.). Significant precipitation anomalies are marked with a black cross. f-j) Anomalies of horizontal winds (u-v; vector), air temperature (T; color shading) and geopotential height (z; contour). Positive (negative) anomalies of geopotential height are shown in solid (dashed) contours. The contour interval of geopotential height is 10 m. Only anomalies with a significance at 95%, using the Cramer test, are displayed (p-values<0.05). In a-j) the 3000 m.a.s.l. contour is shown as a green line.

  Figure 4.8d-e). On Day0, positive precipitation and 500 hPa moisture anomalies are observed over the tropical Andes between 20 • S and 12 • S, including the northern Altiplano (Figure 4.8e).
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 47 Figure 4.7: Daily lead-lag composite maps based on winter extreme precipitation events (WEPEs) over the northern Altiplano associated with a cold surge along the eastern Central Andes and an upper-level trough over the Peruvian-Chilean coast.The composite analysis is from four days before (Day-4) to the initial day (Day0) of the WEPEs. a-e) Zonal-mean of meridional wind-vertical motion (v-w; vectors), zonal wind (u; contours) and specific humidity (color shading) anomalies over western tropical South America (80 • W-60 • W;30 • S-0 • N; see section 4.2.2.2). Contour interval of u is 2 m s -1 . The green line denotes the highest altitude between 80 • W-60 • W. f-j Pressure-longitude cross section at 20 • S for anomalies of zonal-meridional winds (u-w; vectors), meridional winds (v; contours), air temperature (T; color shading). Solid (dashed) contours indicate positive (negative) anomalies of v. The contour interval of v is 2 m s -1 . The Andes' profile at 20 • S is shown in brown. In a-j), only anomalies with a significance at 95%, using the Cramer test, are displayed (p-values<0.05). For zonal winds anomalies in a-e), significant anomalies are shown as black solid contours.
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 4 Revealing the atmospheric mechanisms triggering extreme precipitation events over the southern tropical Andes in the austral winter On Day-1 and Day0, low-level southerly wind anomalies continue their northward propagation, while the anomalous high pressure cell over subtropical South America, continues to move eastward (Figure 4.9d, e, Figure S4 in Appendix B.1). This atmospheric configuration facilitates the southward moisture transport toward the Altiplano, where anomalous upward motion is observed (above 500 hPa). In addition, anomalous easterlies over the Altiplano entrain moisture-laden near-surface upslope flow from
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 49 Figure 4.9: Daily lead-lag composites maps based on winter extreme precipitation events (WEPEs) over the northern Altiplano lasting one day and associated with low-level southerly winds crossing the equator. The composite analysis is from four days before (Day-4) to the initial day (Day0) of the WEPEs. a-e) Zonal-mean of meridional wind-vertical motion (v-w; vector), zonal wind (contours) and specific humidity (color shading) anomalies over western tropical South America (80 • W-60 • W;30 • S-0 • N; see section 4.2.2.2). Contour interval of zonal winds is 2 m s -1 , easterly (westerly) wind anomalies are shown by dashed (solid) lines and the contour of 0 m s -1 is in black line. The green line denotes the highest altitude between 80 • W-60 • W.

  at mid-tropospheric levels by the meridional circulation developed by the cold surge. Moreover, anomalous ascent appears over the entire Altiplano one day before the WEPEs, and together with the mid-tropospheric southward moisture transport creates favorable conditions for the development of convection over this Andean region, including the northern Altiplano. Furthermore, the anomalous easterlies over the Altiplano, associated with the eastward propagation of the anomalous subtropical High, support the development of WEPEs. Similar anomalies are observed for WEPEs lasting two days, but during these events an important westward moisture transport from the Amazon toward the eastern slopes of the tropical Andes can also be observed (Figure S5 in Appendix B.1).

Figure 4 .

 4 Figure 4.10: a) Scatter plot of maximum precipitation rate (mm day -1) versus length (in days) of winter extreme precipitation events (WEPEs) in the northern Altiplano during events associated with low-level southerlies crossing the equator (red circles; southerlies), and 3-component events (black circles) that combine an upper-level trough over the Peruvian-Chilean coast, a cold surge along the eastern Central Andes and increased moisture over the western Amazon. The green dashed lines denote the percentile 10 (p10) and 90 (p90) of the maximum precipitation rate in WEPEs associated with 3-components (black circles). b) Difference in horizontal winds (u-v; vectors) at 500 hPa between WEPEs associated with 3-components, above and below p90 and p10, respectively. The p90 and p10 has been estimated in a. Only differences with a significance at 95%, using a t-test, are displayed (p-values<0.05). The green line denotes the altitude of 3000 m.a.s.l.

Figure 4 .

 4 Figure4.11 shows the scatter plot between the June-August maximum precipitation (in situ) and the maximum area (CHIRPS) in percentage covered by each WEPE. Precipitation maxima and maximum area of contribution show a proportional relationship, meaning that WEPEs with maximum precipitation rates also influence a great portion of the northern Altiplano. It is also important to remark that WEPEs associated with the three components are the ones having more spatial influence, in particular WEPEs lasting equal or more than three days. On the other hand, low-level southerlies along the eastern tropical
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 4 Revealing the atmospheric mechanisms triggering extreme precipitation events over the southern tropical Andes in the austral winter events in the southern tropical Andes.

Figure 4 .

 4 Figure4.12: Daily lead-lag composite maps based on winter extreme precipitation events (117 WEPEs) over the northern Altiplano associated with a lower-and mid-tropospheric moistening over the western Amazon, cold surge along the eastern Central Andes, and an upper-level trough over the Peruvian-Chilean coast. The composite analysis is from nine days before (Day-9) to the initial day (Day0) of the WEPEs. Anomalies of horizontal winds (u-v; vectors) and geopotential height (z; color shading). Only anomalies with a significance at 95%, using the Cramer test, are displayed (p-values<0.05). The 3000 m.a.s.l. contour is shown as a green line.

5. 1 Introduction

 1 Segura et al. (2016) used hydroclimatic variables, as the discharge of rivers at the western and eastern side of the Altiplano and the water-level change between December and April of the Titicaca lake, to identify the low-frequency precipitation variability in the Altiplano. This hydroclimate variability is strongly associated with SST changes in the central equatorial Pacific in decadal time scales (150 • E-180 • W and 2.5 • S-15 • N). Besides, this low-frequency precipitation variability can modify the impacts of the extreme El Niño events on southern tropical Andes precipitation. While El Niño 1997-1998 was one of the warmest events recorded[START_REF] Mcphaden | Genesis and Evolution of the 1997-98 El Niño[END_REF], its impact of southern tropical Andes precipitation was weaker that the impact of the moderate ElNiño 1991-1992 (Figure 3.7a). The interaction between

Chapter 5 .

 5 [START_REF] Humanes-Fuente | Two centuries of hydroclimatic variability reconstructed from tree-ring records over the Amazonian Andes of Peru[END_REF]. However, in situ precipitation data has not been used to find a direct connection between southern tropical Andes precipitation and tropical Atlantic SST or the SAMS activity. Thus, in this chapter, we aim to assess long-term change in precipitation over the upper-elevation southern tropical Andes during the austral summer (20 • S-12 • S; >3000 m.a.s.l.) for the 1982-2018 period. Besides, we analyze the atmospheric mechanisms associated with this long-term change in precipitation. As long-term changes in the atmospheric circulation could also signal potential changes in other time scales as the interannual variability, we also explore if changes in the interannual variability of precipitation in this Andean region has also occurred. The results of this study have been published in the Climate Dynamic journal with the title "Recent changes in the precipitation-driving processes over

5. 2 .

 2 Recent changes in the precipitation-driving processes over the southern tropical Andes/western Amazon 5.2 Recent changes in the precipitation-driving processes over the southern tropical Andes/western Amazon H. Segura, J.C. Espinoza, C. Junquas, T. Lebel, M. Vuille, R. Garreaud Paper published in the journal Climate Dynamics on the 1 st of February 2020 Abstract in Appendix C.1
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 51 Figure 5.1: a) 1982-2018 climatology of vertical motion (w) at 500 hPa (shaded; Pa s -1) and horizontal winds (u,v) at 200 hPa (vector; m s -1 ). b) 1982-2018 climatology of specific humidity (q) at 500 hPa (shaded; g kg -1 ) and horizontal winds at 800 hPa (m s -1 ). Values of w are multiplied by 100. In a) and b) the 3000 m.a.s.l. contour is shown as a brown line. In b) the magenta line highlights the region over which the zonal-mean is calculated. c) Pressure-latitude cross section showing 1980-2018 climatology of December-February (DJF) zonal-mean meridional circulation (meridional-v and vertical-w winds; vectors), zonal winds (u; contours) and specific humidity (q; shaded) in the tropical North Atlantic and western tropical South America. Westerlies (easterlies) are shown in solid (dashed) lines and the contour interval is 5 (2) m s -1 . Red line represents the 0 m s -1 of zonal wind contour. Zonal-mean is calculated using v, w, u and q in the region delimited by the magenta line in Figure1b. The dashed gray line represents the Andes' profile. The profile is calculated as the maximum topography elevation according to the ERA-Interim reanalysis data set. The atmospheric data are retrieved from the ERA-Interim reanalysis data set.

Figure 5 .

 5 1b(Figure 5.1c). This procedure was also done for zonal winds and specific humidity (Figure5.1c). The domain is configured so as to avoid being influenced by the particularities of the Caribbean region to the North, on the one hand, and by the radically different low-level atmospheric circulation over the eastern Pacific, on the other hand.During the December-February season the ascending branch of the meridional circulation over western tropical South America is located over the western Amazon (15 • S -0 • N), and is connected to lowlevel northerlies and upper-level southerlies that cross the Equator (Figure5.1c). Low-level northerlies originate in the tropical North Atlantic (10 • N -20 • N) and cross northern South America (0 • N -10 • N)

Chapter 5 . 1 Figure 5 .Figure 5 .

 5155 Figure 5.2a shows, based on correlation coefficients, the spatial pattern of the first mode of precipitation variability in the southern tropical Andes (EOF1-Andes), while the associated principal component (PC1-Andes) is displayed in Figure 5.2c. The high percentage of explained variance by EOF1-Andes (57.5%) and the high correlation coefficients over most of the southern tropical Andes indicate that the interannual variability of December-February precipitation is likely controlled by the same mechanisms over the entire region, consistently with the results ofSegura et al. (2019). The high and significant correlation coefficients between PC1-Andes and in-situ precipitation(Figure 5.2b) show that PC1-Andes, while computed using CHIRPS, adequately represents the regional interannual precipitation variability within our zone of study. As a logical consequence, the mean normalized in-situ precipitation (black line in Figure 5.2c), calculated using normalized December-February precipitation from each rain-gauge station, is significantly related to PC1-Andes for the 1982-2015 period (r=0.94; p-value<0.05). Notably, PC1-Andes shows a linear increase over the 1982-2018 period, indicating a positive trend in December-February precipitation in the southern tropical Andes. The significance of this precipitation increase and its associated atmospheric circulation will be covered in section 5.2.4.2.Several studies have evidenced the strong relationship between December-February precipitation and zonal winds at 200 hPa (U200) over the southern tropical Andes (see section5.2.2). This is confirmed by Figure5.3a, which displays a negative and significant (p-value<0.05) correlation between PC1-Andes and U200 over the region between 20 • S -10 • S and 80 • W -60 • W. Furthermore, a correlation analysis between PC1-Andes and vertical motion at 500 hPa (Pa s -1 ) shows that an intensified upward motion over the western Amazon (80 • W -60 • W), especially between 10 • S -0 • N, is significantly associated with increases in precipitation over the southern tropical Andes (Figure5.3b). It is worth pointing out here that the link between the upward motion and the low-level meridional flow, both being components of the meridional circulation in western tropical South America, has been shown in Figure5.1c.
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 52 Figure 5.2: a) Spatial pattern of the first EOF mode of December-February (DJF) precipitation variability over the southern tropical Andes (PP-Andes; >3000 m.a.s.l.; 12 • S-20 • S) for the 1982-2018 period shown as correlation coefficients between the first principal component of PP-Andes (PC1-Andes) and the original CHIRPS fields (shaded). The EOF analysis is carried out on the PP-Andes DJF fields for the 1982-2018 period. The 95% significance level is shown as a magenta line. b) Correlation values between DJF in-situ precipitation (98 rain-gauge stations) and PC1-Andes for the 1982-2015 period. Colored (white) circles represent correlation values that are significant (non-significant) at the 95% confidence level. c) PC1-Andes (red line) and the mean normalized in-situ precipitation in the southern tropical Andes (PP; black line). PP is calculated using the normalized DJF precipitation of 98 rain-gauge stations located in the southern tropical Andes, as shown in b). The 98 rain-gauge stations only cover the 1982-2015 period. The linear trend is shown for PC1-Andes (red dashed line, significant at p-value<0.05) using a Kendall-test. For PP, linear trends are estimated for the 1982-2015 period (dashed black line, p-value<0.1) and the 1987-2015 period (solid black line; p-value<0.01). In a) and b) the 3000 m.a.s.l. contour is shown as a brown line.

Figure 5 .

 5 Figure 5.4 also displays significant regression coefficients between PC1-Andes and vertical motion above 700 hPa between 10 • S and 0 • N, and with the low-level meridional flow between 0 • N and 10 • N.
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 53 Figure 5.3: a) Correlation field between the first principal component of December-February (DJF) precipitation over the southern tropical Andes (PC1-Andes; >3000 m.a.s.l.; 12 • S-20 • S) and zonal winds at 200 hPa (U200) for the 1982-2018 period. Only correlation values significant at the 95% confidencelevel are shown. b) Same as a) but for DJF vertical motion at 500 hPa. In a) and b) the 3000 m.a.s.l. contour is shown as a brown line. Atmospheric data are retrieved from the ERA-Interim reanalysis data set.

A

  Figure 5.4: Pressure-latitude cross section of the first principal component of December-February (DJF) precipitation over the southern tropical Andes (PC1-Andes; >3000 m.a.s.l.; 12 • S-20 • S) regressed upon DJF zonal-mean meridional circulation (v,w) in the tropical North Atlantic and western tropical South America. Correlation coefficients between PC1-Andes and DJF zonal-mean u (q) are shown in shaded colors (contours). Positive (negative) correlation values between PC1-Andes and q are shown in solid (dashed) contours and they have an interval of 0.1. Regression and correlation analyses are performed for the 1982-2018 period. Only significant correlation values at 95% confidence level are shown. Regression coefficients associated with meridional winds and vertical motion are shown if either the regression coefficient for the meridional or vertical component has a confidence level of 95% according to a F-test.Zonal-mean is calculated using v, w, u and q in the region delimited by the magenta line in Figure5.1b. The dashed magenta line is the Andes' profile calculated as in Figure5.1c. Atmospheric data is retrieved from the ERA-Interim reanalysis data set.
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 55 Figure 5.5: a) Trend analysis of December-February (DJF) vertical motion at 500 hPa (w500; shaded) and DJF horizontal winds at 200 hPa (u200-v200; vectors) calculated by using a linear regression for the 1980-2018 period. Only trends significant at the 95% confidence level according to a Kendall-test are shown. Trends in horizontal winds are shown if trends in either zonal or meridional component are significant at 95% level. b) Same as a) but for specific humidity at 500 hPa (q500; shaded) and horizontal winds at 800 hPa (u800-v800). In a) and b) the 3000 m.a.s.l. contour is shown as a brown line. Atmospheric data is retrieved from the ERA-Interim reanalysis data set.

Figure 5 .

 5 Figure 5.6a shows that the zonal-mean atmospheric circulation in western tropical South America was significantly strengthened during the 1980-2018 period. In general, we observe an intensification of the ascending branch, located over the western Amazon (15 • S-0 • N), and an increased low-level northerly flow between 10 • S and 20 • N. This mechanism is explained by the transient solution presented in Silva

  since 1980, we also observe an increased θ e at this tropospheric level (not shown). Furthermore, the difference of equivalent potential temperature (θ e) between 200 and 500 hPa (θ e (200-500) ) over western tropical South America between 20 • S and 15 • S indicates a strong reduction in atmospheric stability between the mid and the upper troposphere in the southern tropical Andes since 2000 (Figure 5.6b). Indeed, highest atmospheric stability values after 2000 are similar to the lowest values in the period before 2000. Atmospheric stability in western tropicalSouth America between 15 • S and 10 • S also shows a reduction, but it starts at the beginning of the 1990s (Figure5.6b). Thus, atmospheric stability between the mid-and the upper troposphere is no longer a restriction for developing convection not only over the western Amazon, but also over the southern tropical Chapter 5. Long-term changes in the atmospheric connection between the Amazon and the southern tropical Andes during the austral summer Andes. The decrease in atmospheric stability could explain the reduction in the number of dry years in this Andean region as shown in Figure5.2c. Furthermore, the decreased atmospheric stability observed in the western Amazon seems to be concomitant with the detected precipitation trend in northern regions of the southern tropical Andes.
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 56 Figure 5.6: a) Pressure-latitude cross-section of trends in DJF zonal-mean meridional circulation (v-w, vectors) and specific humidity (shaded) in the tropical North Atlantic and western tropical South America. Linear trends are calculated using a linear regression for the 1980-2018 period and only significant values at the 95% confidence-level according to a Kendall-test are shown. Vectors are shown if trend in either the meridional or vertical component is significant at the 95% confidence level. Zonal-mean is calculated as explained in Figure 5.1c. The dashed magenta line shows the Andes' profile calculated as in Figure 5.1c. b) Interannual time series of December-February stability index (θ e (500-200) ) in the 20 • S-15 • S region (red line) and in the 15 • S-10 • S region (blue line) between 80 • W-60 • W, excluding zones to the west of the Andes as shown in Figure 5.1b. θ e (500-200) is calculated as the difference between equivalent potential temperature at 200 hPa and 500 hPa for the period 1980-2018. Atmospheric data is retrieved from the ERA-Interim reanalysis data set.

Figure 5 .

 5 7b displays significant correlation values between PC1-high and zonal wind in the mid-and the upper troposphere over western tropical South America between 25 • S and 15 • S. Aside from the significant positive relationship with specific humidity over the southern Altiplano, PC1-high also shows a significant negative correlation with specific humidity in the mid-and the lower troposphere between 20 • S and 0 • N (Figure5.7b). Thus, at interannual time scales, positive anomalies of lower-tropospheric moisture over the western Amazon are associated with Chapter 5. Long-term changes in the atmospheric connection between the Amazon and the southern tropical Andes during the austral summer a precipitation decrease in the southern tropical Andes, maybe due to a decreased upward moisture transport from the western Amazonian lowlands.

Figure 5 . 7 :

 57 Figure 5.7: a) First principal component of December-February precipitation over the southern tropical Andes (PC1-Andes; red line), its interannual variability as PC1-high (periodicity < 8 years; black line) and its decadal variability (periodicity > 8 years; blue line). b) As in Figure 5.4, except for PC1-high and interannual variations (periodicity < 8 years) of specific humidity, zonal and meridional winds and vertical motion in the tropical North Atlantic and western tropical South America.

Figure 5 .

 5 Figure 5.8: a) Correlation analysis between PC1-high and interannual fluctuations (periodicity <8years) of DJF vertical motion at 500 hPa (w500-high) in the region 80 • W-60 • W; 20 • S-15 • S. Correlation coefficients are shown as a function of the length of analyzed period in years (y-axis) and the ending year of the analyzed period (x-axis). Contours indicate segments with significant correlation values at 95% confidence level. b) similar to a) but using w500-high in the region 80 • W-60 • W; 15 • S-10 • S. c) similar to a) but for interannual fluctuations of DJF zonal wind at 200 hPa in the region 80 • W-60 • W; 20 • S-15 • S (U200-Andes). Vertical motion at 500 hPa and zonal wind at 200 hPa are calculated excluding zones to the west of the Andes as shown in Figure 5.1b. Atmospheric data is retrieved from the ERA-Interim reanalysis data set.

Figure 5 .

 5 Figure 5.9: a) Pressure-latitude cross section of December-February (DJF) zonal winds at 200 hPa (U200) in the region 80 • W-60 • W; 20 • S-15• S regressed upon DJF zonal-mean meridional circulation (v,w) in the tropical North Atlantic and western tropical South America at interannual time scales (periodicity <8 years). The interannual time series of DJF U200 in the region 80 • W-60 • W; 20 • S-15 • S is referred as U200-Andes. Zones to the west of the Andes between 20 • S and 15 • S, as shown in Figure5.1b, are excluded when computing U200-Andes. Moreover, U200-Andes has been multiplied by -1 (easterlies pattern). Correlation coefficients between U200-Andes and interannual fluctuation of zonal-mean u (q) are shown in shaded colors (contours). Positive (negative) correlation values between negative U200-Andes, easterlies pattern, and q are shown in solid (dashed) contours and they have an interval of 0.1. Regression and correlation analyses are computed for the 1980-2018 period. Only significant correlation values at 95% confidence level are shown. Regression coefficients associated with meridional wind and vertical motion are shown if regression coefficients for either the meridional or vertical component show a confidence level of 95% according to a F-test. b) similar to a), but instead of U200-Andes, the interannual variability of vertical motion at 500 hPa in the region 15 • S-10 • S; 80 • W-60 • W (w500-Amazon) is used. Zones to the west of the Andes between 15 • S and 10 • S, as shown in Figure5.1b, are excluded when computing w500-Amazon. In a) and b) zonal-mean u, v, q and w are calculated as explained in Figure5.1c. In a) and b) the dashed magenta line represents the Andes' profile calculated as in Figure5.1c. Atmospheric data is retrieved from the ERA-Interim reanalysis data set.

ure 5 .

 5 6a, but, in this case, the correlation was done for two periods: 1982-2001 (Figure 5.10a) and 2002-2018 (Figure 5.10b). For the 1982-2001 period, PC1-high is significantly correlated with zonal winds above the Altiplano (Figure 5.10a), and the correlation pattern is similar to atmospheric circulation associated with negative values of U200-Andes (easterlies; Figure 5.9a). The correlation analysis for the period 2002-2018 shows a different pattern, where upper-level zonal winds over the Altiplano are no longer significantly associated with PC1-high (Figure 5.10b). Instead, PC1-high is significantly correlated with vertical velocities between 20 • S-10 • S, especially above 600 hPa, and with meridional winds in the mid-and the lower troposphere (850 hPa -600 hPa) in the Northern Hemisphere (north of 0 • N; Figure 5.10b). The similarities between Figure 5.10b and Figure 5.9b lead us to conclude that the pattern of interannual variability of December-February precipitation over the southern tropical Andes for the 2002-2018 period is strongly influenced by enhanced convection over the western Amazon and increased low-level moisture transport from the tropical North Atlantic.

Figure 5 .

 5 11) where the two main elements of the atmospheric circulation controlling December-February (DJF) precipitation over the southern tropical Andes (20 • S-12 • S and >3000 m.a.s.l.) are represented. The mechanisms by which these two elements exercise their control are summarized below, as is the evolution of their influence over the last 35 years.

Figure 5 .

 5 Figure 5.10: a) and b) similar to Figure 5.7b but for the 1982-2001 period and the 2002-2018 period, respectively.

Figure 5 .

 5 Figure 5.11: Schematic representation of the two atmospheric mechanisms controlling the December-February (DJF) precipitation over the southern tropical Andes. The first mechanism (in red) is the moisture-laden near-surface upslope flow at the eastern side of the southern tropical Andes. This mechanism is associated with the so-called Bolivian High (BH), developed by deep convection over the continental South Atlantic Convergence Zone (SACZ). Moisture transport towards the SACZ is controlled by the South American Low-Level Jet (SALLJet) and the low-level flow from the tropical Atlantic Ocean, including the Intertropical Convergence Zone (ITCZ).The second mechanism (in blue) is the upward motion over the western Amazon (WA), which is an important factor for decreasing atmospheric stability over the southern tropical Andes. Upward motion over the WA and the Llanos Low-Level Jet (LLJet) are components of the meridional circulation between the tropical North Atlantic and western tropical South America. Upper-level easterlies over western equatorial South America are also associated with this meridional circulation.

Figure 5 .

 5 Figure 5.12: a) Anomalies of zonal-mean December-February (DJF) specific humidity (q; shaded), zonal winds (u, contours), meridional winds and vertical motion (v-w;vectors) in 1983/1984. Positive anomalies of zonal wind are shown in solid (dashed) contours and the interval between contours is 2 m s -1 . The contour of 0 m s -1 is omitted for zonal winds. b) similar to a but for 2011/2012. In a) and b) zonal-mean is calculated as explained in Figure 5.1c. In a) and b) dashed gray line represents the Andes' profile calculated as in Figure 5.1c. Atmospheric data is retrieved from ERA-Interim reanalysis data set.
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1 .

 1 The first domain is global with a spatial resolution of 2.25 • x 2.25 • . It is denominated in the manuscript as WRF-GLOBAL (Figure 6.1a). The second domain is located between 40 • S-100 • W and 20 • N-20 • W, and it has a resolution of 0.75 • x0.75 • . This domain is referred to as WRF-AMS in the following sections (Figure 6.1b).
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 61 Figure 6.1: Topography and and extension of the three domains used in the simulations. a) WRF-GLOBAL (Domain 1). b) WRF-AMS (Domain 2). c) WRF-ANDES (Domain 3).

5 • x 2 . 5 •

 525 and covers the period between 1979-2018, while CHIRPS data has a better spatial resolution (0.05 • x 0.05 • ), but it only has data over continents and only covers the 1982-2018 period. We interpolated the GPCP product to the spatial resolution of WRF-GLOBAL (2.25 • x2.25 • ) and the WRF-AMS (0.75 • x0.75 • ). Likewise, the CHIRPS product was interpolated to the spatial resolution of WRF-AMS (0.75 • x 0.75 • ) and WRF-ANDES (0.25 • x 0.25 • ). The comparison of the biases in the atmospheric circulation of our simulation was computed by using the ERA-Interim data set, which has a resolution of 0.5 • x0.5 • . The ERA-Interim was interpolated to the resolution of WRF-GLOBAL and WRF-AMS.

  compare to the observational and reanalysis data set. The 1982-1983 austral summer is marked by one of the strongest El Niño events, while the austral summer 1984-1985 is characterized by a strong La Niña event. Neutral SST conditions in the central Pacific are observed in the austral summer of 1983-1984. Due to the normal atmospheric conditions in the 1983-1984 austral summer, we decided to compare the atmospheric circulation and precipitation between the simulation and the observational and reanalysis data in this period (Figures

Figure 6 .

 6 Figure 6.3 shows the precipitation bias regarding South America for the 1983-1984 austral summer (WRF-AMS). SIMU_GD and SIMU_BETTS show less precipitation over South America but positive bias over the tropical Atlantic and eastern Pacific compared to the GPCP product. SIMU_KF displays an intensified Pacific and Atlantic ITCZ that the observed in the GPCP product. The northwestern Amazon
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 62 Figure 6.2: a) 1983-1984 December-February precipitation using the GPCP data set in WRF-GLOBAL (Domain 1). b-f) Difference in 1983-1984 December-February precipitation between GPCP data set and SIMU_KF, SIMU_NT+TD, SIMU_NT, SIMU_GD, and SIMU_BETTS in WRF-GLOBAL. The parameterization schemes used in each simulation are signaled in Table6.1
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 65 Figure 6.5: Similar to Figure 6.4, but for 200 hPa. The contour of 3000 m.a.s.l. is shown as a red line in a-f.
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 66 Figure 6.6: Climatology of December-February precipitation for the 1980-2017 period in WRF-AMS (Domain 2). a) Simulation using two domains (SIMU_2D). b) Simulation using three domains (SIMU_3D). c) Difference between SIMU_3D minus simulation SIMU_2D. Only significant differences computed with a t-test are displayed (p-value<0.05). The contour of 1000 and 3000 m.a.s.l. are shown as a red and magenta line in a-c.

Figure 6 .

 6 Figure 6.6 displays the impacts of using a higher spatial resolution in the tropical Andes on tropical

  especially where the third domain is placed(Figure 6.6c). WRF-AMS2D reproduces a wetter upper-elevation tropical Andes compared to WRF-AMS3D, but driers conditions in the eastern tropical Andes. Indeed, WRF-AMS2D places the zones of hotspot precipitation between the altitude line of 1000 and 3000 m.a.s.l. on the eastern side of the tropical Andes. On the other hand, WRF-AMS3D locates the zones of hotspot precipitation below the line of 1000 m.a.s.l., which is in accord with the literature[START_REF] Espinoza | Rainfall hotspots over the southern tropical Andes: Spatial distribution, rainfall intensity, and relations with largescale atmospheric circulation[END_REF][START_REF] Chavez | Orographic rainfall hot spots in the Andes-Amazon transition according to the TRMM precipitation radar and in situ data[END_REF].
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 67 Figure 6.7: Climatology difference of December-February precipitation for the 1980-2017 period in WRF-AMS (Domain 2) between simulation with three (SIMU_3D) and two domains (SIMU_2D). a) Precipitation from the cumulus scheme. b) Precipitation from the microphysics scheme. Only significant differences computed with a t-test are displayed (p-value<0.05). The contour of 1000 and 3000 m.a.s.l. are shown as a red and magenta line in a-b.

Figure 6 .

 6 Figure 6.8: Climatology of December-February precipitation for the 1980-2017 period in WRF-GLOBAL (Domain 1). a) The control simulation (SIMU_CTRL). b) The GPCP precipitation product. c) Difference between SIMU_CTRL and the GPCP product.

  Figure 6.9: Climatology of December-February precipitation for the 1982-2017 period in WRF-AMS (Domain 2). a) The control simulation (SIMU_CTRL). b) The CHIRPS precipitation product. c) Difference between SIMU_CTRL and the GPCP product. The contour of 1000 and 3000 m.a.s.l. are showed as a red and magenta line in a-c.

Figure 6 .

 6 Figure 6.10: Climatology of December-February horizontal winds for the 1980-2017 period in WRF-AMS (Domain 2) at 850 hPa and 200 hPa. a) The control simulation (SIMU_CTRL) at 850 hPa. b) The ERA-Interim data set at 850 hPa. c) Difference between SIMU_CTRL and the ERA-Interim data set at 850 hPa. d,e,f) Similar to a,b,c, but for 200 hPa, respectively. The contour of 1000 and 3000 m.a.s.l. are showed as a red and magenta line in textbfa-f.

Figure 6 .

 6 Figure 6.11: Pressure-latitude cross-section showing 1980-2018 climatology of December-February (DJF) zonal-mean meridional circulation (meridional winds and vertical motion; v-w; vectors), zonal winds (u; contours) and specific humidity (q; shaded) in the tropical North Atlantic and western tropical South America. Westerlies (easterlies) are shown in solid (dashed) lines and the contour interval is 4 m s -1 . The red line represents the 0 m s -1 of zonal wind contour. Zonal-mean is calculated using v, w, u, and q in the region delimited by the magenta line in Figure 5.1b. a) The control simulation (SIMU_CTRL) from WRF-AMS (Domain 2). b) The ERA-Interim data set. c) Difference between SIMU_CTRL and the ERA-Interim data set. In c) the contour interval is 2 m s -1 , and the red contour indicates the anomaly of 0 m s -1 o zonal winds. The dashed magenta line represents the Andes' profile. The profile is calculated as the maximum topography elevation according to the topography used in SIMU_CTRL.

Figure 6 .

 6 Figure 6.12: Climatology of December-February vertically integrated moist static energy ({MSE}) from 925 hPa to 100 hPa for the 1982-2017 period in WRF-AMS (Domain 2). a) The control simulation (SIMU_CTRL). b) The ERA-Interim data set. c) Difference between SIMU_CTRL and the ERA-Interim data set. The contour of 1000 and 3000 m.a.s.l. are showed as a red and magenta line in a-c.

Figure 6 .

 6 Figure 6.13: Pressure-latitude cross section showing 1980-2018 climatology of December-February (DJF) zonal-mean moist static energy (MSE) in the tropical North Atlantic and western tropical South America. Zonal-mean is calculated using MSE at each pressure level in the region delimited by the magenta line in Figure 5.1b. a) The control simulation (SIMU_CTRL). b) The ERA-Interim data set. c) Difference between SIMU_CTRL and the ERA-Interim data set. The dashed magenta line represents the Andes' profile. The profile is calculated as the maximum topography elevation according to the topography used in SIMU_CTRL.

  Figure 6.14: Climatology of December-February precipitation for the 1982-2017 period in WRF-ANDES (Domain 3). a) The control simulation (SIMU_CTRL). b) The CHIRPS precipitation product. In a,b) the box with black represents the region of the upper-elevation southern tropical Andes (20 • S-15 • S; >3000 m.a.s.l.). c) Difference between SIMU_CTRL and the GPCP product. The contour of 1000 and 3000 m.a.s.l. are showed as a red and magenta line in a-c.

Figure 6 .

 6 Figure 6.15: Interannual time series of December-February precipitation over the upper-elevation southern tropical Andes (>3000 m.a.s.l) between 20 • S-15 • S, calculated using grid point inside black box in Figure 6.14a, b. The time series are calculated by spatially averaging December-February precipitation (longitude-latitude mean). Precipitation from the control simulation (SIMU_CTRL) is calculated by using WRF-ANDES (Domain 3). a) The control simulation (PP-CTRL; blue line) and the CHIRPS precipitation data set (PP-CHIRPS; black line). b) similar to a), but normalization of December-February precipitation was computed before the average in longitude and latitude. The control simulation in blue line (ZPP-CTRL) and the CHIRPS data set in black line (ZPP-CHIRPS). c) Similar to b), but we decomposed ZPP-CTRL in the normalized precipitation from the cumulus scheme (ZPP-Cumus) and microphysics scheme (ZPP-Micro). ZPP-CHIRPS is detrended.
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 61 Isolating convective and no-convective precipitation approachPrecipitation in SIMU_CTRL comes from the cumulus and microphysics schemes and they represent different aspects of the processes controlling precipitation. While cumulus precipitation represents 40.1% of the total precipitation over southern tropical Andes, precipitation from the microphysics scheme represents 59.9%. Furthermore, microphysics precipitation over the upper-elevation southern tropical Andes, between 20 • S-15 • S and above 3000 m.a.s.l., is significantly correlated with U200-Andes (Appendix D.7). On the other hand, U200-Andes is only associated with cumulus precipitation over southwestern regions of the upper-elevation southern tropical Andes. Then, we decided to decompose ZPP-CTRL in its microphysics and cumulus components to analyze their associated mechanisms separately.As ZPP-CTRL, we normalized December-February precipitation from the microphysics scheme before computing the spatial average in the upper-elevation southern tropical Andes (20 • S-15 • S; 3000 m.a.s.l.). We named this time series ZPP-Micro (Figure6.15c). The same procedure was done with precipitation from the cumulus scheme, and the time series is named ZPP-Cumus (Figure6.15c). ZPP-Micro has a significant correlation with detrended ZPP-CHIRPS (r=0.47; p-value<0.05) in the 1982-2017, with a high value of correlation in the 1992-2017 period (r=0.6; p-value<0.05; Figure6.15c). On the other hand, ZPP-Cumus does not show a significant correlation with detrended ZPP-CHIRPS in the1982- 2017 period (r=0.1; p-value<0.5). These results suggest that the atmospheric mechanisms associated with precipitation coming from the microphysics and cumulus schemes are different.The spatial correlation between ZPP-Cumus and the global December-February SST for the 1980-2017 period, which is the input data in SIMU_CTRL, signals the significant influence of the tropical North Atlantic SST variability on December-February precipitation in our study region (Figure6.16a).On the other hand, ZPP-Micro is significantly associated with the SST variability in central and eastern equatorial Pacific (Figure6.16b), regions associated with the ENSO variability. Additionally, the spatial correlation between ZPP-Micro and December-February zonal winds at 200 hPa from SIMU_CTRL
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 6 Understanding the WRF precipitation biases and its associated atmospheric processes and SST relationships over the upper-southern tropical Andes in WRF simulations ZPP-Cumus responses to different large-scale atmospheric mechanisms.

Figure 6 .

 6 Figure 6.16: Correlation map between normalized December-February precipitation, from the cumulus scheme in WRF-ANDES (Domain 3), over the upper-elevation southern tropical Andes (>3000 m.a.s.l.) between 20 • S-15 • S (ZPP-Cumus; black box in Figure 6.14a,b) and : a) December-February sea surface temperature (WRF-GLOBAL), and b) December-February zonal winds at 200 hPa (WRF-GLOBAL). c,d) similar to a,b), but using the normalized December-February precipitation from the microphysics scheme in WRF-ANDES (ZPP-Micro). The correlation analysis is done for the 1980-2017 period, and only significant correlation coefficients at the 95% confidence level are shown.

Figure 6 .

 6 Figure 6.17: a) Pressure-latitude cross section of December-February (DJF) precipitation over the upper-elevation southern tropical Andes (>3000 m.a.s.l) between 20 • S-15 • S, from the cumulus scheme in WRF-ANDES (ZPP-Cumus), regressed upon DJF zonal-mean meridional circulation (v,w) in the tropical North Atlantic and western tropical South America. Correlation coefficients between ZPP-Cumus and DJF zonal-mean zonal winds (u) are shown in shaded colors. Regression and correlation analyses are performed for the 1980-2017 period. Only significant correlation values at 95% confidence level are shown. Regression coefficients associated with meridional winds and vertical motion are shown if either the regression coefficient for the meridional or vertical component has a confidence level of 95% according to a F test. b) similar to a), but using precipitation over the upper-elevation southern tropical Andes (>3000 m.a.s.l) between 20 • S-15 • S, from the microphysics scheme in WRF-ANDES (ZPP-Micro).Zonal-mean is calculated using v, w, and u in the region delimited by the magenta line in Figure5.1b. The dashed magenta line is the Andes' profile calculated as in Figure6.11.

  using the difference of equivalent potential temperature (θ e) between 200 hPa and 500 hPa at 20 • S-15• S (θ e (200-500) ; Figure5.6b). Using the difference of MSE between 200 hPa and 500 hPa from the ERA-Interim data set in the same region (20 • S-15 • S), we obtained the same variability as using the θ e (200-500) , calculated in Chapter 5 (Appendix D.9). The difference between MSE and θ e, even if they are related, is that the MSE is an energy-conservative variable while the θ e does not have conservation property since it needs that rainwater, once condensed, stays in the air parcel. Besides, the MSE could be used to analyze the interhemispheric difference in energy between tropical South America and the tropical North Atlantic.Thus, we calculated the interannual variability of the December-February atmospheric stability between 200 hPa and 500 hPa by using the MSE approach (MSE 200-500 ; Figure6.18a, b), in the same region where the zonal-mean meridional circulation was computed (Figure6.11). The MSE 200-500 was computed for SIMU_CTRL and the ERA-Interim data set, as shown in Figure6.18a and Figure6.18b, respectively. We observe that SIMU_CTRL arrives to identify zones of deep convection, observed in the ERA-Interim data set, as between 20 • S and 0 • N, where MSE 200-500 has the lowest values of the region. This is also true for the zone of subsidence south of 20 • S, and north of 0 • N. Nevertheless, an underestimation of the MSE 200-500 is observed in SIMU_CTRL compared to the ERA-Interim data set.The zone of subsidence north of 0 • N shows lower values of MSE 200-500 in SIMU_CTRL than in the ERA-Interim data set, meaning that convection is triggered easier in SIMU_CTRL than in the ERA-Interim data set. Concerning the zone of deep convection between 20 • S and 0 • N, we noticed that SIMU_CTRL presents values of MSE 200-500 in all the 1980-2017 period similar to the ERA-Interim data set for the 2004-2017 period. This latter period is characterized by the intensification of the meridional circulation over western tropical South America, and it is also the period when western Amazon convection has a strong influence on December-February precipitation over upper-elevation southern tropical South America.

Figure 6 .

 6 Figure 6.18: a)Time evolution of the zonal-mean December-February atmospheric stability between the upper-and mid troposphere (MSE 200-500 ) over the western tropical South America and tropical North Atlantic for the 1980-2017 period. MSE 200-500 is computed as de difference of the zonal-mean of moist static energy (MSE) between 200 hPa and 500 hPa using WRF-AMS (Domain 2) of the control simulation (SIMU_CTRL). b) similar to a), but using the ERA-Interim data set. c) Time evolution of the zonal-mean December-February MSE difference between 20 • S-15 • S and 10 • N-15 • N , a proxy of the interhemispheric energy difference, in WRF-AMS of SIMU_CTRL. d) similar to c), but using the ERA-Interim data set. The zonal-mean MSE is calculated in the region delimited by the magenta line in Figure 5.1b

  Figure IV.19a. This map was used to add or subtract, depending on the sign of the SST trend, to the historical daily input SST data used for SIMU_CTRL. As the three domains in SIMU_CTRL present sea zones, we interpolated the values in Figure IV.19a to the resolution of each domain (WRF-GLOBAL, WRF-AMS, and WRF-ANDES). Next, we run a set of simulation with this new SST input data for the 38 November-February seasons in the 1980-2017 period and using the same parameterization schemes as SIMU_CTRL. The other surface conditions, as well as the atmospheric initial condition for each year, had the same value as SIMU_CTRL. The set of simulations with changes in SST is named SIMU_SST simulation.The changes in December-February precipitation, in a scenario of intensified global SST trend (SIMU_SST), are associated with changes in the vertically integrated MSE from 925 to 100 hPa ({MSE}), as observed in Figure6.19c. An increment of {MSE} is observed in all WRF-AMS in SIMU_SST concerning SIMU_CTRL. However, the highest values are observed over the equatorial region, including the ITCZ region and equatorial South America, where precipitation significantly increased. On the other hand, small values of {MSE} increment are observed over the southern Amazon, where precipitation decreased significantly. These results indicate that the meridional gradient of {MSE} between southern tropical South America and the tropical North Atlantic decreased due to the intensified global SST trend,

Figure 6 .

 6 Figure 6.19: a) Global trends in December-February sea surface temperature (SST) for the 1980-2017 period. The HadISST data set was used. b) Differences in the 1980-2017 climatology of December-February precipitation in the WRF-AMS (Domain 2) between SIMU_SST and SIMU_CTRL. Only significant values at the 95% confidence level according to the T-test are displayed. c) Differences in the 1980-2017 climatology of December-February vertically integrated moist static energy ({MSE}) from 925 hPa to 100 hPa, calculated using WRF-AMS between the SIMU_SST and SIMU_CTRL. The contour of 1000 and 3000 m.a.s.l. are showed as a red and magenta line in c.

Figure 6 .

 6 Figure 6.20: Climatology difference in the December-February season for the 1980-2017 of SIMU_NOCVEC minus SIMU_CTRL. a) precipitation in WRF-AMS. b) Pressure-latitude cross section of zonal-mean meridional circulation (meridional winds and vertical motion; v-w;vectors), zonal winds (u; contours) and specific humidity (q; shaded) in the tropical North Atlantic and western tropical South America. Westerlies (easterlies) are shown in solid (dashed) lines and the contour interval is 0.5 m s -1 .Only significant values at the 95% confidence level according to the T-test are displayed. Zonal-mean is calculated using v, w, u and q in the region delimited by the magenta line in Figure5.1b. Dashed magenta line represents the Andes' profile. The profile is calculated as the maximum topography elevation according to the topography of WRF-AMS.

  [START_REF]1 Elevation map showing the location of the biggest cities in western South America[END_REF] with the purpose to analyze the connection between December-February precipitation over the upper-elevation southern tropical Andes and western Amazon convection. Furthermore, we evaluated the changes in this relationship under changes in global SST trends. The initial conditions of the 38 December-February seasons and the historical daily SST data were obtained from the ERA-Interim data set.
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 12 Atmospheric mechanisms associated with the seasonal and interannual precipitation variability in the tropical Andes between 20 • S and 1 • N a) The dominant modes of annual precipitation cycleWe began this thesis, in Chapter 3, by characterizing the annual cycle of precipitation over the tropical Andes between 20 • S and 1 • N by using the power spectral density technique on monthly precipitation data. We based our study on the use of in situ precipitation(INAMHI and SENAMHI-Peru) and the CHIRPS precipitation data set for the 1982-2016 period. The power spectral density technique allowed to identify zones in the tropical Andes with a significant unimodal and bimodal annual cycle of precipitation.In accordance with previous studies, we identified that the unimodal annual cycle of precipitation observed in the tropical Andes extends from 20 • S to 8 • S. This unimodal annual cycle of precipitation presents a wet season between December and March and a dry season, with almost no precipitation, from June to August. To the north of this region, we detected a region where a bimodal annual cycle of precipitation is dominant. We named this region, located between 8 • S and 5 • S, the transition zone. Most importantly, it is the first time that this region has been identified and characterized. Two wet seasons in the transition zone were identified, one between October and November and the second between February and April. A seasonal decrease in precipitation is noticed in the June-August season. On the other hand, in the equatorial Andes, a region between 5 • S and 1 • N, the unimodal annual cycle of precipitation becomes the dominant mode of variability, but with different characteristics to those observed in the southern tropical Andes. The unimodal annual cycle of precipitation in the equatorial Andes has a wet season between February and April, with a relatively dry season between July and September.Chapter 7. Conclusions and PerspectivesUsing the ERA-Interim data set, we showed that the atmospheric mechanisms explaining the annual precipitation cycle in these three Andes regions are the SAMS, associated with SST in the tropical Atlantic, and the seasonal migration of the eastern Pacific ITCZ. The seasonal maxima of the annual precipitation cycle during the February-April season, in the equatorial Andes and the transition zone, is explained by the southward migration of the eastern Pacific ITCZ and the demise of the SAMS. The concurrence at the equatorial band of these two regional atmospheric mechanisms decreases the atmospheric stability over the equatorial Andes, which is translated into a seasonal increase of precipitation, in particular in the upper-elevation and western side of the equatorial Andes. Additionally, the other seasonal maxima of the annual cycle of precipitation in the transition zone is explained by the onset of the SAMS occurring in the October-November season. During the onset and demise of the SAMS, moisture flux vectors are perpendicular to the tropical Andes, in the same region where the transition zone is located, having direct interaction with the topography. This topography interaction is not observed in the mature phase of the SAMS due to the Andes-parallel moisture flow developed in the December-February season.In the southern tropical Andes, the December-March season is the unique maximum of the annual cycle of precipitation, and it is explained by components of the mature phase of the SAMS, as the southward moisture flux to the east of the southern tropical Andes and the Bolivian High. Indeed, the relationship with the Bolivian High is strongly observed south of 12 • S and over 3000 m.a.s.l. The Bolivian High has two important roles in southern tropical Andes precipitation, the transport of mid-tropospheric moisture and the downward transfer of easterly momentum to Amazonian lowlands(Garreaud, 1999b). This latter, indeed, boosts the upslope moisture transport from the Amazon toward the upper-elevation southern tropical Andes.b) Interannual variations of extreme monthly precipitation events during the wet seasonThe Pacific and Amazonian atmospheric circulations are also associated with the interannual variability of extreme wet and dry monthly events in each region during their respective wet season, as observed by analyzing the ERA-Interim and ERSST data sets. Dry and wet months in the February-April season in the equatorial Andes are explained by the anomalous northward and southward migration of the eastern Pacific ITCZ, respectively, that is also associated with the strengthening and weakening of the Pacific Walker cell. We also bring to light that changes in the ITCZ position are not strongly related to the ENSO variability but rather to the SST anomalies in the eastern Pacific. These results are in accord with[START_REF] Xie | Eastern pacific ITCZ dipole and ENSO diversity[END_REF], who show that the eastern Pacific ITCZ variability is not totally explained by the occurrence of El Niño events.Dry months in the February-April season in the transition zone are also related to the strengthening of the Pacific Walker cell, but wet months are related to enhanced convection over the equatorial Amazon.As in the equatorial Andes, we demonstrated that the SST anomalies associated with the ENSO variabil-7.1. General Conclusion ity do not have a significant relationship with dry and wet months during the February-April season in the transition zone. During the February-April season, we also noticed that the northern region of the southern tropical Andes (north of 12 • S) is influenced by the same atmospheric mechanisms identified for the transition zone. Indeed, this zone is influenced by the well-known Madden-Julian oscillation[START_REF] Mayta | The role of the Madden-Julian oscillation on the Amazon Basin intraseasonal rainfall variability[END_REF][START_REF] Ampuero | The Forest Effects on the Isotopic Composition of Rainfall in the Northwestern Amazon Basin[END_REF] Recalde-Coronel et al., 2020) On the other hand, dry and wet months in the December-March season in the southern tropical Andes, especially south of 10 • S, are related to the ENSO variability throughout its influence on the intensity and position of the Bolivian High. However, we noticed that El Niño events produced stronger dry conditions in the December-February season in the 1981-2000 period than in the 2001-2016 period. Besides, it was interesting to observe that most of the extreme dry events occurred before 2000. Hence, these results motivated the analysis of the long-term precipitation variability in the southern tropical Andes, addressed in Chapter 5.7.1.3 The austral winter precipitation over the southern tropical AndesDry meteorological conditions dominate the June-August season in the southern tropical Andes, resulting in many days with zero precipitation. Nevertheless, extreme precipitation events, lasting some days, can occur in this period. Therefore, it is more logical to analyze days in which atmospheric conditions were dominated by atmospheric instability, associated with these extreme precipitation events, than the atmospheric mechanisms related to the June-August precipitation climatology. Due to the availability of rain-gauge stations with data at a daily time step, we decided in Chapter 4 to study the winter extreme precipitation events (WEPEs) that occurred over the northern Altiplano (18 • S-15 • S; >3000 m.a.s.l.).We detected 129 WEPEs that account for 73% of the total June-August precipitation in the 1979-2014 period. These results were obtained by analyzing in situ precipitation from the SENAMHI-Peru and the DECADE project. Using the ERA-Interim data set and the K-mean clustering analysis, we identified 117 WEPEs associated with the interaction of three atmospheric mechanisms: i) previous mid-tropospheric moistening over the western Amazon, ii) southerly cold air incursion along the eastern Central Andes (25 • S-15 • S) and iii) an upper-level trough originating in the subtropical southern Pacific and crossing over the southern tropical Andes. Furthermore, the interaction of these three mechanisms triggered the most long-lasting and intense WEPEs influencing precipitation not only over the northern Altiplano but in most of the southern tropical Andes, as observed by using the CHIRPS precipitation product. These results indicate that not only upper-level easterlies over the southern tropical Andes can trigger precipitation over this Andes region, but also upper-level-westerlies in association with a midtropospheric moistening over the Amazon and cold air incursions along the central Andes. On large-scale analyses, we identified that the upper-level trough arriving over the southern tropical Andes is the result of the extratropical-tropical interaction.

  while upper-level easterlies over the southern tropical Andes, associated with the Bolivian does not show modifications. The interannual analysis evidenced a change in the main atmospheric mechanisms controlling December-February precipitation over the upper-elevation southern tropical Andes. Before 2001, the Bolivian High was the primary source of variability for December-February precipitation (r = 0.80; p-value<0.05) throughout the zonal transport of momentum and moisture. After 2002, upward motion over the western Amazon, associated with convection and vertical moisture transport in this region, has become the main atmospheric mechanism controlling the interannual December-February precipitation variability over the 7.1. General Conclusion upper-elevation southern tropical Andes (r = 0.85; p-value<0.05).The change in the mechanism controlling the interannual precipitation variability over the southern tropical Andes co-occurred with a decrease in the atmospheric stability over this Andean region. This latter is, indeed, an effect of the long-term intensification of the meridional circulation connecting western tropical South America and tropical North Atlantic, which, likewise, has enhanced convection and upward moisture transport from the western Amazon toward the upper-elevation southern tropical Andes. It is important to state that the meridional circulation is a component of the mature phase of the SAMS.The results in this chapter have changed the vision of the atmospheric connection between the southern tropical Andes and the Amazon region. Paleoclimate analysis and climate projections, regarding the various scenarios of global warming, have always linked changes of December-February precipitation over this Andes region with modification in the position and intensity of the Bolivian High (e.g. Min-

(

  Chapter 5). The no increase of precipitation over the upper-elevation southern tropical Andes is related to the no reproduction of the strengthening of the meridional circulation over western tropical South America, including the intensification of western Amazon convection. The relationship between western Amazon convection and precipitation over the upper-elevation southern tropical Andes in SIMU_CTRL is due, principally, to the intensified meridional circulation over the western tropical South America in SIMU_CTRL compared to the ERA-Interim data set. This latter indicates an overestimation of the upward motion of the western Amazon that is related to lower values of atmospheric stability over the southern tropical Andes than the observed in the ERA-Interim data set. Indeed, SIMU_CTRL displays values of atmospheric stability over the southern tropical Andes over the whole 1980-2017 period similar to those observed in the ERA-Interim data set for the 2004-2017 subperiod, when the meridional circulation has intensified as compared to 1980-1995. Thus, this result confirms the role of western Amazon convection as a mechanism, in addition to the Bolivian High, controlling austral summer precipitation over the upper-elevation southern tropical Andes, evidenced with observational and satellite precipitation 7.2. Perspectives

  latitudinal location of the equatorial Andes, MJO may similarly affect precipitation in the four seasons during the year, meaning that the intraseasonal variability over the equatorial Andes could be related mainly to the MJO. On the other hand, we have shown in Chapter 4 that most of winter extreme precipitation events in the upper-elevation southern tropical Andes are associated with three mechanisms involving extratropical and tropical interactions, namely: previous mid-tropospheric moistening over the western Amazon, cold air incursions along the central Andes, and an upper-level trough over the Peruvian-Chilean coast. Whether or not these three mechanisms are associated with the MJO, which is a subject to study in the future, it is evident that these three mechanisms are not common in the austral summer. The presence of upper-level easterlies over the southern tropical Andes protects this region from extratropical perturbations, meaning that other types of atmospheric mechanisms affect the intraseasonal precipitation variability in this Andean region during the austral summer. These atmospheric mechanisms probably have tropical origins, and they should be analyzed in future studies.
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  Figure B.5: Figure S5. Daily lead-lag composite maps based on winter extreme precipitation events (WEPEs) over the northern Altiplano lasting two days and associated with low-level southerly wind anomalies crossing the equator. The composite analysis is from four days before (Day-4) to the initial day (Day0) of the WEPEs. Left column: Anomalies of daily land precipitation (color shading) and specific humidity at 500 hPa (contours). Solid (dashed) contours represent positive (negative) anomalies of specific humidity, while the black solid contour is the contour of 0 g kg -1 . The contour interval is 0.25 g kg -1 . The 3000 m.a.s.l. contour is shown as a green line. Central column: Anomalies of horizontal winds (u-v; vectors), temperature (T; color shading) and geopotential height (z; contours) at 850 hPa. Positive (negative) anomalies of geopotential height are shown as solid (dashed) contours. Contour interval is 5 m. The 3000 m.a.s.l. contour is shown as a green line. Right column: Zonal-mean of meridional windvertical motion (v-w; vector), zonal wind (contour) and specific humidity (color shading) anomalies over western tropical South America (80 • W-60 • W;30 • S-0 • N; see section 4.2.2). Contour interval of zonal winds is 2 m s -1 , easterly (westerly) wind anomalies are shown by dashed (solid) lines and the contour of 0 m s -1 is shown as a black line. The green line denotes the highest altitude between 80 • W-60 • W.
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  • S-1 • N highlight the existence of other modes of precipitation variability in this region,

	but they are less dominant than EOFE1.The correlation with in-situ precipitation shows that most of
	the rain-gauge stations located in the equatorial Andes display significant correlation values with PCE1,
	especially with rain-gauge stations situated above 2000 m.a.s.l (p-value<0.05; Figure S1 in Appendix
	A.1). With the aim of analyzing if region 1 • S-1 • N is influencing our results, an EOF analysis was
	computed between 5 • S and 1 • N. The spatial pattern of the main mode of precipitation in the region 5 • S-
	1 • S is similar to EOFE1 (not shown); indeed, their principal components have a correlation coefficient
	of 0.98 with a p-value<0.05.
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  [START_REF] Sicart | Radiative properties of clouds over a tropical Bolivian glacier: seasonal variations and relationship with regional atmospheric circulation[END_REF] used in-situ meteorological data to calculate a cloud index (CI) at Zongo Glacier (16 • S, 5050 m.a.s.l.). The authors showed that about 87% of the highest values of CI (extreme cloudy days) during JJA are, indeed, related to cold surge events that reach the Bolivian Andes. The remaining 13% are associated with anomalous upper-level trough conditions over the Chilean coast at 45 • S. Upperlevel troughs are characterized by low-pressure and cold air temperature anomalies between 500 and 200 hPa, but increased air temperature above 200 hPa due to tropopause folding

  Revealing the atmospheric mechanisms triggering extreme precipitation events over the southern tropical Andes in the austral winter winter (JJA) for the 1979-2014 period was analyzed; thus 3312 days were used in our study. During the exploratory analysis, we observed problems with data continuity in some of the rain-gauge stations, which complicate establishing a long common period of available data between the 101 rain-gauge sta-

	2.3. In
	Section 4.2.4, we present the two atmospheric configurations associated with heavy precipitation in the
	northern Altiplano, identified by using the K-means clustering analysis. Their associated precipitation
	and atmospheric circulation are described in Section 4.2.5 and Section 4.2.6. Finally, conclusions are
	presented in Section 4.2.7.
	4.2.2 Data and methods
	4.2.2.1 Data

In-situ precipitation data over the northern Altiplano. We made use of 101 rain-gauge stations, from the Peruvian and Bolivian meteorological services (SENAMHIs), located over the northern Altiplano (18 • S-15 • S; >3000 m.a.s.l.; Figure

4

.1a) collected by the project "Data on climate and Extreme weather from the Central Andes" (DECADE;

[START_REF] Hunziker | Identifying, attributing, and overcoming common data quality issues of manned station observations[END_REF]

. Only daily precipitation in austral Chapter 4. tions

(Figure 4.1a)

. However, all days in austral winter for the 1979-2014 period have precipitation data from at least 32 rain-gauge stations, with some days having a maximum of 96 rain-gauge stations available (Figure

Table 4

 4 Revealing the atmospheric mechanisms triggering extreme precipitation events over the southern tropical Andes in the austral winter PP-Andes (see Table4.1). It is important to remark that no final event shows minimum precipitation

.1. They can last between one and 12 days, with the possibility of including at most five consecutive days showing precipitation below the percentile 90 of Chapter 4.

Table 4

 4 July, and August, indicating that the threshold of percentile 90, used in this study, could clearly identify extreme precipitation events in the JJA season, even though August shows a slight increase in the precipitation climatology. On interannual time scales (Figure4.1d), we observe two periods with high occurrence of WEPEs: the 1983-1989 period and the 2000-2004 period. On the other hand, no WEPE occurred in the northern Altiplano in 1988. Furthermore, we observe that the number of WEPEs per year is less or equal than 3 since 2005, with the exception of 2013. These results suggest that the frequency of WEPE could be associated with interannual to decadal variability of the large-scale circulation (e.g. Revealing the atmospheric mechanisms triggering extreme precipitation events over the southern tropical Andes in the austral winter

	Lifetime	Total number	Total PP	Max PP	Min PP	Mean PP
	(days)	of events	(mm)	(mm)	(mm)	(mm)
	1	56	65.9	3.0	0.7	1.2
	2	28	82.3	5.0	0.7	1.5
	3	9	71.9	11.7	0.7	2.7
	4	7	67.0	7.7	0.6	2.4
	5	11	124.0	8.4	0.1	2.3
	6	4	29.9	3.6	0.2	1.3
	7	4	56.9	7.9	0.1	2.0
	8	5	57.7	7.8	0.2	1.4
	9	2	45.1	7.0	0.5	2.5
	10	0	0	0	0	0
	11	1	34.5	14.5	0.3	3.1
	12	2	78.6	12.7	0.1	3.3
	Total	129	714.0			

.1; see section 4.2.2.2) In total, there are 367 days identified as WEPEs out of the total of 3312 days considered during the JJA season in the 1979-2014 period. The accumulated precipitation during the 129 WEPEs is 714 mm, while the total JJA precipitation for the 1979-2014 period is 974 mm. This means that WEPEs ( 11% of the days) are responsible for at least 73% of all JJA precipitation. Table

4

.1 shows the precipitation characteristics of the 129 WEPEs regrouped by their duration. From all WEPEs, the maximum duration is 12 days and the maximum precipitation rate is 14.5 mm day -1 , occurring in the WEPE of 11 days. While WEPEs lasting one day are the most frequent, maximum precipitation rates are observed in WEPEs lasting more than 2 days. Figure

4

.1c shows the frequency of WEPEs as a function of the period of the month of their initial day (Day0). August is the month with more occurrences of WEPE (56) compared to June (34) and July (36). This is because WEPEs lasting more than two days are more frequent in August, in particular, during the second part of August. On the other hand, WEPEs lasting one or two days are equally distributed in June, ENSO, PDO). Notwithstanding the novelty of these results, they are beyond the scope of this study.

-Atmospheric circulation at the onset of WEPEs in the northern Altiplano

The spatial patterns of mean precipitation during WEPEs lasting one day, two days, and more than Chapter 4.

Table 4 .

 4 

1: Characteristics of winter extreme precipitation events in the northern Altiplano. The first column shows the lifetime of WEPEs in days, while the second column indicates the number of total WEPEs for each lifetime category. The total, maximum, minimum, and mean precipitation during WEPEs of different duration are displayed in column three, four, five and six, respectively.

  • S-150 • W and 20 • N-40 • W. We avoided analyzing anomalies of geopotential height south of 40 • S since the temporal variability in this region is strong compared with the tropical region. In addition, we performed the clustering analysis separately for WEPEs lasting one day, two days and more than two days. Using the silhouette method, we decided to divide each WEPE group into three clusters (Figure S2 in Appendix B.

  • S and 15 • S, as indicated by the red line in Figure 5.1c. At 200 hPa, this red line signals the latitude at which the BH is centered as it is observed in Figure 5.1a.

	5.2.3 Materials and Methods
	5.2.3.1 Data
	Satellite precipitation over the high Andes. We used The Climate Hazard group Infrared Precipita-

tion with Stations (CHIRPS;

[START_REF] Funk | The climate hazards infrared precipitation with stations-a new environmental record for monitoring extremes[END_REF] 

data set to analyze the December-February precipitation variability over the region already defined in the introduction (20 • S-12 • S, above 3000 m.a.s.l.; Figure 5.2a

  6.6 Understanding the WRF precipitation biases and its associated atmospheric processes and SST relationships over the upper-southern tropical Andes in WRF simulations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.6.1 Isolating convective and no-convective precipitation approach . . . . . . . . . 6.6.2 MSE analysis approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.6.3 SST changes modelling approach . . . . . . . . . . . . . . . . . . . . . . . . 6.6.4 No convection experiment over western tropical South America . . . . . . . . 6.7 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6.8 Summary and conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

  Summary and conclusions a better representation of the spatial pattern of precipitation over the tropical Andes as showed by Saavedra et al.

Table VI.2), which includes the New Tiedke cumulus scheme.

Comparing between a set of simulation having a coarse (WRF-AMS in SIMU_2D; 0.75 • x0.75 • ) and high (WRF-ANDES in SIMU_3D; 0.25 • x0.25 • ) spatial resolution over the tropical Andes, we identified 6.8.

  7.1. General ConclusionIn Chapter 2, we introduced our zone of study and presented the various data set used in this research. We have used in situ precipitation from the Instituto Nacional de Meteorología e Hidrología from Ecuador (INAMHI), the Servicio Nacional de Meteorología e Hidrología from Peru and Bolivia (SENAMHI-Peru, SENAMHI-Bolivia), and the Data on climate and Extreme weather fro the Central Andes project (DECADE;[START_REF] Hunziker | Identifying, attributing, and overcoming common data quality issues of manned station observations[END_REF]. We also used the Global Precipitation Climatology Project (GPCP;[START_REF] Adler | The Global Precipitation Climatology Project (GPCP) monthly analysis (New Version 2.3) and a review of 2017 global precipitation[END_REF] and the Climate Hazard Group Infrared Precipitation with Station data (CHIRPS;[START_REF] Funk | The climate hazards infrared precipitation with stations-a new environmental record for monitoring extremes[END_REF] precipitation products. In terms of atmospheric circulation, we decide to use the ERA-Interim reanalysis data set[START_REF] Dee | The ERA-Interim reanalysis: Configuration and performance of the data assimilation system[END_REF], and we used the Weather Research and Forecasting Model (WRF;[START_REF] Skamarock | A Description of the Advanced Research WRF Version 3[END_REF] to conduct the climate modeling experiences. The sea surface temperature data sets used in this study are the Extended Reconstructed Sea Surface Temperature (ERSST v4;[START_REF] Huang | Extended reconstructed sea surface temperature version 4 (ERSST.v4). Part I: Upgrades and intercomparisons[END_REF] and the Hadley Centre Global Sea Ice and Sea Surface Temperature

(HadISST;[START_REF] Rayner | Global analyses of sea surface temperature, sea ice, and night marine air temperature since the late nineteenth century[END_REF]

.

Table C .

 C 1: Name, longitude( • ), latitude( • ) and altitude (m.a.s.l.) of the rain-gauge stations used in this study. Name Longitude( • ) Latitude( • ) Altitude(m.a.s.l.) Scripts, figures and tables from Chapter 6 D.2 File namelist.input for the control simulation (SIMU_CTRL)

		D.2. File namelist.input for the control simulation (SIMU_CTRL)
	parent_id		= 0,	1,	2,
	i_parent_start		= 1,	111,	40,
	HUMAPALCA ICHUNA IMATA ISLA TAQUILE LA ANGOSTURA LAMPA LARAQUERI LAS SALINAS LAYKACOTA LIRCAY MACHAHUAY MADRIGAL MAZO CRUZ MOJO MUNHANI ORCOPAMPA ORURO AEROPUERTO PAMPA UMALZO TITIJONES j_parent_start &time_control run_days parent_grid_ratio run_hours run_minutes run_seconds start_year parent_time_step_ratio feedback smooth_option / start_month start_day &physics start_hour mp_physics start_minute ra_lw_physics start_second ra_sw_physics end_year radt end_month sf_sfclay_physics end_day sf_surface_physics end_hour bl_pbl_physics end_minute bldt end_second cu_physics history_interval cudt interval_seconds no_mp_heating input_from_file isfflx frames_per_outfile ifsnow restart icloud restart_interval_h sst_update = 1, io_form_history surface_input_source io_form_restart num_soil_layers io_form_input mp_zero_out io_form_boundary slope_rad io_form_auxinput4 topo_shading = 2 auxinput4_inname topo_wind auxinput4_interval /	-69.704 -70.537 -71.087 -69.691 -71.646 -70.367 -70.068 -71.135 -68.124 -74.733 -72.512 -71.817 -69.715 -65.551 -69.965 -72.344 -67.080 -70.425 = 1, = 1, = 0, = 0, = 0, = 0, = 1981, 1981, 1981, -17.835 -16.141 -15.837 -15.770 -15.180 -15.363 -16.153 -16.318 -16.505 -12.982 -15.645 -15.617 -16.739 -21.829 -14.772 -15.261 -17.966 -16.875 23, 23, 3, 3, = 1, 3, 3, = 1, = 00 Appendix: Chapter 6 D = 11, 11, 11, = 01, 01, 01, = 00, 00, = 3, 3, 3, 00, = 00, 00, = 1, 1, 1, 00, = 00, 00, = 1, 1, 1, 00, = 10, 10, 10, = 1982, 1982, 1982, = 03, 03, = 1, 1, 1, 03, = 31, 31, = 2, 2, 2, 31, = 23, 23, = 1, 1, 1, 23, = 50, 50, = 0, 0, 0, 50, = 00, 00, = 16, 16, 16, 00, = 60, 60, = 0, 0, 0, 60, = 0, = 86400 = 1, = .true.,.true.,.true., = 0, = 24, 24, 24, = 1, = .false., = 120, = 1, = 2 = 4, = 2 = 0, = 2 = 0, 0, 0, = 2 = 0, 0, 0, = 0, 0, 0, = "wrflowinp_d<domain>", = 1440, 1440, 1440,
	PAMPAHUTA PASANKERI iofields_filename = "iofields_file.txt","iofields_file.txt","iofields_file.txt", -70.677 -15.502 -68.144 -16.523 debug_level &fdda = 0 / /
	PATACAMAYA PILCHACA PILLONES PINAYA PISAC PORPERA time_step_fract_num &dynamics &domains time_step diff_opt km_opt time_step_fract_den damp_opt max_dom base_temp e_we zdamp e_sn dampcoef e_vert khdif	-67.922 -75.090 -71.231 -67.858 -71.849 -71.317 = 1, = 600 = 4, = 00 = 3, = 112 = 290. = 3, = 161, = 5000., 5000., 5000., -17.240 -12.406 -15.981 -16.638 -13.416 -15.350 1, 1, 4, 4, 127, 88, = 81, 85, = 0.2, 0.2, 0.2 97, = 41, 41, 41,
	POTOSI LOS PINOS p_top_requested num_metgrid_levels	-65.762 = 1000, = 38,	-19.563
	PROGRESO num_metgrid_soil_levels	-70.361 = 4,	-14.695
	dx dy	PUCARA	-70.367 = 250149.3, 83383.11, 27794.37, -15.034 = 250149.3, 83383.11, 27794.37,
	p_top_requested	PUNO	-70.012 = 5000	-15.826
	grid_id		= 1,	2,	3,
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Chapter 4. Revealing the atmospheric mechanisms triggering extreme precipitation events over the southern tropical Andes in the austral winter Amazon towards the upper-elevation southern tropical Andes (Chapter 4). During the austral summer, our results confirmed the role of the Bolivian High in horizontally transport moisture from the western Amazon toward the upper-elevation southern tropical Andes stated in previous studies (Chapter 3). On the interannual time scale, the role of the Bolivian High, in helping moisture to arrive until high-altitude southern tropical Andes, could be hindered by the large-scale circulation associated with El Niño events (Chapter 3). Espinoza et al. (2019a) showed an increase in austral summer precipitation over the western Amazon, suggesting that convection in this region is also enhanced. As our results indicate, convection over the western Amazon is a key factor for precipitation over the upper-elevation southern tropical Andes. Then, it is possible to believe that precipitation over the upper-elevation southern tropical Andes might have also changed its long-term variability. It is important to remember that low-frequency hydroclimate oscillation during the austral summer in the Altiplano has been identified by Segura et al. (2016). The authors showed that this oscillation is associated with SST in the western-central Pacific and zonal winds at 200 hPa over the Altiplano, both of them at decadal time scale. Thus, we explore in the next chapter the long-term precipitation variability over the upper-southern tropical Andes, using in situ and satellite data, and its association with the large-and regional atmospheric circulation. Chapter 6. Modelling the regional atmospheric circulation over western tropical South America and its sensibility to historical SST changes 6.4 Sensitivity tests 6.4

.1 Parametrization test

We used the first two domains, WRF-GLOBAL (global domain) and WRF-AMS (South America), to test the different parametrization schemes. We did five simulations with different combinations of parameterization schemes to select the one representing four climatic features: global precipitation, South America precipitation, and atmospheric circulation at 850 hPa and 200 hPa over tropical South America.

The different combinations of scheme parametrization used in our simulation are detailed in Table 6.2.

We named our simulation depending on the cumulus parameterization schemes we used. The cumulus schemes Kain-Fristch, New Tiedke, Grell-Devenyi, and the Betts-Miller-Janjic were used in the simulations SIMU_KF, SIMU_NT, SIMU_GD, and SIMU_BETTS, respectively. Furthermore, we used the same parameterization schemes in SIMU_NT, but using the thermal diffusion model instead of the unified Noah land-surface model in the surface physics scheme to run the simulation SIMU_NT+TD. Chapter 6. Modelling the regional atmospheric circulation over western tropical South America and its sensibility to historical SST changes • Are the atmospheric mechanisms triggering winter extreme precipitation events similar to those observed during the austral summer, or is it an interaction between tropical and extratropical perturbations? Are upper-level easterlies over the southern tropical Andes associated with these events? What is the role of the Amazon during these events?

• Changes in tropical South America precipitation, associated with modification in the regional atmospheric circulation, have been identified in previous studies in the four season of the year [START_REF] Barichivich | Recent intensification of Amazon flooding extremes driven by strengthened Walker circulation[END_REF][START_REF] Wang | The strengthening of Amazonian precipitation during the wet season driven by tropical sea surface temperature forcing[END_REF]Espinoza et al., 2019a). Thus, we wonder if these precipitation changes are also observed in the southern tropical Andes, especially the region above 3000 m.a.s.l., a region associated with paleoclimatic time scales with the SAMS. If austral summer precipitation changes are occurring in the southern tropical Andes, what are the atmospheric mechanisms controlling this relationship? Are they associated with the Bolivian High or other mechanisms also associated with the SAMS?

• The identification of atmospheric mechanisms associated with precipitation by using observational, based-satellite and reanalysis data sets is mainly statistic. The use of full atmospheric circulation models, conceptual models, without assimilating observational or satellite data, could help to diagnose the role of the various atmospheric mechanisms already observed in the current Earth System and could improve our knowledge of the complex mechanisms associated with precipitation, especially in the tropics. Following this premise, we wonder if atmospheric circulation models could reproduce the interannual and long-term variability of precipitation over the upperelevation southern tropical Andes. Are the same atmospheric mechanisms controlling precipitation over the upper-elevation southern tropical Andes identifying by using observational, satellite, and reanalysis data sets? Thus, this manuscript is divided into four chapters according to the forenamed questions. In Chapters 3, 4, 5, and 6, we focused our research on these specific questions that, in the first regard, analyze the atmospheric circulation associated with precipitation variability in the southern tropical Andes on specific seasons of the year or in a specific time scale. Nevertheless, the conjunction of the different approaches used in each chapter tries to elucidate the nature of the complex atmospheric system associated with precipitation over the southern tropical Andes.

List of Figures On seasonal time scales, the main mode of precipitation in the EA and STA are characterized by a unimodal regime, while the TZ is represented by a bimodal regime. The EA and the TZ share the same wet season in the February-April period, which is associated with a weakened Walker Cell, the southerly position of the Intertropical Convergence Zone (ITCZ) and a strong westward humidity transport from the equatorial Amazon. This latter mechanism and a reduced elevation of the Andes are associated with the October-November wet season in the TZ. The presence of the Bolivian High and the northward extension of the Low Level Jet are associated with the precipitation over Andean regions between 20 • S and 8 • S in the December-March period On interannual time scales, extreme monthly wet events (EMWE) in the STA (TZ) are related to convection over the western (equatorial) Amazon during the December-March (February-April) period, showing an atmospheric relationship between the Amazon and the Andes. Extreme monthly dry events (EMDE) in the TZ and in the EA during the February-April period are related to a strengthened Walker Cell. In addition, EMWE (EMDE) in the EA are associated with an anomalous southward (northward) displaced ITCZ. Moreover, we find a relationship between precipitation at higher elevations in the Andes north of 10 • S and easterly winds at 200 hPa during February-April EMWE. Finally, extreme monthly events in the EA (STA) are related to sea surface temperature anomalies in the western (central) equatorial Pacific. Table A.1: Table S1. Name, longitude ( • ), latitude ( • ), altitude (m.a.s.l.) and the corresponding country of the rain-gauge stations used in this study. In-situ precipitation from Peru (Ecuador) covers the 1970-2013 (1982-2009) The South American Altiplano has a marked dry season during the austral winter (June to August, JJA). However, during this season synoptic meteorological conditions triggering heavy precipitation can damage socioeconomic activities, often causing the loss of human lives. Using daily in-situ precipitation data from 101 rain-gauge stations over the northern Altiplano (18 • S-15 • S; >3000 m.a.s.l.) for the JJA season, we computed the historical percentile 90 (p90) and we identified extreme rainy days with precipitation higher than p90 in the 1979-2014 period. We identified 129 winter extreme precipitation events (WEPEs) over this region that can last between one to 12 days. The K-means analysis was applied to anomalies of geopotential height at 500 hPa from ERA-Interim data during the initial day (Day0) of WEPEs lasting one day (56 cases), two days (28) and more than two days (45), respectively. We found 117 WEPEs characterized by an upper-level trough over the Peruvian-Chilean coast. At 850 hPa, these 117 WEPEs are also associated with cold surges along the eastern Central Andes, indicating an association between the upper-level trough and the cold surge in developing deep convection over the northern Altiplano. A lead-lag composite analysis further showed a significant lower and mid-tropospheric moistening over the western Amazon two days before the onset of these 117 WEPEs. The other 12 WEPEs are associated with a low-level southerly wind regime crossing the equator and a mid-and upper-level high-pressure system over subtropical South America. While the low-level southerly regime promotes mid-tropospheric moisture transport from the equator towards the Altiplano, the anomalous subtropical High promotes easterly wind anomalies, boosting the upslope moisture transport from lowlands to the east of the Central Andes towards the Altiplano. B.1. Extreme austral winter precipitation events over the South-American Altiplano: Regional Atmospheric Features Analyzing December-February (DJF) precipitation in the southern tropical Andes -STA (12 • S-20 • S; >3000 m.a.s.l) allows revisiting regional atmospheric circulation features accounting for its interannual variability over the past 35 years . In a region where in-situ rainfall stations are sparse, the CHIRPS precipitation product is used to identify the first mode of interannual DJF precipitation variability (PC1-Andes). A network of 98 rain-gauge stations further allows verifying that PC1-Andes properly represents the spatio-temporal rainfall distribution over the region; in particular a significant increase in DJF precipitation over the period of study is evident in both in-situ data and PC1-Andes.

A.1.2 Figures

A.1.3 Tables

B.1.2 Figures

Using the ERA-Interim data set, we found that aside from the well-known relationship between precipitation and upper-level easterlies over the STA, PC1-Andes is also associated with upward motion over the western Amazon (WA), a link that has not been reported before. The ascent over the WA is a component of the meridional circulation between the tropical North Atlantic and western tropical South America -WTSA (80 • W-60 • W; 35 • S-10 • N). Indeed, the precipitation increase over the last 2 decades is concomitant with the strengthening of this meridional circulation. An intensified upward motion over the WA has moistened the mid-troposphere over WTSA, and as a consequence, a decreased atmospheric stability between the mid-and the upper troposphere is observed over this region, including the STA. We further show that, over the last 15 years or so, the year-to-year variability of STA precipitation (periodicity < 8 years) has been significantly associated with upward motion over the WA, while upper-level easterlies are no longer significantly correlated with precipitation.

These observations suggests that the STA have experienced a transition from a dry to a wet state in association with a change in the dominant mode of atmospheric circulation. In the former dominant state, zonal advection of momentum and moisture from the central Amazon, associated with upper-level easterlies, is necessary to develop convection over the STA. Since the beginning of the 21 st Century, DJF precipitation over the STA seems to respond directly and primarily to upward motion over the WA. Beyond improving our understanding of the factors influencing STA precipitation nowadays, these results point to the need of exploring their possible implications for the long-term evolution of precipitation in a context of global warming. D.9. Atmospheric stability over the upper-elevation southern tropical Andes using the MSE approach and the ERA-Interim data set D.9 Atmospheric stability over the upper-elevation southern tropical Andes using the MSE approach and the ERA-Interim data set 

C.1.2 Figures

Mots-clés :
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Abstract

Analyzing the regional precipitation over the tropical Andes from 20 • S and 1 • N, we defined the southern tropical Andes as the region from 20 • S to 8 • S, where the unimodal annual cycle of precipitation with a seasonal maximum in the December-March season dominates. Indeed, the region south of 12 • S and above 3000 m.a.s.l is the most influenced, in terms of precipitation, by the mature phase of the SAMS. We also found that the demise of the SAMS together with the southward migration of the Intertropical Convergence Zone (ITCZ) in the February-April season involves a seasonal precipitation increment north of 8 • S. The onset of the SAMS, occurring in the September-November season, also creates a secondary seasonal precipitation maximum in the tropical Andes between 8 • S and 5 • S. In the season when the SAMS does not exist (June-August), western Amazon convection in association with extratropical perturbations trigger the most severe extreme precipitation events in the upper-elevation southern tropical Andes (>3000 m.a.s.l.). The analysis of the interannual variability indicates that, in addition to the Bolivian High, western Amazon convection is also a controlling mechanism of December-February precipitation over the upper-elevation southern tropical Andes. The existence of the relationship between precipitation and the two mechanisms, which are components of the SAMS, was confirmed by the use of the WRF model. While the Bolivian High explains the precipitation variability in the 1982-2002 period, western Amazon convection plays a more important role from 2002 onwards. This change in the controlling mechanism is, indeed, related to the long-term intensification of western Amazon convection, which is also associated with the less frequency of dry years in this Andean region. Thus, our results document for the first time and highlight the atmospheric connection existing between the western Amazon and the upper-elevation southern tropical Andes on different time-scales.