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The Andes is the longest cordillera in the world and extends from northern South America to the southern extreme of the continent (from 11°N to 53°S). The Andes runs through seven countries and is characterized by a wide variety of ecosystems strongly related to the contrasting climate over its eastern and western sides, as well as along its latitudinal extension. This region faces very high potential impacts of climate change, which could affect food and water security for about 90 million people. In addition, climate change represents an important threat on biodiversity, particularly in the tropical Andes, which is the most biodiverse region on Earth. From a scientific and societal view, the Andes exhibits specific challenges because of its unique landscape and the fragile equilibrium between the growing population and its environment. In this manuscript, we provide an updated review of the most relevant scientific literature regarding the hydroclimate of the Andes with an integrated view of the entire Andes range. This review paper is presented in two parts. Part I is dedicated to summarize the scientific knowledge about the main climatic features of the Andes, with emphasis on mean large-scale atmospheric circulation, the Andes-Amazon hydroclimate interconnections and the most distinctive diurnal and annual cycles of precipitation. Part II, which is also included in the research topic “Connecting Mountain Hydroclimate Through the American Cordilleras,” focuses on the hydroclimate variability of the Andes at the sub-continental scale, including the effects of El Niño-Southern Oscillation.
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INTRODUCTION

The Andes is the longest mountain chain in the world (∼7240 km) and the highest within the inner tropics. The Andes extends over South America with a south-north direction from Patagonia to Venezuela. The complexity of the topography and the relative low density/short period of the meteorological network over the Andes have been an inconvenience for a proper characterization of the main atmospheric circulation patterns and their relationships with the main hydroclimatic features, including the spatio-temporal characterization of precipitation over the whole of the Andes chain. Sustainable development in the Andes is currently menaced by changes ranging from local and regional (land use and deforestation; e.g., Nobre et al., 2016; Aide et al., 2019) to global (climate change; Magrín et al., 2014), which in turn would affect its climate and water resources, from glaciers retreat (Rabatel et al., 2013) to water supply and ecosystem services (Vuille et al., 2018).

During the last two decades, a few studies have summarized the main features of the atmospheric circulation over particular regions in South America, including Barros et al. (2000), focusing on the La Plata Basin in Southeastern South America, and Garreaud and Aceituno (2007), focusing on the subtropical/extratropical part of the continent. Over equatorial and tropical part of South America, several studies have reviewed the main mechanisms associated to the South America Monsoon System (SAMS) (Zhou and Lau, 1998; Vera et al., 2006; Marengo et al., 2012), whereas Vuille et al. (2012) provide a review of changes in this monsoon circulation during the past two millennia. Reviews of the hydroclimate of the Amazon basin have been provided by Figueroa and Nobre (1990), Espinoza et al. (2009b), and more recently by Marengo and Espinoza (2016), with particular focus on extreme hydrological events. At the regional level, Poveda et al. (2006) and Garreaud et al. (2003) have provided review papers on the climate of Northern South America/Southern Mesoamerica and the South American Altiplano, respectively. However, to our knowledge, we still lack of integrated reviews and assessments of the hydroclimate over the entire Andes range.

This contribution makes part of a series of review papers focused on diverse aspects of climate, weather, hydrology and cryosphere of the Andes cordillera. Such reviews are being prepared to provide a state-of-the-art synthesis of current knowledge, as part of the ANDEX initiative. ANDEX is a prospective Regional Hydrological Project (RHP) of the Global Energy and Water Cycle Experiment (GEWEX)1 project of the World Climate Research Programme (WCRP)2. Three international workshops have been held among researchers from Andean countries and elsewhere to discuss the existing knowledge about the Andes hydroclimatology, to identify the research community working on the relevant scientific disciplines and applications, and to start identifying major research gaps. The ANDEX foundational meeting was held in Medellín, Colombia, on 5–7 December 2017; the second one in Santiago, Chile, on 22–24 October 2018; and the third workshop took place in Quito, Ecuador, on 21–24 April 2019. As a result of these activities, three overarching questions have been defined to guide the ANDEX scientific agenda, as follows3 :


(i)What are the main physical processes driving the water and energy budgets of the Andes (as a singular cordillera), at a broad range of spatial and temporal scales, and their interactions with the Pacific and Atlantic Oceans and major river basins of South America?

(ii)How climate change, deforestation and land use changes are affecting the hydroclimatological functioning of the Andes across the altitudinal and latitudinal gradients, from glaciers to paramos, punas, cloud montane forests, rainforests, dry forests, and deserts?

(iii)What is the scientific basis underpinning the sustainable development of the Andean region?



In particular, this review aims to assess and discuss recent progress in the knowledge of the Andes hydroclimate, under an integrated view from the Patagonia to the northern Andes, including for the first time all latitudinal ranges: north tropical (north of 8°S), south tropical (8°S–27°S), subtropical (27°S–37°S) and extratropical (south of 37°S). This review considers the interactions Andes-Amazonas, which play a key role controlling hydroclimate over the Andes. This comprehensive approach has allowed better describing the differences and connections among regions, including water and energy fluxes. Also, this manuscript highlights the main research gaps that need to be addressed in order to improve our current understanding of Andean hydroclimate. This manuscript is presented in two parts. Part I is dedicated to summarize (i) the mean large-scale atmospheric circulation that characterize the hydroclimate of the Andes, including zonal flow impinging the Andes, the low-level jets observed over the Andes and the hydroclimatic connectivity between the Amazon and the Andes; and (ii) the regular cycles of precipitation, including the most distinctive diurnal and annual cycles of precipitation. Part II addresses the hydroclimate variability of the Andes at the sub-continental scale, including interannual variability and its relationship with the El Niño-Southern Oscillation (ENSO). Recent progress in the knowledge about impacts of the ENSO on the Andean hydroclimate are also reviewed by Poveda et al. (submitted) in the paper “High Impact Weather Events in the Andes,” submitted to this special issue (“Connecting Mountain Hydroclimate Through the American Cordilleras”).



MEAN LARGE-SCALE CIRCULATION

The atmospheric circulation over South America and adjacent oceans are major drivers of weather and climate over the Andes, including mean climatic conditions and regular cycles. These large-scale features are in turn affected by the Andean topography, vegetation patterns, the gradually-varying boundary conditions provided by the Pacific and Atlantic oceans, the tropical-extratropical interactions, the Amazon-Andes connection, among other regional-to-local interactions. In the next sections, these main features are described and discussed.


Zonal Flow Impinging the Andes

Figure 1 shows the long-term mean upper and lower tropospheric wind field in South America for January and July from the NCEP-NCAR reanalysis, a rather coarse dataset but fine enough to describe the large-scale circulation interacting with the Andes (see also Garreaud, 2009). To complement the isobaric maps, Figure 2 displays the latitude-height cross section of the zonal flow at 70°W. Broadly speaking, the mid- and upper-level circulation atop and over the Andes is mostly zonal, with westerly flow from 25°S southward and easterly flow at low latitudes. During the austral winter [June-July-August (JJA)], mid-level westerlies reach ∼10°S and the upper-level jet stream is located over the subtropical Andes, at about 30°S. During the summer [December–January–February (DJF)], the zonal flow over South America is disrupted by the Bolivian High (see section 3) but since it is centered over the Altiplano, the flow atop of the cordillera remains mostly easterly (from 20°N to 20°S) or westerly (from 25°S southward, with an upper-level jet stream located over the extratropical Andes at about 45°S). The narrowness and elevation of the mountain range preclude the formation of large-scale stationary waves, because most of the low- and mid-level flow impinging the Andes is blocked and there is little deflection of the horizontal streamlines over the sloping terrain (that otherwise will generate topographic Rossby waves, e.g., Holton, 2002). On the other hand, the interaction of the strong westerly winds with the extratropical Andes (south of 37°S) is capable to produce large-amplitude gravity waves propagating into the stratosphere where they deposit their momentum (e.g., Jiang et al., 2013).
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FIGURE 1. (a,b) Long-term mean (1981–2020) winds at 200 hPa (arrows) and precipitation (shades). (c,d) Long-term mean (1981–2020) winds at 925 hPa (arrows) over blue marble. Data from NCEP/NCAR reanalysis.



[image: image]

FIGURE 2. Cross-section of long-term-mean (1981–2020) zonal wind (U) at 70°W for (A) austral winter (JJA) and (B) summer (DJF). Gray area indicates mean Andes height averaged at 80–60°W. Contours indicate U = 0, 15, and 30 m/s. Data from NCEP-NCAR Reanalysis.


Baroclinic disturbances embedded in the mid-latitude westerly wind belt are responsible for most of the rain and snowfall in the subtropical and extratropical Andes (particularly, central-southern Chile, and western Argentina) due to the spill-over effect. The axis of the southern hemisphere storm track intersect the extratropical Andes at 45–50°S year round (Figure 1; Berbery and Vera, 1996; Inatsu and Hoskins, 2004; Hoskins and Hodges, 2005) and recent studies have shown that climate change is responsible for a poleward shift of the storm track (Bengtsson et al., 2006; Chang et al., 2012) with important consequences for the Chile/western Argentina hydroclimate (Boisier et al., 2018).

Near-surface, westerly flow continues to impinge against the Andes at mid-latitudes and easterly flow near the equator. The trans-Andean flow at mid-latitudes -responsible for some of the most marked precipitation gradients on Earth (see Part II)- is possible because of the strong flow and the relatively low topography, even though some blocking occurs at the lowest levels (Viale and Garreaud, 2015). The trans-Andean flow at low latitudes is more difficult to occur given the altitude of the mountains in this region. Indeed, the eastern slopes of the south Tropical Andes (which cover Bolivia, Peru, and Ecuador) act as a topographic barrier for the warm and moist flux from the Amazon region. Moisture advection from the Amazon region is predominant during the austral summer (Figure 1a). However, at low latitudes (north of 5°S), where the altitude of the mountains is lower, trans-Andean flows are predominant all year around, producing a complex rainfall regime over this region (Laraque et al., 2007; Espinoza et al., 2009b; Segura et al., 2019).

Because of the topographic blocking, the low-level flow adjacent to the subtropical Andes is mostly meridional: southerly winds to the west and northerly winds to the east. This meridional flow pattern is stronger in the austral summer and in quasi-geostrophic balance with the subtropical Pacific anticyclone and the continental low (Seluchi et al., 2003), whose maintenance is partially driven by the Andes (Rodwell and Hoskins, 2001; Takahashi and Battisti, 2007). Near to the western flank of the subtropical Andes, the flow becomes northerly, with a well-defined jet at about 700 hPa within 30 km from the mountain surface (Rutllant and Garreaud, 2004; Garreaud, 2009). The low-level, terrain-parallel flow close to both sides of the Andes often organize in low-level jets (LLJs) described in detail in section Low Level Jets at the Andes Foothills.

The relevance of the Andes cordillera in organizing the tropospheric flow at the continental scale (and so the moisture transport among other consequences) can also be appreciated in numerical experiments in which the Andes is removed, as presented in Insel et al. (2010) and Garreaud et al. (2010). Of particular relevance, the presence of the Andes is instrumental for the existence of the low-level jet east of the Andes, the South American Low-Level jet (SALLJ; see section LLJs to the East of the Andes), that transport humidity from the Amazonian rainforest into the southern plains of the continent, and so it is fundamental for inducing the occurrence of the SAMS during austral summer. The SAMS corresponds to a monsoonal circulation over South America, mainly Bolivia, Peru, Brazil and northern Argentina, covering the Amazon rainforest (e.g., Zhou and Lau, 1998), that exhibits four dominant features: (i) an upper troposphere anticyclone (at 200–300 hPa), located over Bolivia, known as the Bolivian High (see section Regular Cycles of Precipitation); (ii) a northwest-southwest oriented band of cloudiness over the southeast of the continent, known as the South Atlantic Convergence Zone (SACZ); (iii) the occurrence of high surface temperatures over the Atlantic Ocean prior to the wet season onset; and (iv) the presence of the SALLJ to the east of the Andes (see section LLJs to the East of the Andes) (Gan et al., 2004; Vera et al., 2006; Carvalho et al., 2011; Marengo et al., 2012). The evolution of the SAMS is also related to the location and intensity of the Atlantic Intertropical Convergence Zone (ITCZ). For instance, during the onset and mature phases of the SAMS (early-mid austral summer), the ITCZ is confined to the Atlantic region between 5 and 8°N (Zhou and Lau, 1998). During the retreat phase of the SAMS (late austral summer-early austral fall), the deep convection of the Atlantic ITCZ is relatively weak and shows a northward migration (Vera et al., 2006). Therefore, atmospheric circulation over the Andes is partly connected to the dynamics of the SAMS, as discussed throughout the next subsections.



Amazon-Andes Connection

The Amazon-Andes transition region is characterized by a unique landscape and the fragile equilibrium between the growing population and its environment (Myers et al., 2000; Vuille et al., 2018). This region shows an exceptional biodiversity and biogeographical patterns, which are the result of the interplay between contrasted climates and the complexity of Andean topography (Hoorn et al., 2010; Rangel et al., 2018). The eastern Andes and the Amazon River basin constitute an entangled biogeophysical system. The Amazon region exports water vapor and nutrients to the Andes through the moisture-laden trade winds (e.g., Garreaud, 1999; Poveda et al., 2006, 2014; Zemp et al., 2017). The ascent of these winds owing to the orographic effect of the Andes, favors convection and high intensity rainfall rates over the eastern piedmont (e.g., Espinoza et al., 2009b, 2015; Chavez and Takahashi, 2017; Junquas et al., 2018; Kumar et al., 2019), which in turn produces the river runoff draining sediments, pollutants, and nutrients downstream to the Amazon lowlands (Poveda et al., 2006; McClain and Naiman, 2008; Espinoza et al., 2009a; Moquet et al., 2011; Molina-Carpio et al., 2017; Builes-Jaramillo and Poveda, 2018).

The eastern flank of the tropical Andes is the wettest region in the Amazonia (e.g., Figueroa and Nobre, 1990; Espinoza et al., 2009b). From the diurnal to the interdecadal timescale, rainfall variability in the Amazon-Andes transition region is the result of the interplay between regional atmospheric circulation, lowland-highland temperature contrast and the complex Andean topography (Ronchail and Gallaire, 2006; Espinoza et al., 2015; Segura et al., 2016; Chavez and Takahashi, 2017; Junquas et al., 2018). These features produce high rainfall rates of around 6000–7000 mm/year, generally observed at around 400–2000 m.a.s.l (Johnson, 1976; Giovannettone and Barros, 2009; Poveda et al., 2014; Espinoza et al., 2015; Chavez and Takahashi, 2017). As a consequence, the Andean region has the largest runoff per unit area of the Amazon basin (Moquet et al., 2011; Builes-Jaramillo and Poveda, 2018; Figure 3) and the extreme hydrological events that occur over this region can have impacts over the entire Amazon basin, as observed during the exceptional 2014 flood in the upper Madeira River basin (Espinoza et al., 2014; Ovando et al., 2016). Studies have documented the key role of the hydrological variability of the Andean-Amazon rivers, such as the Madeira, Ucayali, Marañón and Caquetá-Japura for a broad understanding of hydrological variability of the entire Amazon basin at the seasonal and interannual time scales, including long-term hydrological trends (e.g., Roche and Fernandez Jáuregui, 1988; Espinoza et al., 2009a; Lavado-Casimiro et al., 2013; Molina-Carpio et al., 2017; Wongchuig-Correa et al., 2017; Barichivich et al., 2018), atmospheric and surface water balances (Builes-Jaramillo and Poveda, 2018, Figure 3) and the dynamics of the sediments and nutrients at the Amazon basin scale (Guyot et al., 2007; Moquet et al., 2011; Armijos et al., 2013; Bouchez et al., 2017; Vauchel et al., 2017). Multiannual rainfall variability in the Amazon basin, including extreme hydroclimatic events, has been mainly attributed to the sea surface temperatures (SST) variations in both the tropical Pacific and Atlantic oceans, with seasonal and regional specificities. In addition, a reduced vegetation cover in the southern Amazon also contributes to a more frequent occurrence of longer dry seasons over this region (for more details see Debortoli et al., 2015; Marengo and Espinoza, 2016; Barichivich et al., 2018; Builes-Jaramillo and Poveda, 2018; Espinoza et al., 2019; Leite-Filho et al., 2019; Ruiz-Vasquez et al., submitted, among others).
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FIGURE 3. Illustration of the components of surface water balance and atmospheric water balance based on the observations (OBS) and reanalysis (ERA) datasets in the Andes and Amazonia subregions of the Amazon River basin. P, precipitation; E, actual evapotranspiration; R, runoff; C, moisture convergence. Values are in units of mm.y–1. The arrow convention on the bottom left represents 1000 mm.y–1. Source: Builes-Jaramillo and Poveda (2018). © American Geophysical Union. Reprinted by permission from John Wiley and Sons.


Builes-Jaramillo and Poveda (2018) provide recent estimates of water balance components in the Andes-Amazon transition zone (Figure 3). Despite receiving less precipitation, runoff is higher in the Andean part of the Amazon basin than the Amazon lowlands (Moquet et al., 2011). This difference could be related to the spatial variability of rainfall over the Andes-Amazon region, where the rainiest zones are observed (“hotspots”), as well as the steep topography that favors runoff (Espinoza et al., 2014). High rainfall rates on the eastern slopes of the Andes cause strong erosion, particularly over the south tropical Andes, mainly related to climate variability (Pepin et al., 2013; Lowman and Barros, 2014). The erosion of the eastern flank of the tropical Andes provides nearly 100% of the suspended sediment load observed in the Amazon Basin (estimated between 750 and 1200 Mt/year), with a major contribution from southern Amazon rivers such as the Ucayali and Madeira. For instance, the average suspended sediment production of the Madeira River Andean catchment has recently been estimated at 640 Mt/year (Vauchel et al., 2017), but almost a third of that load is deposited in the floodplains before reaching the Amazon (Guyot et al., 2007; Armijos et al., 2013; Santini et al., 2014; Vauchel et al., 2017; Espinoza-Villar et al., 2018; Ayes-Rivera et al., 2019). Andean rivers also control the Amazon basin hydrochemistry, in particular due to the salt rocks and carbonates present in the Marañón and Ucayali basins (Moquet et al., 2011; Bouchez et al., 2017).

The Atlantic Ocean and the Amazon rainforest are, respectively, the main oceanic and continental atmospheric moisture sources for most of the north tropical Andes (north of 8°S) and neighboring regions (Arias et al., 2015; Hoyos et al., 2017; Zemp et al., 2017; Figures 3, 4). On the other hand, the Amazon rainforest is a major supply of humidity for neighboring regions, such as tropical South America, the La Plata river basin and the Andes cordillera (e.g., Berbery and Barros, 2002; Martinez and Dominguez, 2014; Poveda et al., 2014; Arias et al., 2015; Molina et al., 2019; Ruiz-Vasquez et al., submitted). In a recent study, Staal et al. (2018) estimates that around 25–50% of total annual rainfall observed in the tropical Andes might be originated by Amazon tree transpiration transported westward by dominant trade winds (Figure 4). For instance, Rodriguez et al. (2018) suggest that environmental change (mainly land use change) in the southern and southeastern Amazon basin has reduced its capacity to regulate low flows. Also, according to previous works, Amazonian rainforest is the main source of atmospheric moisture for the subtropical Andes (e.g., Garreaud, 1999; Garreaud et al., 2003; Falvey and Garreaud, 2005; Sorí et al., 2017; Segura et al., 2020).
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FIGURE 4. (A) Fraction of total precipitation during the extended dry season (June–November) that last evaporated from the ocean, calculated from atmospheric moisture tracking (1989–2005). Arrows represent vertically integrated moisture fluxes. Source: Zemp et al. (2017), © Nature Communications. CC licence. (B) Fraction of mean annual rainfall that has been transpired by trees in the Amazon basin. Source: Staal et al. (2018). © Nature Climate Change. Reprinted by permission from Springer Nature.


Consequently, the high rate of Amazonian land-cover change probably will affect the entire hydrological cycle over both the Amazon basin and the Andes. In fact, the existence of two-way biogeophysical feedbacks between the Andes and the Amazon is difficult to overstate. Massive amounts of water vapor are evapotranspired into the atmosphere by the Amazonian rainforest, which are condensed and converted into rainfall (precipitation recycling), and later on evapotranspired several times within the region (Figure 3). Such cascade of water vapor is then transported by the trade winds from eastern to central and western Amazonia (Figure 4A), to be lifted by the orography of the Andes and then condensed and converted into rainfall. This explains that the rainiest regions of the Amazon river basin are located along the piedmonts of the Andes of Colombia, Ecuador, Peru, and Bolivia (Espinoza et al., 2009b), which in turn feed the extraordinarily high precipitation recycling rates in the Andes (Zemp et al., 2014; Staal et al., 2018). Such high amounts of rainfall along the Andes feed the rivers flowing to the low-lying Amazonia (Figure 3). Therefore, deforestation of the low-lying Amazon would reduce the recycling of precipitation, but also the flux of water vapor exported to the Andes, and the surface runoff and sediments exported from the Andes to the low-lying Amazonia, increasing the risks of drought, tree mortality and fires. Such hydrological disruption also threatens the supply of water that is transported from the low-lying Amazon to the tropical Andean glaciers, already undergoing a fast retreat owing to global warming (Sagredo and Lowell, 2012; Rabatel et al., 2013), which in turn impact the ecological dynamics of paramos, yungas, punas, and Andean forests (cloud, montane, and rainforests) (Zimmer et al., 2018), and put in peril the water supply for major cities like Bogotá, Lima, Quito, and La Paz, and hundreds of cities and towns along the Andes.



The Bolivian High

During the DJF season (austral summer), the 200 hPa westerlies over South America are mainly observed south of 22°S. Also, the extreme north of the continent is dominated by westerlies (Figure 5). An upper-level anticyclonic circulation (around 200–300 hPa), referred as the Bolivian High, is observed over the tropical South American continent (centered at around 15°S–65°W). Downstream, over northeastern Brazil, an upper level cyclonic circulation is observed in complement to the Bolivian High and a convergence region is defined over the Peruvian and Ecuadorian coasts (Virji, 1981; Lenters and Cook, 1997).
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FIGURE 5. 200 hPa winds for 3 days in austral summer depicting an absent Bolivian High (BH; A), a Bolivian High near its climatological position (B) and an intense, broad Bolivian High centered well to the south of its mean position (C). Wind data from NCEP-NCAR Reanalysis.


Initial studies suggested a thermal origin for the Bolivian High, supported by the strong sensible heating and the liberation of latent heat over the Altiplano and the tropical Andes during the austral summer (Schwerdtfeger, 1961; Gutman and Schwerdtfeger, 1965). Later, a comprehensive modeling study by Lenters and Cook (1997) suggested that the Bolivian High is a dynamical response to the heating of the upper levels of the troposphere produced by the deep convection over the central-western Amazonia. Diabatic heating over the Andes and the Altiplano does not seem crucial for the development of the Bolivian High, while the Andes organize the low-level circulation and convection over tropical South America. Hence, the Bolivian High is now recognized as one of the most prominent regional responses of the tropospheric circulation associated with the strong convection over the Amazon observed during the SAMS in austral summer (e.g., Vera et al., 2006). The Bolivian High contributes actively to the precipitation over the Altiplano and the south tropical Andes during the austral summer because the easterly winds in the upper troposphere favor the transport of moist air from the Amazon lowlands toward the tropical Andes (Garreaud, 1999; Segura et al., 2019). In addition, the Bolivian High is crucial to the strengthening of the SACZ during the DJF season, due to vorticity advection observed upward (Figueroa et al., 1995). During the March-April-May (MAM) season, the southern hemisphere westerlies return to encompass the subtropics and a couple of anticyclones is observed over the tropical part of the continent, in accordance with the convection over the equator.

The Bolivian High experiences strong synoptic and intraseasonal variability (Figure 5) in its intensity, position and extent. While the Bolivian High mean-state has been firmly related to convection over the Amazon, it is unclear how both elements are connected at higher frequencies. A confounding factor is extratropical variability that can impact both upper-level winds and low-level conditions affecting continental convection. Of particular relevance is a sub-monthly scale dipole of convection that is often observed in southeastern South America between the La Plata basin and southern Brazil (e.g., Nogués-Paegle and Mo, 1997; Díaz and Aceituno, 2003). Earlier studies indicate that this dipole is related to distinct changes in intensity and position of the Bolivian High (Vera and Vigliarolo, 2000).



Low Level Jets at the Andes Foothills

Prominent LLJs are observed at both sides of the Andes and at different ranges of latitude, which are induced by mechanical blocking of impinging flow and/or diabatic heating in the mountain slopes. These LLJs are important because they transport vast quantities of moisture along large meridional distances, except for the case of the jets to the west of the Andes at subtropical latitudes. A schematic representation of these LLJs is presented in Figure 6 and we now examine their main features.
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FIGURE 6. Schematic figure of South America depicting the principal LLJs at both sides of the Andes cordillera.



LLJs to the East of the Andes

One of the LLJs to the east to the Andes circulates over northern South America from the Tropical North Atlantic through Guyana and eastern Venezuela. It becomes a LLJ blowing over the Venezuela-Colombian Llanos (plains) of the Orinoco River, so-called Corriente de los Andes Orientales (CAO), the Llanos jet, the Orinoco jet, or the Eastern Andes Jet (Montoya et al., 2001; Torrealba and Amador, 2010; Jiménez-Sánchez et al., 2019; see Figure 6). The easterly flow of the CAO reaches the eastern piedmont of the Andes as the northernmost leg of the SALLJ (Figure 6). The SALLJ is characterized by northerly surface (850 hPa) wind speeds higher than 12 ms–1 (Marengo et al., 2004). This LLJ reaches regions of Bolivia, Paraguay, Southern Brazil, Uruguay and Argentina (Byerle and Peagle, 2002; Campetella and Vera, 2002; Wang and Fu, 2002; Vera et al., 2006; Moraes-Arraut et al., 2012; Poveda et al., 2014) where it delivers vast quantities of moisture transported from the Atlantic or the Amazon basin, feeding severe weather well into subtropical latitudes (e.g., Salio et al., 2007). The SALLJ is promoted by the diabatic heating released in the SAMS region (Vera et al., 2006). This LLJ attracted considerable attention in the early 2000’s when a major field experiment (SALLJEX) was conducted in the summer of 2003, mostly over Bolivia and Paraguay4.

Over the Colombian and Venezuelan Llanos region, the CAO exhibits a clear annual cycle with peak velocities during DJF (8–12 ms–1) and lower velocities during JJA (2–3 ms–1). It is worth noticing that the annual cycle of the CAO wind strength is negatively correlated with rainfall over the Colombian Llanos (Rueda, 2014; Jiménez-Sánchez et al., 2019) and the western Amazon basin (Espinoza et al., 2018) and positively correlated with rainfall over the south tropical Andes and southern Amazonia, where annual rainfall reaches 6000 mm (e.g., Figueroa and Nobre, 1990; Garreaud et al., 2003; Espinoza et al., 2009b; Giovannettone and Barros, 2009; Segura et al., 2019). At the eastern flank of the south tropical Andes, the moisture fluxes provided by the CAO produce high rainfall rates (5000–7000 mm yr–1) over the Andes-Amazon transition zone of Peru and Bolivia (Poveda et al., 2014; Espinoza et al., 2015; Chavez and Takahashi, 2017).



LLJs to the West of the Andes

One of the rainiest places on Earth (Lloró; 5°30′N, 76°32′W) is situated alongside the Pacific coast of Colombia, witnessing mean annual precipitation rates reaching 13,000 mm (Snow, 1976; Meisner and Arkin, 1987; Poveda and Mesa, 1999, 2000; Adler et al., 2000; Mapes et al., 2003; Sakamoto et al., 2011; Zuluaga and Houze, 2015; Jaramillo et al., 2017; King et al., 2017). Such world record precipitation is explained by the dynamics of the Chocó low-level jet (hereafter, Chocó Jet), enhanced by atmosphere-ocean-land surface interactions (Poveda and Mesa, 1999, 2000). The Chocó Jet is a singular southwesterly circulation feature acting over the easternmost tropical Pacific, with origin off the Chilean coast (Sakamoto et al., 2011; Arias et al., 2015; Hoyos et al., 2017). Once the southeasterly trade winds cross the Equator over the eastern Pacific, they enter onshore in the form of a LLJ, which is then lifted up due to the orographic effect of the western north tropical Andes, and interacts aloft with the warmer easterly trade winds to increase deep convection (López and Howell, 1967; Poveda and Mesa, 2000; Mapes et al., 2003; Warner et al., 2003; Poveda et al., 2006; Jaramillo et al., 2017). Figure 7 depicts the mean seasonal vertical distribution of 925 hPa zonal winds in the tropical Americas with data from MERRA-2 Reanalysis (Gelaro et al., 2017). The Choco jet exhibits a distinctive annual cycle with higher velocities during September–October-November (SON), and lower during February-March, transporting higher amounts of moisture during SON (∼90 ms–1 g kg–1), and minimum values during March, according to data from the NCEP/NCAR Reanalysis (Poveda et al., 2006, 2014; Rueda and Poveda, 2006). The Choco jet reaches southern Central America during June to November (Durán-Quesada et al., 2010). The meridional migration exhibited by this LLJ, characterized by a further north location during SON, is related to the seasonal migration of the ITCZ (Sierra et al., 2018). It is also associated with the dynamics of Mesoscale Convective Systems (MCS) off the Colombian Pacific (Velasco and Fritsch, 1987; Poveda and Mesa, 2000; Mapes et al., 2003; Zuluaga and Poveda, 2004; Mejia and Poveda, 2005; Zuluaga and Houze, 2015; Jaramillo et al., 2017; King et al., 2017).
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FIGURE 7. Vertical distribution of mean (1980–2019) zonal winds (m s−1) based on ERA 5 at 79–80°W during (A) December–February (DJF), (B) March–May (MAM), (C) June–August (JJA), and (D) September–November (SON). Positive values indicate westerly flow while negative values indicate easterly flow. CLLJ indicates the easterly blowing Caribbean LLJ crossing Central America. The westerly blowing Choco jet is most evident from May through November. Images provided by the NOAA/ESRL Physical Sciences Division, Boulder Colorado from their web site at https://www.esrl.noaa.gov/psd/.


A fourth LLJ in the Andean region forms over the southeastern Pacific, close to the Andean western slope (Garreaud and Muñoz, 2005; Muñoz and Garreaud, 2005). It has been shown that this LLJ is produced by the ageostrophic wind balance between pressure, Coriolis and friction forces within the Marine Boundary Layer. The geostrophic balance is broken down by both the Andes cordillera and a coastal range (Takahashi, 2012). While this southerly LLJ does not transport considerable amounts of moisture, it drives the upwelling of cold but nutrient reach water masses along north-central Chile and southern Peru. Weakening of this southerly LLJ can result in the onset of a Coastal El Niño with dramatic consequences along the Peruvian and Ecuadorian coasts (Garreaud, 2018). This was particularly observed during 2016–2017, when the weakening of this LLJ was remotely forced by anomalously intense deep convection in the far-western Pacific that triggered Rossby wave trains extending across the South Pacific, further inducing the occurrence of a Coastal El Niño event in 2017 (Garreaud, 2018).



REGULAR CYCLES OF PRECIPITATION

Regular cycles of precipitation over the Andes are associated with complex interactions between the above-described large-scale atmospheric features (e.g., latitudinal oscillation of the ITCZ and the westerlies) and local patterns, such as the Andean orography, local circulations (e.g., diurnal thermally driven circulations, upslope, and downslope moisture transport) and temperature gradients. Based on the current scientific literature, this section provides a synthesis of diurnal and seasonal cycles of precipitation across the entire Andes.


Diurnal Cycle of Precipitation

The most dominant feature of tropical climatology is the strong amplitude of the diurnal cycle of temperature, which in turn is associated with the formation and development of shallow and deep convective processes generating rainfall. Orography exerts a strong role to control and focus local circulation and temperature gradients, and therefore tropical Andean rainfall exhibits a strong spatiotemporal variability. The diurnal cycle of rainfall in the north tropical Andes of Colombia (north of 8°S) has been studied by Poveda et al. (2001,a,b,c,2005). Figure 8 exemplifies the strong variability in the hour of preferential rains over the north tropical Andes of Colombia, which can be unimodal (diurnal) or bimodal (semi-diurnal). The phase of the diurnal cycle of rainfall in the north tropical Andes of Colombia also exhibits a strong spatial variability with respect to the month of the year. Dedicated studies are needed to further understand the physical mechanisms and dynamic and thermodynamic processes that explain such strong spatial variability in the diurnal cycle of rainfall within the seasonal march.
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FIGURE 8. Seasonal march of the diurnal cycle of rainfall at 17 selected stations in the north tropical Andes of Colombia (north of 8°S). The diurnal cycle is defined from 0700 to 0700 local standard time (LST), and interpolated isolines indicate percent of total daily rainfall, with the color scale shown at the bottom. Boundaries of the neighboring (left) Cauca and (right) Magdalena River valleys are shown in white. The inset at the bottom left shows details of rain gauges located in the western flank of the central range of the Colombian Andes. Source: Poveda et al. (2005). © American Meteorological Society. Used with permission.


In most of the south tropical Andes (mainly in southern Peru and Bolivia), a clear diurnal cycle has been identified, characterized by maximum precipitation values observed during the day (night) in the western (eastern) flank of the highlands (Chavez and Takahashi, 2017; Junquas et al., 2018; Saavedra et al., 2020). In the eastern valleys of the Amazon-Andes transition region, the maximum (minimum) precipitation is observed during the night (day). This is the case for the valleys in the Cuzco region (Figure 9; Junquas et al., 2018). On the other side, a thermally-driven early afternoon maximum (Garreaud, 1999) is frequently observed over the hillslopes, associated to upslope flows that mobilize water vapor from the valley floor. This local circulation pattern has been related to the strong precipitation spatial variability and gradients that occur in many Andean valleys (Molina-Carpio et al., 2019). The use of high-resolution climate models has been proposed to study diurnal variability and thus its relationship with spatial variability at local scales (Junquas et al., 2018).
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FIGURE 9. Mean December-February precipitation estimated by the precipitation radar of the Tropical Rainfall Measuring Mission (TRMM-2A25) for the 2000–2014 period (mm/day) in the Peruvian Andes (Cuzco region), corresponding to (a) all times step mean, (b) daytime mean [7–19 h Local Time (LT)], (c) nighttime mean (19–7 h LT), (d) 3 h times-step mean. Bold black contours show 500 and 3500 m orography limits. The black boxes indicated in (a) define the West (W), Center (C), and North (N) boxes. In (d), the indicated time-step titles are 10 h (7–10 h mean), 13 h (10–13 h mean), 16 h (13–16 h mean), 19 h (16–19 h mean), 22 h (19–22 h mean), 1 h (22–1 h mean), 4 h (1–4 h mean), 7 h (4–7 h mean). In (e) the location of the main cities and rivers are indicated. Source: Junquas et al. (2018). © Climate Dynamics. Reprinted by permission from Springer Nature.


Over the Altiplano, the maximum precipitation is observed in the early afternoon (13 h LT) associated with the maximum outgoing longwave radiation, the radiative heating and the upslope flow development in both sides of the Andes (Garreaud, 1999; Garreaud et al., 2009). However, the diurnal cycle of convection and rainfall along the eastern piedmont of the south tropical Andes, one of the rainiest places along the cordillera, is out of phase with the diurnal cycle over the Andes, with maximum occurring at late night/dawn, related to the diurnal thermal valley/mountain circulations, which produce cold air descending downslope and convergence of low-level moisture in the piedmont (Killeen et al., 2007; Chavez and Takahashi, 2017; Junquas et al., 2018).

Further south, the western subtropical Andes have little convective activity during summer, but it is enhanced when rainfall occurs in the late afternoon (Viale and Garreaud, 2014). On the eastern side of the subtropical Andes, a clear summer diurnal cycle is present right at the foothills (Romatschke and Houze, 2013), which corresponds with one of the places with the most intense convection in the world (Zipser et al., 2006; Rasmussen et al., 2014; Liu and Zipser, 2015). Some of these convective systems propagate east characterizing their diurnal life cycle (Rasmussen et al., 2016). The winter rainfall over the subtropical and extratropical Andes have no diurnal cycle given its frontal nature (Saavedra and Foppiano, 1992). Likewise, the annual cycle of rainfall from 35°S southward is relatively small although one can discern a preference for the austral winter months (Viale and Garreaud, 2015).



Annual Cycle of Precipitation

The latitudinal oscillation of the ITCZ is the principal modulator of the annual cycle of rainfall along the north tropical South America (Mejia et al., 1999; Hastenrath, 2002; Poveda et al., 2006; Killeen et al., 2007; Espinoza et al., 2009b; Alvarez-Villa et al., 2011; Sierra et al., 2015). Thus, the annual cycle of precipitation in western and central Colombia is mostly bimodal, exhibiting two wet seasons (MAM and SON), and two drier seasons (DJF and JJA) (Bendix and Lauer, 1992; Mejia et al., 1999; Ricaurte et al., 2019; Figure 10). On the other hand, the annual cycle of rainfall in the Caribbean region of Colombia, over the north tropical Andes (north of 8°S), is mostly unimodal, and thus it cannot be explained only by the ITCZ migration. In particular, precipitation over this region is influenced by the occurrence of synoptic disturbances associated to the African easterly waves and the Caribbean LLJ (Poveda et al., 2006; Arias et al., 2015; Giraldo-Cárdenas et al., 2017).
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FIGURE 10. Mean annual cycle of precipitation in different rain gauges over the north tropical Andes of Colombia (north of 8°S). Adapted from Ricaurte et al. (2019).


Over the equatorial Andes, the eastern slope is characterized by a unimodal rainfall annual cycle with maximum values in June–August (Figures 11e,g). This pattern is related to an intensification of the westward moisture advection from the equatorial Amazon basin and orographic uplift forced by the Andean topography (Bendix and Lauer, 1992; Rollenbeck and Bendix, 2011; Campozano et al., 2016). Two wet seasons are identified in the highest part of the equatorial Andes (e.g., Guaslán station in Figure 11g), corresponding to the February–April and the October–December seasons (Bendix and Lauer, 1992; Laraque et al., 2007; Espinoza et al., 2009b; Rollenbeck and Bendix, 2011; Campozano et al., 2016, 2018).
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FIGURE 11. (a–g) Rainfall regimes in eight stations in the south tropical Andes-Amazon region. Adapted from: Espinoza et al. (2009b). © International Journal of Climatology. Reprinted by permission from John Wiley and Sons. (h) Relative difference (PSD12-6; shaded) between the maximum spectral value of monthly precipitation from 10 to 16.67 months (defined as the power spectrum density-PSD12-unimodal index) and the maximum spectral value between 5 and 8 months (defined as the PSD6 bimodal index). PSD12 and PSD6 are computed using Equation 3 in Segura et al. (2019) and CHIRPS data set. (i) Relative difference between the harmonic of 12 months and the harmonic of 6 month (C12-C6) estimated by using in situ precipitation of 206 rain-gauge stations located in Peru and Ecuador and Equation 6 from Segura et al. (2019). Topography contours of the altitude of 350 and 2000 m.a.s.l are plotted in black solid lines. Source: Segura et al. (2019). © Climate Dynamics. Reprinted by permission from Springer Nature.


Over the south tropical Andes/Altiplano, where unimodal rainfall regime predominates (Figure 11h), the rainy season extends from November to March with its peak in January, when the establishment of the Bolivian High brings easterly, moist-laden winds from the interior of the continent (Garreaud, 1999). The rest of the year, the south tropical Andes are dominated by westerly flow that brings dry air from the mid-level troposphere over the southeast Pacific (Figures 11a–d). In an early study (Garreaud and Wallace, 1998), the frequency of cold clouds was used as a proxy of convection, but more recent climatologists have considered surface rain data, satellite/radar data and more recently lightning data (e.g., Giovannettone and Barros, 2009; Chavez and Takahashi, 2017; Junquas et al., 2018; Kumar et al., 2019).

In a recent study, Segura et al. (2019) identify three zones over the tropical Andes in relation to seasonal rainfall regime using the Climate Hazards group Infrared Precipitation with Stations (CHIRPS) monthly data (Figures 11h,i): the equatorial Andes (EA; 5°S-1°N), the transition zone (TZ; 8°S–5°S) and the southern tropical Andes (STA, 20°S–8°S). For this purpose, the maximum spectral precipitation value between 10 and 16.67 months is defined as the unimodal index (PSD12) and the value between 5 and 8 months as the bimodal index (PSD6). Thus, the unimodal and bimodal indices allow us to estimate the relative difference between the unimodal and bimodal regime (PSD12-6, see Equation 3 in Segura et al., 2019). The EA and the TZ are characterized by a same wet season in the February–April period, associated with the seasonal variations of the ITCZ and the Walker cell (i.e., southerly displacement of the ITCZ and the weakened Walker Cell during this season). In addition, strong westward moisture transport from the equatorial Amazon is observed during the October–November wet season in the TZ.

Atop and over the western side of the subtropical and extratropical Andes most of the rainfall is produced by frontal systems in winter crossing the continent (Saavedra and Foppiano, 1992), especially fronts associated with atmospheric rivers (Viale et al., 2018). The fronts are rooted in extratropical cyclones that drift in the westerly wind belt and the collocated storm track. These two features of the general circulation remain between 45 and 55°S year round, producing a precipitation annual cycle of low seasonality over the extratropical Andes. Yet, the meridional displacement of the upper-level jet stream does favor more precipitation during the austral winter (JJA) over the subtropical Andes, causing the wet season in central-southern Chile (Rutllant and Fuenzalida, 1991; Viale and Garreaud, 2015; Viale et al., 2019, Figure 12). The mean annual precipitation has a strong latitudinal gradient between 25 and 40°S (Falvey and Garreaud, 2007; Garreaud, 2009). In Santiago (Chile), at 33°S just west of the Andes, more than 80% of the annual rainfall is concentrated between May and September. On the contrary, the eastern slopes of the subtropical Andes receive most of the precipitation in the austral summer due to convective activity over western Argentina (Viale et al., 2019). South of 40°S, the annual cycle of precipitation over the austral Andes exhibits a low seasonality and it is rather similar between the western and eastern slopes, despite the large difference in precipitation totals at each side of the mountain range (Viale et al., 2019; Figure 12).
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FIGURE 12. Mean annual precipitation in different rain gauges of the Andes at subtropical (35°S) and extratropical (43°S) latitudes. In both cases, the figure is a west-east cross section including topography (gray shaded), annual mean precipitation (circles) in rain gauges (crosses). The boxes at the top indicate the fraction of precipitation that falls in austral winter (April–September). Adapted from Viale et al. (2019).




SUMMARY AND OPEN RESEARCH QUESTIONS

Sustainable development in the Andes is currently menaced by multiscale changes, which affect its climate and water resources from glaciers retreat to ecosystem services and water supply for about 90 million people. Under this context, is crucial to improve our understanding about large-scale controls of the Andes hydroclimate and its interactions with regional and local processes, and therefore enable adaptation to high impacts events related to climate variability and climate change. This manuscript presents a review of the recent progress in the understanding of the Andes hydroclimate based on a unified overview from southern Patagonia to the northern part of the Andes in South America. This section is dedicated to summarizing the most relevant issues stated in the manuscript and the associated research gaps. Two major topics have been summarized in Part I of this paper:


(i)The mean large-scale atmospheric circulation that characterizes the hydroclimate of the Andes



Over the Andes, the mid- and upper-level circulation is mostly zonal, with westerly flow southward of 25°S and easterly flow at low latitudes. However, during the austral winter, mid-level westerlies reach around 10°S and the upper-level jet stream is located over the subtropical Andes (27–37°S). At low latitudes (north of 5°S), trans-Andean flows are predominant all year around, producing a complex rainfall regime over this region (north of Peru, Ecuador and Colombia). During the austral summer, when the mature phase of the South American Monsoon System (SAMS) occurs, the mountains of the south tropical Andes (8–27°S) act as a topographic barrier for the warm and moist flux from the Amazonian region. These flows are crucial for moisture advection to the tropical Andes; however, studies suggest that environmental change (e.g., land use change) in the south and southeastern Amazon basin has reduced its capacity to regulate low flows. Further observational and modeling analysis are necessary to improve our understanding of biosphere-atmosphere interactions involving Amazon rainforest and water cycle in the Andes.

Low-level jets (LLJs) are distinctly observed at both sides of the Andes and at different ranges of latitude, which are induced by mechanical blocking of impinging flow and/or diabatic heating in the mountain slopes. At the western side of the Andes, the Chilean and Peruvian LLJ blows equatorward along the subtropical Andes (27–37°S) over the dry Pacific coast of central-northern Chile and Peru, while a LLJ blows poleward along the extratropical Andes (south of 37°S) due to blocking effect of the barrier on low-level winds associated with frontal precipitation system. Some climatological studies (Falvey and Garreaud, 2007; Viale and Garreaud, 2015) suggested that the blocking effect of the extratropical Andes largely modulate precipitation over the Andes and adjacent low lands, but their physical mechanisms are still little understood and deserve further research in future. At the north tropical Andes (north of 8°S), the Chocó LLJ is a singular southwesterly circulation feature acting over the easternmost tropical Pacific and is enhanced by atmosphere-ocean-land surface interactions over the Pacific coast of Colombia. At the northern part of the eastern flank of the Andes, the so-called Corriente de los Andes Orientales (CAO), Llanos jet, Orinoco jet, or Eastern Andes Jet circulates from the Tropical North Atlantic through Guyana and eastern Venezuela reaching the northernmost leg of the South American low-level jet (SALLJ). The SALLJ blows poleward over regions of Bolivia, Paraguay, Southern Brazil, Uruguay and Argentina, where it delivers vast quantities of moisture originated in the Atlantic or over the Amazon basin, feeding severe weather well into subtropical latitudes. From reanalysis data, the SALLJ intensity, frequency (Jones, 2019), and moisture flux (Montini et al., 2019) have shown an increase in the last decades in most of the seasons, affecting precipitation in the eastern Andes. Further studies are needed to understand how these changes will be projected in a warmer climate, which will require improvements in global models to better representing the low-level circulation in the region (Barros and Doyle, 2018). In addition, interactions between large-scale atmospheric features (Intertropical Convergence Zone (ITCZ), SAMS, Bolivian High, Hadley, and Walker cell, etc.), LLJs in South America, biosphere-atmosphere exchanges and atmospheric mechanisms related to local rainfall in the Andes remain little understood. Modeling and observational initiatives on multiscale atmospheric interactions deserve further attention in future research, including both land cover changes and climate change.


(ii)The regular cycles of precipitation (diurnal and annual cycles)



The above-mentioned large-scale atmospheric mechanisms, the latitudinal migration of the ITCZ, the westerlies, the complex Andean orography, as well as local circulations and temperature gradients, are the main factors that explain regular cycles of precipitation over the Andes. The annual cycle of precipitation in the western and central Colombian Andes is mostly bimodal, exhibiting two wet (drier) seasons in March–April–May and September–October–November [December–January–February and June–July–August (JJA)]. On the other hand, the annual cycle of rainfall in the eastern and northern Colombian Andes, is mostly unimodal, and thus cannot be explained only by the ITCZ migration but also by the synoptic activity related to the easterly waves over the Atlantic Ocean. Over the equatorial Andes, a unimodal regime with a peak in the JJA period is associated with the intensification of the westward moisture transport from the equatorial Amazon and a forced orographic uplift. However, over the high altitudes, two wet periods are observed in February–April and in October–December, in relation to the latitudinal migration of the ITCZ. However, what determines that the bimodality of the annual cycle is limited to the Andean region of Colombia, Ecuador and northern Peru deserves clarifications in future studies (Ricaurte et al., 2019; Segura et al., 2019). Over the south tropical Andes (8–27°S), the rainy season extends from November to March, when the establishment of the Bolivian High brings easterly, moist-laden winds from the interior of the continent. Dry conditions are observed the rest of the year. Over the western side of the Andes, south of 25°S, most of the rainfall is produced by frontal systems crossing the continent. The meridional displacement of the upper-level jet stream does favor more precipitation during the austral winter (JJA) over the subtropical Andes (27–37°S) causing the wet season in central-southern Chile and central-western Argentina. By the contrary, the eastern slopes of the subtropical Andes receive most of the precipitation in the austral summer due to convective activity over western Argentina. This region is part of today’s active research (Seneviratne and Stephens, 2014), as several aspects of the multiscale nature of convection and its impact in the hydrology are not well understood (Varble et al., 2017). The better understanding of how convection initiates, the efficient generation of hail and its propagation, would help to improve forecasting in the Andean region. South of 40°S, the annual cycle is gradually reduced poleward and rather similar between the western and eastern slopes of the Andes, due to the nature of precipitation is not convective and midlatitude frontal precipitation within the westerly circulation and the storm tracks dominate there. Further work is also needed to evaluate how the annual cycle of precipitation (rainfall and snowfall) will change in a warmer climate at different latitudinal and altitudinal ranges of the Andes cordillera. If more model simulations are available, an assessment on the main changes on the annual cycle characteristics would give insights on the impact and tools to evaluate adaptation for sustainable development.

The very high spatial variability of the diurnal cycle of precipitation along the Andes is the result of the interplay among large-scale and local circulation patterns and the complex Andean orography. In particular, diurnal cycles associated to local circulation features in the tropical Andes have been poorly studied (e.g., diurnal thermally driven circulations related to the topography and propagation of off coast convective rainfall). One of the rainiest spots in the World (in Colombia) has been recently center of a field experiment performed to study diverse aspects of the Choco Jet and its effect in convection (Mejia and Poveda, 2005; Yepes et al., 2019). This unique observational data will help to characterize the variability of the diurnal cycle of precipitation and wind circulations in the mesoscale, and the dominant mechanisms of westerly propagation of convection offshore (Yepes et al., submitted). Furthermore, the diurnal cycle of local circulations over the eastern and western Andean slopes are especially interesting as they can be related to the strong precipitation spatial variability and gradients that occur in many Andean valleys, which usually are not identified by the meteorological networks and satellite data. This results in a poor estimation of the precipitation and large residuals (usually negatives) in water balances, even for big Andean basins (Espinoza et al., 2015; Builes-Jaramillo and Poveda, 2018). This research topic could be addressed with the help of high-resolution (both spatial and temporal) climate models that use the relatively scarce sub-daily meteorological data available (e.g., Junquas et al., 2018; Kumar et al., 2019; Saavedra et al., 2020).

Regarding the high relevance of meteorological data in regions of complex topography such as the Andes, recent progress in hydroclimate data in the Andes is reviewed in a specific study by Condom et al. (unpublished), submitted to this special issue (“Connecting Mountain Hydroclimate Through the American Cordilleras”).

Due to this strong interdependence, the Amazon-Andes connectivity (Figures 3, 4) represents a specific challenge for the scientific community, which is particularly important in a climate change context and amidst the intensification of seasonal extreme floods and droughts in Amazonia (Gloor et al., 2013; Marengo and Espinoza, 2016; Barichivich et al., 2018; Espinoza et al., 2018; Wang et al., 2018; Haghtalab et al., submitted), including changes in the land surface, related to climate and human forcing activity (Nobre et al., 2016; Aragão et al., 2018; Aide et al., 2019). Thus, changes in Amazon water cycle could locally affect diurnal and annual cycles of precipitation in the Andes (e.g., Segura et al., 2020), including the hydroclimatological functioning of the glaciers, paramos, punas, cloud montane forests, rainforests, dry forests and deserts. Considering that the annual cycle of precipitation and evapotranspiration is an important research topic for the Andes economical activities, it is crucial to better identify atmospheric mechanisms involving Amazon-Andes connectivity in terms of evapotranspiration, moisture transport and local convection.

In Part II of this manuscript, which is also included in this special issue, we review the hydroclimate variability of the Andes at the sub-continental scale, including the effects of El Niño-Southern Oscillation.
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