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During the night of March 31st, 2017, a severe precipitation event affected the city of Mocoa, in the tropical Andes. Total 24-h accumulated precipitation during that day was the fourth largest on record. Satellite data shows that the event was associated with a Mesoscale Convective System (MCS) that formed over the Amazon and moved westward, reaching the tropical Andes. Reanalysis data suggests that a rapid intensification of the Orinoco Low-Level Jet (OLLJ) traveling southwestward parallel to the Andes was a precursor that favored the zones of convergence for MCS formation. Upstream intensification of the OLLJ was evident 8 h prior to the Mocoa precipitation event. Given the lack of a dense network of observations in this understudied region, we use the Weather Research and Forecasting model (WRF) to explore the plausible mesoscale structures in the OLLJ region associated with the initiation and development of the MCS. We study an ensemble of simulations with different grid spacings (12, 4 and 1.3 km) and Planetary Boundary Layer (PBL) schemes (YSU, MYNN and QNSE). The more realistic MCSs were obtained with the QNSE and YSU schemes, given that the corresponding simulations included a density current in the lowest levels moving parallel to the Andes, with a sharp line of convergence and large vertical velocities over the leading edge of the mesoscale disturbance. In contrast, the MYNN scheme produced a weaker OLLJ and no density current. It is suggested that the stronger vertical mixing in the MYNN scheme was associated with the vertical dilution of the OLLJ, and with a much weaker low-level traveling perturbation via the upward radiation of energy by gravity waves. Our results help to better understand flood-producing extreme events over the poorly studied Andes-Amazon region and provide the groundwork for improved predictability of such storms.
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1 INTRODUCTION
Populations in the tropical Andes suffer the consequences of severe precipitation fueled by the abundance of tropical moisture. The complex terrain can induce the formation or enhancement of precipitating systems, making these regions vulnerable to landslides, flashfloods and debris floods, among other hazards (e.g., Castellanos et al., 2022). Despite their societal impact, the understanding and prediction of atmospheric systems leading to heavy precipitation in the Andes is still a grand challenge (Poveda et al., 2020). On the one hand, there is a lack of a sufficiently dense network of long-term and consistent surface observations over the region (Condom et al., 2020), not to mention the remarkable scarcity of vertical soundings of atmospheric conditions over and upstream of the Andes (Poveda et al., 2020). In addition, numerical modeling of atmospheric systems leading to convection and heavy precipitation over the complex terrain of the Andes requires higher spatial resolution (i.e., smaller grid spacing). Models using parameterized convection and grid spacing of 10s of kilometers typically exhibit large positive biases over the peaks of the (model resolved) cordillera (see e.g., Martinez et al., 2019; Posada-Marin et al., 2019; Arias et al., 2020). Thus, a more comprehensive identification and characterization of the atmospheric systems (e.g., mesoscale and mountain circulations) affecting the tropical Andes, and in particular those associated with severe weather and hydrometeorological extremes, is still needed (Poveda et al., 2020; Arias et al., 2021).
Mesoscale Convective Systems (MCSs) can affect regions in the vicinity of the Andes, with a frequency that depends on the region (e.g., latitude) and season (e.g., Velasco and Fritsch, 1987; Zipser et al., 2006; Romatschke and Houze, 2010; Houze et al., 2015). The largest and most intense MCSs associated with effects of the Andes take place over Argentina (Zipser et al., 2006; Salio et al., 2007). However, MCSs can also develop in lowlands near the tropical Andes, affecting foothill regions (see e.g., Zuluaga and Houze, 2015; Jaramillo et al., 2017; Hernandez-Deckers, 2022). Important mechanisms that support the development of MCSs are low-level jets (LLJs), that facilitate the transport of atmospheric moisture and provide a mechanism for low-level horizontal convergence, favoring the occurrence of precipitation in regions downwind (Stensrud, 1996; Vernekar et al., 2003; Gimeno et al., 2016). In the case of tropical South America, nocturnal LLJs (NLLJs) over the Amazon can favor the formation of MCSs (e.g., Anselmo et al., 2020). NLLJs can take place over parts of the central Amazon during both the dry and wet season, with a nocturnal maximum that can be 7 m s−1 stronger than daytime conditions between 300 and 1,000 m, and remain strong several hours after sunrise (Greco et al., 1992). Intense LLJs over the northeast of the Amazon are associated with squall lines propagating over the northeastern and central Amazon, with up to 87% of these convective systems linked to LLJs (Alcântara et al., 2011).
The Orinoco basin in northern South America also exhibits a LLJ (hereafter OLLJ), which is mostly a nocturnal low-level jet (Torrealba and Amador, 2010; Jiménez-Sánchez et al., 2019). NLLJs over the Orinoco basin can contribute to precipitation downwind over parts of the Andes-Amazon transition region (Braz et al., 2021). Variations (from diurnal to inter-annual) in the OLLJ have been linked to periods of enhanced precipitation over the eastern flank of the northern Andes (Jones, 2019; Builes-Jaramilo et al., 2022a; Builes-Jaramilo et al., 2022b). In general, the cross-equatorial moisture transport associated with the flow in the OLLJ region (approximately between 11°N and 3°S over the Orinoco basin, east of the Andes) has been linked to precipitation hotspots over parts of the eastern flanks of the tropical Andes (Espinoza et al., 2015; Chavez and Takahashi, 2017). Despite its importance, the role of OLLJ in the formation and characteristics of convective systems has been less studied than the role of Amazonian LLJs. However, the OLLJ takes place over a region with important differences with respect to the Amazon, including large gradients in land cover and surface fluxes between the north and south of the basin, and the effects of the Andes to the west (Martinez et al., 2022; Correa et al., 2024).
A proper characterization of heavy precipitation events over parts of the tropical Andes requires in situ sub-daily observations, which are very scarce (Condom et al., 2020). In fact, the sixth assessment report of the Intergovernmental Panel on Climate Change could not assess whether the frequency and intensity of heavy precipitation events have been increasing during the past decades over northwestern and northern South America due to limited evidence, strongly linked to the scarce observational network and scientific research in these regions (see Figure SPM.3b in IPCC, 2021; Seneviratne et al., 2021). Observations of the vertical structure and variations of the OLLJ upstream of the Andes are even more scarce, being mostly restricted to short time-windows associated with intensive observation periods (e.g., Torrealba and Amador, 2010).
In this context, atmospheric modeling is currently the best option for exploring mesoscale structures like the OLLJ (e.g., Jiménez-Sánchez et al., 2020), and the potential interactions leading to precipitation in the vicinity of the tropical Andes. In general, convection-permitting (CP) simulations (i.e., with kilometer-scale grid spacing) are needed to resolve the major convective elements that lead to precipitation, avoiding some of the problems associated with parameterized convection, like biases in the phase of the diurnal cycle and a lack of the convective organization that characterizes major precipitating systems (see e.g., Prein et al., 2015; Lucas-Picher et al., 2021; Prein et al., 2021). The presence of complex terrain is another motivation for CP simulations (e.g., Pal et al., 2019; Risanto et al., 2019). Because of the intricate distribution of hills, mountains and valleys in the tropical Andes, with sizes from a few 100’s of meters up to several kilometers, kilometer-scale atmospheric modeling is needed to resolve both the major convective elements and important mesoscale structures associated with mountain circulations (see e.g., Lopez and Howell, 1967; Mapes et al., 2003; Trachte et al., 2010; Trachte and Bendix, 2012; Junquas et al., 2018; Hoyos et al., 2019; Henao et al., 2020; Yepes et al., 2020; Junquas et al., 2022; Gomez-Rios et al., 2023). In particular, convective systems can form on the parts of the tropical Andean foothills favored by the interaction of katabatic flows from the Andes and easterly flow of moist air masses from the Amazon (Bendix et al., 2009).
Several processes still have to be parameterized in kilometer-scale simulations, including the sub-grid tendencies of momentum, energy, mass and other scalars associated with turbulent processes in the Planetary Boundary Layer (PBL). Different classes of PBL schemes exist, including local (of various orders) and non-local closures, schemes with eddy-diffusivity and/or mass-flux components, etc. This variety of schemes is related to the uncertainty in modeling turbulent processes in the PBL, and may result in substantially different realizations of wind, temperature and humidity distribution in the boundary layer (e.g., Stull, 1988; Wyngaard, 2010), along with impacts on the simulation of convection and precipitating systems (Moya-Alvarez et al., 2020; Prein et al., 2022). For example, Prein et al. (2022) found that the Mellor-Yamada-Nino-Nakahashi (MYNN) PBL scheme generally produces less organized convective systems in the Amazon. Also, the vertical structure of LLJs can be sensitive to the PBL scheme (e.g., Santos and Nascimento, 2016; Smith et al., 2018; Rivera et al., 2022). In the case of the Andes-Amazon transition region, Martinez et al. (2022) found that, compared to the Yonsei University (YSU) scheme, MYNN produces a less pronounced OLLJ, a weaker transport of moisture on the flanks of the tropical Andes, and a stronger transport over the Amazon. In contrast, these authors found that the Quasi-Normal Scale-Elimination (QNSE) scheme produces a stronger OLLJ and an overall larger cross-equatorial transport of moisture, compared to YSU.
The Andes-Amazon region is home to several cities, towns and other settlements, which oftentimes are exposed to the severe weather of the region. One of such cities in the tropical Andes is Mocoa, located over southwestern Colombia. In the night of March 31st of 2017 a severe event of debris flow caused the death of nearly 330 people, and injuries to more than 400 people (see e.g., Poveda et al. 2020). The debris flow was associated with large accumulated precipitation from previous days, and the occurrence of a Mesoscale Convective System (MCS) on the night of March 31st. Unfortunately, the city of Mocoa, as many in the region, has been built and expanded without a structured urbanization plan. Different studies from local researchers and environmental agencies already warned about the hazards (like high flooding) to which the different settlements and neighborhoods in the city were exposed. In addition, by the time of the March 31st event, Mocoa did not have an Early Warning System (EWS). In recent years the government of Colombia has taken some steps towards reducing the vulnerability of the city of Mocoa (which now has an EWS), but critical issues remain, like the lack of more infrastructure and a more thorough characterization of the hydrometeorological hazards affecting the region.
We present a case study of an MCS reaching the tropical Andes of Colombia, which affected the city of Mocoa during the night of March 31st, 2017 (hereafter the Mocoa event) This MCS formed over the Amazon, downstream of the OLLJ, before moving towards the Andes. First, we present a description of the Mocoa event according to the available in situ records of precipitation, in addition to precipitation estimates from satellite and wind fields from reanalysis data. Since there is no in situ information about surface winds or the structure of the OLLJ (e.g., no radiosonde data was available), we then study the mesoscale structures in the vicinity of the OLLJ and the Andes associated with the Mocoa event, using kilometer-scale CP simulations. The plausibility of the identified flow structures is assessed according to the simulated cloud and precipitation patterns, which in turn can be readily compared with satellite information. We present a detailed analysis of the results derived from an ensemble of simulations with different spatial resolutions and PBL schemes. We describe mesoscale structures identified in fields of low-level winds, virtual potential temperature, water vapor content and static stability. This detailed account aims at providing a process-based analysis of the kind of precursor mesoscale structures associated with heavy precipitation over the Andes-Amazon transition region. The study of individual events provides a clearer picture of the flow structures of interest, including the strong gradients inherent to their dynamics, which can be lost when averaging/compositing many cases (see e.g., Smith et al., 1986). The combination of remote sensing observations and CP modeling is an important alternative in regions of scarce observations where the effects of extreme events associated with mesoscale processes can impact vulnerable populations.
2 MATERIALS AND METHODS
In the first part of this study, we present diagnostics of the precipitation, winds and atmospheric moisture conditions of the Mocoa event. We focus on the OLLJ and the transport of moisture prior and during the time of maximum precipitation over a region around the city of Mocoa (including time series of point observations and spatial averages over a region of 2° × 2°). We utilize data from different sources, including weather stations, satellite estimates and reanalysis. We then employ model simulations to examine the transport of moisture associated with the OLLJ, and to describe the potential mesoscale structures associated with the formation of the simulated MCS.
2.1 Observation-based data
We utilize in situ records of precipitation from the national meteorological and hydrological service of Colombia, IDEAM. Hourly data was available from six nearby weather stations for dates in and around the Mocoa event (see Figure 1D for location of sites). In addition, 63 nearby stations (Figure 2A) had records of 24-h accumulated precipitation, representing the time window from 7 am LT to 7 am LT of the following day. Satellite estimates of precipitation were obtained from the IMERG product (V06) from the Global Precipitation Measurement Mission (GPM) database (Huffman et al., 2019). To obtain daily accumulations, the half-hourly (at 0.1° spatial resolution) estimates were aggregated between 12:00 and 12:00 UTC of the following day, corresponding to the same time window for the daily precipitation estimates from IDEAM. Brightness Temperature (BT) estimates were obtained from the NOAA/NCEP MERGIR, which provides fields with a time frequency of 30 min on a 4 km × 4 km grid between 60°S and 60°N (Janowiak et al., 2017).
[image: Figure 1]FIGURE 1 | Region of study and domains for WRF simulations. Panel “(D)” shows the “Mocoa Region” [represented by the black rectangle in panels (A–C)], and the locations of weather stations with hourly data during the event (Acueducto Mocoa: red; El Pepino: blue; El Rosario: cyan; Florencia: pink; U.Nariño: black; Botana: yellow).
[image: Figure 2]FIGURE 2 | 24-h accumulated precipitation according to (A) weather stations, and (B) GPM-IMERG. Instantaneous brightness temperature (C) and 30-min accumulated precipitation at 22:00 LT (D).
Finally, wind and moisture fields from the 5th generation atmospheric reanalysis from the European Center for Medium Range Forecasts, ERA5 (Hersbach et al., 2020) were employed for characterizing several instantaneous and anomalous fields, including Total Column Water Vapour (TCWV, also called precipitable water (PW) in this text), low-level horizontal winds between 950 and 825 hPa (available every 25 hPa), and specific humidity at 850, 700 and 500 hPa. Despite the availability of a continuous record of atmospheric variables from reanalyses, these datasets exhibit some limitations, including biases and a relatively coarse resolution. For example, ERA-Interim has biases in near surface and PBL variables over parts of tropical South America (e.g., Betts et al., 2009; Itterly et al., 2018). ERA5 represents an improvement over ERA-Interim (e.g., Hersbach et al., 2020), but it still has biases in its representation of some structures and features of the lower atmosphere, e.g., the magnitude and diurnal cycle of PBL height (Dias-Júnior et al., 2022). Therefore, our analysis of ERA5 fields is focused on spatial structures and temporal changes in the synoptic and sub-synoptic scales, and mostly above the atmospheric boundary layer.
2.2 WRF simulations
We utilize version 4.1.5 of the Weather Research and Forecasting model (Skamarock and Klemp, 2008; Skamarock et al., 2019; WRF, 2023) as our tool to explore two modeling aspects that could affect the simulation of the OLLJ, the associated transport/convergence of moisture, and the ensuing MCS under the atmospheric conditions of the Mocoa event. We focus on the PBL scheme and the grid size. The design of our simulations is similar to the one of the “weather-like” experiments of the Flagship Pilot Studies (FPS) from CORDEX (see e.g., Coppola et al., 2020; Bettolli et al., 2021). Each simulation is initialized 24 h prior to the peak of the real event, and runs for 48 h. Data from the ERA5 reanalysis is employed for the initial and boundary conditions (once per hour). In this study, we do not perform any type of data assimilation (DA) to improve the initial condition of our simulations, since our focus is more on the qualitative properties of the structures and mechanisms associated with the role of the OLLJ, topography, resolution and the parameterization of PBL processes on the formation and evolution of the MCSs of interest.
The PBL scheme affects the simulation of systems and structures in the lower atmosphere, like low-level jets (Smith et al., 2018), and convective modes (Prein et al., 2022). Following Martinez et al. (2022), we test three PBL schemes: YSU, MYNN and QNSE. The YSU is a non-local PBL scheme (Hong et al., 2006), where fluxes associated with non-local gradients are represented by counter-gradient terms. The MYNN is a Turbulence-Kinetic-Energy (TKE) based scheme. Here, we utilize the 2.5-level scheme, which includes TKE as a prognostic variable that can be advected. The QNSE PBL scheme was originally developed for stably stratified boundary layers (Sukoriansky et al., 2006) but within WRF, it includes an eddy-diffusivity/mass-flux scheme for non-local thermals in the unstable boundary layer (Pergaud et al., 2009). For each scheme, we utilize the same configurations as in Martinez et al., (2022).
In addition, we perform simulations with different horizontal grid sizes: 12, 4 and 4/3 km (hereafter, 1.3 km). The 4 and 1.3 km experiments are convection-permitting (CP) simulations, and no cumulus (deep or shallow) parameterization was activated. For the 12 km simulations, we employ the “New Tiedtke” cumulus convection parameterization available in WRF, which is part of the “tropical suite” suggested in the user’s guide, and has been used successfully in tropical settings (e.g., Zhang and Wang, 2017), including tropical South America (e.g., Urrego-Ortiz et al., 2019; Martinez et al., 2022; Ruiz et al., 2022). Two-way nesting was utilized for the domains shown in Figure 1. With this configuration, the solution from the finer inner-domain grid is allowed to feed back into the outer domain and its coarser grid, and the scaled version of the fields of the finer grid (e.g., d02) replace the solution of the coarser grid (e.g., d01) in the common area between grids (Skamarock et al., 2019). Therefore, separate simulations were performed for each domain of interest, and the results of the innermost domain were employed for analysis. For example, when interested in the 4 km grid, the simulations included both domains, d01 and d02, but only results from d02 were studied.
All simulations employed 50 vertical levels, with a top at 20 hPa, the Morrison two-moment microphysics scheme (Morrison et al., 2008), the Noah land surface model (Chen and Dudhia, 2001) and the Rapid Radiative Transfer Model for General circulation models (RRTMG) scheme (Iacono et al., 2008). In general, these modeling options have shown good performance in previous studies over tropical South America (e.g., Oglesby et al., 2016; Junquas et al., 2018; Moya-Alvarez et al., 2018; Jimenez-Sanchez et al., 2019; Martinez et al., 2019; Posada-Marin et al., 2019; Urrego-Ortiz et al., 2019; Jimenez-Sanchez et al., 2020; Moya-Alvarez et al., 2020; Junquas et al., 2022; Martinez et al., 2022; Ruiz et al., 2022). The combination of the selected grid sizes and PBL schemes leads to 9 simulations, which are summarized in Table 1.
TABLE 1 | Configuration of the 9 simulations performed. Only the innermost domain was used for analysis (X). Values in parenthesis are the number of grid cells for each domain in each horizontal direction.
[image: Table 1]3 RESULTS
3.1 Description of the event
During the night of March 31st and early morning of April 1st of 2017, an MCS formed over the Colombian Amazon, and moved west towards the Andes (Figure 2). The network of weather stations recording daily accumulations of precipitation (from 7 a.m. LT on March 31st to 7 a.m. LT on April 1st) in the vicinity of the affected region is shown in Figure 2A. Most of the stations are located in the mountain regions, where most of the people live. The red dots in Figure 2A show the accumulated precipitation in the vicinity of Mocoa, namely, the “Acueducto-Mocoa” and “Campucana” stations, which recorded 129.3 and 140.3 mm, respectively; these records are the fourth largest daily accumulations for both stations during the period 1984–2022 (see Supplementary Figure S1). Other weather stations recorded accumulations between 50 and 90 mm, including one in the lowlands, while a significant fraction of the stations reported more than 30 mm. Satellite estimates from the GPM IMERG product exhibit values of up to 40–70 mm over the mountains, with maximum values of 80 mm over the Ecuadorian Andes (Figure 2B). However, the largest values according to IMERG were recorded over the Amazonian lowlands to the east, with some estimates well above 120 mm. The MCS was well organized by the time it reached the Andes, around 22:00 LT, as shown by the BT from the NCEP MERGIR product (Figure 2C). During the event, strong mid-tropospheric easterlies steered the storm towards the mountains (as suggested by 500 hPa winds from ERA5, not shown). Once in the vicinity of the Andes, the MCS intensified, as suggested by the sequence of images of BT and by the half-hourly estimates of precipitation from GPM-IMERG (Figure 2D).
In addition to the limitation of station network density over the lowlands, as suggested by Figure 2, there is also a lack of weather stations recording sub-daily in situ information. This is illustrated in Figure 1D, which shows that only six weather stations recorded hourly precipitation during the dates of the event. For most locations, rain rates from observations (IDEAM) were larger than GPM estimates, with peak values between 22:00 and 00:00 LT (Supplementary Figure S2). Considering the non-zero values of precipitation records from the available weather stations, hereafter we define the interval between 19:00 LT of March 31st to 03:00 of April 1st as the time window of the precipitation event (vertical red lines in Figure 3; Supplementary Figures S2, S3). In general, the severe precipitation event can be identified in the GPM data, although accumulated precipitation is overestimated compared to several of the available stations. This overestimation comes mostly from longer intervals of precipitation in the GPM records, compared with the in situ measurements. Note that GPM estimates (e.g., the IMERG product) have well-known deficiencies in estimating heavy precipitation (often smearing out the peak over larger regions), particularly over mountain regions. This kind of problem has been recognized for the Colombian Andes in the data from the Tropical Rainfall Measuring Mission (e.g., Vallejo-Bernal et al., 2021).
[image: Figure 3]FIGURE 3 | Wind field at 925 hPa and its magnitude (A) and their corresponding anomalies (B) at 22:00 LT. Time series of the C3 and C4 OLLJ indices (C) and (D), respectively); the green lines represent the values during the event and the red curves represent their climatological mean (base period 1979–2019). The C3 and C4 indices are computed as spatial averages of low-level winds in the box with the cross and the dot in Figure 3A, respectively.
According to ERA5, large values of precipitable water (PW) were present over the Andes-Amazon transition region, where the MCS formed (Supplementary Figures S3A, B). The time series of the spatial average of PW over the Mocoa Event Region (MER; red box in Supplementary Figures S3A, B) shows a peak between 23:00 LT and 00:00 LT (Supplementary Figure S3C), 1 hour before the peak precipitation in the Mocoa station (Supplementary Figure S2A). Interestingly, the PW exhibited a sharp increase starting around 17:00 LT, i.e., approximately 5 h prior to the onset of precipitation (at around 22:00 LT) in most of the weather stations in the region (Supplementary Figure S2). Moisture anomalies in the mid and lower troposphere were positive prior and during the event, as suggested by the spatial average (over MER) of specific humidity at 850, 700 and 500 hPa (Supplementary Figure S3D). Thus, low-level moisture and winds were associated with an increase in the convergence of moisture and precipitable water over the area of interest, with a time scale of up to 5 h between the onset of positive anomalies in moisture and the occurrence of the precipitation maxima.
Of particular interest is the behavior of the OLLJ, upstream from the MER and from the area where the MCS formed. Strong northeasterly winds at 925 hPa were present over the Colombian Orinoco and northern Amazon, east of the Andes, several hours prior to the onset of precipitation over the MER, as illustrated in Figure 3A for conditions at 20:00 LT. These northeasterly winds over the eastern flank of the Andes were anomalously strong (Figure 3B), and contributed to areas of convergence in the Andes-Amazon region over southern Colombia, including the MER. The time evolution of the low-level winds in the region can be better shown with the C3 and C4 indices, which are computed from spatial averages of the horizontal winds at pressure levels between 950 and 825 hPa over the regions C3 (73°W-71°W, 4°N-6°N) and C4 (74.5°W-72.5°W, 1°N-3°N) (see Jiménez-Sánchez et al., 2019). The time series of the C3 and C4 indices show that the winds associated with the OLLJ were stronger than average during and around the times of the precipitation event (Figures 3C, D). Upstream conditions in C3 exhibited a peak around 17:00 LT (∼5 h prior to the onset of precipitation in MER), with values larger than average by 14:00 LT, i.e., up to 8 h before the occurrence of precipitation in Mocoa. Closer to the MER, conditions in C4 show an even more pronounced increase between 16:00 and 17:00 LT, reaching a maximum at around 20:00 LT (see also Figures 3A, B). The differences in the timing of the peaks, with C3 exhibiting a maximum before C4, are associated with a disturbance in the low-level wind fields, traveling southwestward parallel to the Andes. These characteristics suggest a strong OLLJ and an associated propagating disturbance as part of the antecedent conditions that served as precursors to the formation of the MCS, with time scales between 8 and 5 h in the upstream anomalies prior to the precipitation event over Mocoa.
To better understand the relationship between the OLLJ and precipitation in the Mocoa event, we look at daily data of precipitation from two weather stations and two indices of the OLLJ for a time window around the date of the event (Figure 4). In this case, we compute spatial averages of horizontal winds upstream of Mocoa over a wider region, compared to C3, encompassing the Orinoco basin (Figure 3). To this end, we utilize the magnitude of the vector obtained by averaging the daily mean of the horizontal wind over the region (3°N-5°N, 73°W-67°W), and over the vertical levels between 950 and 825 hPa; we refer to the result as the C3.4 index (Figure 4C). In addition, we look at the day-to-day changes in the C3.4 index by computing the difference in C3.4 between consecutive days; we refer to this difference as ΔC3.4 (Figure 4D). Daily data of accumulated precipitation from stations “Acueducto-Mocoa” and “Campucana” (both in the vicinity of Mocoa, Figure 1D) are available for a period between 1984 and 2022 (Figures 4A, B). The C3.4 and ΔC3.4 indices were computed for the period 1979–2019. Over the two weather stations precipitation during the event was above 120 mm, in both cases far exceeding the 99th percentile, and actually corresponding to the fourth-largest values on these records (Supplementary Figure S1). On the other hand, during the day of the event, the C3.4 index was above its 63th percentile (Figure 4C) while the ΔC3.4 index was above its 93th percentile (Figure 4D). Thus, while the OLLJ was above average conditions during the day of the event, a major increase in its strength was experienced during that day; both conditions were associated with favorable conditions for the formation of areas of strong low-level convergence. Interestingly, note that before and after the day of the event, either C3.4 or ΔC3.4 had relatively large values, but not at the same time, and not very strong precipitation was recorded in the vicinity of Mocoa.
[image: Figure 4]FIGURE 4 | Time series of daily values of accumulated precipitation over the (A) “Acueducto-Mocoa” and (B) “Campucana” weather stations in the vicinity of Mocoa; and daily values of the (C) C3.4 and (D) ΔC3.4 indices (see text for definitions). The legends show the percentiles for precipitation (C3.4 and ΔC3.4) with respect to the base period 1984–2022 (1979–2019).
In summary, the combination of in situ observations, satellite estimates and reanalysis data shows that the precipitation event over Mocoa was associated with an MCS that formed over the Amazon, preceded by a strengthening of the OLLJ with a traveling disturbance, which provided favorable conditions for the convergence of mass and moisture over the Andes-Amazon transition region in Colombia. Over each weather station, the duration of the event was on the order of 4 h, with the MCS having a longer time span while it traveled from the Amazon toward and over the Andes. While moisture anomalies in the MER started showing signs of increase nearly 5 h prior to the maximum precipitation, OLLJ conditions upstream exhibited a clear strengthening up to 8 h prior to the onset of heavy precipitation.
3.2 WRF simulations
Given that our simulations did not employ any type of data assimilation, and that they are initialized with ERA5 fields for March 31st at 00:00 LT (i.e., almost 24 h prior to the peak precipitation in Mocoa), the simulated precipitation events did not occur at the exact same hour and place as in the observations. While the time window of the real event in the MER was between 19:00 and 03:00 LT (Supplementary Figure S2), the time window of the events simulated in the ensemble of simulations was approximately between 00:00 and 07:00 LT (see below). Despite the difference in the time of occurrence, our simulations were able to produce organized mesoscale structures with heavy precipitation affecting an area similar to the MER (see below). As mentioned earlier, our objective is to focus on the structures and mechanisms represented by the ensemble of simulations, including the time scales of the OLLJ, the organization of the simulated MCSs, and the differences in precipitation between simulations with various PBL schemes and grid sizes. Therefore, we use slightly different times and regions in the following analysis of our WRF simulations. We focus on a time window centered around 00:00–06:00 LT, and on a region centered around the city of Mocoa (hereafter Mocoa Region, MR), defined between the longitudes (77.75°W, 75.25°W), and latitudes (0.0°N, 2.0°N).
3.2.1 Characteristics of the OLLJ
We first study the characteristics associated with the simulated OLLJ. In particular, we focus on the transport of moisture as represented by the horizontal moisture flux (qV) in the lower-levels. Figure 5 shows the horizontal moisture flux at 850 hPa averaged over a 4-h period between 20:00 and 00:00 LT, i.e., prior to the time window of the simulated event. All simulations show strong transport of moisture on the eastern flank of the Andes, with the largest values between 1° and 3°N, to the east and upstream of the region of Mocoa. All simulations with dx = 12 km (Figures 5A, D, G) exhibit a weaker transport compared to those with grid spacings of 4 and 1.3 km, while fluxes are similar between the latter. In addition, moisture transport is weaker with the MYNN (Figures 5E, F) than with the other two PBL schemes in the CP simulations (i.e., with dx = 4 and 1.3 km). A stronger flow is also associated with stronger gradients, since the Andes provide a blocking mechanism in all simulations, and stronger gradients favor the formation of areas of convergence. Therefore, simulations with higher resolution (e.g., 4 or 1.3 km) and/or with the QNSE PBL scheme seem to provide more favorable low-level convergence conditions for the genesis of an MCS.
[image: Figure 5]FIGURE 5 | Horizontal moisture flux at 850 hPa (qV) averaged over a 4-h time window (20:00–00:00 LT) prior to the peak of the simulated event (starting around 00:00 LT). The northern (southern) red square represents region R1 (R2) used for analysis below (Figure 6). The horizontal segment at 2°N shows the position of the vertical cross section in Figure 7. The dashed black square represents the MER, as a reference (red square in Figure 3). See Table 1 for naming conventions for each resolution and PBL scheme. Results for the YSU (A–C), MYNN (D–F) and QNSE (G–I) schemes.
Similar to the reanalysis data (Figures 5C, D), the simulations showed a perturbation traveling southward in the lower levels of the atmosphere prior to the precipitation event. This is illustrated in Figure 6, which shows the time series of the spatial averages of the magnitude of the meridional moisture flux (qv) at 850 hPa over regions R1 (75°W-73°W, 1.5°N-3.5°N) and R2 (77°W-75°W, 1.0°S-1.0°N), upstream and downstream from Mocoa, respectively, (see Figure 5). Note that results for R1 from the 1.3 km simulations could have a large influence from their parent domain (d02), given the proximity of this region to the boundaries of the innermost domain (d03). However, all simulations show similar characteristics in their time series for R1 (Figure 6A): a maximum value is reached between 20:00 and 22:00 LT, i.e., between 2 and 4 h prior to the onset of the precipitation event (around 00:00 LT, see below). The 12 km simulations show the smaller fluxes prior to the event (except with the QNSE scheme), and the peak is observed later. The CP simulations with the MYNN scheme show smaller fluxes prior to the event, with very similar values and timing between the 4.0 and 1.3 km simulations. The largest peaks in moisture flux are found with the YSU and QNSE schemes in CP simulations, with the YSU scheme producing a peak approximately 1 h after QNSE, and nearly 3 h before the onset of the largest precipitation. In all simulations the moisture transport at 850 hPa over R1 decreases during the time window of the event, while it increases downstream, e.g., in R2, except in the CP simulations with the MYNN scheme (Figure 6B). Except for the MYNN scheme, simulations at 4.0 km produce slightly stronger transport than those at 1.3 km, with the QNSE scheme producing the strongest transport.
[image: Figure 6]FIGURE 6 | Time series of the magnitude of the horizontal moisture flux (qV) at 850 hPa, spatially averaged over regions (A) R1 (75°W–73°W, 1.5°N–3.5°N) and (B) R2 (77°W–75°W, 1.0°S–1.0°N) (see Figure 5). The vertical lines show the time period with the largest precipitation rates in the simulations (see below). See Table 1 for naming conventions for each resolution and PBL scheme.
Figure 7 shows the average meridional moisture flux upstream of the Mocoa region during the 4-h period (20:00–00:00 LT) prior to the precipitation event. The vertical distribution of the meridional moisture flux shows a core related to the OLLJ in the lower levels, east of the eastern flank of the Andes, with the largest southward fluxes (up to 125 g kg-1 m s-1) below 2000 m.a.s.l. The cross-sections in Figure 7 show the same kind of behavior as described before (i.e., Figure 5): with the coarsest grid (12 km), having less intense southward transport of moisture (Figures 7A, D, G), while for a given PBL scheme the flux between both CP simulations is similar in structure and magnitude; in addition, the CP simulations with the MYNN scheme produce the weakest transport, especially near the mountains (Figures 7E, F).
[image: Figure 7]FIGURE 7 | Vertical cross sections of the meridional moisture flux (qv) at 2°N (upstream of the Mocoa region, see Figure 5), averaged over a 4-h time window (20:00 to 00:00 LT) prior to the peak of the simulated event. The gray contour represents topography at the resolution of each simulation. See Table 1 for naming conventions for each resolution and PBL scheme. Results for the YSU (A–C), MYNN (D–F) and QNSE (G–I) schemes.
3.2.2 OLR and precipitation
The CP simulations were able to produce an organized precipitation system with characteristics of an MCS (Figure 8). With the YSU and QNSE schemes each simulation had an organized system moving from the Amazon towards the Mocoa Region (see also Supplementary Figure S4). These systems passed over the city of Mocoa at around 02:00 LT, i.e., between 2 and 4 h after the peak in moisture transport upstream in region R1 (see Figure 6). The same kind of organization is not as evident with the MYNN scheme, since the corresponding OLR fields exhibit much smaller and shallower structures reaching the MR. These less organized systems did not go as far into the Andes as those simulated with the YSU and, especially, the QNSE PBL schemes; the trajectory and size of the latter better resembled the real system (compare Figures 8A–F to Figure 8G).
[image: Figure 8]FIGURE 8 | (A–F) Outgoing Longwave Radiation (OLR) at 02:00 LT from the CP simulations. The rectangle marks the “Mocoa Region” (MR) and the red dot the location of Mocoa. See Table 1 for naming conventions for each resolution and PBL scheme. (G) Brightness temperature from the NCEP MERGIR product, as observed at 23:30LT during the Mocoa event.
Simulated precipitation associated with the organized convective system was substantial over the Andes-Amazon region, as illustrated with the 6-h accumulated precipitation in the time window 00:00–06:00 LT (Figure 9). Precipitation over the mountains and the foothills was much lower in the 12-km simulations (Figures 9A, D, G), while the CP simulations produced larger amounts over the entire MR. In general, the CP simulations produced most of the precipitation over the lowlands, in qualitative agreement with the satellite estimates from GPM-IMERG (Figures 2B, D), with local maxima over the mountains, in qualitative agreement with in situ measurements (Figure 2A). In addition, the CP simulations with the MYNN scheme (Figures 9E, F) produced more precipitation over the lowlands with maxima farther from the mountains, compared to YSU and QNSE (Figures 9B, C, H, I). In contrast, the more organized systems simulated with the QNSE scheme (Figures 8C, F) produced more precipitation over the mountains to the southwest of the MR (Figures 9H, I). Note that simulations with dx = 4.0 km seem to produce more precipitation than those with dx =1.3 km, which could be related to decreased entrainment at larger grid spacings, which in turn leads to substantial overestimations of convective draft widths (Lebo and Morrison, 2015; Wang et al., 2020; Prein et al. 2021; see also Supplementary Figure S5).
[image: Figure 9]FIGURE 9 | Simulated precipitation (mm) accumulated between 00:00 and 06:00 LT. See Table 1 for naming conventions for each resolution and PBL scheme. Results for the YSU (A–C), MYNN (D–F) and QNSE (G–I) schemes.
To quantify some of the characteristics described above, Figure 10 shows the time series of accumulated precipitation spatially averaged over the MR (Figure 10A), and above 500 m.a.s.l., representing the mountain regions (MNT) within the MR (Figure 10B). These time series show how the 12-km simulations failed to simulate a severe precipitation event over the MR. On the other hand, accumulated precipitation increases much faster with the YSU and QNSE schemes at the beginning of the time window of the precipitation event, compared with MYNN, especially over the mountainous areas (Figure 10B). In general, larger accumulations within the MR are obtained with the QNSE scheme. Finally, note that, for a given PBL scheme, simulations with dx = 4.0 km tend to produce larger accumulations than those with 1.3 km, with the largest (smallest) differences for the QNSE (YSU) scheme.
[image: Figure 10]FIGURE 10 | Time series of accumulated precipitation over the Mocoa region (A) and over altitudes above 500 m.a.s.l within the same Mocoa region (B). See Table 1 for naming conventions for each resolution and PBL scheme.
3.2.3 Stratification and density currents
One lingering question arises from the comparison of PBL schemes: why does the MYNN scheme produce a weaker low-level flow over parts of the Orinoco region? One possible explanation might be related to the MYNN scheme simulating larger vertical mixing over parts of the Orinoco, thus leading to a more vertically diluted OLLJ and a weaker vertical stability in the low- and mid-levels. To illustrate this hypothesis, we consider the vertical distribution of the virtual potential temperature, winds and the Brunt-Väisälä frequency, as an indicator of stability (Ko and Chun, 2022). Figures 11, 12 show results from the YSU and MYNN schemes only, but results with the QNSE scheme are similar to those with YSU. All three schemes are compared in Figure 13.
[image: Figure 11]FIGURE 11 | Vertical cross-sections (between 77.99°W and 0.43°S and 73.11°W-3.33°N) of virtual potential temperature (K) and the meridional v (m s−1) and vertical w (10x m s−1) wind components. Top, middle and bottom rows show the instantaneous state at 23:00, 01:00 and 03:00 LT, respectively. (A, C) and (B, D–F) show results from the simulation with the YSU (MYNN) scheme, with a grid spacing of 4 km.
[image: Figure 12]FIGURE 12 | Vertical cross-sections (between 77.99°W and 0.43°S and 73.11°W-3.33°N) of virtual potential temperature and meridional wind. The left column (A, C, E) shows afternoon conditions, with averages between 15:00 and 17:00 LT. The right column (B, D, F) shows average conditions in the time window 21:00–22: 00 LT, when the traveling disturbance in the OLLJ was simulated. (E, F) show the differences YSU–MYNN.
[image: Figure 13]FIGURE 13 | Vertical profiles of virtual potential temperature (A, B), Brunt-Väisälä frequency (C, D) and meridional momentum (E, F). Spatial averages are computed between latitudes 2.0°N and 2.46°N, along the vertical cross-sections shown in Figure 11.
During the night-time, the YSU simulation produced a mesoscale structure, moving southward and with a sharp leading edge below about 1.5 km a.s.l (Figures 11A, C, E). This structure was characterized by lower values of virtual potential temperature moving southward over the Orinoco basin, with large vertical velocities extending from the head of the structure (see white and light blue colors, and wind vectors around 1–1.5 km a.s.l in Figure 11) towards higher altitudes. These characteristics correspond with those of mesoscale density currents (see e.g., Liu and Moncrieff, 2000). In our simulations, the large vertical velocities over the head of the density current were associated with areas of low-level convergence and rising motion that favored the formation of the MCS. In this sense, a potential precursor for the MCS that affected Mocoa was not just the overall strong flow in the OLLJ, but the formation and movement of a density current in the region of the OLLJ. On the other hand, the MYNN simulation did not exhibit a density current, although the undulations on the momentum and virtual potential temperature fields suggest the formation and propagation of gravity waves (Figures 11B, D, F). Note that the regions with upward motion are not as strong in the MYNN simulation as those over the head of the density current in the YSU simulation.
During the afternoon, both the YSU and MYNN schemes produced strong southward winds above the PBL (e.g., between 1.8 km and 3.4 km a.s.l; Figures 12A, C), but YSU had larger virtual potential temperatures aloft (Figure 12E). This suggests that the MYNN scheme had a less stable environment since the afternoon hours, prior to the formation of the simulated MCS. A comparison of the vertical profiles of virtual potential temperature during the afternoon hours (Figure 13A) shows that the MYNN scheme exhibits smaller values, especially between 3 km and 4 km, suggesting an enhanced upward mixing compared to the other schemes. A similar conjecture can be derived from the water vapor mixing ratio (Supplementary Figure S6C). The resulting profile of virtual potential temperature yields smaller values of the Brunt-Väisälä frequency (N), between ∼ 2.4 km and 3.7 km (Figure 13C), which suggests the existence of a less-stable layer over the PBL in the MYNN simulation. In addition, compared to the other two PBL schemes, MYNN produces stronger southward flow between 3 km and 4 km (Figure 13E), with smaller values at the nose of the vertical profile, while both QNSE and YSU have a sharper nose with larger momentum (faster low- and mid-level southward winds above the PBL). These differences in the vertical profiles above the PBL suggest an enhanced vertical mixing with the MYNN scheme since the afternoon hours, along with a more vertically diluted OLLJ.
During the night-time, when the density current was already present in the YSU simulation (Figures 12B, D), virtual potential temperatures were still larger aloft, compared to the MYNN scheme (Figure 12F). Figures 13B, D, and f show vertical profiles when the density current is already present in the bottom layer (below 1.3 km) of the YSU and QNSE simulations. At this time, the MYNN scheme produces values of N noticeably smaller over the bottom layer (e.g., between 1.3 km and 2.0 km). This kind of less-stable layer in the MYNN simulation (which results from enhanced vertical mixing) would be favorable for a greater radiation of energy upwards via gravity waves, thus leading to a weakening of low-level disturbances (Crook 1988; Liu and Moncrieff, 2000). The same reasoning about the more-stable layers aloft in the YSU and QNSE simulations might explain why the low-level disturbance keeps its form and strength, producing density currents with these two PBL schemes.
In summary, our results suggest that the MYNN PBL scheme has stronger vertical mixing, compared to the YSU and QNSE schemes. Thus, structures like the OLLJ could be deeper in the vertical, with weaker winds at the nose of the jet when the vertical mixing is larger. In addition, this difference might produce less-stable layers above the PBL in the MYNN simulation, producing weaker low-level structures because of the loss of energy via gravity waves. As a result, the MYNN PBL scheme produces weaker low-level flow (Figures 5, 7) and weaker (or absent) mesoscale structures like density currents (Figures 6, 11–13), compared to the YSU and QNSE PBL schemes. Therefore, a low-level perturbation in the OLLJ region could travel longer distances without losing too much of its structure when the static stability is larger over the PBL, which, in this case, happens when comparing the MYNN with results from the YSU and QNSE PBL schemes.
4 SUMMARY AND DISCUSSION
A severe precipitation event affected the city of Mocoa in the tropical Andes, with more than 100 mm of accumulated precipitation within 3 h, and a total 24-h accumulation of more than 129 mm. This event triggered a flash flood that caused more than 300 casualties. Satellite data (including BT from NCEP-MERGIR and precipitation estimates from GPM-IMERG) shows that the event was associated with an MCS, which formed over the lowlands in the Amazon and moved west towards the Andes. Reanalysis data from ERA5 suggests that the event was associated with a strong OLLJ, and a perturbation traveling southwestward in the lower levels, producing zones of convergence over the Andes-Amazon transition region and contributing to the formation of the MCS. Average precipitable water around Mocoa showed a rapid increase ∼ 5 h prior to the precipitation event, and the vertically integrated moisture convergence showed a signal even 1 hour earlier (i.e., ∼ 6 h before the precipitation maximum in Mocoa). Furthermore, upstream conditions associated with the OLLJ (e.g., the C3 index) showed a stronger-than-normal OLLJ and also a rapid intensification approximately 8 h before the peak precipitation in Mocoa. These time scales could be of interest for the study of other similar events, and for early warnings. Figure 14 shows a general scheme of the main aspects associated with this particular MCS event.
[image: Figure 14]FIGURE 14 | Summary scheme with the main ingredients associated with the Mocoa MCS event. The OLLJ provides a mechanism for the transport of moisture, mass and momentum. Mesoscale structures/perturbations in the OLLJ, like the rapid strengthening and southwestward traveling disturbance during the Mocoa event, allows the formation of areas of low-level convergence. In addition, the tropical Andes provide blocking and favor convergence and orographic enhancement of precipitation. Convective systems (including MCSs) can form over the plains in the Amazon/Orinoco, and travel west towards the Andes, helped by the Easterly winds in mid-levels.
Interestingly, Adams et al. (2013) found similar time scales for the increase in PW (4–8 h in their case) associated with well-defined deep convective events over a region in the lowlands of the Amazon. In addition, several studies have shown the importance of the OLLJ for precipitation in the Andes-Amazon region (e.g., Braz et al., 2021; Builes-Jaramillo et al., 2022a; Builes-Jaramillo et al., 2022b). For the Mocoa event, we found that a strong OLLJ is important, and a rapid intensification of this jet and/or the formation of a traveling perturbation in the jet contributes to the formation of zones of convergence over the region. In this sense, variations in the OLLJ region can be important for the occurrence of precipitation downstream in the vicinity of and over the tropical Andes. In such cases, monitoring of conditions upstream in the OLLJ, e.g., in the C3 region, could help with indications several hours prior to precipitation events, which, in this case, was nearly 8 h.
The ensemble of WRF simulations also exhibited a strong OLLJ, with a perturbation traveling south-westward over the eastern flank of the Andes, moving from the northern regions of Venezuela to southern Colombia and northern Ecuador in approximately 12 h. Interestingly, larger and more organized MCSs were present in simulations that produced a stronger OLLJ, and in which the perturbation traveling parallel to the Andes corresponded to a density current. This was the case with the YSU and QNSE PBL schemes. In contrast, simulations with the MYNN scheme exhibited an enhanced vertical mixing, resulting in a weaker nose in the afternoon OLLJ, and the absence of a density current prior to the formation of the MCS, probably because of the resulting less-stable layer above the PBL and the associated loss of energy via gravity waves (Crook, 1988; Liu and Moncrieff, 2000; Seigel and van den Heever, 2012).
Mesoscale structures like gravity waves and density currents that are relevant for weather systems might have scales of a few kilometers (see e.g., Crook, 1988; Liu and Moncrieff, 2000; Mapes et al., 2003; Nappo, 2013; Soler et al., 2014). Given that the effective resolution of an atmospheric model is on the order of ten times its grid spacing, kilometer-scale simulations can simulate important structures that are not represented in current reanalysis like ERA5 (grid spacing ∼ 30 km). Our simulations with grid spacings of 4.0 and 1.3 km produced structures with characteristics of density currents, which were associated with the properties (initiation, size and organization) of the simulated MCS under the atmospheric conditions of the Mocoa event. In addition, our simulations also exhibited structures like gravity waves emanating from convective systems in the Amazon and propagating above the PBL, from the Amazon towards the Andes, apparently helping with precipitation near the mountains (not shown). This kind of density currents and gravity waves are not easily identified (or even represented) in the ERA5 fields, likely because of the coarser resolution of the atmospheric model employed for this reanalysis.
The validation of the simulated gravity waves and density currents would require a dense network of observations, and the availability of observed vertical profiles of atmospheric variables (e.g., Soler et al., 2014). Unfortunately, in tropical South America, these kinds of observations were not available during the Mocoa event. However, the numerical simulations with WRF provide a physically sound and plausible picture of the mesoscale structures that might have favored the formation and development of the observed MCS. In addition, our results provide an example of the mesoscale structures produced in CP simulations that can contribute to the resulting patterns and variability of precipitating systems in the vicinity of the Orinoco and the tropical Andes.
The differences between PBL schemes found in our simulations are consistent with previous studies. For example, based on a comprehensive database of observations, Smith et al. (2018) found that the QNSE scheme provides a more realistic depiction of the Great Plains Low-Level Jet. In our case, there is no analogous database of observations, but the resulting more realistic size and trajectory of the simulated MCS suggests that the QNSE scheme provides advantages over YSU and MYNN in our region of interest. On the other hand, similar to our results, Prein et al. (2022) obtained less organized and less realistic MCSs using the MYNN scheme. They also found that this PBL scheme produces more vertical mixing than others. In addition to these characteristics, we find that the MYNN produces a less-stable vertical profile unfavorable for a strong OLLJ and for the formation and/or propagation of low-level mesoscale structures like density currents. This hypothesis suggests an interesting avenue for future investigation of the properties and sensitivity of simulated mesoscale structures (e.g., gravity waves, density currents) associated with the OLLJ and precipitation over the Andes-Amazon transition region.
This case study suggests conclusions in two directions. From the point of view of the observed event, it is interesting to highlight the time scales associated with atmospheric conditions before the major precipitation event, which in terms of atmospheric moisture in the area of interest is about 5 h, and for the OLLJ upstream can be 8 h. Thus, sub-daily (at least hourly) observations of PW in regions surrounding populated areas in the Andes, and sub-hourly wind profiles in upstream regions associated with the OLLJ, may improve nowcasting and early warnings of severe weather events in parts of the Andes-Amazon transition region. From a modeling perspective, this case study is a particular example of the need of high resolution in order to simulate the mesoscale structures associated with severe weather. Around the Andes and the OLLJ region, these structures include localized cores, sharp gradients, zones of convergence, low- and mid-level gravity waves, density currents, etc. This is particularly needed in regions with vulnerable populations in areas of complex topography such as the Andes-Amazon transition region (Castellanos et al., 2022).
Kilometer-scale modeling still requires more research, for example, about the usage of full or scale-ware deep convection parameterizations (Freitas et al., 2020; Junquas et al., 2022) or PBL schemes (e.g., Prein et al., 2022). However, our detailed description of the Mocoa event highlights atmospheric structures which can be further explored in decadal-scale CP climate simulations over South America (e.g., Dominguez et al., 2023; Halliday et al., 2023), in an effort to better understand the spatio-temporal variability of precipitation over the tropical Andes. This region lacks sufficiently dense and long observational networks, however, it is home to millions of people that are vulnerable to mountain hazards triggered by heavy precipitation events (Adler et al., 2022; Castellanos et al., 2022). As such, alternative methods to provide information to at-risk communities is critically needed.
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