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 A B S T R A C T

We characterize seasonal and diurnal spatiotemporal features of extreme rainfall in a 45,000 km2 area within 
the tropical Andes of northern South America. We validate radar-based quantitative precipitation estimates 
for extreme rainfall using in-situ observations, finding a strong spatiotemporal coherence between the datasets 
through methods based on correlations, timing, and probability mass functions. We then explore the seasonal 
and diurnal cycles of extreme rainfall, focusing on the local atmospheric environments associated with these 
extremes. Results show that rainfall extremes in the region (percentile 99.5) exhibit intensities of more than 27 
times the average, while the strongest events may reach intensities of up to 85 times the average. Moreover, 
our findings reveal a consistent timing of extreme precipitation events, occurring between 15:00 and 22:00 
LST, accounting at this time range for more than 3% of all seasonal rainfall accumulation. We show that the 
traditional approach of analyzing seasonal 10-year average rainfall might leave out the high spatiotemporal 
variability of extreme events. By focusing on a specific threshold and the most intense rainfall events, we 
identify two main spatiotemporal patterns of extreme rainfall based on the magnitude and the ratio between 
maxima and mean rain rate. Moreover, these patterns are driven by the interplay of regional atmospheric 
mechanisms and orographic features. This research improves our understanding about the spatiotemporal 
characteristics of rainfall extremes and their relationship with atmospheric and orographic factors. It uses 
high-resolution weather radar data to provide valuable insights for diagnosing, understanding, and modeling 
extreme rainfall in tropical regions.

1. Introduction

Precipitation is a highly heterogeneous process that constitutes one 
of the most important climatic variables for the water balance across 
multiple space and temporal scales (Zoccatelli et al., 2011; Tongal, 
2019). Its spatial and temporal distribution governs all hydrological 
processes. Therefore, investigating its effects on ecosystems on the 
Earth’s surface has become one of the most critical issues in hydrology 
nowadays (e.g., Liu et al., 2008; Sang et al., 2014; Huang et al., 2014; 
Shi et al., 2015; Meshram et al., 2017; Raja et al., 2017; Tao et al., 
2018).

In general, local hydrometeorological extremes result from the inter-
action of meteorological systems with local terrain characteristics, such 
as coasts and orography. Hence, the analysis of these systems that affect 
extreme precipitation traditionally uses the information generated by 
meteorological radars at a high resolution.

Marra et al. (2022) analyzed the coastal and orographic effects 
on the frequency of extreme precipitation in the region covered by 
a C-band meteorological radar of the Israel Meteorological Service, 
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including rainfall data from 437 daily stations and 65 10 min stations, 
and spatially adjusting the radar sampling volume with the simplified 
meta-extreme value method (SMEV). Furthermore, other studies high-
light the utility of radar data to characterize extreme flood response 
in urban watersheds (Villarini et al., 2010) as well as radar data 
for engineering purposes using Intensity–Duration–Frequency curves 
(IDF) (Peleg et al., 2018; Srivastava and Mascaro, 2023).

Other studies have addressed extreme precipitation in mid-latitude 
regions (e.g., Overeem et al., 2009; Wright et al., 2013; Peters and 
Schumacher, 2015; Dafis et al., 2017). However, there are fewer studies 
on extreme precipitation events in tropical areas with complex orogra-
phy, such as the tropical Andes. Espinoza et al. (2015) and Segura et al. 
(2019) investigated large-scale atmospheric processes that influence 
extreme rainfall on the eastern slope of the Peruvian Andes. They 
also studied local and regional scale processes that influence deep 
convection (the generator of intense precipitation events) in some inter-
Andean valleys in Peru. Extreme monthly wet events in the southern 
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tropical Andes are related to convection over the western Amazon 
during the December–March period (Segura et al., 2019). Hernandez-
Deckers (2022) has characterized deep convective zones in Colombia 
and assessed seasonal and diurnal features across different convection 
hotspots in the country. They highlighted that in some regions of the 
country, frequent intense convective events can generate heavy rainfall. 
Poveda et al. (2020) compiled different studies that address high-
impact meteorological events throughout the Andes (both in the tropi-
cal and extratropical zones). Their work included extreme precipitation 
events and highlighted, among other aspects, their high spatiotemporal 
variability due to complex topography and local circulations. They also 
noted seasonal changes in the diurnal cycle (e.g. Bedoya-Soto et al., 
2019) and the influence of mesoscale synoptic processes. Both dynamic 
and thermodynamic drivers play a role in determining the rainfall 
patterns across the entire Tropical Andes mountain range, with the 
upper-level wind being an important driver of rainfall (e.g. Seidel et al., 
2019; Villalobos-Puma et al., 2024; Martinez et al., 2024).

In particular, the northwestern Andean region of Colombia is char-
acterized by its highly complex topography, which added to the trop-
ical atmospheric dynamics produces intense atmospheric convection 
that generates intense or extremely intense precipitation events (e.g., 
Warner et al., 2003; Poveda et al., 2005; Zuluaga and Houze, 2015; 
Velásquez, 2022; Gomez-Rios et al., 2023; Hernandez-Deckers, 2022), 
increasing the hazard of flash floods and landslides in this highly 
complex topography (e.g. Hoyos et al., 2019; Vega et al., 2024). Addi-
tionally, in tropical regions with steep topography, a high spatial and 
temporal variability of rainfall is observed due to local atmospheric 
processes, also exerting a strong influence on the development of cloud 
systems that generate the most intense rainfall (e.g., Espinoza et al., 
2015; Chavez and Takahashi, 2017; Poveda et al., 2020; Junquas et al., 
2018; Urrea et al., 2019).

Considering the impacts of extreme precipitation events on human 
communities, the high spatiotemporal variability of precipitation in the 
Colombian Andes, and the diverse of atmospheric processes influencing 
the extreme rainfall generation in the northwestern Andean region of 
Colombia, this study addresses the following questions for the region: 
(1) Do high spatiotemporal resolution data from a weather radar ade-
quately represent extreme rainfall observations from rain gauges in the 
Tropical Northern Andes? (2) What are the spatiotemporal patterns of 
extreme precipitation in the northwestern tropical Andes mountains? 
(3) What characteristics of the atmospheric environment could be 
related to extreme precipitation events?

The use of high spatiotemporal resolution observations from a 
weather radar over a 10-year period provides new insights for the 
hydrometeorology of the Tropical Andes, given the infrastructure lim-
itations, historical scarcity of in situ data, and gaps in meteorological 
information.

2. Region of study and datasets

2.1. Study region

This study focuses on a tropical Andes region of northwestern 
South America (between 5◦N/7.5◦N - 76.5◦W/74.5◦W), within a zone 
that includes two branches of the Andes range (Central and Western 
ranges) and two main valleys: the Magdalena River Valley (hereafter, 
Magdalena valley) and Cauca River Valley (hereafter, Cauca valley). 
Particularly, the Magdalena valley has been previously reported as 
an area of intense convection (Gomez-Rios et al., 2023; Hernandez-
Deckers, 2022). Furthermore, the whole region is also surrounded 
by areas where intense convective processes drive to heavy rainfall, 
like the Colombian Pacific coast (Yepes et al., 2019, 2020; Mejía 
et al., 2021) and the Caribbean lowlands (Zuluaga and Houze, 2015; 
Albrecht et al., 2016; Liu et al., 2020; Camacho et al., 2022). The 
region is monitored by a weather radar with a surveillance radius 
of 120 km located over the Central range, between the Cauca and 

Magdalena valleys, providing wide coverage over the study region. Fig. 
1(a) presents a geographical context of northwestern South America 
and northern tropical Andes, and Fig.  1(b) provides a zoom into the 
study region, pointing out the weather radar coverage area and the 
Cauca and Magdalena rivers.

2.2. Weather radar

We used data on the intensity of rainfall obtained from reflectiv-
ity provided by the weather radar of the Metropolitan Area of the 
Aburrá Valley (AMVA), located at coordinates 6.1913𝑁 , 75.5288𝑊 . 
This weather radar is a monostatic and pulse-type device with a sin-
gle directional antenna that emits pulses and receives the responses 
from the different targets it encounters along the beam path. It is a 
C-band Doppler-type radar with a magnetron-type transmitter, oper-
ating with wavelengths between 4–8 cm with a frequency between 
4–8 GHz (Sepulveda, 2016). For Plan Position Indicator (PPI) oper-
ations, the radar covers a radius of 120 km (Fig.  1), being used for 
weather surveillance in northwestern Colombian Andes, including por-
tions of Antioquia, Caldas, Risaralda, and Chocó departments (states). 
The radar covers portions of the inter-Andean valleys of Magdalena 
and Cauca rivers, and the Central and Western branches of the Andes 
range; terrain elevation in the valleys ranges from 125 to 4080 m.a.s.l. 
Currently, the weather radar is operated by the Environmental Early 
Warning System of Medellín and the Aburrá Valley (SIATA from its 
Spanish acronym).

As radar data provides reflectivity, we used radar quantitative pre-
cipitation estimates (QPEs) proposed by Sepulveda (2016) for AMVA 
weather radar reflectivity data. The spatial and temporal resolutions of 
the reflectivity data are approximately 0.0015𝑜 and 5 min, respectively. 
To carry out the analysis, the QPEs were resampled to hourly resolution 
using the mean of the rain rates (mm h−1) recorded within each hour.

2.3. Observational precipitation data

For comparison with radar data, we utilized a rainfall data set 
consisting of hourly intensity records at 18 rain gauges for the period 
2001–2022. These gauges are located in the center and east department 
of Antioquia on the central range of the Colombian Andes, between the 
Cauca and Magdalena valleys. The rain gauge stations are scattered 
around 6.0◦N–7.0◦N, and 76◦W–74.5◦W (see Figs.  1(b) and 2(a) and 
(b)). Rainfall data were provided by Empresas Públicas de Medellín 
(EPM).

2.4. Reanalysis data

For analyzing regional atmospheric environments, we use ERA5 
reanalysis data (Hersbach et al., 2023) at a daily time scale (aggregated 
from hourly data). In particular, we computed the differences between 
composites of highest-intensity rainfall events (using the dates of the 
occurrence as reference) and the 10-year average, for specific humidity, 
wind speed, and vertical wind speed.

3. Methods

3.1. Validation of radar precipitation data

To identify systematic errors in radar data or precipitation esti-
mates, we compare rain gauge records and QPE (Carr, 2003). To this 
end, QPE time series are extracted in the same locations of available 
rain gauge stations. We quantify the Pearson correlation coefficient 
between QPE and rain gauge time series, and carry out a quantile–
quantile (Q-Q) analysis focused on the highest percentiles of rainfall 
data. In addition, we compute the differences between the empirical 
cumulative distribution functions (ECDF) of QPE and rain gauge data 
across the range of rainfall values. We use the maximum difference in 
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Fig. 1. Study area. (a) Location of the radar coverage in northern South America. The CHIRPS’ precipitation 99.5 percentile for the period 2013–2022 is show 
in green. (b) Radar coverage with the location of rain gauges (black dots) and the regions defined for the analysis (W, NE, SE) (blue boxes).

ECDFs as a measure of the discrepancy between the two probability 
distributions. The QPE validation includes the rain event scale: for each 
rain gauge station, the evolution and magnitude of the mean observed 
rainfall event are compared against the equivalent QPE mean event. 
In this comparison, an event is a peak in the hourly time series that 
exceeds 0.13 mm, which is the minimum accumulation consistently 
measured by the rain gauge. Analogously, we compare the evolution 
and magnitude of the 100 highest-intensity events in the rain gauge 
records and the radar data.

3.2. Seasonal and 10-year average extreme rainfall

For 2013–2022, we compute the 10-year and seasonal average 
rain rate (MAM, JJA, SON, DJF), the standard deviation, and the 
99.5th percentile of rainfall intensity (hereafter P99.5) as an index 
commonly used for extreme precipitation events (e.g. May, 2004; Dave 
and M.E., 2017; Camuffo et al., 2020). Furthermore, we select the 100 

highest-intensity rainfall events for each pixel in the weather radar 
coverage area, and compute the average rainfall intensity for these 
events (H100). In addition, we calculate the ratio between P99.5 and 
the 10-year average rain rate, the ratio between H100 and the 10-
year average rain rate, and the corresponding seasonal ratios. This 
aims to describe the rainfall extremes within the 10-year period and 
to highlight other possible emerging patterns.

Moreover, three areas of 0.1◦ × 0.1◦ stand out for the intensity 
of extreme events and are defined as follows: (1) the North-Eastern 
location (NE) is located at the coordinates 6.25◦N–6.35◦N, 75.2◦W–
75.1◦W, in the foothills of the Andes Central range and western slope of 
the Magdalena Valley; (2) the South-Eastern location (SE) is located at 
the coordinates 5.85◦N–5.95◦N, 75.25◦W–75.15◦W, also in the foothills 
of the Central range and the western slope of the Magdalena valley; (3) 
the Western location (W) is located at 5.9◦N–6.0◦N, 75.8◦W–75.7◦W, in 
the Cauca valley between the Central and Western ranges. More details 
about the characteristics of these areas are discussed in Section 4.
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Fig. 2. Validation of radar precipitation data (QPE) compared with observed records in 18 rain gauge stations across the study area. (a) Pearson correlation 
coefficient between rain gauge time series and QPE time series for the same coordinates. (b) Maximum difference between the empirical CDFs of QPE and rain 
gauge data in each station. (c) Time series of 2308505 Alejandría rain gauge (transparent blue) and time series of QPE (red) at the same location (6.3129◦N, 
75.1624◦W). Location of the Alejandria gauge is highlighted in panels (a) and (b) with a dashed magenta mark.

3.3. Composite analysis

For NE, SE, and W, we extract the dates associated with events 
equal to or exceeding P99.5 in each season. We compute the daily 
average composites for the zonal and meridional wind components, 
vertical wind speed, and specific humidity on the dates of occurrence 
of those events. To this end, we consider the difference between the 
time reported by the weather radar data and the ERA5 datasets. The 
rainfall event is assigned to the same UTC day if it occurred between 
12:00 and 23:59, or to the previous day if it occurred between 00:00 
and 11:59. We then compute the daily average.

4. Results and discussion

4.1. Validation of radar precipitation data and extreme events distribution

Fig.  2(a) shows Pearson’s correlation coefficient of around 0.7 be-
tween precipitation from radar (QPE) and observations for most of 
the gauge stations, which indicates a good correspondence between 
both datasets. In addition, Fig.  2(b) shows that, for most stations, the 
maximum probability difference between the ECDFs of QPE and rain 
gauge data, aligned by rainfall values, is less than 0.07 (dimensionless). 
A value of 0 would indicate perfect agreement between the two distri-
butions, while values closer to 1 reflect greater divergence. Therefore, 
these values suggest that radar and gauge precipitation distributions 
are reasonably similar. Fig.  2(c) shows consistency in variability and 
magnitude between the time series of the rain gauge Alejandria and the 
time series from the radar precipitation at the same coordinates.

Fig.  3(a) shows consistency in the mean values of rainfall events, 
with both QPE and gauge data coinciding at the peak (around 7.35 mm 
h−1) and capturing the average evolution of the event from 4 h before 
to 4 h after the rainfall maximum. In terms of standard deviation 
around the mean, QPE and gauge data align better before and at the 
peak, although slightly higher deviations are observed in QPE after 
the rainfall peak. Error bars representing the interquartile range (IQR) 
indicate greater dispersion in radar estimates, except at the peak; at the 

0-hour lag, the 75th percentiles are similar, with slightly higher values 
for the gauge data. Fig.  3(b) presents a similar comparison for the 100 
most extreme events at the station. In this case, the peaks also coincide 
in their mean value (around 40 mm h−1), and the mean plus standard 
deviation shows good agreement. The IQR is wider in gauge data before 
the peak, while higher dispersion is seen in radar estimates after the 
peak. These analyses indicate that, despite differences related to the 
nature of the data sources, the two datasets agree in both magnitude 
and evolution of rainfall events.

Regarding the QPE distribution, Fig.  3(c) shows the probability 
density of the spatially averaged rain rate in the three selected locations 
(NE, SE, and W). In particular, NE and SE exhibit lower density values 
at low rain rates compared to W, while the two eastern locations 
show higher density values at higher rain rates. NE and SE display 
similar behavior, although SE shows slightly higher densities at the 
end of the distribution. Fig.  3(d) also shows consistency between both 
distributions at the highest percentiles for the rain gauge Alejandria, 
with a slight underestimation of the highest rain rates and a slight 
overestimation of the lowest rain rates. Event-scale, dispersion, and Q-
Q plot analyses were conducted for all stations, and the results show 
consistency in all rain gauges (not shown).

4.2. 10-Year average rainfall intensity patterns

Fig.  4(a) shows the 10-year average rainfall intensity over the study 
region, including no-rain periods in its computation. The mean rainfall 
intensity varies from 0.2 mm h−1 to 0.89 mm h−1, with the highest val-
ues occurring in two of the selected locations: NE and SE. NE exhibits 
rainfall intensities around 0.59 – 0.79 mm h−1, and SE shows rainfall 
intensities in the range 0.79–0.89 mm h−1. In the western portion of the 
study area, W shows rainfall intensities around 0.39–0.59 mm h−1. The 
areas with the highest 10-year average (above 0.8 mm h−1) coincide 
with the 1800 m.a.s.l contour and with topographic hollows over the 
eastern slopes of the Central range. In particular, elevations around 
1800 m altitude have been identified as the pluviometric optimum 
(PO) in the Colombian Andes, which is characterized by a maximum in 
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Fig. 3. (a) QPE and rain gauge mean (dashed lines), interquartile range (error bars), and mean plus standard deviation (cross and triangle markers) of typical 
rainfall events at the Alejandría station, considering time lags from −4 to +4 h.(b) Same as panel (a), but for the 100 most extreme events. (c) Probability density 
distribution of QPE for the spatially averaged rain-rate in NE (red), SE (blue) and W (green) locations; Both axes are in logarithmic scale. (d) Quantile–Quantile 
plot for rain gauge and QPE data in the station Alejandría focused on the highest percentiles.

Fig. 4. (a) 10-year average and (b–e) seasonal mean rainfall intensity (mm h−1) patterns. The dark brown contour line is 1800 m.a.s.l. elevation. Dark blue lines 
denote the Magdalena (east) and Cauca (west) rivers. Cyan boxes are for NE, SE, and W, included in panel (a) for reference.
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Fig. 5. Spatial patterns of (a) 99.5 percentile (mm h−1), (b) ratio between P99.5 and the mean rain-rate (dimensionless), (c) average of the 100 highest-intensity 
rainfall events (mm h−1), and (d) ratio between the average of 100 highest-intensity rainfall events and the 10-year mean rain-rate (dimensionless). Cyan and 
black boxes are NE, SE, and W locations.

annual precipitation, a reduction of precipitation upwards related to de-
creased humidity with altitude, and a reduction downwards associated 
with less evaporative input (Oster, 1979; Arias et al., 2021).

Figs.  4(b–e) shows the seasonal patterns of rainfall intensity, in 
agreement with previous results (e.g. Urrea et al., 2019), exhibiting 
that the main 10-year average patterns remain similar during the wet 
seasons (MAM and SON), while during dry seasons (JJA and DJF) there 
is a contrasting behavior. In particular, during DJF, rainfall exhibits 
the lowest values across the study area, reaching intensities of up to 
0.50 mm h−1, whereas during JJA, rainfall patterns in the east remain 
similar to those of the wet seasons but with lower rain intensity, 
ranging between 0.48 – 0.80 mm h−1 at the eastern and northern 
foothills. For dry seasons, the southwestern rainfall intensity pattern 
is not evident.

4.3. Patterns of rainfall extremes

Fig.  5 shows the spatial patterns for P99.5, H100, the ratio between 
P99.5 and the 10-year average rainfall, as well as the ratio between 
H100 and the 10-year average rain rate.

Fig.  5(a) shows that the highest P99.5 values are located in the 
eastern foothills of the Central range, similar to the 10-year average 
rainfall (Fig.  4(a)), and coinciding with NE and SE locations. Analogous 
to 10-year average rainfall, areas with the highest P99.5 values in the 
Magdalena Valley (20 mm h−1) coincide with the 1800 m.a.s.l contour 
and some topographic hollows. Also, there are areas in the Cauca valley 
(e.g. W) where P99.5 values exceed those in most of the western portion 
of the study area, reaching around 12 mm h−1. The Cauca Valley 
shows lower P99.5 values than the Magdalena Valley, although rainfall 
intensity extremes relative to the mean are notable in this region (Figs. 
5(b) and (d)). In this sense, several areas along the Cauca Valley exhibit 
that P99.5 is more than 27 times the mean intensity of rain (e.g. W).

The spatial distribution of H100 (Fig.  5(c)) resembles the spatial 
distribution of P99.5, but with some differences, especially in the Cauca 
valley and in the western half of the study area. Close to 6◦N in 
the Cauca valley (W), there are areas where H100 is comparable in 
magnitude to some areas on the eastern slope of the Central range 
(e.g. SE and NE), despite the Cauca valley having smaller values of 
P99.5. Also, the H100 spatial patterns exhibit several rain rate peaks 
over topographic hollows, especially around the Central Range.

For the ratio between H100 and the mean rain rate, the contrast 
between the eastern slopes of the Central range and the floor of the 
valleys becomes more pronounced. In the Cauca valley, H100 is around 
85 times the mean rain rate (Fig.  4(a)), while the slope facing the 
Magdalena Valley exhibits H100 values around 60 times the mean rain 
rate (Fig.  4(a)). The Magdalena Valley bottom also shows high values 
of the H100/mean ratio, but its location on the border of the radar 
coverage area reduces the reliability of this pattern.

4.4. Seasonal and diurnal patterns of rainfall extremes

Extreme rainfall variability exhibits seasonal changes in the magni-
tude and location of these extremes. The spatial distribution of P99.5 
during each season is shown in Fig.  6. During the wet seasons MAM 
and SON (Figs.  6(a) and (c)), we found that the distinctive pattern 
found for the 10-year average persists over NE, SE, W, and around 
the 1800 m.a.s.l. and topographic hollows. For those two seasons, the 
rainfall intensity over the Magdalena valley slopes is around 20 mm 
h−1. For the dry seasons JJA and DJF, P99.5 exhibits a high intensity 
in NE and SE, with two particularities for JJA: (i) the extreme intensity 
pattern goes further north, and (ii) evidence of high intensities is also 
observed above W. The seasonal and 10-year average results show a 
pattern of higher rainfall intensity at altitudes around 1800 m.a.s.l. 
and also in the topographic hollows of the Magdalena valley and Cauca 
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Fig. 6. Seasonal patterns of percentile 99.5 of rainfall intensity (mm h−1). The dark brown contour is for 1800 m.a.s.l. altitude. Dark blue lines are Magdalena 
(east) and Cauca (west) rivers, included in panel (a) for reference. The boxes for NE, SE, and W are included in cyan and red for reference in (a).

valley slopes. Similar features are also found for P99.5 and the highest 
100 events in MAM and JJA (Figs.  7(a) and (b)).

The ratio of P99.5 to the mean rain rate for MAM highlights areas in 
the Cauca valley where events are up to 28 times stronger than average 
(Fig.  7(c)); regarding the H100 to mean ratio and, MAM displays 
widespread areas in the Cauca valley where H100 is more than 43 
times the average rain rate (Fig.  7(e)). Notably, in the same valley and 
for the JJA season, there is an area near 5.9N where H100 reaches 
intensities around 60 times the average rain rate (Fig.  7(f)). Although 
there are other zones where the H100/mean ratio is higher than 65 
(south), these zones are located on the border of the radar coverage 
area, where uncertainty is greater.

Fig.  8 illustrates the diurnal cycles of hourly accumulated rainfall 
associated with P99.5 events for each season (a, c, and e panels) and 
the percentage of total seasonal accumulations represented by these 
events (b, d, and d panels) in the NE, SE, and W locations. For rainfall 
accumulation due to extreme events, the absolute magnitude in NE and 
SE differs from that in W. NE and SE locations exhibit peaks around 
500 mm in the evening around 20:00 LST and 20:00–22:00 LST, respec-
tively, while W shows peaks around 200 mm with an earlier occurrence 
(15:00–20:00 LST). Moreover, for the three locations, the percentage of 
rainfall accumulation around the peak can reach approximately 3% of 
the total seasonal accumulation during DJF (W), DJF-MAM-JJA (NE), 
and JJA (SE).

The timing of extreme rainfall in NE and SE coincides with findings 
by Hernandez-Deckers (2022) regarding deep convection in the area. 
He showed that the western slope of the middle Magdalena Valley 
around 6N experiences a high frequency of deep convective events 
starting from 20:00 LST; further north, around 7N, high frequencies 

begin earlier, from 18:00 LST. He also noted that the peak of deep 
convection on the valley floor occurs mainly around midnight. In this 
sense, Gómez-Ríos et al. (2019) pointed out that during 2014–2016, 
in the time range 15:00–21:00 LST the deep convective cells mainly 
developed in the foothills of the Magdalena Valley whereas the wide 
convective cells in that area were more frequent around midnight.

Spatial patterns of rainfall intensity suggest that the slopes of 
the Magdalena Valley stand out due to their high absolute extremes 
whereas the Cauca valley is notable for its extreme events when 
compared to the 10-year average rainfall. Moreover, the location and 
intensity of these rainfall extremes exhibit seasonal changes. Despite 
the geographic closeness of the Cauca and Magdalena Valleys (less than 
100 km), the complex orography imposes differences in the regional 
and local processes, which contribute to identifying the extreme rainfall 
patterns.

4.5. Atmospheric environments associated with the extreme rainfall inten-
sity

In order to uncover aspects of the atmospheric environments sur-
rounding extreme events during MAM and JJA, we computed the 
average fields of specific humidity (SH) and winds for the P99.5 event 
dates, as well as the 10-year seasonal mean in these variables, at 850 
hPa and 500 hPa (Figs.  9 and 10). In addition, differences between 
them were calculated.

During MAM, at 850 hPa (Fig.  9 bottom panels), the study region 
exhibits low-level wind convergence of westerly, northeasterly, and 
southeasterly winds around the Central-Western Andes. This horizon-
tal convergence is still present during the extreme events, while an 
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Fig. 7. Spatial patterns for H100 (mm h−1) for (a) MAM and (b) JJA. Spatial patterns of the ratio between P99.5 and mean for seasons (a) MAM and (b) JJA. 
Spatial patterns of the ratio between H100 and mean for (e) MAM and (f) JJA. The boxes for NE, SE, and W are included in black for reference in (c).

increase in SH is found in the north, northeast, and western parts of the 
study area. Possibly, the higher availability of water vapor favors the 
formation of precipitating systems, which are enhanced convergence 
near the foothills of the range and ascent around the terrain features.

Interestingly, around the SE region, extremes are associated with a 
decrease in SH; this is related to a strengthening of dry down-valley 
(southerly) winds from the High Magdalena basin, possibly influenced 
by the Orinoco LLJ through the gap at 3.5◦N 75◦W (Vásquez-Franco 
et al., 2023). Despite the lower content of moisture in this down-
valley flow, its strengthening could favor low-level (Fig.  9, 850 hPa) 
wind convergence between 5.5◦N and 6.5◦N and enhance the moist 
convection in the eastern portion of the study region (Gomez-Rios et al., 
2023). At middle levels (Fig.  9, 500 hPa), the strengthening of easterlies 
appears to supply moisture that helps sustain the deep convection that 
triggers the extreme rainfall events.

During JJA extreme rainfall events, there is a weakening of the low-
level flow in the Magdalena Valley that may favor the advection of 
moisture from the north and northeast, resulting in an increase in SH on 
the eastern side of the study area and convergence, particularly along 
the western slopes of the Central Andes (Fig.  9, 850 hPa). Differences in 
vertical velocity fields (not shown) indicate enhanced upward motion 

in the same region where increased SH and low-level wind convergence 
are observed. At mid-levels (Fig.  9, 500 hPa), easterly winds on dates of 
extreme rainfall are moister and weaker than the seasonal mean state.

These results indicate changes in the low-level flow along the Mag-
dalena Valley and the mid-level zonal circulation that can be associated 
with P99.5 events over the eastern side of the radar coverage (SE and 
NE locations). The intensification of southerly downvalley flow during 
MAM and weakening during JJA seem to promote convergence over the 
eastern foothills of the Central Andes, which weather radar identifies 
out the areas of extreme rainfall intensity. The role of the Magdalena 
wind system in precipitation and convection has been highlighted 
by previous works (e.g., Gomez-Rios et al., 2023; Velásquez, 2022; 
Camacho et al., 2022; Bohórquez and Hernández-Deckers, 2023). At 
middle levels, easterlies prevail in both seasons with intensification 
during MAM. Such winds may advect more moisture, helping sustain 
the convective events that generate extreme rainfall.

According to Zuluaga and Houze (2015), deep convective cores in 
JJA are linked to a diurnal gradient in geopotential height fields that 
promotes onshore flow and convergence along the northeastern Andes 
in the late afternoon. Additionally, the low-level circulation around 
the mountains (Fig.  10, 850 hPa), centered near 7◦N, 77◦W, might 
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Fig. 8. Diurnal cycle of hourly accumulated rainfall for events over the P99.5 percentile in each season (a, c, and d) and the percentage of the total seasonal 
accumulations represented by these events (b, d, and e) in the NE, SE, and W locations.

be associated with a clockwise turn of the Caribbean Low-Level Jet 
over northern Colombia (Robledo et al., 2024). The strengthening and 
displacement of this clockwise circulation could also influence the wind 
change in the northern Magdalena Valley.

The weakening of winds during JJA may help retain moisture at the 
mid-levels in the region and could reduce the shear that might disorga-
nize the precipitating systems triggered in the foothills. Nevertheless, 
more research is needed regarding the role of vertical shear.

Regarding the W location, the local-scale processes that govern the 
P99.5 events could be out of the ERA5 resolution. Therefore, further 
efforts (such as regional modeling) are needed to explain the extreme 
features of rainfall found from the radar QPE information.

5. Final remarks and future work

Weather radar datasets offer high spatiotemporal resolution obser-
vations at short-term extreme precipitation. This is fundamental for 
advancing their characterization and understanding (Lengfeld et al., 
2020; Eldardiry and Habib, 2020), despite the challenges regarding 
short radar-record length and uncertainty in radar-based quantita-
tive precipitation estimation (QPE), and possible limitations due to 

the definition of extreme events (Zwiers et al., 2013). In this work, 
we found agreement between rain-gauge observations and QPE for 
the continuous time series and also for data points above the 90th 
percentile.

Although several works have studied extreme rainfall variability 
using different approaches (e.g., Raymond et al., 2020; Kuswanto et al., 
2015; Stott et al., 2016; Schär et al., 2016), we found that rainfall 
extremes in this northern Andean region can be characterized with 
two predominant patterns: (i) one based on the magnitude of extreme 
rainfall intensity and (ii) another based on the ratio between the rainfall 
intensity and mean rain rate. When analyzed in terms of magnitude, 
rainfall extremes are most intense in the Magdalena Valley and along 
the foothills of the Central Andes range, located in the eastern portion 
of the study area. When extreme rainfall is compared to the mean, the 
Cauca Valley stands out as an area where extreme rainfall is consider-
ably strong relative to the mean rain rate. These patterns highlight the 
SE, NE, and W locations as hotspots of extreme rainfall.

Our findings suggest that the most intense rainfall events occur in 
the MAM and SON trimesters, which are the wet seasons in the northern 
Andes (Urrea et al., 2019). Among the dry seasons, JJA exhibits higher 
values of extreme precipitation. Furthermore, there is a consistent 
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Fig. 9. Specific humidity and wind composites for 500 hPa and 850 hPa during MAM. Seasonal mean (left), Extreme Events Mean (center) and, Difference 
between Extreme Events Mean and Seasonal mean (right). Gray areas in the lower panels depict heights above 1500 m.a.s.l.

Fig. 10. Same as Fig.  9 for JJA.
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Fig. 11. Cross sections of the Central and Western Andes ranges at 5.9◦N for (a) P99.5 of rain rate and (b) P99.5 relative to the mean rain rate. Schematics of 
relevant seasonal dynamic patterns related to extreme rainfall in the region during (c) MAM and (d) JJA. Red and dark blue arrows are for seasonal differences 
(extreme events minus mean state) in low-level wind, with color indicating a decrease (red) or increase (blue) in specific humidity (SH). Light cyan tailed arrows 
represent wind at middle levels (500 hPa) and positive seasonal differences of SH, while dark cyan arrows represent wind differences and increases in SH at the 
same level. Indicative locations of the maxima of P99.5 and P99.5 relative to the mean are also included.

timing of extreme events throughout the year, which provides valuable 
insights for diagnosis, predictive modeling, planning, and disaster risk 
management.

Our results indicate that extreme events typically occur between 
late afternoon and early evening across the SE, NE, and W locations 
during all seasons. For a more detailed seasonal analysis, we focused 
on the MAM wet season and the JJA dry season. Although extreme 
events occur at similar times, the physical precursors appear to differ 
between MAM (wet) and JJA (dry) seasons. This suggests that varying 
interactions among hydrometeorological variables may influence the 
formation and development of these extremes, leading to differences 
in the spatial distribution of extreme rainfall patterns.

Extremes in MAM appear to develop in an atmospheric environment 
with strengthened and moister easterlies at middle levels and an en-
hanced southerly downvalley wind at low levels, in contrast to JJA, 
when extreme rainfall seems to develop in weaker but moister easterlies 
and enhanced northerly flow in the Magdalena Valley. However, de-
tailed analyses of interactions with valley features, hillslopes, and finer-
scale processes are necessary for a more comprehensive understanding 
of the identified extreme patterns.

In order to highlight the relevance of the terrain features in extreme 
precipitation, Figs.  11(a) and (b) show cross sections of the Central and 
Western Andes at 5.9◦N, with P99.5 and P99.5 relative to the mean. 
The of P99.5 maxima stand out to the east, in the foothills of the Central 
Andes and the Magdalena Valley, and the high P99.5 values in the 
Cauca Valley (west) are notable when they are compared relative to the 
mean. Furthermore, Fig.  11 summarizes some of the aforementioned 
seasonal patterns around extreme precipitation events.

While our findings highlight important spatial patterns, we recom-
mend validating these results using higher-resolution datasets, given 
the known limitations of the coarse ERA5 reanalysis in capturing 
regional and local climate features in complex topographies (Mutlu, 
2025; Kara and Elbir, 2025; Wei et al., 2025; Hu and Yuan, 2021). 
Extended regional convection-permitting modeling efforts can greatly 
improve our understanding of the local dynamics and thermodynam-
ical processes that lead to extreme rainfall events in complex topo-
graphic areas like the tropical northern Andes. For northwestern South 
America, studies such as Gomez-Rios et al. (2023), Hernandez et al. 

(2024), Martinez et al. (2024) addressed convection-permitting model-
ing focused on specific events or periods (several weeks or a couple 
of months). 10-year average convection-permitting simulations (e.g., 
Dominguez et al., 2024) would provide more insights into the reasons 
behind the higher frequency of extreme events in certain locations 
of the inter-Andean valleys, and further elucidate the processes that 
influence the different extreme rainfall patterns identified in this work.

Moreover, this work opens new avenues for future research, such 
as: (i) Along the Andes mountains of Colombia, mean precipitation 
exhibits a pluviometric optimum (PO) (e.g. Arias et al., 2021; Oster, 
1979). Is the PO also a feature of rainfall extremes? (ii) Considering that 
radar QPEs can be useful for operational intensity–duration–frequency 
(IDF) curves in regions monitored by weather radars (Srivastava and 
Mascaro, 2023), what are the spatial patterns of IDF from radar QPEs 
in the region? (iii) can convection-permitting simulations adequately 
capture the characteristics of extreme events and provide detailed 
information about the dynamics behind their occurrence in a tropical 
area of complex terrain? (iv) What is the relationship between the 
timing and magnitude of rainfall extremes and Mesoscale Convective 
Systems in the study region?; (v) How could changes in vertical shear 
be related to the occurrence of extreme rainfall events in the tropical 
Andes.
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SCOPE

The journal publishes scientific papers (research papers, review articles, letters and notes) dealing with the part of the

atmosphere where meteorological events occur. Attention is given to all processes extending from the earth surface to the

tropopause, but special emphasis continues to be devoted to the physics of clouds, mesoscale meteorology and air pollution,

i.e. atmospheric aerosols; microphysical processes; cloud dynamics and thermodynamics; numerical simulation, climatology,

climate change and weather modification.
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SJR





The SJR is a size-independent prestige indicator that

ranks journals by their 'average prestige per article'. It is

based on the idea that 'all citations are not created

equal'. SJR is a measure of scientific influence of

journals that accounts for both the number of citations

received by a journal and the importance or prestige of

the journals where such citations come from It

measures the scientific influence of the average article

in a journal it expresses how central to the global

Total Documents





Evolution of the number of published documents. All

types of documents are considered, including citable

and non citable documents.

Year Documents

1999 51

2000 63

2001 82

2002 85

Citations per document



This indicator counts the number of citations received by

documents from a journal and divides them by the total

number of documents published in that journal. The

chart shows the evolution of the average number of

times documents published in a journal in the past two,

Total Cites  Self-Cites



Evolution of the total number of citations and journal's

self-citations received by a journal's published

documents during the three previous years.

Journal Self-citation is defined as the number of citation
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three and four years have been cited in the current year.

The two years line is equivalent to journal impact factor

™ (Thomson Reuters) metric.

Cites per document Year Value

Cites / Doc. (4 years) 1999 0.641

Cites / Doc. (4 years) 2000 0.946

Cites / Doc. (4 years) 2001 0.846

Cites / Doc. (4 years) 2002 0.914

Cites / Doc. (4 years) 2003 1.025

Cites / Doc. (4 years) 2004 1.075

Cites / Doc. (4 years) 2005 1.409

Cites / Doc. (4 years) 2006 1.535

Cites / Doc. (4 years) 2007 1.885

Cites / Doc (4 years) 2008 1 621

from a journal citing article to articles published by the

same journal.

External Cites per Doc  Cites per Doc





Evolution of the number of total citation per document

and external citation per document (i.e. journal self-

citations removed) received by a journal's published

documents during the three previous years. External

citations are calculated by subtracting the number of

self-citations from the total number of citations received

by the journal’s documents.

% International Collaboration





International Collaboration accounts for the articles that

have been produced by researchers from several

countries. The chart shows the ratio of a journal's

documents signed by researchers from more than one

country; that is including more than one country address.

Year International Collaboration

1999 43.14

2000 20 63

Citable documents  Non-citable documents





Not every article in a journal is considered primary

research and therefore "citable", this chart shows the

ratio of a journal's articles including substantial research

(research articles, conference papers and reviews) in

three year windows vs. those documents other than

research articles, reviews and conference papers.

Documents Year Value

Cited documents  Uncited documents





Ratio of a journal's items, grouped in three years

windows, that have been cited at least once vs. those

not cited during the following year.

Documents Year Value

Uncited documents 1999 127

Uncited documents 2000 116

Uncited documents 2001 132

Uncited documents 2002 104

% Female Authors





Evolution of the percentage of female authors.

Year Female Percent

1999 14.52

2000 24.18

2001 15.57

2002 27.27

2003 21.62

2004 20 90

Documents cited by public policy (Overton)





Evolution of the number of documents cited by public

policy documents according to Overton database.

Documents Year Value

Overton 1999 0

Overton 2000 0

Overton 2001 0

Overton 2002 0

Overton 2003 2

Documents related to SDGs (UN)





Evolution of the number of documents related to

Sustainable Development Goals defined by United

Nations. Available from 2018 onwards.

Documents Year Value

SDG 2018 91

SDG 2019 99

SDG 2020 118

SDG 2021 179

Estimated APC





It estimates the article processing charges (APCs) a

journal might charge, based on its visibility, prestige, and

impact as measured by the SJR. It does not reflect the

actual APC, but rather a calculated approximation based

on journal quality.

Year Est. APC (USD)

1999 3064

2000 3239

Estimated financial value





It represents the potential financial worth of a journal. It

is obtained by multiplying the journal's Estimated APC by

the total number of citable documents published over

the past five years. This value reflects the hypothetical

revenue a journal could generate based on its estimated

publication costs and scholarly output.

Year Est. value (USD)


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