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Abstract

Although the vertical structure of rain is relevant in aspects such as climate models (CM) and quantitative precipita-
tion estimation (QPE), data about it is limited in the Andes. Within these aspects, extreme rainfall events are important
due to their potential social impacts. Therefore, this study aims to characterize the vertical structure of rain and ex-
treme events in the Tropical Andes using a Vertically Pointing Micro Rain Radar. For this, (i) the diurnal rainfall cycle
was determined; (ii) the bright band was characterized; (iii) common characteristics of the vertical rain profile during
extreme events, along with the average vertical reflectivity profiles of different development stages of a characteristic
extreme event were studied. The study was performed using five years of data from a vertically pointing rain radar
installed in Cuenca, Ecuador. The main results indicate that (i) rain events with high intensities are concentrated bet-
ween 12:30 — 20:00 h (Local Time), during which 77 % of the total rainfall occurs; (ii) the bright band has a thickness
between 200 and 400 m, and its top (melting layer) is located between 4500 and 4900 m above sea level; (iii) rainfall
shows a high variability in the water column: during the convective stage reflectivity values can increase up to 94 %
from the fusion layer to the ground. The results show the complexity of rainfall events in the Andean region and the
need to consider these aspects into CM and QPE to improve their accuracy.
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Resumen

La informacién de la estructura vertical de la lluvia en los Andes es bastante limitada, a pesar de su importancia en
aspectos como modelos de clima (MC) y estimacién cuantitativa de lluvia (ECL). Dentro de estos aspectos, los even-
tos extremos conforman un punto de alto interés debido a la necesidad de mitigar los problemas sociales que pueden
ocasionar. Por lo tanto, el objetivo de esta investigacion es caracterizar la estructura vertical de la lluvia y eventos ex-
tremos en los Andes Tropicales usando un micro radar de lluvia de apuntamiento vertical. Para esto, (i) se determiné
el ciclo diario de lluvia; (ii) se caracteriz6 la bright band; (iii) se caracteriz6 la columna de agua y los perfiles verticales
promedio de reflectividad. Se utilizaron 5 afios de datos medidos con un radar de apuntamiento vertical instalado en
Cuenca, Ecuador. Los principales resultados indican que (i) los eventos de lluvia con altas intensidades se concentran
entre las 12:30 —20:00 h (Tiempo Local), y en este intervalo se registra el 77 % del total de lluvia; (ii) la bright band tiene
un espesor entre 200 y 400 m y su parte superior (capa de fusién) se ubica entre 4500 y 4900 m snm; y (iii) la lluvia
muestra una alta variabilidad en la columna de agua: durante la etapa convectiva los valores de reflectividad pueden
aumentar hasta en un 94 % desde la capa de fusién hasta la superficie. Los resultados evidencian la alta complejidad
de los eventos de lluvia de la zona andina y la necesidad de considerar estos aspectos para mejorar la precision de
MC y ECL.

Palabras clave: Eventos extremos, capa de fusion, ciclo diario de lluvia, estructura vertical de lluvia, Andes tropicales.
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Rainfall Characteristics and extreme events in the Tropical Andes using a Vertically Pointing rain radar

1 Introduction

Extreme rainfall events pose a significant challen-
ge to society due to their potential consequences,
such as flash floods, crop damage, erosion, landsli-
des, and water contamination (Barlow et al., 2019;
Mukherjee et al., 2018). This makes it essential to
understand, characterize, and accurately estimate
these events to mitigate their effects. However, in
the Andes, the detailed study of such events and
the processes governing rainfall has been limited
by the sparse and unevenly distributed monitoring
systems (Perry et al., 2017; Seidel et al., 2019) and
by the fact that rainfall properties vary on temporal
scales shorter than those captured by available cli-
mate data and models (Boucher et al., 2013; Seidel
etal., 2019; Ward et al., 2011).

This issue increases by the high spatiotempo-
ral variability of rainfall processes, influenced by
the region’s complex topography (Orellana-Alvear
et al., 2017; Yarleque et al., 2016). These challenges
are especially observed in the limited data and stu-
dies available on the Andes’ vertical structure of
rainfall (VSR), which describes rainfall from its ori-
gin in the clouds to when it reaches the ground.

The study of VSR has a significant impact on
various aspects. First, it helps to understand the mi-
crophysics governing rainfall formation and evo-
lution (Durdn-Alarcén et al., 2019; Urgilés et al,,
2021); moreover, features such as the bright band
(BB) allow estimating the altitude at which rainfall
originates, as it serves as an indicator of the mel-
ting layer (Endries et al., 2018; Konwar et al., 2012;
Sumesh et al., 2019). In mountainous regions, radar
and satellite products often suffer from accuracy de-
ficiencies (Chen et al., 2022; Orellana-Alvear et al.,
2019; Satgé et al., 2019; Ward et al., 2011), primarily
due to the difference in altitude between the mea-
surement location and the ground.

These inaccuracies are typically corrected using
ground-based rain gauge data, but often without
considering the vertical variation of rainfall proper-
ties (e.g., reflectivity) in the atmospheric column
(Das and Maitra, 2016; Kirstetter et al., 2013; Peters
et al., 2005). Therefore, the VSR provides crucial
information for improving, comparing, and valida-
ting climate models and estimates obtained from
radars and satellites (Durdn-Alarcén et al., 2019).
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Ground-based vertically pointing radars offer a
suitable alternative for obtaining VSR data (Duran-
Alarcén et al., 2019; Luo et al., 2020; Urgilés et al.,
2021). In the Tropical Andes, studies using these
radars are limited and can be classified into two
groups: those directly describing the VSR and those
using VSR for other purposes. In the first group,
research has primarily focused on the melting layer
or BB. Perry et al. (2017) calculated the frequency
distribution of the melting layer height for Cusco,
Peru (August 2014 — February 2015) and La Paz, Bo-
livia (October 2015 — December 2015), finding that
most measurements in both locations fall between
4400 and 5100 meters above sea level (masl). En-
dries et al. (2018) used the same dataset for Cusco
and an extended one for La Paz (October 2015 —
February 2017) to study BB height based on time of
day, finding that, consistent with surface tempera-
ture, it is higher in the afternoon and early evening.
They also observed that the El Nifio phenomenon
in La Paz may have contributed to an increase in BB
height during the 2015-2016 period.

Finally, Kumar et al. (2020) in Huancayo, Peru
(2015-2018), reported that the BB is mostly found
between 4000 and 5000 masl, but also, for the first
time, determined the vertical variation of rainfall
properties (reflectivity, intensity, liquid water con-
tent, and drop size distribution) for different sur-
face rainfall intensities, revealing interesting beha-
viors especially for high intensities (20-200 mm/h).
The second group of studies has focused mainly
on classifying rainfall as stratiform, convective, or
mixed using VSR, as done by Seidel et al. (2019)
and Urgilés et al. (2021). Additionally, Bendix et al.
(2006) in Loja, Ecuador, showed that mixed rainfall
is a key feature of the region’s precipitation, while
Schauwecker et al. (2017), using the same dataset as
Perry et al. (2017), determined that when the surfa-
ce temperature is below 15°C, the melting layer can
be relatively estimated using extrapolations with
reanalysis data.

As noted, VSR information in the Tropical An-
des obtained directly from ground-based radars is
quite limited and is primarily concentrated in Peru
and Bolivia. Furthermore, in no cases has VSR been
used to study rainfall generation and dynamics du-
ring extreme events, despite its importance for both
societal concerns and rainfall models and estimates.
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Therefore, the objective of this research is to cha-
racterize the vertical structure of rainfall and extre-
me events in the Tropical Andes using a vertically
pointing micro rain radar located in Cuenca, Ecua-
dor. To achieve this, the study aims to (i) characteri-
ze the distribution of rainfall events throughout the
day, especially those of high intensity, based on the
study of the diurnal rainfall cycle; (ii) characterize
the bright band based on its key features; and (iii)
characterize the atmospheric column during extre-
me rainfall events and their temporal evolution.
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2 Methodology

2.1 Study Area and Equipment

The study was conducted using data collected at
the Balzay Meteorological Observatory (2°53'32” S,
79°02"10” W), located at 2600 meters above sea le-
vel in the Andes of Ecuador, in the city of Cuenca
(Figure 1). The region experiences a bimodal pre-
cipitation pattern, with rainy months occurring in
March-April and October-November (Campozano
et al., 2016).
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Figure 1. Study area in the Ecuadorian Andes.

The data used in this study come from a Micro
Rain Radar (MRR), a compact radar with a verti-
cally pointing parabolic antenna, operating at a fre-
quency of 24 GHz, a wavelength of 12.5 mm, and an
FM-CW operating mode (Loffler-Mang et al., 1999;
METEK, 2009; Peters et al., 2002). The MRR uses
the Doppler velocity spectrum as its measurement
principle and derives the drop size distribution th-
rough the analytical relationship between terminal
velocity and drop diameter, as described by Atlas
et al. (1973). Based on this variable, the MRR calcu-
lates rainfall parameters such as reflectivity, liquid
water content, rain intensity, and drop fall velocity;
these relationships can be reviewed in detail in ME-
TEK (2009) and Peters et al. (2005). In each radar
measurement, the atmospheric column is vertically
discretized into 31 equal parts (bins), and for each
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bin, the five aforementioned variables are obtained.
This measurement is referred to as the vertical pro-
file (VP).

2.2 Data and Preprocessing

Five years of MRR measurements, from February
2017 to January 2022, were used. The MRR observa-
tions had a temporal resolution of 1 minute and an
altitudinal resolution (bin thickness) of 100 meters.
The MRR measures precipitation up to an altitude
of 3100 meters above ground level (i.e., from 2600
to 5700 meters above sea level). The variables used
in this study were reflectivity and rain intensity. To
fill gaps and eliminate outliers in the rain intensity
measurements at the lowest bin, data from a laser
disdrometer (Thies Clima Laser) located at the same
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meteorological observatory were used. The percen-
tage of missing measurements for this variable was
reduced from 15.7% to 6.0%. A linear correlation
was performed between the 5-minute accumulated
rainfall from both instruments (Figure 2). Although
the MRR measures the average intensity in a 100-
meter bin from the surface, its variability can be
explained by the disdrometer by 80 %, as indicated
by the coefficient of determination (R?); furthermo-
re, the p-value is less than 0.001.

On the other hand, no gap filling was applied
to the vertical profiles (VP); however, a quality con-
trol process was implemented to remove incomple-
te measurements (i.e., VPs with one or more missing
bins). Additionally, the two highest bins of the VPs
were excluded from all analyses, as they often pre-
sented outliers due to electromagnetic interference.

2.3 Calculation of the Diurnal Rainfall Cy-
cle

The characteristics of the diurnal rainfall cycle we-
re studied in 30-minute intervals using the average
precipitation amount (PA), precipitation frequency
(PF), average precipitation intensity (PI), and accu-
mulated average precipitation (PAQ). Based on the
considerations of Zhou et al. (2008) and Zhang et al.

(2017), PA was calculated for each 30-minute inter-
val during the 5-year study period by dividing the
accumulated precipitation by the number of valid
measurements. PF was calculated as the ratio bet-
ween the number of rainy measurements and the
number of valid measurements, while PI was obtai-
ned by dividing the accumulated precipitation by
the number of rainy measurements. Additionally,
PAQ was calculated as the accumulated percenta-
ge of the total rainfall up to each interval. For this
study, a 30-minute measurement was considered
valid if 90% or more of the minutes within that in-
terval had data, and considered rainy if a minimum
of 0.1 mm of precipitation was recorded.

2.4 Characterization of the Bright Band

The bright band (BB) was characterized by analy-
zing its thickness (BB;,) and the height of its up-
per boundary (melting layer; Hr), and how these
two characteristics varied during the study period
was calculated. To detect the presence of the BB du-
ring an event, the algorithm proposed by Cha et al.
(2009) was implemented, which builds on previous
studies by Klaassen (1988) and Fabry and Zawadz-
ki (1995) but introduces a new concept called bright
band sharpness. This algorithm is based on the use
of the reflectivity VP and the variation in its gra-
dient.
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Figure 2. Correlation of cumulative rainfall every 5 minutes between disdrometer and MRR measurements in its first band above
ground level (0-100 masl).
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When the BB is detected in a measurement, Hy
is defined as the altitude with the steepest negative
gradient, and similarly, the lower boundary (Hp) is
the altitude with the steepest positive gradient; BBy,
is calculated as the difference between Hr and Hp.
Additionally, the algorithm requires the peak reflec-
tivity (Zpeqr) from the VP; to obtain this, the first 500
meters from the ground were excluded, as it was
verified that in some cases, Z,.q occurred at these
heights (this is mainly due to coalescence and ag-
gregation processes at these levels during different
events, which can significantly increase reflectivity,
exceeding that of the BB), which would erroneously
discard a VP with an actual BB.

2.5 Vertical Rainfall Variability

The evolution of the reflectivity VP was visually
inspected for all events where rain intensities grea-
ter than 100 mm/h per minute were recorded in the
first bin. This threshold captures approximately the
top 10.0% of the highest-intensity events recorded
per minute during the study period, categorizing
them as extreme rainfall events. From these, one
representative high-intensity rainfall event was se-
lected, and the characteristics of its average vertical
reflectivity profile (AVRP) were thoroughly studied
during its various developmental stages.

For each stage, the AVRP was calculated as the
average reflectivity of each bin in the VPs, as shown
by Das and Maitra (2016) and Peters et al. (2005).
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The developmental stages were classified as con-
vective, stratiform with BB, and stratiform without
BB. To distinguish between convective and strati-
form stages, vertical velocity profiles and a fuzzy
rule-based system were used, as described in Seidel
et al. (2019). Measurements that could not be classi-
fied using this methodology were labeled as “Un-
classified.” Additionally, for the sub-classification
of the stratiform stage, BB detection was performed
using the algorithm described in Section 2.4.

3 Results

3.1 Diurnal rainfall cycle

Figure 3 shows the curves for precipitation amount
(PA), precipitation frequency (PF), precipitation in-
tensity (PI), and accumulated precipitation amount
(PAQ) for the diurnal rainfall cycle. PA and PI
clearly demonstrate the region’s rainfall pattern,
which exhibits a unimodal behavior, with the
highest peaks occurring around 15:00 local time (LT;
UTC-5). PA indicates that the accumulated rain-
fall for each interval begins to increase significantly
after 12:30 LT and stabilizes around 20:00 LT, re-
maining relatively low during the rest of the day.
Furthermore, 77 % of the total rainfall occurs within
this 7.5-hour window, as indicated by PAQ. Simi-
larly, PI shows that the maximum average intensi-
ties, around 4 mm/h, are recorded between 14:00
and 14:30 LT.

- b)

PI [mm/h]
PF [%]

0123456 7 8 91011121314151617 181920212223
Local Time (UTC-5) [h]

Figure 3. Diurnal rainfall cycle for the period 02/01/2017 — 01/31/2022. a) Precipitation amount (PA) and accumulated precipita-
tion amount (PAQ); b) Precipitation frequency (PF) and precipitation intensity (PI).
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While this intensity might be considered low, it
should be noted that it represents the average of all
events measured during this interval. The magnitu-
de of the events occurring as well as in adjacent in-
tervals can be seen by comparing PF and PA, as PF
is approximately three times higher than during the
night or morning hours, yet the accumulated rain-
fall can be up to 20 times greater. This suggests that
high-intensity events occurring during these hours
contribute significantly to the total precipitation.

3.2 Characterization of the Bright Band

Figure 4 presents the characterization of the BB
in terms of a) Diurnal cycle, b) Variation and fre-
quency of its upper boundary height (Hr) and c)
Variation and frequency of its thickness (BByj). The
lowest occurrence of the BB is found between 09:00
and 12:00 LT. After this period, its frequency in-
creases, reaching a peak at 18:00 LT, after which it

begins to decline until the cycle repeats (Figure 4a).

On the other hand, Hy and BB, exhibit relatively
stable behavior, with variations centered around ty-
pical values. In the case of Hr (Figure 4b), it is found
between 4500 and 4900 meters above sea level in
94.5%. Meanwhile, BBy, (Figure 4c) ranges between
200 and 400 meters 93.4% of the time. These cha-
racteristics indicate the height of the melting layer
(where rain originates) and the distance required to
complete the melting process of ice or snow into
rain in the region. Additionally, the range of varia-
tion for Hr aligns with previous studies in the An-
des of Bolivia and Peru (Endries et al., 2018; Kumar
etal., 2020; Perry et al., 2017), indicating the stability
of this height. The greatest differences are observed
in southern Peru, where higher altitudes are recor-
ded during the austral summer, which according to
Schauwecker et al. (2017), may be caused by the Bo-
livian high-pressure system.

Frequency [%]
© K= = N N W W A
w o w o w o w o

o
=)

80

60

40

Cumulative Frequency [%]

20

012 3456 7 8 91011121314151617 181920212223
Local Time (UTC-5) [h]

w
o

b) 100

N
«

r 80

N
o

r 60

Frequency [%]
=
w

40

,_.
1S
Cumulative Frequency [%]

r20

v

4400.0
4500.0
4600.0
700.0
4800.0
4900.0
5000.0

<
Altitude asl [m]

<) 100
50 -
I 80

N
o

r 60

Frequency [%]
w
S

N
o

L 40

Cumulative Frequency [%]

r20

-
o

o

100.0
200.0
300.0

o
=]
o
n

600.0
700.0
800.0

=]
o
=3
¥
Thi

ckness [m]

Figure 4. Characteristics of the bright band during the period 02/01/2017 — 01/31/2022. a) Diurnal cycle; b) Variation and fre-
quency of its upper boundary height (Hr); c) Variation and frequency of its thickness (BB;y,).
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3.3 Vertical Rainfall Variability in Extreme
Events

During the entire study period, there were 30 high-
intensity rainfall events in which surface intensi-
ties exceeded 100 mm/h in a minute. All of these
events exhibited convective stages during their evo-
lution, with 90% doing so in the early minutes of
the storm, rapidly reaching high reflectivities of
around 40 dBZ. Additionally, 50 % of the events dis-
played exclusively convective behavior, while the
rest showed a combination of convective and strati-
form stages. Out of the latter group, 80 % exhibited
stratiform stages with a BB, which typically develo-
ped at the end of the storm.

On December 28, 2017, an event occurred that
contained many of the characteristics mentioned
above, and it was selected as a case study. Figure
5 shows the time evolution of its reflectivity profi-
le, and the color bar above indicates the moments

B Stratiform without BB

W Stratiform with BB

when convective stages, stratiform stages with BB,
and stratiform stages without BB were recorded.
Seidel et al. (2019) used this same event to illustrate
the results of the methodology, described in section
2.5, for classifying storms into their convective or
stratiform stages. Therefore, the analysis performed
in this study also complements that work.

The average vertical reflectivity profiles (AVRP)
for the different stages of the case study are shown
in Figure 6. The AVRP for the convective stage pre-
sents significant differences compared to the stra-
tiform stages, as it shows a much steeper negative
gradient below 4700 meters above sea level. This re-
sults in a considerable increase in reflectivity from
the melting layer to the surface (93.7%), primarily
due to the vertical winds characteristic of convec-
tive events, which promote rapid droplet growth
with coalescence and aggregation processes domi-
nating over others (Luo et al., 2020; Ramadhan et al.,
2020; Rosenfeld and Ulbrich, 2003; Wen et al., 2017).
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Figure 5. Vertical Reflectivity Profile and Development Stages of the Event Recorded on December 28, 2017, Between 14:50 and
19:10LT.

In the case of the stratiform stages, the AVRP
shows a significant increase in reflectivity between
4700 and 4200 meters above sea level, indicating
that the rain is generated by the melting process
(Massmann et al., 2017). However, the behavior di-
verges after reaching maximum reflectivity within
this range, suggesting that rapid droplet growth oc-
curs during the stage without BB, maintaining re-
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flectivity close to its maximum. Additionally, the
AVRP for these stages behaves similarly below 4200
meters above sea level, with relatively constant va-
lues until approaching the surface, where a negative
gradient appears. This stable behavior is due to the
balance between coalescence, droplet breakup, and
evaporation processes, while the increase in reflecti-
vity near the surface is explained by the dominance
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of coalescence and aggregation processes (Luo et al.,
2020; Ramadhan et al., 2020; Wen et al., 2017). Abo-
ve 4700 meters above sea level, all AVRPs exhibit re-
latively similar and constant behavior. This is likely
because water exists in a solid state at this altitude,
as described in Section 3.2, where the melting layer
is generally located.

4 Discussion

4.1 Variability of Rainfall Characteristics

The diurnal rainfall cycle is consistent with pre-
vious results reported by Yang and Smith (2006),
which found that peak rainfall tends to occur in
the mid-afternoon in the continental tropics. The
unimodal pattern of the diurnal cycle highlights
the significant influence of afternoon convective
events, mainly driven by surface heating (Bendix
et al., 2006; Perry et al., 2014). In fact, all 30 extre-
me events identified during the study period occu-
rred between 12:30 and 20:00 LT. This finding aligns
with Hernandez-Deckers (2022), who showed that
in northwestern South America (including parts of
Ecuador), the diurnal cycle of convective events clo-
sely follows the pattern of PA.

It is worth noting that bimodal behaviors,
with peaks in the early morning and late after-
noon/evening, have been reported in the eastern
foothills of the Andes in Colombia, Peru, and
southern Ecuador. These behaviors are generally

due to mesoscale instabilities (Bendix et al., 2006;
Endries et al., 2018; Kumar et al., 2020, 2019; Pove-
da et al., 2005; Seidel et al., 2019).

On the other hand, low-intensity events, such as
stratiform rainfall with or without BB, also play a
significant role in the diurnal cycle. As Seidel et al.
(2019) revealed, 91.9% of rainfall measurements in
the region are stratiform, and 37.2% of those ha-
ve BB. Their diurnal cycle (Figure 4a) shows per-
sistent occurrence throughout the day, except in the
mornings. This high frequency and persistence are
particularly evident outside the 12:30-20:00 LT win-
dow, where rainfall amount and frequencies remain
relatively low and stable.

4.2 Vertical Reflectivity Variability and Its
Influence on Rainfall Estimates

While the vertical reflectivity variability reported in
detail via AVRP in this study is limited to the case
study, it highlights the importance of considering all
event evolution stages for such analyses. Previous
studies, such as Das and Maitra (2016), Kumar et al.
(2020) and Peters et al. (2005), analyzed AVRP by
grouping VPs according to surface rainfall intensity.
However, this approach might lead to information
loss in stratiform events with BB. This is because
profiles with and without BB are averaged, poten-
tially masking the reflectivity peak (Figure 6), which
could lead to surface overestimations, as discussed
later.
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Figure 6. Average vertical reflectivity profiles (AVRP) for the stages of the storm recorded on December 28, 2017, between 14:50
and 19:10 LT
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Conversely, grouping VPs according to event
evolution stages, as done in this study, could also
omit information for low-intensity events, where
evaporation is more likely, leading to a positive gra-
dient in the reflectivity VP, as shown in Das and
Maitra (2016) and Kumar et al. (2020) for intensities
between 0.02 and 2 mm/h. This type of gradient
was not observed in this study’s results, possibly
due to specific event conditions or the averaging of
VPs with opposite gradients.

In this context, we have found that reflectivity
varies greatly within the atmospheric column and
throughout the different stages of rainfall events.
This underscores the need to account for these va-
riations when estimating rainfall using ground-
based radars or satellites in the region, as poten-
tial errors may arise depending on the altitude at
which measurements are taken. Rainfall underesti-
mation could occur due to: 1) Measurements above
the melting layer during any stage of the event, as
shown in the case study, where reflectivity above
4700 meters was lower than at the surface, with the
greatest difference being 122.8%; and 2) Steep ne-
gative gradients in convective stages, where below
the melting layer, this gradient caused a 93.7% in-
crease in reflectivity down to the surface in the case
study. On the other hand, overestimation can occur
during stratiform stages at the BB height due to the
reflectivity peak at that level, which does not repre-
sent surface conditions. Additionally, if evaporation
occurs near the surface, this overestimation could
be exacerbated because surface reflectivity would
decrease, and the difference with the BB would be
much greater than in the case study (Figure 6).

To avoid such errors, it would be ideal to clas-
sify the event as convective or stratiform—with or
without BB—before estimating rainfall using Z-R
relationships calibrated for these types, incorpora-
ting their vertical evolution and corresponding zo-
ne. However, this could be limited by the need for
a network of instruments capable of making the-
se classifications at multiple points. This highlights
the importance of using new methods for estima-
ting rainfall based on ground-based radar measu-
rements, such as that shown in Orellana-Alvear
et al. (2019), which improves the accuracy of the
CAXX radar using estimates from random forest, a
supervised machine learning algorithm. These mo-
dels may indirectly account for differences based
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on rainfall types.

Based on the above, future research is recom-
mended to compare the approaches for grouping
VPs, either by intensity or by rainfall type. This
will help determine the best way to group them to
characterize their vertical evolution with the least
amount of information loss. This will also be im-
portant for improving rainfall estimates using both
traditional and alternative methods, as more effi-
cient VP groupings could yield calibrated Z-R rela-
tionships, and if feasible, artificial intelligence mo-
dels for each group.

5 Conclusions

The objective of this research was to characterize
the vertical structure of rainfall and extreme events
at one of the few sites in the Andes equipped with
ground-based vertically pointing radars. To achieve
this, the diurnal rainfall cycle was determined, the
bright band was characterized, common features
in the atmospheric column during high-intensity
events were studied, and the average vertical reflec-
tivity profiles of a representative event were analy-
zed. Based on this, the following conclusions can be
drawn:

High-intensity events occur in the afternoon and
are responsible for shaping the unimodal diurnal
rainfall cycle, with a peak at 15:00. Seventy-seven
percent of the total rainfall is recorded between
12:00 and 20:00 LT.

The BB exhibits consistent behavior and charac-
teristics throughout the study period: (i) in 94.5% of
cases, its upper boundary (melting layer) is located
between 4500 and 4900 meters above sea level; (ii)
93.4% of the time, it has a thickness of 200 to 400
meters; and (iii) its diurnal cycle shows a significant
decrease in occurrence only in the mornings.

High-intensity rainfall events are primarily sud-
den, as 90% of the studied events experienced a
sharp increase in reflectivity immediately after the
storm began. Additionally, half of the intense events
exhibited combined convective-stratiform behavior.

Reflectivity exhibits high variability in the at-
mospheric column during high-intensity rainfall
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events. During the convective stage, reflectivity va-
lues can increase by up to 94 % from the melting la-
yer to the surface.
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