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Resumen

Analizamos aspectos de la variabilidad interanual, mensual, sindptica y subdiaria de
la altura de la isoterma de 0°C (HO0), utilizando el reanalisis ERA5, observaciones
y estimaciones, sobre la zona costera de la Region del Biobio, Chile (36.8°S,
73°W). Esta region carece de mediciones de HO basadas en radiosondas, pero
aqui utilizamos la observacion horaria de HO a bordo de aviones que despegan
y aterrizan en el Aeropuerto Internacional Carriel Sur (SCIE, 36.77°S, 73.06°W)
para el periodo 2017-2019. Validamos HO del reanélisis usando observaciones,
lo que revela un excelente rendimiento de ERA5. HO varia a lo largo del ano
con un maximo en enero y un minimo en julio. Luego, estimamos HO en base a
datos un Micro Rain Radar adquiridos en el Observatorio de Rios Atmosféricos en
Concepcion para 2022 y 2023 con alta resolucion vertical y temporal. En particular,
usamos perfiles verticales de velocidad de caida y reflectividad de hidrometeoros
durante eventos de precipitacion. La velocidad de caida aumenta en promedio de

23m/sa 4.0 m/s dentro de 300 m justo debajo de HO, revelando la fusion
de los hidrometeoros. Por lo tanto, durante las tormentas, es posible determinar
la altura de la capa de fusion (también conocida como banda brillante), lo que,
a su vez, permite estimar HO. Estos eventos muestran una buena concordancia
con HO a partir de ERA5. Sobre todo en invierno, esta region esté expuesta a
fenémenos hidrometeorologicos provocados por la actividad sindptica de latitudes
medias. Los rios atmosféricos son responsables de hasta 50% de la precipitacion
total anual, y algunos casos pueden inducir precipitaciones extremas. Por lo
tanto, desde una perspectiva sinéoptica, se analizan tres eventos de precipitacion,
observando la evolucion de HO cuando registra valores altos, valores bajos y

también, considerando la cantidad maxima de precipitacion diaria.

Palabras claves — Isoterma 0°C, Biobio, MRR, AMDAR, ERA5, Banda brillante



Abstract

We analyze inter-annual, monthly, synoptic, and sub-daily variability aspects of
the 0°C isotherm height (HO), using ERAS reanalysis, observations and estimates,
over the coast of the Biobio Region, Chile (36.8°S, 73°W). This region lacks
radiosonde-based HO measurements, but here we use hourly HO observation
onboard aircraft taking off and landing at the Carriel Sur International Airport
(SCIE, 36.77°S, 73.06°W) for the period 2017-2019. We validate HO from the
reanalysis using observations, which reveals an excellent performance of ERA5
in resolving observations. HO varies throughout the year with a maximum in
January and a minimum in July. Then, we estimate HO based on Micro Rain
Radar data acquired at the Atmospheric River Observatory in Concepcion for 2022
and 2023 with high vertical and temporal resolution. In particular, we use vertical
profiles of fall velocity and reflectivity of hydrometeors during precipitation events.
Fall velocity increases on average from 2.3 m/s to 4.0 m/s within 300 m just
below HO, revealing melting hydrometeors. Hence, in precipitation storms, it is
possible to determine the height of the melting layer (also known as the bright
band), which, in turn, enables the estimation of HO. These events show a fair
agreement with HO from ERAS5. Particularly in winter, this region is exposed to
hydrometeorological events caused by mid-latitude synoptic activity. Atmospheric
rivers are responsible for up to 50 % of the total annual precipitation, and some
cases might induce extreme precipitation. Therefore, from a synoptic perspective,
three precipitation events are analyzed, observing the evolution of HO when it
registers high values, low values and also, considering the maximum amount of

daily precipitation.

Keywords — isotherm 0°C, Biobio, MRR, AMDAR, ERA5, Bright band
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Capitulo 1

Introduccion

1.1. Antecedentes

El conocimiento de la variabilidad de la altitud de la isoterma @ (HO) contribuye
a la comprension de la dinamica de las precipitaciones. Representa el limite entre
la capa atmosférica que comprende de nieve derretida por debajo y la que contiene
nieve/hielo por encima ( , ). El nivel de congelacién (que
corresponde a HO) es de nido por la American Meteorological Society ( : )
como el nivel mas bajo en la atmosfera libre donde la temperatura del aire es de
0°C . Asi, laidenti cacién del nivel en el que se produce la fusién permite reconocer
las precipitaciones iniciadas por el hielo. Si consideramos terrenos elevados, este
nivel es importante porque la respuesta hidrologica di ere dependiendo de si la
precipitacion es liquida (impactando directamente en el ujo) o sélida, donde
la nieve contribuye a la acumulacion ( , ), marcando una linea
de nieve que separa el area que genera escorrentia directa dentro de una cuenca
de la porcién que recibe nieve ( , ; , ;

, ), posteriormente dicha acumulacion libera agua de deshielo

durante la estacién seca ( , ). El término HO se confunde a
menudo con el término "linea de nieve"( , ), que se de ne
como "la extension limite actual de la nieve que cubre el suelo”( : ).

Por ello, comprender la fase de precipitacion y la zona en la que se produce la
transicion de precipitacion sdlida a liquida es esencial para una gestioén e caz de
los recursos hidricos y crucial para desarrollar planes de prevencion y mitigaciéon
de riesgos ante posibles impactos hidrometeoroldgicos asociados a eventos de alta
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HO (potencialmente causantes de deslizamientos de tierra; , ). Del
mismo modo, los eventos de baja HO tienen consecuencias sobre la agricultura y
la ganaderia, ya que las precipitaciones soélidas (granizo o nieve) pueden dafar los
cultivos ( , ).

Se puede obtener la HO de diferentes maneras, y cada una tiene sus limitaciones. La
forma mas directa es a partir de observaciones, mediciones rutinarias de radiosonda

( : ), pero la realizacion es costosa, otra forma directa,
pero no constante en el tiempo, es a partir de datos meteoroldgicos registrados en
aeronaves ( , ); extrapolando la temperatura del aire cercana
a la super cie ( : ) pero dependen de las tasas de lapso utilizadas.

Para evitar las limitaciones temporales, es posible obtener HO utilizando datos
de reanalisis ( : ; , ), y derivandolo de
per les verticales obtenidos con radares ( , ; , ;

, ).

Considerando la ultima forma mencionada, los registros de los perladores
verticales (como un Micro Rain Radar (MRR)) pueden monitorizar el estado de la
atmosfera hasta 6 km cada 30 segundos ( : ), obteniendo medidas
de los parametros de precipitacion. Dado que en la atmosfera la transformacion de
precipitacion sélida a liquida no es instantanea ( , ;

, ; , ), Sino que se trata de un cambio gradual,
conduce a una zona de transicion que comprende hielo/nieve por encimay agua por
debajo ( , ). EI MRR es crucial para obtener informacién
sobre la zona de transicion, conocida como capa de fusién (ML, por sus siglas
en inglés), donde la precipitacion sélida se derrite, provocando asi un maximo en
la re ectividad radar, conocida como la banda brillante (BB,; , X

, ; , ; , ). Dicha intensi cacién se
produce cuando las particulas de hielo atraviesan el nivel de congelacion (

, ) e inician un proceso de fusion, que conduce a la formacion de
gotas de agua en el exterior de los copos de nieve, causado por las variaciones en
el factor dieléctrico del hielo y el agua ( , ; :

). Este proceso provoca un aumento de la re ectividad detectada por el radar.
Una vez nalizado el proceso de fusion, la gota de lluvia mas densa desciende
mas rapidamente que el copo de nieve precedente ( : ;

, ). Muchos estudios consideran que la HO puede estimarse como la parte
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superior del ML ( , ; , ;

: ; , ; , ; , (vease
su primera gura)). Se han encontrado buenas correlaciones entre los parametros
MRR y las mediciones convencionales de precipitacion en Alemania ( :

). El estudio de ( ) ha utilizado el MRR mediante un algoritmo
para detectar la altitud de la ML (MLH, por sus siglas en inglés) en América del
Sur, encontrando un valor medio de 4810 m sobre Cusco, Peru, y 4786 m sobre La
Paz, Bolivia. ( ), utilizaron dos MRR en Chile, como parte de
la instrumentacion para observaciones de precipitacion orogra ca en la cordillera

de Nahuelbuta.

La Regién del Biobio en Chile es la segunda regién mas poblada del pais y la zona
costera se ve cominmente afectada por la llegada a tierra de Rios Atmosféricos
(RAs; , ; : ) y tormentas severas. Esto provoca
desbordamientos de rios, deslizamientos de tierras e inundaciones, asi como diversas
consecuencias sociales y econdmicas. A pesar de estos antecedentes, no existen
lanzamientos rutinarios de radiosondas en esta zona, que se encuentra entremedio
de lances realizados en Santo Domingo a 33%5/ Puerto Montt a 41.43S
(Figura 2.1.1a; es decir, separados por mas dd000 km), lo que resulta en un
desconocimiento de la estructura vertical de la atmdsfera en el paso de sistemas
frontales. Por esta razén, las observaciones mas directas de HO disponibles para
nuestro analisis son las derivadas de los per les verticales de temperatura recogidos
a través del programa global Aircraft Meteorological Data Relay (AMDAR),
una iniciativa de la Organizacién Meteorol6gica Mundial destinada a poner a
disposicion de los centros meteorolégicos operativos los datos meteoroldgicos
medidos por aviones comerciales. En particular, hacemos uso de los datos AMDAR
asociados al Aeropuerto Internacional Carriel Sur, situado a unos 7 km del MRR
(Figura 2.1.1b). Asimismo, en Concepcién (36’8, 730, 25 m snm;

, ) se implement6 el primer Observatorio de Rios Atmosférico (ORA) de
Chile.

1.2. Area de estudio y contexto climatico

La zona de estudio presenta un clima templado con in uencia mediterranea
( , ). La Regidn del Biobio se ubica en la zona centro-
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sur de Chile, aproximadamente entre las latitudes 363 y 38.3S. Limita al norte
con la Region de Nuble, al sur con la Region de la Araucania, al oeste con el
Océano Pacico y al este con la Cordillera de los Andes y Argentina (Figura
2.1.1b). La altura promedio de la Cordillera de los Andes disminuye desdéd000
msnm a 30S hasta 1500 msnm a 4%5, y este hecho con gura una precipitacion
costera sobre el area de estudio ( , ).

Aqui, la precipitaciéon media anual es de 985.7 mm (1991-2020), y el 54,7 % se
concentra durante el invierno austral ( , ; ,

); como muestra la Figura Suplementaria AO.la, donde los valores de
precipitacion mensual muestran un claro patron estacional con maximos (minimos)
en los meses de invierno (verano), este comportamiento es tipico de regiones
con in uencias mediterraneas, donde las lluvias estan asociadas y causadas
principalmente por frentes frios y RAs ( : ). Durante eventos que
exhiben principalmente ujo del noroeste se observan cantidades signi cativas de
precipitacion cerca de la costa, con impactos hidrometeorolégicos (

, ), como inundaciones y desbordes de rios ( : ).

En esta zona, las alturas de los Andes alcanzarBO00 msnm, y la regién entre 3%

y 38°S exhibe un gradiente de precipitacion zonal desde la costa hacia los Andes
debido a efectos orogra cos, lo que conduce a la acumulacién de nieve sobre los
Andes ( , ; , ; : ;

, ). En la region del Biobio, la principal cuenca hidrogra ca
corresponde a la del rio Biobio ( , ); durante su curso desde
los Andes hacia el océano Paci co, el agua es extraida para usos humanos, como
actividades relacionadas con la silvicultura y la agricultura ( ,

)-

1.3. Objetivos e hipotesis

Dentro del contexto que engloba esta investigacion, se llevaron a cabo dos preguntas
cienti cas:

P1: 3Cual es el error asociado al estimar la altitud de la isoterm&COque
entrega el analisis de datos adquiridos desde el Micro Rain Radar en relacion a
las observaciones directas de AMDAR vy otras fuentes de datos de los cuales se
obtienen dicha variable?
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P2: ¥%lLa caracterizacion de la variabilidad de la altitud de la isoterm&® nos
permite una mejor comprension sindptica de eventos extremos?

Por lo tanto, las preguntas cienti cas llevan a la siguiente hipotesis: Los registros de
Banda Brillante obtenidos del MRR permiten cuanti car la altitud y variabilidad
sub-diaria, inter-diaria y estacional de la isotermaqC, y éstas son comparables
con la informacion derivada de observaciones AMDAR, y datos de reanalisis .

De esta forma, el objetivo general este trabajo es analizar la variabilidad de la
Banda Brillante y la altitud de la isoterma (°C durante eventos de precipitacion

a escala inter-diaria, sub-diaria y estacional sobre la zona costera del Biobio
a través de un analisis comparativo de distintas fuentes. Para cumplir con el
objetivo general, se deben seguir lo siguiente:

1. Obtener la Banda Brillante (BB) observada por el Micro Rain Radar (MRR)

y estimar la altitud de isoterma OC (HO) desde diferentes fuentes (AMDAR,
reandlisis ERAS5 y MRR).

2. Realizar un andlisis comparativo entre las estimaciones de la HO (AMDAR,
reandlisis ERA5 y MRR), con la intencion de validar la estimacién de la HO a
partir del MRR.

3. Describir la variabilidad a escala inter-diaria, sub-diaria y estacional de BB y
HO obtenidas de las diferentes fuentes, para eventos con y sin precipitacion sobre
la zona de estudio.

4. ldenti car y caracterizar las con guraciones sinopticas que se relacionan con
eventos especi cos de HO en la zona de estudio.

El capitulo siguiente es un manuscrito enviado a la revista International Journal

of Climatology, titulada: Temporal variability of the O°C isotherm height over the
coast of the Biobio Region (36%5), Chile: characterization and case studjel cual
cuenta con una primera seccion de introduccion, seguida de una presentacion de
informacion acerca del contexto climatico y el area de estudio, luego se presentan
los datos y métodos en la seccion 2.3, se describen los resultados en la seccion
2.4. La seccién 2.5 aborda casos de estudios junto con sus principales patrones
sinopticos. Se presenta en la seccion 2.6 la conclusion.
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Capitulo 2

Temporal variability of the 0 °C
Isotherm height over the coast of the
Biobio Region (36.8°S), Chile:
characterization and case studies

2.1. Introduction

Knowledge on the OC isotherm height (HO) variability contributes to the
understanding of precipitation dynamics. It represents the boundary between
the atmospheric layer comprising melted snow below and that containing snow
and ice above ( , ). The freezing level (which corresponds to
HO) is de ned by the American Meteorological Society ( , ) as the lowest
level in the free atmosphere where the air temperature iS©®. Thus, identifying
the level at which melting occurs, makes it possible to recognize ice-initiated
precipitation. If we consider elevated terrains, this level is important because
the hydrological response di ers depending on whether the precipitation is liquid
(directly impacting the ow) or solid, where snow contributes to accumulation
( : ), marking a snowline that separates the area that generates
direct runo within a watershed from the portion that receives snow (

; ; , ; ), subsequently such
accumulation releases meltwater during the dry season ( , ).
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The term HO is often confused with the term snowline ( ,

), which is de ned as the current boundary extent of snow covering the
ground ( , ). That is why understanding the precipitation phase and
the zone where the precipitation transition from snow-rain occurs, is essential for
e ective water resource management and crucial for developing prevention and
risk mitigation plans for potential hydrometeorological impacts associated with
high HO events (potentially causing mudslides; , ). Similarly, low HO
events have consequences on agriculture and livestock, since solid precipitation
(hail or snow) can damage crops ( , ).

HO can be obtained in di erent ways, and each has its limitations. The most

direct way is from radiosonde observations ( : ), keeps
regulated measurements but is expensive, another directly way, but not constant in
time, is from meteorological data recorded in aircraft ( , ); by
extrapolating near-surface air temperature ( , ) but they depend
on the lapse rates used. To avoid temporal limitations, it is possible to obtain HO
by using reanalysis data ( , ; , ), and
by deriving it from vertical pro les obtained with radars ( , ;
: ; , ).

Considering the last way, the vertical pro lers (as a Micro Rain Radar (MRR))
records can monitor the state of the atmosphere up to6 km every 30 seconds
( , ), obtaining measurements of rainfall parameters (see section 2.4).
Since in the atmosphere the transformation from solid to liquid precipitation is
not instantaneous ( , ; , ; ,

); instead, it is a gradual change, leading to a transition zone comprising
ice/snow above and water below ( : ). MRR is crucial
to obtain information about the transition zone, known as the melt layer (ML),
where precipitation in the form of ice melts, hence causing a maximum in the
vertical pro le radar re ectivity known as the bright band (BB,; : X

, ; , ; , ). The intensi cation of

the corresponding echo occurs when ice particles cross the freezing level (

, ) and initiate a melting process, leading to the formation of
water droplets on the exterior of snow akes, caused by variations in the dielectric
factor of ice and water ( , ; , ). This
process causes an increase in re ectivity detected by the radar. After the melting
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process nishes, the denser raindrop descends faster than the preceding snow ake
( , ; , ). Many studies consider that the HO can be
estimated as the top of the ML ( : ; :

(see their rst gure)). Good correlations have been found between MRR
parameters and conventional precipitation measurements in Germany (

, ). It has also been used to detect the ML height (MLH) using an
algorithm in South America, nding a mean value of 4810 m over Cusco, Peru,
and 4786 m over La Paz, Bolivia ( ). ( ), used
two MRRs in Chile, as part of the instrumentation for observations of orographic
precipitation in the Nahuelbuta mountain range.

The Biobio Region in Chile is the second most populated region in the country
and the coastal zone is commonly a ected by landfalling Atmospheric Rivers
(ARs; : ; , ) and severe storms (see section 2.2).
This causes river over ows, landslides and ooding, as well as several social and
economic consequences. Despite this background, there are no routine radiosonde
launches in this area, which is midway between routine launches twice a day in
stations separated by 1000 km (Santo Domingo at 33.6% and Puerto Montt at
41.43S; Figure 2.1.1a), which results in a lack of knowledge about the vertical
structure of the atmosphere in the passage of frontal systems. For this reason, the
most direct observations of HO available for our analysis are those derived from
temperature vertical pro les gathered through the global Aircraft Meteorological
Data Relay (AMDAR) program, a World Meteorological Organization initiative
aimed at making meteorological data measured by commercial aircraft available to
operational weather centers. In particular, we make use of AMDAR data associated
to the Carriel Sur International Airport, located approximately 7 km away from

the MRR (Figure 2.1.1b). Also, the rst Atmospheric River Observatory (ORA)

in Chile was implemented in Concepcién (3628, 73W, 25 m asl; :

).

This study aims: 1) To describe the HO in the study area using AMDAR data, 2)
To obtain the climatology of HO once the validation of the ERAS reanalysis data
has been done, and 3) Study whether MRR data allows to characterize temporal
variability of HO during winter storms reaching the Biobio region. The latter has
important practical applications since data from the MRR at Concepcion provides
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the only estimate of HO available in real-time.

Section 2.2 provides information about the study area and the climate context
during the study period. Data and methods are presented in section 2.3; results are
described in section 2.4. Section 2.5 addresses case studies, with a focus on their
corresponding synoptic patterns. Conclusions remarks are presented in section
2.6.

Figura 2.1.1: A) Geographical location of the Biobio Region (red boundary)
along with the locations of the routine radiosonde launches in Antofagasta,
Santo Domingo, Puerto Montt and Punta Arenas (blue dots). B) Study area,

Biobio Region, the dark yellow dot corresponds to the location of the Carriel

Sur station in Talcahuano, the dark green dot corresponds to the location of
the Micro Rain Radar in Concepcion and the black dot corresponds to the
closest grid point of ERAS.

2.2. Study area and climate context

The study area exhibits a temperate climate with a Mediterranean in uence
( : ). The Biobio Region is located in central-south
Chile, roughly between 36.35 and 38.3S. Its boundaries are the Nuble Region to
the north, the Araucania Region to the south, the Paci c Ocean to the west, and
the Andes mountains and Argentina to the east (Figure 2.1.1b). The mean height
of the Andes decreases from4000 m asl at 30S to 1500 m asl at 465, and
this fact shapes a coastal precipitation on the area study ( , ).
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Here, the mean annual precipitation is 985.7 mm (1991-2020), and 54.7 % is
concentrated during the austral winter ( , ; ,

); as shown by Supplementary Figure AO.1a, monthly precipitation value
exhibits a clear seasonal pattern, with a maxima (minima) concentrated during the
winter (summer) months, this behavior is typical of regions with mediterranean
in uence, where the precipitation is associated and mainly caused by cold fronts
and ARs ( , ). During events exhibiting primarily northwesterly (NW)
ow signi cant amounts of precipitation near the coastline are observed, with
hydro-meteorological impacts ( , ), such as oods
and river over ows ( , ).

In this zone, the Andes heights reach 3000 m asl, and the region between 35
and 38S exhibits a zonal precipitation gradient from the coast toward the Andes
due to orographic e ects, leading to snow accumulation over the Andes (

). In the Biobio region, the main watershed corresponds to the Biobio River
basin ( , ); during its course from the Andes into the Pacic
Ocean, water is extracted for human uses, such as activities related to forestry
and agriculture ( , ).

2.3. Data and methods

2.3.1. Precipitation

The Direccién Meteoroldgica de Chile (DMC, for its acronym in Spanish) maintains
a long-term weather station at the Carriel Sur International Airport (36.77S,
73.06W, 17m; dark yellow point on Figure 2.1.1b). Hourly values correspond
to the accumulated sum for 1-hour periods ending at the reported hour. The
periods 2017-2019 and 2022-2023 are considered. We de ned wet hours as those
recording over or equal to 0.5 mm, otherwise, we use the term dry hours. The
0.5 mm threshold was chosen taking into account that a wet day is considered
as those days with rainfall mm ( ( )), therefore, in
terms of hourly scale we chose that at least in the recorded hour, the rain gauge
shows a value equal or higher than 0.5 mm. For 2017-2019 we identi ed 450 wet
hours, and for 2022-2023 there are 722 wet hours. Supplementary Figure A0.1b
show the accumulated precipitation curves, the year analyzed in this study show a
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lower accumulation compared to the climatology. Among these, 2017 is the closest
to the climatology, whereas 2019 exhibits the largest de cit, with approximately
300 mm less.

2.3.2. HO derived from ERA5 Reanalysis data (HO  gras )

Hourly HO values were retrieved from ERAS (zero-degree level), the fth-generation
atmospheric reanalysis from the European Center for Medium-Range Weather
Forecasts (ECMWEF). Its horizontal resolution is 0.25x 0.25 (roughly 31 km)
and covers the period from 1950 to the present ( , ).eRI3
represents the height above the ground level where the temperature changes
from positive to negative values ( , ), and thus it is necessary to add
the topographic elevation to obtain H@gras in meters above sea level (m asl;

: ). The topographic elevation is 118.9 m in the study area,
considering the nearest grid point (36.7%, 73W,; black point on Figure 2.1.1b).

2.3.2.1. Other variables from ERA5

Additionally, we used the values of total precipitation on the study area (same
nearest grid point) for the period 1991-2020 to obtain the climatology of HO
in dry and wet hours. For synoptic conditions, we used hourly values of total
column precipitable water (PW; kg=n?) and integrated water vapor transport
(IVT vector; kg=msg), as well as geopotential height at 300 hPa (GHIm) and
mean sea level pressure (SLPP a). All variables were retrieved for the 16S -
60°S and 120W - 50°W domains and at 12 UTC (Table 2.3.1).

2.3.3. HO derived from AMDAR data (HO AMDAR )

The AMDAR program is crucial as a provider of aerological information beyond
the sparse operational global radiosonde network ( , ),
especially near busy airports. AMDAR temperature pro les retrieved for airplanes
landing and taking o at Carriel Sur airport were processed with the same
methodology described by ( ), which included the computation
of heights using the hypsometric equation based on pressures and temperatures of
each pro le and the use of the surface meteorological station data to extend the
pro les down to the surface. A total of 6497 hourly vertical pro les of temperature
were available for the 2017-2019 period, averaging over 1-hour periods, from which
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HO was estimated with a simple linear interpolation. While a large fraction of the
days in the period has data (89 %), the diurnal availability is concentrated in the
daytime hours from 10 to 03 UTC (See Supplementary Figure A0.2) when most
of the commercial domestic airplanes operate. Due to the weak diurnal cycle at
the typical HO altitudes in the region, this lack of nocturnal observations is not
expected to be a major limitation of our analysis. AMDAR data for the Carriel
Sur airport after 2019 is due to the COVID-19 pandemic and eventually becomes
non-existent after 2020 when the national airline providing the data terminated
its participation in the program.

2.3.4. HO derived from MRR data (HO ugrr )

The Micro Rain Radar MRR-2, built by METEK (Germany), was installed in
April 2016 at the facilities of the University of Concepcion. It uses electromagnetic
radiation with a frequency of 24 GHz to retrieve vertical pro les of precipitation
parameters: path integrated attenuation {Bz), attenuated radar re ectivity
(hereafter just re ectivity Z; dBz), radar re ectivity ( dBz), rain rate (mm=h),
liquid water content (g=n?) and fall velocity (W; m=s) ( : ). The

data is collected every 2 minutes and saved in separate les every 24 hours. The
radar has been measuring since April 2022 with two resolutions: every 100 meters
between 100 and 3100 meters, and every 250 meters between 250 and 7750 meters.
Between 2016 and 2019, measurements for the rst height span were taken every
50 m between 50 m and 1500 m, keeping the resolution for the second height span.
In this study, only the resolution from April 2022 onwards is considered because
the measurement every 50 m did not capture the level where melting occurs. Both
resolutions are combined to achieve a single resolution of 100 m between 100 and
2500 m, and 250 meters from 2500 to 6000 m. We decided to limit the vertical
extent to 6000 m because the MRR data showed noise between 6000 m and 7750
m, which could a ect the derivation of HO. The noise was detected by examining
the radar variable images, which was initially used as a visual Iter to determine
the ML ( , ), identi ed by its continuity in time and later
contrasted with the derived HQrr . Then, consider the top of the ML as the HO.

In this study, we applied the algorithm based on the methodology described by
( ) originally applied in the Peruvian Andes. This algorithm
involves a series of steps to derive the melting layer height (MLH). First, positive
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gradients of Z and W (i.e., increasing with height) are discarded. The hydrometeors
must reach the surface to estimate HO. Therefore, the second step is to remove
periods of virga (continuous data between 300 and 1500 m in the vertical) which
are hydrometeors that fall but evaporate in the lower troposphere. Third, the most
negative gradients of Z (NGZ) and W (NGW) are identi ed. Additionally, periods
where the NGZ is not found within 3 levels above the NGW are discarded. The
fth and sixth steps involve identifying the bottom of this layer as the NGW and
the top as the NGZ (Perry et al., 2017; Endries et al., 2018). Then, the average
melting layer thickness (MLT) is calculated as the di erence between the NGZ and
NGW. Finally, the MLH is calculated as the sum of the height of the NGW and
the average MLT. In the last two steps, it is ensured that the MLH is calculated
below 6000 meters and heights outside one standard deviation from the mean of
each hour are discarded (See Supplementary Figure A0.3). After that, ki is
available at 2-minutes resolution. To compute hourly means, we considered a data
completeness criteria of at least 7 data points (25 %) in an hour. By de nition,
data is only available for wet conditions.

For the period 2022-2023, 79.7 % of the days are available from MRR data.
Considering observations every 2 minutes and after applying the algorithm, 8241
precipitation signals were identi ed by the radar and met the necessary conditions
to calculate HO. These values correspond to 109 days where the ML is visually
identi ed. After considering the criteria applied for data completeness, we identi ed
363 wet hours (corresponding to 97 days).

The use of radars in meteorological studies has been an important tool worldwide
( : ; : ; , ;

: ; : ; : ; , )-
Speci cally, MRR and AMDAR are non-traditional observation platforms that
provide valuable information for the description of atmospheric processes (

, ). Obtaining aerological data in speci c regions is challenging and
costly but also necessary to understand precipitation processes.

2.3.5. HO derived from radiosonde (HO Rrsonpe )

In July 2022, a radiosonde campaign (RC) was conducted at the location of the
MRR to complement surface measurements ( , ). We will use
these observations as an additional direct measurement of g4@npe t0 contrast
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HOwrr . There are 18 hours of data available from July 8 to July 24, 2022 (see

Table 2.3.1).
: ) Spatial Temporal resolution;
Source Variable; name resolution/ level available data (date)
DMC Precipitation; Super cial point; Hourly;
pp (Mmm) (73.06W; 36.77°S) | 01/08/2018 - 31/12/2023
Altitude of the Vertical point:
AMDAR isotherm CO°C; i i
HOamDAR (m aSI.) (73063\/\/’ 367708) Hourly;
Zero degrees level, Vertical point; 01/01/2017 - 31/12/2019
Precipitable water;
PW* (mm)
Integrated water
Vapor Transport;
IVT vectorial* (kg/m/s) Oiﬁ"p)érOCIZj / Hourly;
ERAS Sea level pressure; 01/01/2022 - 31/12/2023
SLP* (hPa)
Geopotencial; 0.25 x 0.25/
GH* (dm) 300 hPa
Re ectivity;
z (dB2) HOurR Per minute and hourly;
MRR | Fall velocity: |- as) 19/04/2022 - 31/12/2023
W (m/s)
Day Hour (UTC)
08 20
. Vertical point; 09 04-12-20
Radio- Altitude of the (73.03W: 36.8S) | 10 04-12
isotherm C°C;
sonde HO (m. asl) 16 18
RSONDE AT &> 17% | 00-06-12-18**
23 12-18
24 00-06-12-18

Cuadro 2.3.1: Description of data sources. *Obtained through R-Explorer.
**Hours used in Figure 2.4.3.

2.3.6.

with HO MRR

Validation of HO gras using HO ampar  @nd comparison

To compare the H@Qras data with the HOpvpar dataset for the period 2017-2019,
and subsequently with the H@rr dataset, we used statistical metrics, such as
correlation (r), determination coe cient ( R?), root mean square error (RMSE),
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and mean absolute error (MAE), following ( ) and Monte Carlo method
is used for statistical signi cance. Also, the values of total precipitation from
ERADS is validated with hourly precipitation data from Carriel Sur station for the
year 2017 to 2023, resulting in values of 0.6, 0.35 and 0.06 in correlation, RMSE
and MAE, respectively (all statistically signi cant).

The HOavpar has hourly temporal resolution, and comparisons with Hfgkr are
initially conducted at this resolution. For a comprehensive variability description,
we also analyze monthly means, considering dry and wet hours separately each
month. Seasonal means are constructed for austral summer (December - January
- February, DJF), autumn (March - April - May, MAM), winter (June - July -
August, JJA), and spring (September - October - November, SON).

2.4. Results

2.4.1. Observations from AMDAR

First, we describe the HQupar Observations, Figure 2.4.1a (dark yellow dots)
shows a seasonal pattern in the period 2017-2019, with maximum (minimum)
values in summer (winter), averaging 4100 m ( 2500 m). Due to the short
period, there is no trend in the data, however, the variability between years it is
observed that during the rst months of the period corresponding to summer, it
is warmer on average than subsequent summers, while winters the di erences are
minimal, remaining constant year after year at the same altitude of 2500 m.

We identi ed 4921 dry hours with a mean of 3400 m asl with a range between
1100 m and 5700 m asl (Figure 2.4.1c). Also, we identi ed 88 wet hours (blue

points on Figure 2.4.1b) and its majority (52 %) occurred during winter (JJA).

HOavpar during wet hours shows an average of2200 m asl with values ranging

between 880 m and 3800 m asl (Figure 2.4.1c). The typical value of HQipar

in the study area on dry hours is 3500 m asl, while on wet hours is 2200 m asl

(See Supplementary Figure AO.4a and A0.4c).

2.4.2. Validation of reanalysis data

Here we compare HQupar and HO:zras for the period 2017-2019. Their correlation
coe cient reaches 0.98 using all hours available. As shown in Figure 2.4.1b,
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Figura 2.4.1: A) Time series of HO  gras (in black) and HO auwpar  (in dark
yellow); the red (blue) horizontal lines correspond to the HO AMDAR averages
of the summer (winter) season corresponding to each year. B) Scatter plot
between HO ampar and HO gras for dry hours (red dots) and wet hours (blue
dots) recorded at Carriel Sur station. C) Same as B but in box plot.

considering dry hours (red circles), both datasets show a strong positive linear
correlation (R? = 0.97) with little dispersion, although in some instances Hékas
underestimates the observations. Additionally, the RMSE and MAE values
obtained for HO:gas With respect to HOyvpar are 194 and 148 m, respectively.
Compared wet hours from H@upar With HOgras , Values below 4000 m exhibit a
positive linear correlation (R? = 0.88). See more information for statistical metrics
in Table 2.4.1. As anticipated in comparison to dry hours, during wet hours
the mean decreases slightly for both estimates. Additionally, HRas monthly
means remain higher than HRupar (See Supplementary Figure A0.4b and AO.4d).
Therefore, we conclude that ERAS accurately described the HO variability on the
coastal area of the Biobio Region.
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Period Statistics Dry hours | Wet hours
r 0.98* 0.96*
R? 0.97* 0.88*
RMSE (m asl.) 194* 197*
2017 - 2019 MAE (m asl.) 148* 133*
HOawmDAR 3400 2200
AN Oeras 3500 2200
r - 0.77*
R? - 0.59*
RMSE (m asl.) - 450*
2022 - 2023 MAE (m asl.) - 245*
HOwrr - 2000
M HOeras . 2200

Cuadro 2.4.1: Statistics. For both periods and conditions (dry and wet hours).
Between HO avpar and HO gras for 2017-2019 and between HO yrr and
HOgras for 2022 and 2023. *Statistically signi cant.

2.4.3. Climatology of HO ggras

As HO=ras Was validated with AMDAR data, we now describe the climatology

of HOgras from 1991 to 2020. The 30-year time series (Figure 2.4.2a) shows a
marked seasonal variability; during the winter months a decrease in HO (blue dots)
is observed, reaching averages close to 2500 m asl. In contrast with the summer
months (red points), HO rises on average to 4000 m asl, revealing warm conditions
typical of the season. As for the trend (Figure 2.4.2b), there is an increase of 95
m/year in the annual trend during the 30 years, with a positive (negative) trend
observed during the DFJ, MAM and SON months (JJA).

As noted in section 4.2, wet hours tend to have lower HO values than dry hours and
in the climatology of HO:=ras this di erence is clearly observed (Figure 2.4.2c). In
the month of January this di erence is greater with respect to the winter months,
where they remain at a similar average value. The number of wet hours increases
towards the winter months and shows less dispersion in the warm months and
greater variability is observed in the cold months.

2.4.4. Detecting falling hydrometeors

Before analyzing the H@rr Vvariability, we tested the results of the corresponding
estimation algorithm on the speci c day: July 17, 2022, with known synoptic
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Figura 2.4.2: A) Time 30-year serie of HO from ERAS data (1991 - 2020) for
season. B) Tendency of HO from ERA5 annual (magenta), DJF (red), MAM
(yellow), JJA (blue) and SON (green). C) Climatology of HO from ERA5
data (1991 - 2020) for dry (red) and wet (blue) hours. Dots correspond to
monthly averages.
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conditions: a long and narrow atmospheric river with accumulated rainfall over
30 mm and IVT over 400 kg/ms in zonal direction described in Garreaud et al.
(2024). Figure 2.4.3 shows that day, when radiosonde launches were conducted
at 00, 06, 12 and 18 UTC, recording H@onpe Of 1252, 1208, 2175 y 1846 m asl,
respectively. The total daily precipitation accumulation reached 42 mm. Hgkr
accurately estimates the re ectivity curve recorded by the MRR, indicating solid
precipitation values below 20dBZ and liquid precipitation above 30dBZ. There
is an observed increase in HO from 1000 m asl (between 04 and 07 UTC) to
2000 m asl (between 10 and 17 UTC) as precipitation accumulates (peaking at
13 UTC with 6.8 mm accumulated in 1 hour). The daily mean Hikr corresponds
to 1700 m asl, while for HBras indicates 1650 m asl. Regarding the BB,
Figure 2.4.3b exhibits an average velocity at its top (bottom) of 2.81=s (4 m=s).
Additionally, the thickness of the layer is 230 m. HQrr and HO=ras Showed a
strong positive correlation during this day, withR? = 0.96 (15 data points). Also,
the statistical metrics between H@rr and HO:ras are described on Table 2.4.1.

Given these results, we now use the algorithm for the whole of 2022 and 2023. As
shown in Figure 2.4.4a, H@rr has an average of 2000 m asl, also we note that
the winter mean is 1700 m for 2022 and for 2023 is2300 m asl. Figure 2.4.4b
shows HO estimated from MRR and ERAS5, showing a good overall agreement
for wet hours: R? = 0.59. Figure 2.4.4b shows Has values above 1000 m with
respect to HQrr , Showing that the reanalysis overestimates the HO estimates
from radar. Similar results of the ERAS reanalysis were obtained in

( ) and ( ).

In addition, we note that the year 2023 (Figure 2.4.4a) has higher HO values,
which will a ect the results with respect to the climatology obtained from H@ras .
However, since we have the most data during the winter months (JJA), the mean of
2000 m asl is representative. Additionally, by exploring wet hours in MRR data,
the monthly average of the BB is derived for 2022 and 2023 (See Supplementary
Figure A0.5). The BB has a mean thickness of 170 m between its top (HO) and
its bottom. We see that, on average, a hydrometeor must fall about 170 m asl to
melt and gradually increase its fall velocity from 2.3m=sto 4 m=s (Figure
2.4.5).
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