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Abstract. This study presents a comprehensive catalog of the most extreme seasonal rainfall events of northern
Chile between 1979 and 2019. We analyzed its meteorological patterns across three latitudinal bands (17.5–
23.5° S, 23.5–27° S, and 27–30° S) using daily precipitation and mean daily temperature from the CR2METv2.5
product, and vertically integrated water vapor transport data (IVT) from the ERA5 reanalysis. These events
were classified into three main precipitation categories: Stratiform, Coast, and Andes Mountain. The Andes
Mountain category was further subdivided into five subcategories based on IVT patterns and precipitation spa-
tial distribution: North Andes, South Andes, Along Andes, Convergence, and Westerly IVT. In total, the catalog
comprises 472 extreme precipitation events corresponding to 408 unique storm dates, each characterized by
date, precipitation category, maximum precipitation within the latitudinal band, average storm temperature, and
snow line elevation determined through empirical methods and remote sensing from daily MODIS imagery.
The dataset is available as a CSV catalog with additional NetCDF files containing gridded precipitation, IVT,
and MODIS snow cover fields for each event. To test the applicability of this catalog, we characterized ex-
treme events composite results for the Austral summer between 27–30° S (latitudinal band 3), showing that
events within each category yield coherent synoptic patterns. Additionally, we contrasted our catalog with an
existing national landslide inventory of 548 events in the study area, finding that just six cataloged storms (all
classified as Stratiform) account for 203 debris flow events (37 %), indicating the March 2015 and May 2017
storms were alone responsible for 168 of them. We also estimated the approximate debris flow volumes for the
March 2015 Atacama event using a transport-capacity approach, showing reasonable agreement for deposits
larger than 4000 m3. These findings enhance our understanding of extreme precipitation events in Chile and
provide a valuable resource for storyline analysis and precipitation pattern identification. Catalog is available at
Zenodo: https://doi.org/10.5281/ZENODO.14342935 (Matus et al., 2026).

1 Introduction

In recent decades, the study of extreme weather events from
central to northern Chile has received increasing focus (Ron-
danelli et al., 2019; Valenzuela and Garreaud, 2019; Gar-
reaud et al., 2017) because of their consequences in soci-
ety: interruption of water supply, floods, debris flows, in-

frastructure damage and even human fatalities (Valenzuela
et al., 2022). The interaction of geographical features, such
as the Andes mountains, and Chile’s significant latitudinal
extent from the tropic to Patagonia (17–57° S), with dynam-
ical features of climate, such as the Southeast Pacific semi-
permanent subtropical anticyclone, the synoptic scale distur-
bances from the westerly wind belt, and the South American-
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like monsoon system (SAMS), result in a north-south (and
east-west) mean precipitation gradient. Annual mean precip-
itation can vary from approximately 10 mm in the hyper-arid
north to over 3000 mm in southern Chile (Aceituno et al.,
2021).

Northern Chile features a diverse geomorphological land-
scape comprising five distinct morphological domains: the
Coastal Plain, the Coastal Range, the Intermediate Depres-
sion, the Precordillera, and the Andes Mountain Range
(Börgel, 1983). Areas of high relief, particularly in the An-
dean Precordillera and valleys, are prone to debris flows trig-
gered by extreme storms (Wilcox et al., 2016). Human set-
tlements in these regions are often situated on alluvial fans,
increasing their exposure to debris flow risks. Consequently,
estimating sediment volumes that may reach inhabited allu-
vial fans is critical for hazard mitigation (Zegers et al., 2020;
Garcés et al., 2022).

The magnitude and continuity of sediment transport to al-
luvial fans are strongly controlled by the hydrological and
geomorphological setting of northern Chile, where tributary
ravines mainly feature ephemeral streamflow. The mountain-
ous landscape in northern Chile is characterized by abun-
dant sediments accumulating in alluvial, colluvial, and flu-
vial deposits. Most ravines in this region exhibit a condition
of unlimited sediment availability, meaning that the sediment
present in the basin exceeds the transport capacity during a
flood event (Montserrat et al., 2025). This condition is typi-
cally found in ravines ranging from 0.1 to 30 km2, although
very steep ravines or those with substantial bedrock presence
may not follow this pattern (Aguilar et al., 2020).

While sediment availability and channel connectivity de-
fine the preconditioning of these systems, extreme precip-
itation events act as the primary trigger for sediment mo-
bilization and debris flows in the studied region. Precipita-
tion in the arid northern region mainly occurs during the
austral summer (December to February), mostly related to
convective systems (linked to the South American Monsoon
System, or SAMS), cut-off lows, and the presence of atmo-
spheric rivers (Aceituno et al., 2021; Fuenzalida et al., 2005;
Valenzuela and Garreaud, 2019; Rondanelli, 2025). The im-
pact of these precipitation mechanisms on natural hazards is
strongly modulated by the geomorphological configuration
of northern Chile (Aguilar et al., 2020; Cabré et al., 2020).

The snowline elevation, defined as the elevation where
precipitation starts falling as snow – often related to the
freezing level, – is another factor that can increase the pos-
sibility of hydrometeorological hazards, such as floods and
debris flow, as it determines the catchment contributing area
to surface runoff generation (e.g. Valenzuela et al., 2022).
Garreaud (2013) indicated that watersheds located in north
and central Chile are the most affected during warm winter
storms (north of 35° S), when the snowline elevation is high.

Depending on the intensity of the events and their warm
conditions, they have triggered numerous catastrophic events
(Bozkurt et al., 2016). Recent studies have explored the

mechanisms behind water vapor sources to induce precipi-
tation, as dry dynamics alone cannot account for the sever-
ity of extreme events (e.g., Rondanelli et al., 2019; Vicen-
cio Veloso, 2020; Rutllant et al., 2023). For example, Ortega
et al. (2019) showed that since the beginning of the 20th cen-
tury, about 70 % of alluvial disasters in southern Atacama
(26–30° S) were related to the El Niño Southern Oscillation
(ENSO) and the Pacific South America teleconnection pat-
tern (PSA; Mo and Higgins, 1998).

One significant and recent historical weather event is the
Atacama flood of 2015, caused by a 2 d heavy rain that af-
fected northern and central Chile, resulting in flash floods
and debris flows (Wilcox et al., 2016; Bozkurt et al., 2016).
Integrated analysis of this event highlights the key roles of
ENSO and the Madden–Julian Oscillation (MJO) in the in-
creased water vapor availability and its modulating trans-
port mechanisms (Bozkurt et al., 2016; Rondanelli et al.,
2019; Matus et al., 2025). Rutllant et al. (2023) shows that
in north-central Chile, rainfall-induced debris flows are re-
lated to high-amplitude deep troughs extending into the sub-
tropics off the west coast of South America and maximum
integrated water vapor transport (IVT) from the northwest or
west-northwest.

While considerable progress has been made in under-
standing extreme weather events in northern Chile, critical
gaps still exist regarding the dominant mesoscale features
and the areas they affect. In particular, the meteorological
mechanisms and water vapor sources driving extreme rain-
fall events in this region, which contribute to a complex and
heterogeneous precipitation landscape, remain unclear. De-
spite the increasing focus on extreme climate events and their
impacts, no systematic catalog exists that compiles and orga-
nizes extreme precipitation events together with their synop-
tic characteristics, water vapor transport patterns, and snow-
line conditions across multiple decades, latitudinal bands,
and seasons. Key questions arise: What are the precise me-
teorological conditions that lead to extreme rainfall events in
different latitudinal bands of northern Chile? How do inte-
grated water vapor transport patterns contribute to these phe-
nomena? Addressing these questions requires a structured
record of extreme events that enables composite analysis,
pattern identification, and hazard assessment.

This study aims to develop a catalog that analyzes and
characterizes extreme precipitation events by season. These
events have significant implications for the local population,
posing risks of disasters such as floods and debris flows, as
they represent the most severe weather conditions in the re-
gion. Documenting them contributes to meteorological and
hydrological risk studies and enables practical applications
such as composite analysis of storm dynamics, coarse es-
timation of debris flow volumes (based on precipitation-
driven transport capacity), and characterization of rainfall-
induced debris flow events. The catalog provides valuable
insights into managing extreme precipitation events in north-
ern Chile, particularly in sediment-rich, mountainous areas
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Figure 1. Climate and elevation features in northern Chile. (a) Topography (kma.s.l.); Panels (b) through (e) show the composite of max-
imum precipitation events (mmd−1) for each season (1979–2019, 41 events per season). Dashed lines delimit the three latitudinal bands
(LB1, LB2, LB3). Black contours indicate the 1 and 5 mmd−1 thresholds; white contours indicate 20 mmd−1.

where rainfall intensity directly determines debris-flow mag-
nitude. By linking storm characteristics to geomorphic im-
pacts, this work bridges meteorological data with hazard as-
sessment, supporting targeted risk mitigation strategies.

Section 2 outlines the study area, including its latitudi-
nal bands, climate, and geographical context. Section 3 de-
tails the datasets and methodologies employed, emphasiz-
ing criteria for event selection and analytical frameworks
for snow line elevation. Building on this foundation, Sect. 4
presents the catalog results an analysis of extreme pre-
cipitation events, identifying storm-dominant characteristics
through maps and dynamical diagnostics. Section 5 demon-
strates the catalog’s applied potential, including compos-
ite storm analysis, contrast of rainfall-induced debris flow
events, and coarse estimation of debris flow volumes illus-
trated through a case study of a debris flow triggered by an
extreme rainfall event. Finally, Sect. 6 synthesizes key find-
ings, provides discussions, and concludes our research.

2 Study areas

To facilitate the isolation of precipitation events from differ-
ent weather systems, the region is divided into three distinct
areas based on the climatological characterization of Chilean
precipitation and the synoptic patterns associated with pre-
cipitation events (described in Aceituno et al., 2021). The cri-
teria considered latitude, meteorological station density, the
spatial distribution of precipitation climatology, and the fre-
quency and intensity of precipitation events. The latitudinal
band 1 (LB1, 17.5–23.5° S, see Fig. 1) is dominated by aus-

tral summer convective precipitation linked to the SAMS, the
latitudinal band 2 (LB2, 23.5–27° S) represents a transitional
zone where both summer convective and winter synoptic sys-
tems can produce extreme events, and the latitudinal band 3
(LB3, 27–30° S) is increasingly influenced by mid-latitude
frontal systems, cut-off lows, and atmospheric rivers.

Figure 1 further characterizes the study area, showing the
elevation in northern Chile, reaching over 5000 ma.s.l., and
the seasonal composites of precipitation for the strongest
daily events across the three latitudinal bands for each
year (1979–2019). During summer (December, January, and
February, or DJF), extreme precipitation is concentrated over
the Andes in the northern part of the study area (average
around 10 mmd−1), while winter (JJA) events are strongest
in LB3 and extend toward the coast (up to 20 mmd−1). Inter-
mediate seasons (MAM-SON) display transitional patterns
with a NE–SW precipitation gradient. These distinct sea-
sonal and latitudinal differences in the spatial distribution of
extreme precipitation support the need to analyze events sep-
arately across the three defined latitudinal bands.

It is important to note that, since single meteorological
events can occur in large spatial extent, some extreme events
from the catalog will not be constrained to a single latitudi-
nal band as the same storm date can appear across multiple
bands, which can be potentially portrayed as different pre-
cipitation categories.
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3 Data and methods

We analyzed seasonal extreme precipitation events from
1979 to 2019 using the CR2METv2.5 precipitation product
(Boisier et al., 2018). CR2METv2.5 is a station-based grid-
ded product constructed using logistic regression for precip-
itation occurrence and multiple linear regression using topo-
graphic features and ERA5 fields for the same period. This
product was selected because it combines station observa-
tions and reanalysis data at a spatial resolution (0.05°) suit-
able for resolving the sharp topographic gradients of northern
Chile, while providing consistent daily coverage over the full
study period. However, CR2MET inherits limitations from
the sparse station network in the hyperarid north, and any
systematic biases in the product are carried into the catalog.
We also analyzed vertically integrated water vapor transport
(IVT) derived from the ERA5 reanalysis (Hersbach et al.,
2020a), calculated between the surface (sfc) and the top of
the atmosphere pressure levels (toa, equivalent to 0.01 hPa;
Eq. 1). Precipitation data show daily accumulated values, and
IVT was analyzed at 20:00 UTC (16:00 local time) to capture
vapor transport characteristics during the typical afternoon
period of enhanced convective activity (e.g., Falvey and Gar-
reaud, 2005; Garreaud, 2009).

−−→
IVT=−

1
g

toa∫
sfc

qV dp (1)

To identify extreme precipitation events, we analyzed pre-
cipitation at the grid-cell level rather than using spatially av-
eraged values, capturing the localized signals relevant for
small-scale hydrometeorological hazards. In a study region
characterized by extreme aridity, precipitation events are in-
frequent and typically short-lived, often of convective ori-
gin, making the daily timescale sufficient to capture each
storm as a discrete occurrence without risk of merging dis-
tinct events. Furthermore, area-based metrics tend to favor
large-scale, low-magnitude events that cover extensive areas
but are less sensitive to localized high-intensity storms. By
selecting the grid cell (∼ 25 km2) with the highest daily pre-
cipitation for each year, season, and latitudinal band, we en-
sured that these localized extremes were captured. This is
particularly relevant for the study area since high-intensity
precipitation is a primary trigger for floods and debris flows,
whose initiation is governed by rainfall intensity, duration,
and antecedent conditions (Berti et al., 2020; Nikolopoulos
et al., 2017).

The date of this highest value was then used to extract the
full spatial precipitation field for that day, hereafter referred
to as the maximum seasonal precipitation event for that band.
This approach ensures that each event corresponds to a sin-
gle coherent day of precipitation while targeting the most in-
tense occurrence in the record. All selected events present
in the catalog were also visually inspected to verify that the
identified precipitation fields corresponded to coherent storm

structures, with affected areas approximately greater than
250 km2, which is consistent with the spatial scale of convec-
tive precipitation (around 100 km in one direction; Houze,
2004).

The analysis was conducted at daily resolution, which is
the finest temporal scale available from the CR2METv2.5,
with a 0.05° per 0.05° spatial resolution (∼ 25 km2 per grid
cell). Although sub-daily rainfall characteristics are also rele-
vant for debris flow initiation (Berti et al., 2020; Zhang et al.,
2020), daily precipitation maxima provide a robust first-order
indicator of extreme forcing in arid environments where sed-
iment availability is generally unlimited and transport capac-
ity is primarily controlled by rainfall magnitude and geomor-
phic connectivity (Aguilar et al., 2020).

Once identified, extreme precipitation events within the
three defined LBs were classified based on two criteria:
the spatial distribution of precipitation within the latitudinal
band and the associated IVT pattern. Events with precipi-
tation concentrated along or near the coastline were classi-
fied as Coast, events with precipitation spread across most of
the band as Stratiform, and events with precipitation concen-
trated over the Andes as Andes Mountain. The Andes Moun-
tain category was further subdivided based on the latitudinal
position of precipitation along the cordillera (North, South, or
Along Andes) and the IVT structure (Convergence or West-
erly IVT). Classification was performed through systematic
visual inspection of precipitation and IVT fields, as illus-
trated in Figs. 3 and 4. While this approach is qualitative,
its internal consistency is supported by the coherent syn-
optic patterns that emerge when compositing events within
each category (Figs. 7 to 9). All extreme precipitation events
identified from 1979 to 2019 fall under defined main cate-
gories; however, not all subcategories appear in every season.
Events were excluded when the seasonal maximum precip-
itation within the latitudinal band was confined to isolated
border grid cells or exhibited negligible magnitude, indicat-
ing no coherent precipitation signal. This determination was
made through visual inspection of each event’s spatial pre-
cipitation field, discarding those covering fewer than approx-
imately 10 grid cells, equivalent to roughly 250 km2 at the
0.05° resolution of CR2METv2.5. These events are labeled
as Omitted in the catalog (20 out of 492 band-season-year
combinations), and remain accessible in the dataset for trans-
parency.

The snowline elevation was estimated for each event
through the use of an empirical method, as well as remote
sensing techniques in order to quantify the difference ob-
tained from both methods. Equation (2), proposed by Gar-
reaud (1992), estimates the snow line elevation as the freez-
ing level (0 °C, denoted as H0) of the event minus 300 m;
this elevation difference comes from the ratio between the
moist lapse rate (γ = 5.8 °Ckm−1) and the threshold temper-
ature to discriminate between solid and liquid precipitation
(around 1 and 2 °C) in Chile. The freezing level H0 was esti-
mated through a linear regression between the surface height
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Figure 2. Flowchart of the process and selection of extreme precipitation events and the estimation of snowline elevation during the events.
The methodology was applied for each latitudinal band from 1979 to 2019.

and the mean temperature from the CR2MET product during
each event, considering only the grid-cells affected by pre-
cipitation, as very different conditions may be observed at
similar latitudes (see the DJF composite in Fig. 1). For ele-
vation, we upscaled the Shuttle Radar Topography Mission
digital elevation model (Farr et al., 2007) to the CR2MET
grid resolution (0.05°).

HE
SL =H0− 300m (2)

The snow line estimation through remote sensing used
the MODIS Snow Cover daily product (MOD10A1 and
MYD10A1, version 6.1) derived from the TERRA and
AQUA satellites (Hall et al., 2002; Hall and Riggs, 2021a, b).
We created a gridded binary time serie with a 500 m spa-
tial resolution during 2000–2019, indicating snow/no snow
based on each cell’s normalized difference snow index
(NDSI) value informed by MODIS Snow Cover. We consid-
ered those cells with a NDSI≥ 0.4 as snow (DeWalle and
Rango, 2008), and the opposite case as no snow. Addition-
ally, we estimated the presence of snow/no snow for the
cloud-covered pixels (identified as no data by the satellites)
for each day according to the methodology proposed by Ga-
furov and Bárdossy (2009): (1) merging TERRA and AQUA
imagery for the same day, where cloud-covered pixels can
be filled complementing both satellites, (2) a temporal fill,
where missing pixels can be flagged as snow when the previ-
ous and/or the next day has snow, (3) an elevation fill, where
cloud-covered pixels were filled as snow if their elevation is
greater than the maximum snow elevation observed for day i,
and not snow otherwise, and (4) neighbor comparison filling,
according to the dominant snow presence in their neighbor-
hood. After the gridded binary was complete, the observed

snowline elevation by remote sensing (HRS
SL ) was calculated

based on the methodology described by Krajčí et al. (2014):
we determined the total number of snow pixels below each
elevation in the latitudinal band (PS) and the total number of
no snow pixels above it (PL); the snowline is then selected
as the elevation H where PS+PL is minimum (Eq. 3). This
optimization defaults to the maximum elevation in the lati-
tudinal band when there is no snow cover, and the minimum
elevation when the the whole area is covered.

HRS
SL =H [min(PS+PL)] (3)

Figure 2 presents a flow chart illustrating the criteria and
processes used to identify seasonal extreme precipitation
events and determined their associated snowline elevations
during the study period.

4 Results

4.1 Extreme precipitation events classification

To illustrate the diversity of spatial precipi-
tation patterns from the catalog (available at
https://doi.org/10.5281/ZENODO.14342935; Matus et al.,
2026), Fig. 3 shows representative examples of each precipi-
tation category, with band and season combinations selected
to showcase categories that are unique or best represented in
specific contexts. For instance, LB2 winter is shown because
it is where both Stratiform and Coast categories coexist
(Fig. 3c and d), while LB3 summer is presented because
it is the only band and season where the Convergence and
Westerly IVT subcategories are observed (Fig. 3e and f).
These events represent the general precipitation categories
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Figure 3. Representative examples of precipitation patterns (mm) for the extreme precipitation events identified in the catalog, selected to
display typical patterns for each category. The black rectangle delimits the latitudinal band related to the event. The panels (a) and (b) show
the summer events of 1990 and 2009 in LB1, with a Andes Mountain/South Andes and Andes Mountain/North Andes category, respectively;
panels (c) and (d) correspond to the winter events of 1981 and 2000 in LB2, with a Stratiform and Coast category, respectively; and the
panels (e) and (f) are the summer events of 1979 and 1994 in LB3, with a Andes Mountain/Along Andes category.

for each latitudinal band: (1) Andes Mountain, with precip-
itation over the Andes (Fig. 3a, b, e, and f); (2) Stratiform,
with precipitation spread over most of the latitudinal band
(Fig. 3c); and (3) Coast, with precipitation concentrated
along and near the coastline (Fig. 3d).

We found that the Andes Mountain category can be fur-
ther divided into subcategories based on precipitation loca-
tion and associated water vapor transport, which vary across
latitudinal bands and seasons. We identified three main sub-

categories based on the precipitation distribution along the
mountain sector of the LBs: (1) South Andes, with precipita-
tion concentrated in the southern sector (Fig. 3a); (2) North
Andes, with precipitation concentrated in the northern sec-
tor (Fig. 3b); and (3) Along Andes, with precipitation ob-
served across the Andes sectors (Fig. 3e in the three bands,
and Fig. 3f in LB2).

Figure 4 shows the IVT patterns for the extreme precipi-
tation events shown in Fig. 3. We analyzed the relationship
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Figure 4. Examples of vertically Integrated Water Vapor Transport (kgms−1) patterns for the representative examples of extreme precipi-
tation events selected in the catalog. The black rectangle encloses the latitudinal band area related to the event. The uppermost panels show
DJF LB1 results, the middle section corresponds to JJA LB2, and the lowermost panels are for DJF LB3 precipitation patterns.

between precipitation patterns and the associated water vapor
transport structures. For example, the precipitation categories
Coast and Stratiform (Figs. 3c, d and 4c, d) are associated
with a northwesterly IVT signal, although their magnitudes
are distributed differently across space. In contrast, events in
the category Andes Mountain (Fig. 3a, b, e, and f) with simi-
lar precipitation patterns can exhibit different IVT structures,

as shown in Figs. 3e, f and 4e, f, characterized by moderate
southerly water vapor transport parallel to the Pacific coast,
with some intrusion to the continent, but with differences in
transport from the Argentinian western Andes.

By comparing Andes Mountain precipitation and IVT pat-
terns, we further divided the subcategory Along Andes. In the
austral summer, LB3 was the only region where clear differ-
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Table 1. Number of events per category, season and latitudinal band of the catalog. Hyphens indicate that the category was not observed for
that band and season.

Band Season Coast Stratiform Andes Mountain

North Along South Convergence Westerly IVT

LB1 DJF – – 4 32 5 – –
MAM – – 5 27 9 – –
JJA – 13 6 10 10 – –
SON – 8 12 19 – – –

LB2 DJF – – 18 16 7 – –
MAM – 26 – 15 – – –
JJA 4 30 – 4 – – –
SON – 15 9 12 5 – –

LB3 DJF – – – – – 23 18
MAM 3 22 – 14 – – –
JJA 4 31 – 4 – – –
SON 8 16 – 8 – – –

Figure 5. Bar plots for the number of events per category, season, and latitudinal band, observed in Table 1. The upper panel exhibit
the distribution of events for the three main categories (Andes Mountain, Stratiform, and Coast). The bottom panel depicts the number of
events per subdivision of the Andes Mountain category. “NW” and “C” correspond to Northwesterly and Convergence, which are the mean
IVT directions observed in the composites of the categories by season over the latitudinal bands.

ences in IVT patterns were observed between Along Andes
events. As a result, we classified the IVT signals into two dis-
tinct patterns: Convergence and Westerly IVT. The Conver-
gence pattern is associated with IVT convergence from the
South Pacific and the east of the Andes Mountains (Fig. 4e).
In contrast, the Westerly IVT pattern is characterized by trans-
port from the South Pacific (Fig. 4f).

As a summary of our results, we identified three main
categories of extreme precipitation events: Andes Mountain,
Coast, and Stratiform. The category Andes Mountain showed
variability across events and was further divided into subcat-

egories based on precipitation and IVT patterns: North An-
des, South Andes, Along Andes, Westerly IVT, and Conver-
gence.

To quantify the distribution of events and identify predom-
inant patterns, Table 1 and Fig. 5 provide a comprehensive
overview. Table 1 summarizes the number of events per cat-
egory, season, and latitudinal band, while Fig. 5 illustrate the
mean IVT directions for each category. Together, they offer
insight into the spatial and seasonal distribution of extreme
events and their associated IVT patterns.
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Overall, not all categories are present in every season or
latitudinal band, and some are more prevalent than others.
As shown in Fig. 5 (upper panel), most events in the catalog
occur in the Andes Mountain, followed by Stratiform events,
which are primarily found in LB2 and LB3. It also illustrates
the events distribution within the Andes Mountain category,
showing that Along Andes events are the most frequent, par-
ticularly toward LB3 (Fig. 5, bottom panel). While each cat-
egory is generally associated with a characteristic IVT pat-
tern, the subcategories Convergence and Westerly IVT are ob-
served only in LB3 during the austral summer, reflecting the
mixed distribution of IVT patterns in these events rather than
a single dominant IVT type, and highlighting the seasonal
and spatial specificity of these patterns.

4.2 Freezing level and snowline delimitation

The observed snowline elevation derived from remote sens-
ing during 2000–2019 exhibits different seasonal patterns
across the latitudinal bands (Fig. 6A). In LB1, the median
snowline elevation remains relatively constant throughout
the seasons regardless of storm category (4370–4462 ma.s.l.,
Fig. 6A.a); however, Stratiform events in this band display
greater variability and slightly lower mean elevations com-
pared to events occurring in the Andes Mountains (see Ta-
ble 2).

In contrast, observed snowline elevations in LB2 and LB3
(Fig. 6A.b and 6A.c) display a clear seasonal cycle that
closely follows the regional air temperature and rainfall
regime. Snowline elevations decrease during fall and win-
ter, and reach their highest elevation during summer. In these
bands, summer extreme precipitation events are primarily in
the Andes Mountain category, with median snowlines of ap-
proximately 4750 ma.s.l. and standard deviation of 209 m
in LB2 and 292 m in LB3. During colder seasons, Strati-
form events in LB2 and LB3 typically show lower snow-
line elevations that those in the Andes Mountain and Coast
categories, with differences of approximately 250 m in their
mean values. The Coast category is observed only in LB2
and LB3 and shows higher snowline elevations than the An-
des Mountain category during spring in LB3. Since Coast
events are less frequent in the study area, its standard devia-
tion is smaller compared to the other categories.

Empirical snowline elevations (Fig. 6B) are estimated us-
ing event-specific thermal gradients to determine the freez-
ing level as a baseline for snowfall occurrence; this can re-
sult in estimates that may exceed the maximum elevation of
the latitudinal band (see Fig. 6B.a, winter season). Unlike the
remote sensing approach, the empirical method does not ac-
count for pre-existing snow cover, which represents a funda-
mental difference between the two methodologies. As shown
in Fig. 6B.a, empirical snowlines for the Andes Mountain
category are located, on average, 274 m higher than those de-
rived from remote sensing, whereas lower elevations are ob-
tained from the Stratiform events’ thermic gradients. In LB2

and LB3, summer snowline estimates are similar in magni-
tude between methods, while the largest discrepancies be-
tween methods occur during spring, when empirical snow-
line elevations for the Stratiform and Coast categories are
approximately 1062 m lower than those derived from remote
sensing (Fig. 6A).

The main statistics for each method in the period 2000–
2019 are presented in Table 2, where it can be seen that the
empirical estimation tend to produce higher snowline esti-
mations than remote sensing in LB1, and during austral sum-
mer and fall in LB2, however, to higher latitudes this method
presented lower estimations around 200 m. These differences
may have important consequences for extreme flows and
landslide estimations, especially during years prior to 2000,
where only empirical estimations could be made because of
remote sensing data availability. Because of this, the use of
empirical methods, including in-situ and upper-air observa-
tions, may help complement the analysis.

5 Catalog applications

Extreme precipitation events in northern Chile have signif-
icant hydrometeorological and geomorphic impacts such as
flood and debris flows. We explored how cataloged events
can be used to identify synoptic-scale drivers of intense
rainfall, assess the links between extreme storms and de-
bris flows, and estimate potential sediment yields from high-
impact rainfall events. By connecting precipitation patterns
with geomorphic responses, these applications demonstrate
the catalog’s utility for hazard assessment and decision-
making in regions prone to extreme rainfall and associated
hazards.

5.1 Composites

We apply composite analysis to the different categories and
latitudinal bands in order to explore the precipitation patterns
and mechanisms of the registered extreme events. As a re-
sult, we capture the mean synoptic patterns associated with
each event category. Here, we show the composite results for
the LB3 austral summer Convergence category. Figure 7 ex-
hibits precipitation over the Andes Cordillera. However, pre-
cipitation and standardized precipitation anomalies in LB3
are the highest. The three standard deviations from the mean
observed in the LB3 indicate that the events selected to com-
pose the catalog are extreme events. Under normal distribu-
tion conditions, these events are related to probabilities of
occurrence of less than 0.1 % (∼ 10 years of return period,
e.g. Rutllant et al., 2023).

These precipitation features are interpreted through the
circulation patterns shown in the Fig. 8. We observe the pres-
ence of a ridge and anticyclonic circulation anomalies over
southern South America and a trough with cyclonic circu-
lation anomalies to the southwest of South America. Fig-
ure 9 shows the convergence of the IVT between the transport
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Figure 6. (A) Snowline elevation detected through MODIS imagery, (B) estimated empirically in each latitudinal band, and (C) estimation
scatter plot, categorized by storm during 2000–2019. The Maximum (solid line) and median (dotted line) elevations by band are also included
to illustrate the snow-covered area.

of water vapor from the Pacific and Argentina. The Pacific
signal exhibits an anticyclonic circulation from the ridge-
structured water vapor transport, with cyclonic deviation to-
ward the LB3. The signal from Argentina displays anticy-
clonic circulation. Moreover, the anomaly and standardized
anomaly analysis show that the IVT signal from Argentina
has a higher standard deviation from the mean than the Pa-
cific IVT, which is necessary to overpass the Andes.

These results demonstrate that, despite the qualitative na-
ture of the classification, compositing events within each cat-

egory yields coherent and physically consistent synoptic pat-
terns. In particular, the Convergence composites highlight the
contribution of water vapor transport from east of the Andes
in enhancing extreme precipitation events in the region, sug-
gesting that this moisture source may play a significant role
in modulating event intensity. The extent to which this east-
ern contribution is necessary for the development of extreme
events warrants further investigation.
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Table 2. Mean and standard deviation of the snowline (ma.s.l.) estimated by both methods for each latitudinal band, season, and storm
category for the extreme precipitations events during 2000–2019 and 1979–2019. RMSE and R2 were calculated based on the 2000–2019
data for both methodologies.

Band Season Storm category Remote Empirical Empirical RMSE R2

Sensing estimation estimation
(2000–2019) (2000–2019) (1979–2019)

LB1 DJF Andes Mountain 4376± 201.5 4931± 144.8 4874± 186.4 587.4 0.074

MAM Andes Mountain 4327± 209.6 4633± 334.0 4637± 320.4 397.1 0.394

JJA Andes Mountain 4318± 283.7 4288± 877.0 3903± 1046.7 840.5 0.029
Stratiform 4261± 475.1 3489± 1289.7 3630± 958.5 1525.0 0.011

SON Andes Mountain 4526± 198.2 4792± 270.1 4787± 219.9 426.7 0.004
Stratiform 4490± 141.2 4173± 484.1 4296± 395.7 551.9 0.143

LB2 DJF Andes Mountain 4741± 209.4 4960± 256.6 4886± 233.9 396.1 0.001

MAM Andes Mountain 4410± 435.3 4782± 211.1 4742± 306.5 425.5 0.856
Stratiform 4174± 500.3 3999± 431.1 4019± 357.7 507.2 0.205

JJA Andes Mountain 4442± 126.2 4039± 201.5 4005± 177.6 425.9 0.314
Stratiform 3873± 714.1 3708± 451.6 3682± 379.8 899.6 0.043
Coast 4153± 123.0 3347± 200.8 3296± 409.9 837.9 (∗) (∗)

SON Andes Mountain 4745± 260.1 4392± 539.5 4317± 471.9 643.4 0.023
Stratiform 4529± 189.2 4010± 493.4 3895± 416.5 709.5 0.004

LB3 DJF Andes Mountain 4751± 291.7 4752± 326.0 4598± 453.2 357.7 0.092

MAM Andes Mountain 4330± 632.4 3793± 238.9 3913± 320.4 860.5 0.053
Stratiform 3803± 837.7 3557± 416.5 3554± 496.1 1014.3 0.074
Coast 4018± 1020.4 3354± 0.7 3650± 512.4 980.9 (∗) (∗)

JJA Andes Mountain 3941± 690.8 3770± 129.3 3770± 129.3 556.5 0.451
Stratiform 4118± 1286.4 3280± 315.0 3289± 393.6 1465.6 0.053
Coast 3895± 742.7 3370± 547.8 3261± 497.6 803.4 0.133

SON Andes Mountain 3818± 759.7 3694± 351.3 3727± 358.1 525.7 0.491
Stratiform 4543± 358.7 3027± 490.6 3460± 536.1 1672.1 0.515
Coast 4685± 444.7 3533± 479.2 3569± 455.1 1230.0 0.244

Note: (∗) Only one event was available for this combination; therefore, RMSE is the difference between estimations, and R2 could not be
calculated.

5.2 Characterization of rainfall-induced mass movement
events

The Chilean National Service for Geology and Mining
(SERNAGEOMIN) compiled a mass movement inven-
tory (available at https://www.plataformadedatos.cl/, last ac-
cess: 19 December 2025) reporting 1046 debris flows and
landslides caused by rain (excluding undated events), of
which 548 (52.4 %) occurred within the study area: 93
(8.9 %) in LB1, 71 (6.8 %) in LB2, and 384 (36.7 %) in LB3.
This highlights a significant presence of cataloged debris
flow events in the study area. It is important to note that this
inventory does not aim to document all events that have oc-
curred. Instead, it focuses on events identified during periods
of emergency or when an official threat was declared by au-
thorities. Consequently, there is a gap between the events that
actually occurred and those recorded in the inventory.

We contrasted the 548 debris-flow events located in the
study area against the storm catalog, checking whether those
events had the same date of occurrence as an extreme storm
in the catalog or, in the case of some debris-flow events lack
an exact date, if an extreme storm took place within the date
range reported by the SERNAGEOMIN inventory. We found
that 203 events (37 %) are associated with six storms from
the catalog (Table 3): one in LB1, three in LB2, and four
in LB3 (two storms overlap Bands 2 and 3). All storms were
stratiform. Most events occurred in Band 3 (170), particu-
larly during two key storms in the MAM season: 25 March
2015 (97 events) and 12 May 2017 (71 events).

These findings show that those six storms in the catalog ac-
count for an important portion of the debris flow in the study
area (37 %), but not all. This discrepancy may be explained
by the nature of rainfall-triggered debris flows, which result
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Figure 7. Composites for the LB3 Convergence category in austral summer (DJF) of: (a) daily precipitation data (Pp); (b) precipitation
anomalies (PA; from daily climatology); and (c) standardized precipitation anomalies (SPA; from daily climatology and daily standard
deviation). The black rectangles frame the area related to the LB3 between 27–30° S.

Table 3. Cataloged storms associated with debris flow and mass movement events per latitudinal band.

Band Date Season Precipitation Temperature Freezing Level Detected Snowline # Events
(mm) (°C) (ma.s.l.) Elevation (ma.s.l.)

LB1 9 Aug 2015 JJA 11.9 5.7 883 4489 11

LB2 16 May 2010 MAM 23.9 1.3 3819 4261 1
LB2 24 Mar 2015 MAM 61.4 10.5 4960 4333 11
LB2 12 May 2017 MAM 35.4 4.4 4014 4292 10

LB3 25 Mar 2015 MAM 45.3 10.1 4067 3044 97
LB3 12 May 2017 MAM 69.6 4.0 3687 2724 71
LB3 17 Aug 1997 JJA 111.5 2.1 3587 1
LB3 26 Jun 2017 JJA 43.1 4.2 3871 2806 1

in either minor affected areas or in different intensities and
durations that were not captured by the adopted criteria of
our study (Berti et al., 2020; Zhang et al., 2020; Nikolopou-
los et al., 2017). Short-duration, high-intensity events may
not be identified as significant in the catalog because the anal-
ysis considers only the total daily precipitation of each event.

5.3 Coarse estimation of debris flow volume

This application focuses on areas of high relief, which are
prone to debris flows triggered by extreme storm events. Es-
timating the sediment volume that may reach inhabited al-
luvial fans is crucial, as human settlements in the Andean
region are commonly situated on alluvial fans, making them
vulnerable to debris flows (Romero et al., 2022; Garcés et al.,
2022).

Research efforts have aimed to quantify erosion rates dur-
ing extreme storm events (Aguilar et al., 2020) and over the
long term (Aguilar et al., 2014). Aguilar et al. (2020) found
that topographic attributes are the primary factor influencing

the volumes of debris flows reaching the apex, with no sig-
nificant correlation to lithological attributes. Their findings
indicate that precipitation alone is sufficient to trigger debris
flows since sediments are available in these lithological con-
texts. Therefore, assuming unlimited sediment availability in
the study area, the debris-flow volume produced by a storm
event depends only on transport capacity (and thus not de-
pendent on sediment availability). Consequently, coarse es-
timates of the debris-flow volume can be obtained from the
catalog using a transport-capacity equation such as Eq. (4)
(JICA, 2010).

V = 103cPpA
1

1−p

(
Cd

1−Cd

)
(4)

where p is the porosity of the deposit, c is the runoff coef-
ficient, Pp is the precipitation in mm, A is the area of the
basin in km2, and Cd is the sediment volumetric concentra-
tion, estimated using Eq. (5) (Takahashi, 2014).

Cd =
ρ

ρs− ρ

tan(θ )
tan(φ)− tan(θ )

(5)
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Figure 8. Composites of geopotential height at 500 hPa (contours)
and its anomalies (colors) for the category Convergence on aus-
tral summer (DJF). The black rectangle frames the area related to
the LB3 between 27–30° S. Cyclonic (“L”) and anticyclonic (“H”)
circulation anomalies are highlighted.

where ρs is the density of the sediment, ρ the density of wa-
ter, φ is the angle of internal friction of the sediment, and θ is
the slope of the terrain.

Aguilar et al. (2020) surveyed debris–flow deposited vol-
umes in 49 alluvial fans triggered by the 2015 storm event.
Figure 10 compares these observed volumes with the trans-
port capacity estimated for each basin based on the precipi-
tation recorded in the event catalog. The estimated sediment
transport capacity represents an upper bound on the volume
that reaches the alluvial fan, as it does not account for pro-
cesses that reduce delivery efficiency, such as sediment trap-
ping or channel obstructions.

Figure 10 indicates that this first-order estimation
performs poorly for deposits smaller than 4000 m3

(pBIAS= 2053 %). In contrast, the agreement between
estimated and observed volumes is substantially higher
for the subset of inventoried deposits larger than 4000 m3

(pBIAS= 164 %). This difference reflects the performance
of the method within the available dataset, and therefore
should not be interpreted as evidence of a volumetric
threshold in debris-flow deposits.

The weak performance for small deposits likely reflects
their higher sensitivity to measurement uncertainty, whereas
larger deposits tend to reduce the relative error associated
with field-based volume observation. Additionally, in some
catchments, the systematic overestimation of deposited vol-
umes may be influenced by sediment that was mobilized but
ultimately bypassed the fan and continued downstream.

Figure 9. Austral summer (DJF) Convergence composites of Inte-
grated water Vapor Transport (IVT; colors and vectors) and Z500
(contours) for (a) raw data, (b) anomalies, and (c) standardized
anomalies (SA). The black rectangle frames the area related to
the LB3 between 27–30° S.

https://doi.org/10.5194/essd-18-7861-2026 Earth Syst. Sci. Data, 18, 7861–7881, 2026



7874 F. Matus et al.: Extreme precipitation events: a comprehensive catalog for northern Chile (17.5◦ S to 30.0◦ S)

Figure 10. (a) Coarse estimation of debris flow volume based on transport capacity for the March 2015 event. Comparison with measured
deposited volumes at 49 alluvial fans located in the Huasco River Basin. (b) Ratio of estimated vs. observed to quantify the prediction
correlation degree.

This model applies only to events in which prior knowl-
edge of debris-flow occurrence exists, as the amount of rain
is insufficient to trigger debris flows. The rainfall event must
meet specific conditions not recorded in the catalog, such as
rainfall intensity and/or duration. Hence, rainfall amounts in
the catalog do not guarantee the occurrence of debris flow for
that specific event.

6 Data availability

The datasets used in this study are publicly available from
the following sources: CR2MET v2.5, available through
Zenodo (https://doi.org/10.5281/zenodo.7529682, Boisier,
2023); ERA5 reanalysis available through the Copernicus
Climate Data Store (https://doi.org/10.24381/cds.adbb2d47,
Copernicus Climate Change Service, 2023); and
the MODIS/Terra and MODIS/Aqua daily snow-
cover products, Collection 6.1, available through
the NASA National Snow and Ice Data Center Dis-
tributed Active Archive Center (NSIDC DAAC;
https://doi.org/10.5067/MODIS/MOD10A1.061,
Hall and Riggs, 2021a and
https://doi.org/10.5067/MODIS/MYD10A1.061, Hall
and Riggs, 2021b, respectively). All datasets were last
accessed on 19 December 2025. The catalog gener-
ated by the authors is publicly available in Zenodo
(https://doi.org/10.5281/zenodo.14342935, Matus et al.,
2026).

7 Code availability

All scripts used to process the input datasets and generate
the catalog were developed by the authors, and no third-
party scripts were incorporated into the workflow. These
scripts are not publicly available, as they have not been
prepared for distribution and reuse by third parties. How-
ever, the resulting catalog is publicly available through Zen-
odo (https://doi.org/10.5281/zenodo.14342935, Matus et al.,
2026) and can be accessed and processed using commonly
available software (i.e., Python, R, MATLAB, and Microsoft
Excel) as appropriate for the data format.

8 Conclusions

Based on a comprehensive analysis of the selected maximum
seasonal daily precipitation events across three latitudinal
bands, we defined several storm categories that describe their
main characteristics. These categories were based in system-
atical visual classification of the geographical region of pre-
cipitation and the pattern of water vapor transport they ex-
hibit. On average, three distinct patterns for extreme events
were found in each band and season, with the most com-
mon variations falling into the categories Coast, Stratiform,
and Andes Mountain. In the category Andes Mountain, it was
found that in certain seasons it could be further subdivided
into North Andes, South Andes, and Along Andes (along the
Andes Cordillera), depending on the area of the mountain
range where precipitation occurs.

Furthermore, we used the catalog and analyzed the com-
posites for all the categories generated and, considering only
the circulation and IVT, two general categories were iden-
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tified encompassing all extreme events in different seasons
and bands: (1) convergence of water vapor transport (Con-
vergence); and (2) IVT from the Pacific (Westerly IVT). An
exception arose in the Along Andes pattern during summer
in the LB3, where events exhibited a bimodal synoptic pat-
tern. In this case, approximately half of the events were as-
sociated with Convergence and the other half with Westerly
IVT. Therefore, the Along Andes category for this specific
band and season was further subdivided into Convergence
and Westerly IVT to represent the dual nature of the underly-
ing mechanisms accurately.

As an example, the IVT convergence covers the results
shown in Fig. 9. It is also important to note that significant
variations are observed between events classified into these
two categories, including variability in the depth of devel-
opment, circulation intensity, and IVT. These differences in
atmospheric circulation and water vapor transport, combined
with fluctuations in atmospheric moisture availability, con-
tribute to the formation of a wide range of observed precip-
itation patterns. These factors also determine the extent to
which these events can influence a specific latitudinal band.

The catalog’s utility extends beyond classification, en-
abling actionable insights for hazard management. First,
composite analysis provides meteorological storylines – re-
curring synoptic scenarios like Convergence or Westerly
IVT – that explain how extreme rainfall develops. These sto-
rylines are critical for early warning systems, as they link ob-
servable atmospheric patterns to high-impact precipitation.
Second, the correlation of cataloged storms with 37 % of
historical debris flows (e.g., the March 2015 MAM event,
which triggered 97 mass movements) underscores the cata-
log’s value in identifying high-risk storms that disproportion-
ately threaten Andean communities. Third, the coarse esti-
mation of debris-flow volumes via transport-capacity models
(Fig. 10) translates precipitation magnitudes into sediment-
yield approximations, providing a first-order proxy for in-
frastructure planning and mitigation. Finally, the existence
of this catalog also opens the door to future studies that
delve deeper into the atmospheric dynamics and thermody-
namics at different temporal resolutions, analyzing the evolu-
tion of each event over time and complementing it with other
sources of information such as in situ observations, satellite
swaths, and radiosondes, among others.

Together, these applications form a cohesive narrative: the
catalog bridges atmospheric dynamics to geomorphic im-
pacts, transforming theoretical classifications into practical
frameworks for disaster risk reduction. In total, the cata-
log comprises 472 band-specific extreme precipitation events
corresponding to 408 unique storm dates across the period
1979–2019. Of these, 59 storms affected multiple latitudinal
bands simultaneously, with 33 exhibiting different precipita-
tion categories across bands, reflecting how the same synop-
tic system can manifest distinct spatial patterns depending on
latitude. Of the cataloged events, 292 were classified as An-
des Mountain, 161 as Stratiform, and 19 as Coast, each char-

acterized by date, storm category, maximum daily precipita-
tion (3.3–111.5 mmd−1), mean temperature (−2.9–15.1 °C),
freezing level and empirical snowline elevation, and MODIS-
derived snowline elevation when available (237 events from
2001 onward).

It should be noted that the catalog captures the most in-
tense daily event per season and band, and therefore does not
account for sub-daily rainfall characteristics, multi-day accu-
mulation, or antecedent conditions, which are also relevant
for debris flow initiation. Additionally, the event classifica-
tion relies on systematic visual inspection rather than quanti-
tative thresholds, which introduces classification uncertainty
acknowledged throughout the manuscript. Empirical snow-
line estimates for events prior to 2000 carry larger uncertain-
ties due to the absence of MODIS observations. Finally, the
comparison with the debris flow inventory is constrained by
the incomplete nature of the historical record, which does not
capture all events that occurred in the study area.

Future work includes extending the catalog beyond 2019,
incorporating sub-daily precipitation products as they be-
come available at adequate spatial resolution, and expand-
ing the analysis toward central Chile where different precip-
itation regimes prevail. By contextualizing extreme rainfall
within both meteorological and societal contexts, this work
advances preparedness in Chile’s complex climatic and to-
pographic setting.

The catalog and the processed dataset (precipitation, IVT,
and snowline elevation) are preserved in a Zenodo data
repository with a corresponding assigned DOI, available
at https://doi.org/10.5281/zenodo.14342935 (Matus et al.,
2026).

The repository contains: (1) a CSV file listing all extreme
precipitation events with their associated meteorological de-
scriptors, including latitudinal band, date, season, storm cate-
gory, maximum daily precipitation (mmd−1), mean temper-
ature (°C), freezing level and snowline elevations (ma.s.l.)
estimated through both empirical and MODIS-based meth-
ods; (2) NetCDF files with daily precipitation fields from
CR2METv2.5 and vertically integrated water vapor transport
(IVT) components derived from ERA5 for each cataloged
event; (3) a NetCDF file with post-processed MODIS snow
cover maps for events from 2001 onward; (4) illustrative fig-
ures depicting CR2METv2.5 daily precipitation performance
according to weather stations (also described in Appendix
A4); and (5) a PDF with detailed description of the catalog,
file structure, variable definitions, and coordinate systems.

Appendix A: Dataset documentation

The catalog is preserved in a Zenodo data reposi-
tory (https://doi.org/10.5281/zenodo.14342935, Matus et al.,
2026) with the following directory structure:

– ExtremeSeasonalStormEvents_Catalog.csv

– NETCDFs/
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– events_pp.nc

– events_ivtu.nc

– events_ivtv.nc

– MODIS/

– events_modis.nc

– A4_CR2METv2.5_performance

– PNG files (per event plots)

– ReadMe.pdf

A1 CSV catalog

The main catalog is stored as a comma-separated value
(CSV) file, with each row representing an event and each col-
umn detailing a characteristic of that event. The columns are
described in Table A1.

The StormCategory column assigns each event to one
of the following categories:

– Andes Mountain: Precipitation concentrated over the
Andes, subdivided into North Andes, South Andes,
Along Andes, Convergence, or Westerly IVT, depending
on the spatial distribution and water vapor transport pat-
tern.

– Coast: Precipitation concentrated along or near the
coastline.

– Stratiform: Precipitation distributed horizontally across
the band, from coast to mountains.

– Omitted: Season–band combination not considered as
an extreme event.

A2 NetCDF files: precipitation and IVT

Daily precipitation and vertically integrated water vapor
transport fields are stored in NetCDF files for each cataloged
event. Table A2 summarizes the file structure.

Both files share the following dimensions and variables:

– Dimensions: lon (longitude), lat (latitude), year
(1979–2019), band (0, 1, 2 corresponding to LB1,
LB2, LB3), season (DJF, MAM, JJA, SON).

– Data variable: Field values stored as float32 with
dimensions (season, lon, lat, year, band).

– Date variables: dates_{season}_band{band}
(char), providing the event date for each year.

A3 NetCDF file: MODIS snow cover

Post-processed snow cover maps derived from
MODIS TERRA and AQUA imagery are stored in
events_modis.nc for events from 2001 onward. The
file structure is as follows:

– Spatial domain: 17.25–30° S, 77–66° W.

– Spatial resolution: 500 m (MODIS native).

– Dimensions: lon, lat, time (days since 1 January
1970).

– Variable: SCA (int32) – Snow Covered Area
per pixel: 0= no snow, 1= snow covered,
NA= undetermined.

A4 CR2METv2.5 performance

The Zenodo data repository also contains figures for each
cataloged extreme event, comparing the daily precipitation
from CR2METv2.5 to available weather stations (Fig. A2).

These supplementary figures also provide seasonal per-
formance according to four different metrics considering all
identified events in the catalog: mean absolute error, percep-
tual bias, root mean square error, and coefficient of deter-
mination. Figure A3 illustrates the seasonal results for root
mean square error (RMSE).
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Table A1. Description of columns in the CSV catalog file.

Column Description Units/Format

Band Latitudinal band (LB1, LB2, LB3) –
Date Date of the event YYYY-MM-DD
Season Season (DJF, MAM, JJA, SON) –
StormCategory Precipitation and IVT pattern classification –
Precipitation Maximum daily precipitation in the band mmd−1

Temperature Mean temperature in the affected area °C
FreezingLevel Elevation where temperature equals 0 °C ma.s.l.
H_E_SL Empirical snowline elevation ma.s.l.
H_RS_SL MODIS-derived snowline elevation ma.s.l.

Table A2. Structure of the precipitation and IVT NetCDF files.

Attribute Precipitation (events_pp.nc) IVT (events_ivtu/v.nc)

Spatial domain 17.25–30° S, 77–66° W 15°N–65° S, 120–20° W
Spatial resolution 0.05°(CR2METv2.5) 0.25° (ERA5)
Temporal coverage 1979–2019 1979–2019

Figure A1. Example reading of the catalog for the LB3 MAM 2015 extreme precipitation event (24 March 2015). (a) Daily precipitation
(mmd−1) from CR2METv2.5 over the study area (17.25–31.5° S, 77–66° W). (b) Vertically integrated water vapor transport magnitude
(kg ms−1; shading) and direction (vectors; reference arrow: 100 kgms−1) derived from ERA5, shown over a broader South American domain
(15–55° S, 85–55° W). (c) MODIS-derived snow cover classification for the event date, distinguishing snow-covered (blue) and snow-free
(beige) pixels. Dashed rectangles indicate the LB3 latitudinal band (27–30° S).
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Figure A2. Daily precipitation during 24 March 2015 according to CR2METv2.5 (raster) and weather stations (triangles).
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Figure A3. Seasonal root mean square error (RMSE) of CR2METv2.5 daily precipitation product. Crosses (X) indicate that not enough
observation data was available in order to calculate the metric.
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