Climate Dynamics
https://doi.org/10.1007/s00382-021-05770-4

=

Check for
updates

Evaluation of multiple downscaling tools for simulating extreme
precipitation events over Southeastern South America: a case study
approach

Silvina A. Solman'23® . M. L. Bettolli'*> - M. E. Doyle'%* . M. E. Olmo'® . M. Feijoo?? - D. Martinez'%3 .
J. Blazquez*>** . Rocio Balmaceda Huarte'>*

Received: 18 December 2020 / Accepted: 12 April 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract

A collection of 10 high-impact extreme precipitation events occurring in Southeastern South America during the warm sea-
son has been analyzed using statistical (ESD) and dynamical downscaling approaches. Regional Climate Models from the
CORDEX database for the South American domain at two horizontal resolutions, 50 km and 25 km, short-term simulations
at 20 km and at 4 km convective-permitting resolution and statistical downscaling techniques based on the analogue method
and the generalized linear model approach were evaluated. The analysis includes observational datasets based on gridded
data, station data and satellite products that allow assessing the observational uncertainty that characterizes extreme events
in the region. It is found that the ability of the modelling strategies in capturing the main features of the extreme rainfall
varies across the events. The higher the horizontal resolution of the models, the more intense and localized the core of the
rainfall event, being the location of the exit region of the low-level jet and the low-level moisture flux convergence during the
initial stages of the events the most relevant features that determine models’ ability of capturing the location and intensity
of the core of the heavy rainfall. ESD models based on the generalized linear approach overestimate the spatial extension of
the events and underestimate the intensity of the local maxima. Weather-like convective-permitting simulations depict an
overall good performance in reproducing both the rainfall patterns and the triggering mechanisms of the extreme events as
expected, given that these simulations are strongly controlled by the initial conditions.

Keywords Extreme precipitation events - Southeastern South America - Statistical and dynamical downscaling -
Convective permitting simulations

1 Introduction

Extreme precipitation events have received considerable
attention from the scientific community worldwide because
they are often associated with severe impacts on various
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Fig.1 Study area and domains
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2019; Zhang and Zhou 2019). Over South America (SA)
the most significant increases of both frequency and inten-
sity of heavy precipitation events have been found over
SESA (Olmo et al. 2020; Cero6n et al. 2020; Skansi et al.
2013; Penalba and Robledo 2010; Haylock et al. 2006).
Several studies have highlighted the role of climate change
in explaining the increase in extreme rainfall (O’Gorman
2015; Trenberth 2011). Warmer conditions imply a larger
capacity of moisture storage, the well-known Clausius—Cla-
peyron relationship and hence, extreme precipitation events
are expected to increase their intensities at a rate close to 7%
per degree of global warming (Trenberth 2011). However,
this rate varies depending on the region and particularly
for SESA, the intensity of extreme precipitation has been
shown to increase at a larger rate due to other contributing
mechanisms, such as the regional level of warming, changes
in moisture flux convergence and circulation, among others
(Pfahl et al. 2017; Coutinho et al. 2016).

Future climate projections based on either global cli-
mate models (GCM) or regional climate models (RCM)
agree on that significant increases in the intensity, fre-
quency, duration and spatial extent of extreme precipita-
tion events are expected in response to increasing con-
centration of greenhouse gases (Seneviratne et al. 2012;
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Sillmann et al. 2013; Li et al. 2020; Blazquez and Solman
2020; Glazer et al. 2020). Hence, based on results from
multiple climate modeling experiments, the projected
increase in rainfall extremes over SESA calls for an urgent
need for designing strategies for adaptation and mitigation,
considering that SESA is one of the most populated and
economically active regions in South America. One of the
main impacts of these events in the SESA region is associ-
ated with the occurrence of floods, with major impacts on
agriculture, forestry, ecosystems, water resources, human
health, energy and transport, among others (Marengo and
Espinoza 2016).

Though there is an overall agreement among different
modeling products on how extreme rainfall events will look
like under future emission scenarios, the response from indi-
vidual models is diverse, with a large uncertainty character-
izing these projections. For any given socioeconomic sector,
information about a general statement such as an increase
in the frequency and occurrence of extreme events is not
enough for designing adaptation practices, but more specific
and bounded information would be desirable. Of course,
this cannot be built from the state-of-the-art climate mod-
els since they are affected by several sources of uncertainty
including not only the scenario uncertainty but also internal
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model responses to radiative forcing levels and inaccuracies
of the models themselves.

Climate models, either GCMs or RCMs, are limited in
their capability of reproducing the observed statistics of
extreme precipitation worldwide and also over South Amer-
ica (Diffenbaugh et al. 2005; Solman and Blazquez 2019)
probably due to the fact that physical processes involved in
the development of extreme precipitation events are asso-
ciated with moist deep convection, a mechanism not well
captured by climate models operating at spatial horizontal
resolutions coarser than 10 km. In response to this limita-
tion, recent advances in the modeling community worldwide
have demonstrated that convective-permitting (CP) simula-
tions operating at horizontal resolutions of the order of a few
kilometers allow a major improvement in reproducing cli-
mate statistics of rainfall, mostly associated with deep con-
vection, orography and extreme events (Kendon et al. 2012;
Prein et al. 2015; Coppola et al. 2018). Hence, given that CP
simulations allow for a better representation of extremes,
larger confidence on the projections derived by these models
is expected. Moreover, projected changes of extreme rain-
fall derived from CP simulations are significantly different
compared with changes provided by lower resolution RCMs
(Kendon et al. 2017; Rasmussen et al. 2020). However, the
computational capacity for performing long-term climate
simulations with CP models may be a limiting factor for
providing ensembles of simulations accounting for model
uncertainties.

Another downscaling approach that has been widely used
worldwide to provide local estimates of climate change is the
empirical statistical downscaling (ESD), based on empirical
relationships between large-scale atmospheric variables and
local variables (Maraun et al. 2010; Cavazos and Hewitson
2004). There is a wide variety of statistical strategies based
on classification patterns, analogs and stepwise correla-
tions, among others. For South America Bettolli and Penalba
(2018) have developed an ESD methodology based on the
analog method for downscaling daily precipitation and found
that the statistical model was able to capture various fea-
tures of the daily precipitation behavior, such as variance
and persistence. Extreme percentiles have also been reason-
ably well reproduced with ESD methods, though with some
limitations. Overall, these previous studies highlight that
ESD techniques are valuable tools for downscaling extreme
precipitation statistics. However, the availability of good
quality observations to calibrate ESD models is a strong
limitation over several continental areas, particularly over
South America, making the applicability of ESD methods
potentially restricted.

Independently of the strategy used to simulate the sta-
tistics of heavy rainfall events and independently of the
limitations of each methodology, the reasons explaining
why different strategies fail in capturing the main features

of extreme rainfall events are not always clear. Barros and
Doyle (2018) give a good example on the major shortcom-
ings of various GCMs from the CMIP5 ensemble in repro-
ducing the warm season rainfall climatology over SESA,
which is mostly fed by extreme events. They found that the
underestimation of rainfall is mostly due to the underestima-
tion in the intensity of the northerly wind associated with the
South American Low-Level Jet (SALLJ), one of the main
drivers of humidity to the area.

In order to derive reliable estimates of the future behavior
of extreme rainfall under future climate conditions it is nec-
essary to identify not only if models are able to reproduce
the observed statistics of extreme events but also if they
are doing it for the right reasons. Hence, there is a need for
assessing whether models are also capable of reproducing
the main dynamical and thermodynamical drivers of heavy
rainfall events. This strategy has been adopted recently in
several studies and has provided valuable constraints to nar-
row the uncertainty in the projected future behavior (Hibino
et al. 2018; Li et al. 2018, 2019).

Extreme precipitation events over SA have been the
focus of several studies, including those characterizing
the physical processes associated with the development of
deep convection, the life cycle of convective storms, the
synoptic environment associated with their development
and the role of the orography in the initiation of convection
and further downstream development (Matsudo and Salio
2011; Salio et al. 2007; Rasmussen et al. 2016; Romatschke
and Houze 2013; Rasmussen and Houze 2016; Teixeira da
Silva and Satyamurty 2007; Rasera et al. 2018, among oth-
ers). These studies highlight the importance of the Andes in
channeling the southerly flow towards the SESA region in
association with some specific synoptic precursors including
a low-level pressure system over northwestern Argentina,
the enhancement and southern penetration of the SALLJ
inducing a strong convergence of moisture flux over SESA,
the passage of a mid-tropospheric trough over the Andes
peak and the presence of an upper-level jet-stream, among
other ingredients. This synthesis is based on composites of
the synoptic circulation associated with the occurrence of
deep convection over SESA. However, evaluating individual
events reveals that the composite analysis should be taken
with care as it may mask the diversity of synoptic drivers
and may produce a composite which is not associated with
any single event. Hence, the composite may not be the best
synthesis of the synoptic scale circulation associated with
individual events and it may not help in assessing model
performance. Moreover, extreme precipitation events are
rare events that may occur a limited number of times at a
given location. For instance, heavy rainfall events occurring
in SESA, defined as those events exceeding the 95th percen-
tile of daily rainy days covering an area of at least 100 100
km? during the warm season, often occur two to four times
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per warm season (Bettolli et al. 2021) and they have a variety
of central locations, spatial extensions, timing and trigger-
ing mechanisms. Though there are some similarities among
these events, they are different from each other. Hence,
evaluating whether models are able of reproducing extreme
events and their drivers should be accounted for from a case
study approach. Accordingly, a detailed analysis of the capa-
bility of modelling individual extreme precipitation events
may help understanding why models are able (or not) of
capturing their evolution and triggering mechanisms. This
single event approach has been proposed by several authors,
such as Li et al. (2018) who focused on a single heavy rain-
fall event occurring in China and examined the precipitation
process and related synoptic systems and discussed the pos-
sible causes of the model’s capabilities and deficiencies. Bet-
tolli et al. (2021) also focused on selected extreme events in
SESA to address the benefits of coordinated convective per-
mitting RCM simulations, RCM simulations from CORDEX
(Coordinated Regional Downscaling Experiment) (Giorgi
et al. 2012) and a variety of ESD methods. The single event
approach has also been used to understand the response of
extreme events to changing environmental conditions in
idealized warming experiments (Mahoney et al. 2012; Len-
derink et al. 2019; Attema et al. 2014, among others). This
methodology is also being increasingly used for attribution
studies (Otto et al. 2018; Eden et al. 2018; Schaller et al.
2020) and for providing storylines of extreme events and
their associated weather events in present and future climate
conditions to inform users for a better communication of
potential impacts (Hazeleger et al. 2015).

The focus of this study is to assess the capability of sta-
tistical and dynamical downscaling tools in reproducing
the main feature of a collection of 10 extreme precipita-
tion events identified from the observations over SESA. The
assessment is focused on evaluating several ESD models,
RCMs from the CORDEX and CP simulations in capturing
the intensity and spatial extension of the extreme events and
also their synoptic drivers. It also aims at highlighting the
need for a case-study approach in assessing model perfor-
mance for such rare events given the diversity of the selected
events. The variety of downscaling tools evaluated in this
study also aims at providing an objective and quantitative
assessment of the added value of the various ESD methods,
RCMs and a new set of simulations at convective-permitting
resolution that are being implemented in the region.

The manuscript is organized as follows. In Sect. 2 the data
and models used are described, together with the selection
of the extreme precipitation events and the description of
metrics for model evaluation. Several datasets are included
in the analysis, based on station data and satellite products,
highlighting the level of observational uncertainty that needs
to be considered when assessing model performance in the
region. In Sect. 3 the results of the capability of a variety
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of downscaling strategies in reproducing each individual
extreme event and the associated triggering mechanisms
is presented, including a discussion on how to deal with
the assessment of model performance for extreme events.
Finally, in Sect. 4 a summary of the main results and a dis-
cussion is presented.

2 Data and methods
2.1 Thedata

The precipitation data used in this study is based on different
sources, including station data, gridded observations and
satellite products. Station data is provided by the National
Weather Services of Argentina, Brazil and Uruguay, cover-
ing the period from 1979 to 2017. The location of stations
available is depicted in Fig. 1. Table 1 presents the 6 daily
gridded precipitation datasets and the corresponding spatial
and temporal resolutions and temporal coverage. Three of
these datasets are based exclusively on satellite data, and
have been corrected with gauge measurements, namely
NOAA’s Climate Prediction Center (CPC) MORPHing
technique (CMORPH) bias-corrected product (CMORPH
CRT V1.0) (Joyce et al. 2004), the Precipitation Estimation
from Remotely Sensed Information using Artificial Neural
Networks (PERSIANN) (Ashouri et al. 2015) and NASA’s
Tropical Rainfall Measuring Mission (TRMM) Multi-satel-
lite Precipitation Analysis (TMPA) 3B42 Version 7 (TMPA
3B42RT V7) (Huffman et al. 2007). A fourth dataset, the
Climate Hazards Group Infrared Precipitation with Sta-
tion data Version2.0 (CHIRPS) (Funk et al. 2015; Nguyen
et al. 2019), provides blended gauge-satellite precipitation
estimates, while the Multi-Source Weighted-Ensemble Pre-
cipitation Version 2.1 (MSWEP) dataset (Beck et al. 2017,
2019) optimally combines data from various gauge, satellite,

Table 1 Rainfall datasets used in this study

Dataset Spatial resolution Temporal resolu- Temporal
tion coverage

CMORPH  0.25°x0.25° Daily 1998-2017
and 3-hourly

PERSSIAN  0.25°x0.25° Daily and 1983-2017
3-hourly

TRMM 0.25°x0.25° Daily 1998-2017
and 3-hourly

CHIRPS 0.05°x0.05° Daily and 1981-2017
3-hourly

MSWEP 0.1°x0.1° Daily 1979-2017
and 3-hourly

CPC 0.5°%0.5° Daily 1979-2017

Spatial resolution is indicated in degrees
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and reanalysis data sources. The CPC Global Daily Unified
Gauge-Based Analysis of Precipitation (CPC) (Xie et al.
2007 and Chen et al. 2008) was also included in this study.

Including a variety of datasets allows accounting for the
observational uncertainty in daily precipitation data, which
is particularly large in SA (Salio et al. 2015; Rayana et al.
2020). Given that ESD downscaling tools included in this
study produce outputs on a daily basis, only daily accumu-
lated rainfall has been used for model evaluation. However,
extreme rainfall associated with organized convection over
SESA usually occurs by late evening to early morning (Ras-
mussen et al. 2016), so the accumulated precipitation for a
single event may fall in two different days. In order to avoid
including discrepancies in the definition of the daily accu-
mulations based on station data from different countries, it
was decided to compute the rainfall accumulated over 3 days
associated with an extreme event, centered on the day with
the largest rainfall amount, as indicated by the station data.

The ERA-Interim dataset (Dee et al. 2011) has been used
for identifying the circulation features associated with the
selected events, for calibrating ESD methods and also for
providing initial and boundary conditions to the simulations
described in Sect. 2.3.

2.2 Theindividual events

Extreme precipitation events are more frequent and have the
most extreme features over SESA during the warm season,
from October to March, contributing to a large proportion
of the warm season precipitation (Rasmussen et al. 2016).
Daily rainfall data for the period 1979-2017 from the station
network and from the CPC dataset were first analyzed in
order to identify extreme events occurring during the warm
season. The 95th percentile of the daily rainfall was first
computed for rainy days (with precipitation above 1 mm
per day) at each station and each grid point (for the CPC
gridded dataset). Extreme events are then defined as those
days in which daily precipitation at each station or grid point
exceeds the 95th percentile. In order to account for extreme
events with a spatial extension covering areas of no less
than 100 x 100 km?, corresponding to events associated with
organized convection (Romatschke and Houze 2013; Ras-
mussen et al. 2016), an additional criterion was included
in terms of a minimum of 10% of grid points fulfilling the
threshold.

2.3 The models

Three different types of modelling strategies are included in
this assessment: a series of ESD models; evaluation simula-
tions performed with RCMs from the CORDEX and COR-
DEX-CORE (CORDEX-Coordinated Output for Regional

Evaluations — CORE, Gutowski et al. 2016) ensembles for
the South American domain; and a set of simulations per-
formed in a weather-like mode at two spatial resolutions
for each individual event. The details of each strategy are
described below.

ESD models The statistical downscaling methods used
in this work are the analog method (AN) and generalized
linear models (GLM). The analog method (Zorita and von
Storch 1999; Bettolli and Penalba 2018) consists of finding,
for each day in the record, the most similar large-scale situ-
ation based on a similarity metric (in this case the Euclidean
distance). The GLM are an extension of linear regression
allowing for non-Gaussian predictand variables such as
daily precipitation (San Martin et al. 2017). A two-stage
implementation with Bernoulli distribution and logit link
for occurrence (considering a threshold of 1 mm) and with
Gamma distribution and log link for the amount (San Martin
et al. 2017; Chandler and Wheater 2002) is applied.

Daily precipitation at station points was used as pre-
dictand covering the period 1979-2017. The ESD techniques
were applied under the perfect prognosis approach where
the statistical relationships are established based on pseudo
observed large-scale predictors (in this case given by the
reanalysis) and observed predictands (given by daily pre-
cipitation at station points) (Maraun et al. 2010). Daily mean
fields from the ERA-Interim Reanalysis dataset interpolated
at a 2° horizontal grid spacing (Dee et al. 2011) were used as
large-scale predictor variables in the domain encompassed
between 67° and 50° W and 40° and 20° S (Fig. 1). The
set of predictor variables is mean sea level pressure (mslp),
geopotential height at 500 hPa (z500), the zonal wind com-
ponent at 500 and 850 hPa (u500 and u850), the meridional
wind component at 850 hPa (v850), the specific humidity at
700 and 850 hPa (q700 and q850) and the air temperature at
500, 700 and 850 hPa (T500, T700 and T850).

Different combinations of predictor variables were con-
sidered taking into account the regional circulation char-
acteristics associated with precipitation over the region
(Rasmussen and Houze 2016; Cavalcanti 2012) as well as a
detailed predictor screening performed in a previous work
in the region carried out by Bettolli and Penalba (2018).
The configuration of predictors in the different ESD models
considered spatial-wise predictors by using the principal
components (PCs) explaining 95% of the total variance,
pointwise predictors using the values from the four and
sixteen nearest grid points to the target point for the GLM
and AN, respectively, and a combination of spatial-wise and
pointwise predictors (Table 2).

The ESD models were trained and calibrated for the 38
wet seasons from 1979/80 until 2016/2017. A k-fold cross-
validation approach was followed, in which the data was
partitioned into 8 folds, each containing consecutive sea-
sons. The first fold covered from 1979/1980 to 1983/1984,
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Table 2 Description of the ESD methods used in this study

Family Label Configuration
Generalized linear GLM-PC PCs of all predictor variables (95% variance)
models GLM-PC5 PCs of 5 predictor variables (95% variance) (mslp, v850, z500, T850, g850)
GLM-LS Combination of local and spatial predictors: Local predictors in the four nearest grid boxes to
the station point (q850, T850) and PCs of circulation variables (95% variance) (mslp, v850,
2500)
GLM-L4 Local predictors in the four nearest grid boxes (all predictor variables)
Analogs AN-PC Nearest neighbor. PCs of all predictor variables (95% variance)
AN-PC5 Nearest neighbor. PCs of 5 predictor variables (95% variance) (mslp, v850, z500, T850, q850)
AN-L16 Nearest neighbor. Local predictor values in the sixteen nearest grid boxes

the second fold from 1984/1985 to 1988/1989 and so on,
until the last fold that covered from 2014/2015 to 2016/2017.
Since it was not possible to form folds with the same number
of seasons, a sensitivity analysis was performed by varying
the conformation of the folds. Results did not show sensible
changes (not shown).

CORDEX RCM:s A suite of RCM evaluation simulations
driven by the ERA-Interim reanalyses from the CORDEX
dataset available for the South American domain were used.
Simulations from CORDEX, available at roughly 50 km
resolution and from CORDEX-CORE, available at~25 km
resolution were included. Table 3 displays the list of RCMs
assessed in this study, together with the simulated period and
the horizontal resolution. Note that the evaluation simula-
tions from the CORDEX and CORDEX-CORE span over
different periods and, hence, not all the selected events listed
in Table 4 are included in all simulations.

Weather-like simulations (WL) The Weather Research and
Forecasting (WRF) model (Skamarock et al. 2008) version
3.9.1 was used to perform short-term simulations for each
of the individual events. Following the approach in Coppola
et al. (2018), 72-h simulations were performed using a nest-
ing approach in a weather-like mode. Initial and boundary
conditions were provided by the ERA-Interim reanalysis

dataset. Each simulation was initialized at 0OOUTC on the
day before the occurrence of each event (when the maxi-
mum precipitation is registered) and was run during 72 h
in order to capture the initiation, the mature stage and the
decay of the events. The first 6 h of simulations are consid-
ered as spin-up and hence not included in the analysis. The
domains for the WRF simulations are displayed in Fig. 1.
The outer domain, driven by the ERA-Interim reanalysis
with updates of the boundary conditions every 6 h, has a
horizontal resolution of 20 km, hereafter WRF-WL20. The
inner domain, nested in the WRF-WL20, is centered over
the La Plata basin area, and is configured at 4 km hori-
zontal resolution with the deep moist convection scheme
switched off, hereafter WRF-WL4. The two domains use
39 vertical levels. Shallow convection is turned off in the
two domains. The simulation set up includes the follow-
ing physical choices: the Mellor—Yamada—Janjic scheme
for the planetary boundary layer (Janjic 1994), the RRTMG
scheme for shortwave and longwave radiation (Iacono et al.
2008), the WRF Double Moment 6—class scheme for micro-
physics (Lim and Hong 2010) and the Unified Noah Land
Surface Model for the land-surface processes (Tewari et al.
2004). For the 20 km-resolution simulations, deep cumulus
clouds were parameterized using the Kain—Fritsch Scheme

Table 3 List of RCM

¢ . ) . Simulations Period Spatial resolu- References
simulations used in this study tion (%)

CORDEX WRF341 1979-2011 0.5 Manzanas et al. (2018)
RCA4 1980-2010 0.5 Kupiainen et al. (2014)
HadRMP3 1990-2011 0.5 Jones et al. (2004)
REMO2009 1989-2008 0.5 Jacob et al. (2012a)

CORDEX-CORE REMO2015 1979-2017 0.25 Jacob et al. (2012b)
RegCM4.7 1979-2015 0.25 Giorgi et al. (2012)

Weather-like simulations WRF-WL20 72-h 0.2 Skamarock et al. (2008)
WRF-WL4 72-h 0.04 Skamarock et al. (2008)
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(Kain 2004). Though 4 km resolution is the upper limit of
convective-permitting simulations, previous tests performed
with the same configuration but with a resolution of 2.4 km
showed no significant differences compared with the results
at 4 km (not shown). Tests were also performed with the
shallow convection turned on in the convective permitting
domain and it was found that no significant differences arose
as compared with the simulations in which shallow convec-
tion was not considered.

2.4 Methodology

The analysis is focused on assessing the capability of a vari-
ety of modelling strategies in capturing the main features
of extreme precipitation events, including both the spatial
distribution and intensity of precipitation and also their
main synoptic forcings, in a single event approach. For a fair
comparison among observational datasets and model out-
puts with different spatial resolutions, daily data have been
interpolated to a common grid of 0.25° spatial resolution
using a bi-linear interpolation scheme (Nychka et al. 2017).
All the calculations have been done on the interpolated data.

For each event, the spatial distribution of the 3-day accu-
mulated rainfall, centered on the day of the maximum rain-
fall rate, was calculated from the set of observational data-
sets (Table 1) and the set of simulations (Tables 2 and 3). We
performed an analysis of pattern-similarity between models
and observations for each single event based on Taylor dia-
grams (Taylor 2001). These diagrams display in a very suc-
cinct way how well different models capture the main fea-
tures of the observed spatial pattern. The interpolated station
data is considered as the reference dataset. Including the set
of observations available allows exploring the observational
uncertainty. The 3-day accumulated precipitation was aver-
aged over the box indicated in Fig. 2, covering the region
from 37°to 25° S and from 66° to 53° W. In order to assess
the capability of the simulations in capturing the intensity
of each precipitation event, box-plots have been computed
based on the 3-day accumulated precipitation averaged over
the same area as for the Taylor diagrams.

The skill of the models is also assessed by means of
the Fractional Skill Score (FSS—Roberts and Lean 2008).
The FSS assesses the agreement between the model and
the observations in terms of the number of grid points
with rainfall above a given threshold within a square that
moves across the domain while varies in size, starting
with the minimum size (representing a grid point) up to

the maximum size covering the whole model domain. The
FSS allows exploring both the capability of a simulation
in capturing a given precipitation threshold and its spatial
pattern. Moreover, it allows identifying at which spatial
scales the model is skillful. The FSS runs from O to 1, the
larger the score the better the model performance. Fur-
ther details on the score can be found in Roberts and Lean
(2008). Given that all the analyses have been done based on
the interpolated daily precipitation fields from models and
observations, the minimum scale in this analysis is 25 km.
The FSS has been computed for the 3-day accumulated
rainfall. The precipitation thresholds have been defined in
terms of the spatial percentiles of the observed rainfall pat-
tern. In this analysis, we focused on the 75th, 90th, 95th
and 99th percentiles.

Finally, as reviewed in the literature, northerly winds at
the lower levels of the troposphere over the SESA region
represent the main ingredient that guarantees the necessary
environmental conditions triggering and maintaining organ-
ized deep convective storms in La Plata basin (Rasmussen
and Houze 2016, among others). Consequently, the spatial
pattern of the meridional wind at 850 hPa has been evalu-
ated, considering the ERA-Interim reanalysis as the refer-
ence dataset. In order to summarize the individual model’s
behavior in capturing the spatial structure of the meridi-
onal wind, Taylor diagrams have been computed within the
region indicated in Fig. 3.

Since the focus of this analysis is on individual events,
we based our study on the evaluation simulations from the
CORDEX dataset in order to pick up the dates correspond-
ing to each of the selected events (Table 4). The same crite-
ria were followed for the assessment of ESD models. Note
that some of the selected events occur on a date which is
not covered by CORDEX RCMs. Hence, averages over the
events are computed for all ESD models, all WRF-WL simu-
lations and for the two CORDEX-CORE RCMs, with the
exception of the event occurring in 2016 for which only one
CORDEX-CORE simulation is available.

The selected events are characterized by very extreme
features and are triggered by a variety of synoptic environ-
ments, as described in the next section. Hence, instead of
evaluating the model’s behavior of the mean extreme event
(the usual approach), we computed the average of the evalu-
ation metrics for each individual event, in order to have an
assessment of the mean behavior of each model instead of
the behavior of the models in capturing a mean extreme
event. This criterion has been applied to the set of metrics
of model’s behavior described above.

@ Springer
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3 Results
3.1 The events

Based on the extreme events selected from the procedure
described in Sect. 2.2, the 10 largest events, in terms of pre-
cipitation totals, were selected. Table 4 displays the dates
corresponding to each event, together with the maximum
rainfall intensity and the spatial percentiles for each event.
Several of the selected events are associated with a disas-
ter, in accordance with the International Disasters Database
(EM-DAT), a global database containing information on the
occurrence and effects of disasters associated with climate
and weather extreme events (www.emdat.be). The event on
November 22, 2009 is associated with torrential rains occur-
ring over a long-lasting period over southern Brazil and
Uruguay, triggering hydrological floods, causing 12 deaths
and affecting 14,000 inhabitants; the event on October 8
2015 affected the south of Brazil producing hydrological
riverine floods and affecting over 5300 inhabitants includ-
ing 1 deceased; the event on December 22 2015 triggered
abundant floods on the Uruguay river, affecting Southern
Brazil, Uruguay and northeastern Argentina, with more than
100.000 inhabitants impacted and leaving at least 6 dead.

The maximum accumulated daily rainfall for the day of
the extreme and the 3 days accumulated rainfall (in brackets)
are presented in the third column. The fourth column dis-
plays the 75th, 90th, 95th and 99th spatial percentiles of the
3-day accumulated rainfall. The asterisks indicate extreme
events associated with strong impacts, categorized in the
International Disasters Database (EM-DAT). All metrics are
computed from the interpolated station data.

Figure 2 displays the spatial distribution of the 3-day
accumulated rainfall for each of the individual extreme
events listed in Table 4, together with the average of the
10 events. The first thing to note is that the location of the
area with the largest precipitation varies from one event to

another. Some of the events present more than one centrum
with high precipitation intensity across the SESA region.
Though every event is categorized as an extreme event,
the maximum intensity of rainfall strongly varies from one
event to another, with some events depicting maximum
3-day accumulated rainfall of around 50 mm/day and others
exceeding 100 mm/day. Focusing on the maximum precipi-
tation on a daily basis, some stations recorded daily rainfall
amounts above 150 mm/day for some of the events (e.g.,
events #1, #2, #7, #8 and #9).

Inspection of the synoptic drivers of these events (Fig. 3)
highlights the variety of low-level circulation patterns asso-
ciated with each individual event. In Fig. 3 we focus our
attention on the 850 hPa circulation with a particular empha-
sis on the intensity of the meridional component of the wind,
which is one of the features that guarantee the moist and
warm environment favoring the development of organized
convection in the region. Note, however, that the circulation
pattern at the low levels of the atmosphere is not the only
ingredient that controls the evolution of these events (Ras-
mussen and House 2016 and references therein); neverthe-
less, we concentrate on the lower levels because it is where
models may present the largest discrepancies compared with
the driving reanalysis. Maps in Fig. 3 display the low-level
circulation on the day before the maximum precipitation
occurs, which determines the environmental conditions that
trigger the development of the events.

Note that for some of the events, a frontal system
approaching the SESA area can be identified as the trigger-
ing mechanism forcing upward motion in the area during
the early stages of the events (e.g., events #1, #2, #3, #4, #6,
#7). The location of the frontal system is associated with the
location of a cyclonic center that can be identified over the
southwestern Atlantic Ocean, though the location of these
systems varies from one event to another. Another common
feature in every event is the presence of a cyclonic system
over northwestern Argentina, the so-called northwestern

Table 4 Dates of the individual

o Event N° Date of maximum rainfall rate Maximum accumu- Spatial percentiles (mm/day)

extreme precipitation events lated rainfall (mm)

selected 75th 90th 95th 99th
1 March 12 2005 166.2 (204.4) 21 34 41 53
2 November 22 2009* 174.0 (200.2) 21 37 45 57
3 January 19 2010 97.0 (170.5) 14 21 30 44
4 February 20 2010 90.7 (168.9) 19 29 35 42
5 November 1 2013 143.8 (147.1) 24 32 37 42
6 November 30 2014 147.1(192.28) 21 30 34 45
7 October 8 2015%* 175.3 (246.1) 9 20 29 60
8 November 10 2015 227.2 (238.4) 12 23 37 58
9 December 22 2015* 184.0 (196.7) 19 32 39 53
10 October 24 2016 133.7 (152.0) 15 26 31 43
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simulations available and for the observational datasets in Table 1.
d Corresponds to the mean extreme event. The metrics for the mean
extreme event only include the assessment for the models available
for all events (REMO2015, RegCM4.7, WRF-LR and WRF-HR).

Station data is the reference data set (black dot). Green, blue and red
dots correspond to observational datasets, ESD models and RCMs,
repectively. Numbers above each dot refer to the dataset indicated in
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tion (dotted lines) and root mean square error (red lines) of each data-
set are normalized by the standard deviation of the reference dataset
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Argentinean low, that contributes to the enhancement of the
northerly wind over southern Bolivia and northern Argen-
tina. For some of the events an anticyclonic center located
off the coast of Uruguay over the South Atlantic Ocean also
contributes enhancing the northerly component of the wind
over northern Argentina. Independently of the presence of a
frontal system or where these systems are located, the strong
southward flow over the northern part of Argentina appears
as a common feature in every event. As already discussed
in the literature, the enhancement and southern penetration
of the SALLJ provides one of the most dominant ingredi-
ents for the initiation of deep convection over SESA (Salio
et al. 2007). The spatial distribution of the meridional wind
shows that for every event a maximum located over south-
ern Bolivia, Paraguay or northern Argentina is apparent,
reaching a magnitude above 12 m s~!, hence, fulfilling the
threshold for the occurrence of a SALLIJ event (Salio et al.
2007). Moreover, note that the core of the maximum precipi-
tation of each of the events is located at the exit region of
the low-level jet, which guarantees the necessary low-level
moisture flux convergence that contributes to maintaining
the favorable environmental conditions for deep convection
to develop and upscale while propagating eastwards. Note
also that the spatial distribution of the meridional compo-
nent of the wind shows a wide variety of patterns, making
each case a unique event.

The presence of a low-level jet and the location of its exit
region arise as the features most directly associated with the
location of the core of the extreme rainfall in every event.
Hence, it is expected that the capability of the models in cap-
turing the main features of the extreme events will depend
on whether they are able to reproduce this particular feature.
This is the hypothesis that will be assessed later in Sect. 3.3.

3.2 Assessment of the models in reproducing
extreme rainfall event

The first evaluation is focused on the capability of the set of
models in reproducing the spatial distribution of the 3-day
accumulated rainfall for each event against the interpolated
station data. Additionally, we also evaluate how extreme
rainfall events are represented by different observational
datasets. For brevity, we only show Taylor diagrams for three
of the events in Fig. 4, events #1, #8 and #9 (see Table 4 and
Fig. 2), together with the 10-event average. Taylor diagrams
for every individual event can be found as Supplementary
Material (SM1).

The observational uncertainty in representing the spa-
tial distribution of rainfall for the selected extreme events is
apparent in Fig. 4. This feature can be identified in terms of
the range of the spatial correlation coefficients and the nor-
malized spatial variability, referred to as the spatial spread
against the reference line. The observational uncertainty
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varies from event to event in terms of either the spatial corre-
lation or the spatial variability, indicating that the differences
among datasets must be considered carefully when assessing
model performance. The large observational uncertainty rep-
resents a serious limitation for assessing the model capabil-
ity in capturing extreme rainfall events because the results
may depend on which dataset is used as reference.

Focusing on the capability of the set of models to repro-
duce the spatial pattern of the extreme events, it is impor-
tant to identify the behavior of different models’ families,
such as the 50 km—resolution CORDEX simulations, the
25 km-resolution CORDEX- CORE simulations, the WRF-
WL simulations and two families of ESD models based
on analogs and the generalized linear model, respectively.
Since several of the selected extreme events occurred on
dates falling beyond the period for which the 50 km COR-
DEX simulations are available, assessment of the full list of
simulations is not possible for all events.

For event #1 the dispersion among RCMs is compara-
ble to the dispersions between observational datasets. The
spatial correlation coefficients and the spatial spread of the
rainfall event range from 0.5 to 0.75 and from 0.8 to 1.4,
respectively, with the exception of one model displaying a
poorer performance (Fig. 4). There are no systematic dif-
ferences between the 50 km CORDEX simulations and the
25 km CORDEX-CORE simulations. ESD models fail to
capture the location and intensity of the event (not shown),
with the exception of the AN-L16 model, that simulates a
much less intense event shifted eastward. The two WRF-WL
simulations display a similar spatial spread compared with
the interpolated station data. For event #8, CORDEX-CORE
and the two WRF-WL simulations display a poorer perfor-
mance compared with event #1, though the event is captured
in the correct position with the REMO2015 and the WRF-
WL simulations (not shown). However, the spatial extension
of the event is not well reproduced. ESD models simulate
events shifted towards a more eastern position (not shown)
and in most of the cases, with less intensity. Two ESD meth-
ods based on the analogue method and considering predic-
tor variables from the PC analysis (AN-PC5 and AN-PC)
arise as the models with the poorer performance. Note that
for events #1 and #8 models are clustered around a higher/
lower range of correlation coefficients, respectively, suggest-
ing that the ability of the models is strongly case dependent.
For event #9, which has similarities with event #8 (in terms
of both the location, intensity and synoptic circulation fea-
tures), RCMs correlation coefficients are grouped to smaller
values (around 0.3) while ESD models lie clustered in the
range of 0.3 to 0.55. For these events, WRF-WL simula-
tions vs regular RCMs do not display systematic differences,
though convective permitting simulations (WRF-WL4) tend
to lie closer to the reference in most of the events (Fig. 4
and SM1).
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For the selected events displayed in Fig. 4 it is evident
that ESD models are clustered together suggesting they
perform similarly. Additionally, there is no clear advantage
in selecting predictors based on either the principal com-
ponents of the predictor variables or based on information
provided by a limited number of grid points around each
station. The performance of ESD models may be related
with the adequate choice of the predictors representing the
dynamic drivers of extreme rainfall events, however, predic-
tor based on PCs may limit the ability of capturing extremes,
as the large-scale environmental conditions associated with
the occurrence of extreme events may lie outside the patterns
explaining the 95% of the total variance. As for RCMs, the
performance of ESD models is case dependent and there are
no clear differences among the two ESD families in terms
of their ability in capturing the spatial pattern of individual
extreme events. However, ESD models tend to underestimate
the spatial variability of the extreme events, being all dots
below the reference line. This behavior may be due to though
ESD models capture the events, they systematically underes-
timate the local maxima. Dots in the Taylor diagrams seem
to be unevenly distributed independently on whether they
belong to RCMs or ESD models. The most relevant feature
revealed by Taylor diagrams of individual events (Fig. 4 and
SM1) is that the agreement between models and the refer-
ence dataset in terms of the spatial correlation coefficient,
lies mostly around 0.5 while observations display an agree-
ment of around 0.7, though for some specific events (e.g.,
event #7 in Fig. SM1g) several models reach a higher spatial
agreement with the reference dataset (correlation coefficient
above 0.8). Considering all events, it is found that the spatial
agreement against the observations, in terms of the spatial
correlation coefficient, is at least 0.7.

Though 10 events are a very limited number of cases, in
order to highlight the need of assessing models’ performance
for individual extreme events, an average of the 10 events
has been calculated and the 10-event average Taylor diagram
is shown in Fig. 4d. Additionally, the average of the met-
rics used for the Taylor diagrams for each single event has
also been computed and a mean Taylor diagram is built and
displayed in Fig. 5. Note that the information coming from
assessing the mean event (Fig. 4d) or the information from
the mean of the individual event assessment (Fig. 5) display
quite different results. Besides the limited number of cases,
it is clear that the information from the mean Taylor repre-
sents a better quantification of the capability of the models
in reproducing the spatial pattern of extreme rainfall events.
The mean event smooths out particular features of the indi-
vidual events, providing a misleading message of how well
the various modeling exercises are able to reproduce them.
On the contrary, the mean Taylor summarizes adequately
the extent to which the models can reproduce the variety

of patterns of these particular rainfall events. From Fig. 5
it is apparent that WRF-WL simulations arise as the most
suitable modeling approach and the ESD based on the GLM
clearly outperforms those based on the Analogue method.
In order to assess the capability of the models in cap-
turing the magnitude of each event, box-plot diagrams of
the 3-day accumulated rainfall (computed within the area
indicated in Fig. 2) for the selected events (#1, #8 and #9)
as well as for the average of the 10 events are displayed
in Fig. 6. Boxplots for all individual events can be found
in the Supplementary Material (Fig. SM2). From Figs. 6
and SM2, it is apparent that the agreement among obser-
vational datasets in capturing the maximum rainfall rate is
diverse, with satellite estimates either underestimating or
overestimating the maximum intensity, in agreement with
what is discussed in the literature (Araujo Palharini et al.
2020; Salio et al. 2015, among others). Moreover, some of
the datasets overestimate the inter-quantile range compared
with the interpolated station data (the reference), suggesting
large differences in the spatial distribution of the accumu-
lated rainfall. Reddish and bluish bars in Fig. 6 denote RCM
and ESD models’ performance, respectively. Note that for
the selected events displayed in Fig. 6, RCMs (ESD mod-
els) generally display a larger (smaller) spatial dispersion of
rainfall intensities, as suggested by the magnitude of the bars
and the inter-quantile spread, with varying models’ perfor-
mance in terms of reproducing the magnitude of the median
rainfall rate. ESD models tend to capture rainfall events as
less intense but more spatially expanded and hence, pro-
ducing similar median values compared with the observa-
tions. Focusing on RCMs, it is apparent that for most of the
events the higher the horizontal resolution, the larger the
magnitude of the simulated maximum rainfall rate. This is
particularly noticeable in the WRF-WL4 simulation, sug-
gesting that at convective permitting resolution the model
tends to simulate more localized heavy rainfall episodes,
in agreement with previous studies (Prein et al. 2015 and
references therein). CORDEX RCMs operating at a resolu-
tion of 50 km display a variety of model performances, with
the RCA4 RCM strongly underestimating every single event
(see Fig. SM2) and the WRF341 RCM capturing reason-
ably well the maximum rainfall rate and the spatial distribu-
tion of rainfall of the individual extreme events evaluated,
in agreement with results in Solman and Blazquez (2019).
Moreover, the CORDEX-CORE RCMs operating at a res-
olution of 22 km simulate larger maximum rainfall rates
compared against both observations and CORDEX RCMs,
with the REMO2015 model systematically overestimating
the magnitude of the localized extreme rainfall amount. The
WRF-WL20 and WRF-WL4 simulations display a similar
behavior as the CORDEX-CORE RCMs, though the con-
vective permitting simulation tends to underestimate the
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vidual events

median and to overestimate the maximum rainfall. This is
the expected behavior with models operating at higher spa-
tial resolution. ESD models tend to smooth the spatial dis-
tribution of rainfall for the individual events, with generally
lower local maxima values. Moreover, ESD models based
on the analogue technique tend to underestimate the median
rainfall rate compared with the GLM methods. Focusing
specifically on the selected events displayed in Fig. 6, event
#1 seems to be poorly simulated by all models, though some
models capture the maximum rainfall intensity but produce
a much more localized event (evident from the very low
values of the 25" quartile). For event #8 RCMs and ESD
models based on the GLM method reproduce the observed
maximum, though locally shifted (not shown). Moreover,
RCM models underestimate the rainfall rate within a broader
area, which is translated into underestimated median rainfall
rate. On the other hand, as noted for event #1, ESD models
capture a less intense but more spatially extended system,
which is reflected by the good agreement in the median
compared with the observations. Finally, for event #9, box-
plots suggest that all RCMs produce a more localized event
while ESD methods produce a more widely spread and less
intense rainfall pattern, as indicated in Fig. 6 by the size of
the bars (accounting for the difference between the 5th and
95th spatial percentile) and the inter-quartile range. Inspec-
tion of the spatial distribution of the simulated rainfall (not
shown) suggests that ESD models capture adequately well
the location but strongly underestimate the intensity of the
maxima. Only the WRF-WL4 model is able to reproduce the
spatial structure, the location and the maximum intensity of
the rainfall event.

Overall, RCMs tend to better capture the local maximum
rainfall rate, though slightly shifted in some events. ESD
models tend to better capture the overall spatial structure of
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the events, though broadening the spatial pattern of rainfall,
particularly the GLM methods. There is no clear preference
of any simulation systematically outperforming in terms of
every feature of individual extreme events. The box-plot for
the average of the 10 extreme events does not capture the
capability of the models in reproducing individual events.
This can be noted in the behavior of the RegCM4.7 RCM
which definitively does not systematically overestimate the
absolute maximum (Fig. 6d). On the other hand, the sum-
mary of the results displayed in Fig. 7 corresponding to
the average box-plot, highlights that the three families of
modeling strategies are useful tools for simulating extreme
events with most RCMs (ESDs) overestimating (underesti-
mating) the local maxima. Moreover, Fig. 7 also suggests
that ESD models based on the GLM method tend to have a
better performance compared with the analogue method, no
matter how the predictor variables are defined.

In order to quantify the capability of the models in captur-
ing the spatial distribution of the precipitation events and the
spatial scale at which they are able to reproduce the events,
we evaluate the FSS skill score. Figure 8 displays the mini-
mum spatial scale at which the FSS reaches a skillful score
(as discussed in Roberts and Lean 2008), meaning that the
simulation captures the spatial distribution of the precipita-
tion event. Figure 8 displays results for events #1, #8, #9
and for the average of every event. Figure SM3 displays the
results for every individual event. The skill of the models is
computed for different precipitation thresholds, calculated
from the 3-day accumulated rainfall considering the 75th,
90th, 95th and 99th spatial percentiles of the interpolated
station data (see Table 4). The smaller the spatial scale, the
better the model performance. The higher the threshold, the
more localized the rainfall, indicating that thresholds based
on the 95th and 99th percentiles denote the core of the rain-
fall event. Note that due to the maximum rainfall for each
event being strongly localized, the spatial distribution of the
precipitation is highly asymmetric, so that the lower percen-
tiles include very low rainfall rates (Table 4). Inspection of
Fig. 8 and Fig. SM3 show that the spatial scales at which the
FSS displays skillful scores increase with the precipitation
threshold, as expected. For event #1, models with smaller
spatial scales reaching skillful scores are REM02009,
REMO2015, RegCM4v7 and the two WRF-WL simulations.
ESD models strongly underestimate the rainfall intensity for
this event and hence, they do not reach skillful scores at any
spatial scale. Moreover, most of the ESD models simulate
an event which is shifted northeastward with respect to the
observed event. This behavior may be due to the location
of this event is very unusual. For event #8 there are several
models capturing the core of the rainfall event, particularly
WRF-WL4 for all thresholds. REMO2015 also stands out
for its small skillful scales for every precipitation threshold.
ESD models tend to adequately capture lower precipitation
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Fig.6 Boxplot diagrams for the 3-day accumulated precipitation
for the extreme events #1 (a), #8 (b) and #9 (c) (see Table 4) for the
simulations available and for the observational datasets in Table 1. d
Corresponds to the mean extreme event. Black denotes the reference
dataset. Green, red and blue colours indicate observational datasets,

intensities though for higher intensities, the spatial scales at
which they attain skillful scores increase. Two ESD models,
based on the analogue method, arise as the most skillful. For
event #9, all models are able to reach a similar minimum
skillful spatial scale for the 75th precipitation percentile,
indicating that the broad rainfall pattern is well captured by
all models. For higher rainfall rates, the REMO2015 and
WRF-WL4 models reach the lowest skillful spatial scales.
ESD models based on the analogue method arise as the most
skillful.

Inspection of individual events (Fig. SM3) suggests that
for most of the events the WRF-WL4 simulation reaches
the minimum skillful spatial scales for the highest rainfall

RCM simulations and ESD models, respectively. Units are mm/day.
Dots indicate the maximum rainfall within the area; whiskers indicate
the 5th and 95th percentile; boxes are limited by the 25th and 75th
quartiles. Black mark in the boxes denote the median

percentiles. ESD models based on the analogue method
systematically display a better performance compared with
GLM. This may be due to the analogue method replicating
past events which under particular large-scale patterns repre-
sent intense and localized extreme rainfall events. However,
the location of these events may differ from those actually
occurring. On the other hand, models based on the GLM
method tend to smooth the rainfall pattern and, hence, they
may capture the location of the rainfall event though broad-
ening the rainfall pattern and underestimating the intensity
over the core rainfall area.

Note that for the average event, the information arising
from the FSS score is completely different, compared with
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(a) 11-13 Mar 2005

#1

what has been discussed for individual events. On the other
hand, the average FSS, displayed in Fig. 9, adequately sum-
marizes the capability of the various models in capturing
each event. Note, that, as expected, WRF-WL simulations
display the smallest skillful spatial scales together with the
REMO2015 RCM. Moreover, WRF-WL4 captures very well
the highest percentiles associated with the most localized
and extreme rainfall. Another interesting feature is that ESD
models based on the analogue method outperform those
based on linear regression methods, though the minimum
skillful spatial scales are generally larger compared with the
dynamical models partly due to the shortcoming related with
locating the event in the right place.

3.3 Synopticdrivers
The behavior of each extreme rainfall event is controlled

by the synoptic-scale circulation that triggers the develop-
ment of organized convection in the region. As discussed

(b) 9-11 Nov 2015 H8
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Fig.8 Minimum spatial scale (vertical axis) for which the FSS of
each simulation reaches skilfull scores for precipitation thresholds
given by the 75th, 90th, 95th and 99th percentiles of the interpolated
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station data spatial distribution for the selected events #1 (a), #8 (b)
and #9 (c). d Refers to the mean extreme event
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Fig. 9 Same as Fig. 8 but for the average of FSS of individual events

above, one of main ingredients for triggering the initiation
of organized convection in the region is the presence of an
enhanced northerly low-level jet centered over Bolivia and
with a strong low-level flux convergence over its exit region
downstream, where the core of the rainfall event is located,
as shown in Figs. 2 and 3.

Hence, understanding whether the models are able or not
to capture the extreme rainfall events will be strongly related
with their ability to reproduce this synoptic forcing.

As an example of the relevance of the low-level circula-
tion in triggering the heavy rain event in the models, the
simulated wind field and the intensity of the meridional
wind at 850 hPa during the day before of the occurrence of
the maximum rainfall rate for the event #1 are displayed in
Fig. 10. Figures SM4 and SMS5 display the circulation pat-
terns for events #8 and #9. Note the strong correspondence
between the location of the exit region of the low-level jet
and the core of the rainfall event. Though all models dis-
played in Figs. 10, SM4 and SM5 show a similar behavior
in terms of the low-level circulation, subtle differences in the
direction of the wind have a strong impact on the location of
the flux convergence and, hence, on the location of the heavy
rainfall. Moreover, the more intense the northerly wind the
more intense the moisture and heat transport towards the
area where the rainfall system develops, suggesting that both
the intensity of the meridional wind and the wind direction
are important features that may explain why models are able
or not to capture the extreme rainfall event. For event #1
(Fig. 10), two models (RegCM4.7 and RCA4) misrepresent
the structure of the low-level jet, including the intensity
of the jet core, its southward extension and its exit region.
The RegCM4.7 simulates a heavy rainfall event but shifted
westward compared with observations; the RCA4 misrepre-
sents the event (not shown). On the other hand, models that
adequately reproduce the structure of the meridional wind

produce higher (or lower) precipitation rates depending on
how active the convective scheme is. This is the case for
REMO2015, WRF341 and HadRMP3. WRF-WL simula-
tions are more constrained to the initial conditions, so their
circulation patterns are usually closer to the reanalysis and,
hence, are able to capture the low-level circulation properly.
Howeyver, the convection scheme in the WRF-WL20 simula-
tion also plays a role in both simulating the rainfall intensity
and impacting the low-level circulation.

All ESD methods include the meridional component of
the wind at 850 hPa as a predictor variable, either given by
the principal components or by its value over the points sur-
rounding each station data. The failure of ESD methods in
capturing this particular event may be due to the rareness of
the circulation pattern associated with the occurrence of the
event that may be not well captured by the analogues or may
be filtered after the principal component analysis. Moreover,
selecting a limited number of grid points for specifying local
predictors, in particular the meridional component of the
wind, may also impact on the capability of capturing one of
the main synoptic forcings associated with the occurrence
of an extreme event.

In order to summarize the models’ behavior focusing on
the low-level circulation patterns, Fig. 11 displays Taylor
diagrams of the meridional component of the wind in the
day prior to the extreme precipitation of the selected events
(event #1, #8 and #9) and for the average of the 10 events.
Fig. SM6 displays the Taylor diagrams for every event. For
event #1 (Fig. 11), overall, the simulated spatial pattern of
the meridional wind field seems to be in good agreement
with the reanalysis, though some of the models display
smaller spatial variability (e.g., RCA4 and WRF341), due
to underestimating the intensity of the northerly wind, as
shown in Fig. 10. Note that the ability of the models in
capturing the low-level circulation is diverse, as can be
seen for event #8 and event #9 and in SM6.

For event #8, the RegCM4.7 fails to reproduce the spa-
tial pattern of the low-level circulation (displayed in Fig.
SM4), though it reproduces a meridional flux convergence
over the area where the event is observed and, hence, it
produces a localized precipitation maximum, though
slightly shifted southward, compared with the observa-
tions. This is one example of a model capturing a heavy
rainfall event but failing to capture the drivers of the event.
This also occurs with the REMO2015 which completely
displaces the extreme rainfall event. Though it captures the
overall low-level circulation pattern, it does not reproduce
the maximum wind intensity over Paraguay and northern
Argentina (Fig. SM4) and hence, does not capture the low-
level flux convergence over the region where the system
develops. The two WRF-WL simulations are in better
agreement with the driving reanalysis and, as expected,
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Fig. 10 850 hPa wind (vector) and intensity of the meridional compo-
nent of the wind at 850 hPa (shaded, in m/s) during the onset of the
event #1, as depicted by the set of simulations available. Black con-

with the WRF-WL4 lying closer to ERA-Interim, com-
pared with WRF-WL20.

For event #9, the spatial correlation coefficient of the
meridional wind pattern between models and the reanalysis
is lower compared with the other events. Note that the low-
level circulation in events #8 and #9 is similar (Figs. SM4
and SM5), however, RCM models, particularly RegCM4.7
and REMO2015 fail to reproduce the circulation associated
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-2 2 4 6 g 10

tours display the accumulated precipitation during the day of maxi-

mum rainfall rate (mm). Bottom panel correspnds to ERA-Interim
reanalysis

with this event. On the other hand, only the WRF-WL4 sim-
ulation is able to capture both the intensity and the location
of the exit region of the jet, and hence, this model is able to
capture the location and intensity of the extreme event, as
noted from Fig. 9.

The Taylor diagram for the mean extreme event, displayed
in Fig. 11, also highlights how different the message can be
when evaluating the average of such diverse extreme events.
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Fig. 11 Same as Fig. 4 but for the spatial distribution of the meridi-
onal component of the wind at 850 hPa within the region indicated
in Fig. 3. The ERA-Interim reanalysis is considered as the reference

The figure displays very high spatial correlation coefficients,
ranging from 0.7 to 0.9, getting a wrong idea of the extent to
which, the models are able to capture the correct synoptic
drivers for the extreme events. Figure 12, which displays the
average of the Taylor diagrams for each individual event,
indicates that the models have a comparable capability of
capturing the synoptic scale forcing for the events evaluated
here, with spatial correlation coefficients ranging from 0.52
to 0.72, with the RegCM4.7 RCM depicting the lower spatial
agreement with the reanalysis.

The results discussed above highlight how relevant low-
level circulation is in helping to understand whether the
models are capable of reproducing the extreme events for
the right reasons. Parameterizations of deep convection
may play a role in modulating the low-level circulation

00 02 04 06 08 10 12 14 16 18 20

Standard deviation

dataset. The spatial distribution of the wind has been taken within the
box defined from 37° to 25° S and from 66°to 53° W

which may have a strong impact on how well the model
may reproduce heavy rainfall associated with deep
convection.

4 Conclusions and discussion

Extreme daily precipitation events occurring during the
warm season over Southeastern South America were iden-
tified from station data in order to assess the capability of
dynamical and statistical downscaling techniques in captur-
ing the main features of the events together with their cor-
responding triggering mechanisms. The set of simulations
includes: (a) RCMs from the CORDEX and the CORDEX-
CORE datasets; (b) short-term simulations performed with
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Fig. 12 Same as Fig. 5 but for the meridional component of the wind

the WRF RCM at 20 km (convective parameterization)
and 4 km (explicit treatment of convection) spatial resolu-
tions; (c¢) ESD models based on two different methodolo-
gies: the analogue and the generalized linear model (GLM)
approaches. The models’ assessment is based on a case study
approach in order to identify whether the models are capa-
ble of capturing the unique features of the selected extreme
events in terms of the spatial distribution of rainfall accumu-
lated during the event, the intensity of the maximum rainfall
rate and the synoptic scale forcing mechanisms.

Models were evaluated in terms of the 3-day accumulated
precipitation centered on the day of maximum rainfall rate
by means of Taylor diagrams, box-plots and the fractional
skill score together with the assessment of the 850 hPa circu-
lation pattern and the 850 hPa meridional component of the
wind to account for the structure of the low-level jet. Various
observational datasets based on a variety of products, includ-
ing gridded products, satellite estimates and station data,
were integrated in the analysis in order to highlight the large
observational uncertainty that needs to be considered for a
proper model evaluation and interpretation of model per-
formance when dealing with extreme events in the region.

The first thing to note is that the capability of the vari-
ous modelling techniques to capture the main features of
each individual rainfall event together with their synoptic-
scale triggering mechanisms depends on the event. RCMs
and short-term simulations with both, parameterized and
non-parameterized convective processes, display a variety
of model performances, though, in general, they tend to pro-
duce a localized heavy rainfall cell. For some of the events,
the location of the core of the event is spatially shifted com-
pared with the observations. Nevertheless, it is found that the
higher the spatial resolution of the RCMs, the more intense
and the more localized the core of the rainfall event is. This
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behavior is even more evident in the weather-like simula-
tions performed at convective permitting resolution. This is
a common feature arising from convective-permitting reso-
lIution models, as discussed in Kendon et al. (2012), Li et al.
(2019), among others. Moreover, given the importance of the
initial conditions in modeling the evolution of an extreme
rainfall event, it is expected that the weather-like simulations
are more skillfull than the long-term climate simulations.
ESD models, in turn, tend to overestimate the spatial exten-
sion of the events and tend to underestimate the intensity of
the localized maxima. This behavior is generally observed
for ESD models based on the GLM technique. Note that
the underestimation of the intensity of extreme events is an
expected shortcoming of the deterministic statistical mod-
els such as those evaluated in this work. This is due to they
are structured to mainly reproduce mean conditions (Hertig
et al. 2018). The performance of ESD models in capturing
extremes is strongly dependent on the choice of the relevant
predictors as well as the treatment of those predictors. Given
that extremes are rare events, even when the predictors prop-
erly capture their dynamic drivers, predictor variables based
on a limited number of spatial patterns, as those arising after
a principal component analysis is performed, may limit the
possibility of including circulation configurations outside
the 95% of the total variance.

The FSS allowed exploring not only the ability of the
models in reproducing the extreme events but also in identi-
fying at which spatial scales they provide useful information.
The conclusion from this analysis indicates that, as expected,
the weather-like simulations display the smallest skillful spa-
tial scales together with one of the CORDEX-CORE RCM:s.
ESD models based on the analogue method also arise as
those with the smallest skillfull scales compared with those
based on the GLM technique. However, results based on the
analogue method tend to produce events that are generally
shifted compared with the observations. This is expected
since the analogue technique relies on past events and, as far
as the predictor variables are associated with the occurrence
of an extreme event, the method will pick up the event which
will be frequently centered in a slightly different location.

To finalize the assessment and given the relevance of the
low-level circulation in triggering the events, the analysis
revealed that models are strongly constrained by the low-
level circulation in reproducing extreme rainfall. They locate
the core of the rainfall event at the exit region of the low-
level northerly jet. Moreover, the larger the intensity of the
meridional component of the low-level wind, the larger the
rainfall rate. Inspection of individual models revealed that
RCMs reproducing the location of the extreme events also
reproduce the low-level flow configuration. The intensity of
the rainfall event is also controlled by the convective scheme
which, in turn, may also have a role in modulating the low-
level circulation. Weather-like simulations performed in
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this study showed that, since these simulations are strongly
controlled by the initial conditions, the agreement in the
dynamic forcing with the reanalysis helps to guarantee the
correct low-level flow configuration and, hence, they gener-
ally achieve a good performance in terms of the location
of the heavy rainfall events. However, given that the con-
vective scheme usually modulates the low-level circulation,
convective permitting simulations arise as those which are
able to best reproduce the location where the extreme events
develop.

After assessing the performance of the models in repro-
ducing the spatial features of the selected events, it becomes
clear that the average of the metrics of models’ performance
computed from individual events adequately synthesizes the
mean models’ behavior. From this synthesis, it is found that
the spatial pattern of the set of extreme events are generally
well captured by most of the models evaluated in this work,
with the weather-like simulations and the ESDs based on
the GLM technique depicting the more reliable qualities in
reproducing the main features of the events, though with
some deficiencies.

RCMs and weather-like simulations generally produce
localized and intense extreme events, though they may mis-
represent the exact location of the events. On the other hand,
ESD methods tend to produce smoother rainfall distribu-
tions, expanding over a larger area and with less intensity,
with the exception of methods based on the analogue tech-
nique. Convective permitting simulations result as those
reaching the smallest skillful scales for the largest rainfall
amounts, meaning that they are able of capturing the larg-
est rainfall events at the smallest spatial scales, in agree-
ment with previous studies (Prein et al. 2015 and references
therein). Moreover, weather-like simulations, particularly
operating at convective permitting resolution, arise as those
with the most accurate representation of the areas with mois-
ture flux convergence, which represent the main triggering
mechanisms controlled by the synoptic-scale circulation.

Though results based on averaging over 10 events may
not yield robust conclusions, it is still apparent that the
uniqueness of the extreme events and the variety of the syn-
optic scale forcing mechanisms underline the need for an
individual case study approach in order to better understand
the limitations of the models when focusing on extreme
events. This study also highlights the need for the case
study approach as a benchmark for narratives for a better
understanding of the impacts and a better communication
of a potential increase in vulnerability associated with the
occurrence of extremes in the future.

All models assessed in this study are driven by the ERA-
Interim reanalysis. Similar analyses need to be performed
but based on the latest ERAS reanalysis (Hersbach et al.
2020) in order to identify the extent to which the quality of

the driving reanalysis may impact on the outcomes from the
variety of modelling approaches.

Finally, it is worth remarking that the objective mod-
els’ assessment performed allowed us to identify strengths
and weaknesses of the various modelling tools included in
this study that may help to improve interpretation of the
reliability of the information provided by these modelling
techniques.
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