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1.  INTRODUCTION

In the near future, a global increase is expected in
the frequency and intensity of extreme weather and
climate events (IPCC 2013). This poses a concerning
scenario for our society, as extreme events can be a
source of risk for populations. For instance, be tween
1998 and 2017, climate-related hazards ac counted
for more than US$2 trillion of losses worldwide, af -
fectingmorethan4billionpeople(Wallemacq & House

2018). Societal changes during the previous century
such as the rapid increase of human population in
coastal and low-lying areas have made communities
more exposed and vulnerable to the im pacts of such
extreme events (Karl & Easterling 1999, Kunkel et al.
1999, Easterling et al. 2000, Mechler & Bouwer 2015).
In developing countries, extreme events are a great
source of fatalities and economic losses, as the popula-
tion and governments are less resilient, adapted and
prepared (Handmer et al. 2012).
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The southern region of Brazil (SBr), composed of
the states of Paraná (PR), Santa Catarina (SC) and Rio
Grande do Sul (RS), is a region which suffered very
high economic losses due to the meteorological ex -
treme events of recent years (World Bank 2016). The
coastal region of those states is inhabited by about
3.2 million people, and the area has developed im -
portant economic and technological activities (Stro -
haecker 2004) as well as 21% of all Brazilian sea-
ports. The impacts of extreme events in this area can
be devastating, as urbanized coastal low-lying areas
are vulnerable to events such as extreme precipita-
tion and storm surges. Examples of such events were
Hurricane Catarina in 2004 and the Itajaí Valley
(northeast of SC) flooding in 2008. Both events
directly affected millions of people due to inunda-
tions, landslides and high wind speeds that caused
property loss, heavy damage to local infrastructure
and fatalities (Nunes & da Silva 2013, Hermann 2014,
World Bank 2016).

The weather in this region is related to phenomena
of large regional and local scales. Such phenomena
include Rossby wave propagation (which affect the
propagation of mid-latitude cold fronts), the South
At lan tic Anticyclone (SAAC) (Garreaud et al. 2009),
extratropical cyclones (ECs) (Reboita et al. 2018),
cold fronts (Compagnucci & Salles 1997, Garreaud
2000, Garreaud et al. 2009), the South Atlantic Con-
vergence Zone (Kodama 1992, Carvalho et al. 2004,
Garreaud et al. 2009, Fernandes & Rodrigues 2018),
the South American Low-Level Jet east of the Andes
(Seluchi & Marengo 2000, Salio 2002, Seluchi et al.
2003, Marengo et al. 2004, Salio et al. 2007), the
Brazil-Malvinas Confluence (Gordon 1989, Stramma
1989, Gramcianinov et al. 2019), local orographic ef -
fects (Rodrigues & Ynoue 2016), heterogeneities in
topography and land use (as seen in Fig. 1D) and
land−sea breeze circulations. Therefore, models aim-
ing to reproduce the occurrence of extreme events in
this region should be able to represent multiple
scales and the interaction between them.

The western South Atlantic Ocean (SAO) is very
cyclogenetic, and there are 3 preferable regions for
EC genesis (Fig. 1A): south-southeastern Brazil (RG1),
ex treme south Brazil and Uruguay (RG2) and south-
east Argentina (RG3) near 45° S (Sinclair 1995,
Hoskins & Hodges 2005, Mendes et al. 2010, Reboita
et al. 2012, Gramcianinov et al. 2019). Between 20
and 30% of annual precipitation in the SBr region is
due to ECs occurring in the vicinity of this area
(Reboita et al. 2018). Also, ECs are responsible for
the occurrence of intense winds, high sea waves (ex -
treme sea waves, in some cases) and storm surges

along the Brazilian coast, triggering episodes of
coastal flooding and beach erosion (Parise et al. 2009,
Campos et al. 2010, Machado et al. 2010, Parise &
Farina 2012, Guimarães et al. 2014, Gomes da Silva
et al. 2016, Albuquerque et al. 2018).

Climate projections indicate heterogeneous changes
in EC occurrence over the SAO area. Mean cycloge-
nesis in the SAO might become less active, especially
for the most intense systems (Krüger et al. 2012,
Reboita et al. 2018). This might be related to a pole-
ward shift of the upper polar jet (Reboita et al. 2018)
and the enhancement of winds related to the SAAC
(Krüger et al. 2012). However, for the 2 cyclogenetic
foci located closest to the Brazilian coast (RG1 and
RG2), climate projections indicate a possible increase
in cyclogenesis (Reboita et al. 2018). Nevertheless,
climate model projections suggest an overall in -
crease in temperature and precipitation for coastal
SBr, with wetter summers and drier winters (Krüger
et al. 2012, Chou et al. 2014, Ramos da Silva & Haas
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Fig. 1. (A) South America, the southern Brazil study area
(highlighted) and the 3 cyclogenetic regions (RG) in the
western South Atlantic (see Section 1 for details). (B) Global
computational grid used for Ocean−Land Atmosphere Model
numerical experiments. (C) High-resolution regional grid
centered on the coastal region of southern Brazil. (D) South-
ern Brazil topography (m); borders of Paraná (PR), Santa
Catarina (SC) and Rio Grande do Sul (RS) states; and Brazil-
ian National Institute for Space Research Center of Weather
Forecast and Climate Studies (INPE) meteorological stations
used for model validation (red dots). Cities where the stations
are located: pga: Paranaguá; flp: Florianópolis; trs: Torres; 

rgd: Rio Grande; svp: Santa Vitoria do Palmar

A
ut

ho
r c

op
y



2016), and more frequent and intense ex treme pre-
cipitation events, increasing the risk of floods in the
region (Marengo et al. 2009, Nuñez et al. 2009, Chou
et al. 2014).

As extreme events in the SBr, such as Hurricane
Cata rina and the Itajaí Valley flooding in 2008, had
caused very high economic and societal costs (Nunes
& da Silva 2013, Hermann 2014, World Bank 2016),
responsible authorities need a local assessment of the
possible future occurrence of similar extreme events.
The main tools used in long-term climatic studies are
general circulation models (GCMs), which have
coarser resolutions from 50 to 450 km, that do not fully
resolve the land use, land−sea distribution and com-
plex topography of South America (Taylor et al. 2012).
Also, this level of resolution is not enough to explicitly
simulate mesoscale processes and the smaller ECs
(Reboita et al. 2018) and do not simulate well extreme
precipitation events (Farnham et al. 2018). To achieve
more refined spatial resolutions, 2 techniques can be
used: dynamical downscaling, a process that compre-
hends nesting a regional climate model (RCM) into a
GCM, or the statistical downscaling of GCM output.

The major studies using RCMs that have been
made to estimate the future occurrence of extreme
events in South America adopted a grid space from
40 to 50 km (Ambrizzi et al. 2019 and references
therein) which do not fully resolve the effects of the
complex topography of South America and the
details of the SBr surface heterogeneity and coastline
(Fig. 1D). Also, this methodology applies 1-way com-
munication between the GCM and the RCM; thus,
the local-scale phenomena do not interact with the
large-scale circulation. Therefore, novel studies at -
tempting to address future projections of extreme
events for the coastal region of southern Brazil would
benefit from increased horizontal model resolution
and scale interaction.

An important feature of the Ocean−Land Atmos-
phere Model (OLAM) (Walko & Avissar 2008a,b) is
its ability to simulate both local-scale weather as well
as global-scale phenomena simultaneously (Fig. 1B).
This is achieved by its refining grids method. The
model uses a global icosahedric grid as well as high-
resolution grids and therefore allows 2-way commu-
nication between the different large-scale and meso -
scale processes. The refining grid methodology is
useful for saving computational power when large
scale needs to be represented, while still achieving
fine resolutions on regions of interest (Walko & Avis-
sar 2011, Medvigy et al. 2013). Also, a better repre-
sentation of South American topography by this
methodology allows a more realistic representation

of the South American climate under ENSO condi-
tions (Medvigy et al. 2008).

The goal of the current study was first to identify the
major extreme events that occurred in the coastal re-
gion of southern Brazil in recent years and then to test
whether OLAM was capable of a realistic downscaling
of the meteorological conditions associated with those
events. This is the first study to identify and use a
high-resolution regional grid to study the major ex-
treme meteorological events in this area. The model
uses input data from a coarser resolution re analysis
as initial and boundary conditions. The proposed
methodology allows the representation of different
scale phenomena, from large-scale features to local-
scale circulations. Initially, 12 extreme regio nal events
that occurred since the beginning of the current cen-
tury were selected. After that, the simulated results
were compared with observed meteorological and re-
analysis data to answer the question, ‘How well can
OLAM downscale extreme events in the coastal re-
gion of southern Brazil when comparing to reanalysis?’
The meteorological conditions related to each event
can be found in Text S1 in the Supplement at www.
int-res. com/ articles/ suppl/  c084 p001_ supp. pdf.

2.  MATERIALS AND METHODS

2.1.  Numerical model description

For numerical simulations with the extreme events
that impacted the SBr region, we used OLAM. This
model has already been used to estimate the effects
of global ocean warming on the South American cli-
mate (Ramos da Silva & Haas 2016) and the effects of
Amazon deforestation on climate extremes in South
America (Medvigy et al. 2012) and for weather fore-
casting and regional climate estimates for the Ama-
zon region (Ramos da Silva et al. 2014a,b). Overall,
the model provides a good representation of major
coast al convective systems (Ramos da Silva et al.
2014a). Remarkably, a study from Khanna et al. (2017)
demonstrated the effects of Amazon deforestation on
regional atmospheric circulation, highlighting the
utility of OLAM’s variable resolution capability for
studies of local-scale phenomena.

OLAM was developed at Duke University as an
evolution of the Regional Atmospheric Modeling
System (RAMS), so its physical parameterizations
and computing structure were designed on the latter
(Walko & Avissar 2008a,b) . The RAMS model en -
ables the achievement of high-resolution atmos-
pheric simulations by the use of a nesting grids tech-
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nique, making it very versatile (Pielke et al. 1992).
However, in the RAMS model, the spatial scale of a
simulation is limited to regional domains. Capable of
performing global simulations with high-resolution
regional grids, OLAM opens up new possibilities for
numerical studies.

The model solves full non-hydrostatic compressible
Navier-Stokes equations using the finite volume
method. The grid elements are non-structured hexa-
gons that can be further divided to increase horizontal
resolution. This makes OLAM suited for mesoscale
studies, as it can represent the interactions be tween
large-scale phenomena and mesoscale processes
 simultaneously without adding errors from lateral
boundary conditions (Walko & Avissar 2008a,b).

The model calculates turbulent fluxes related to
soil and vegetation cover through the use of a sub-
model, the Land Ecosystem−Atmosphere Feedback
(LEAF-3) model (Walko et al. 2000). As OLAM is an
atmospheric model only, the model needs assimila-
tion of SST data as an ocean forcing component.

2.2.  Extreme events case selection

Due to the relativeness of the word ‘extreme’, the
definition of what is an extreme event can often be
vague and confusing. Thus, the widespread defini-
tion of an event extreme derives from climate statis-
tics. In this case, an extreme event can be identified
as some variable exceedance of a certain threshold,
for example, an amount of rain above the 90th per-
centile of historical rainfall (Frich et al. 2002). How-
ever, sometimes the occurrence of an event, classi-
fied as extreme by this definition, might not really
re present a damaging or severe event for society. For
example, a hydroclimate event of persistent or heavy
rain might not cause flooding due to the previous
river level being low; thus, it might not necessarily
cause significant impacts. As our goal was to simu-
late the main events for the study area based on the
impacts felt by society, a distinct approach had to be
considered.

We selected cases of extreme events for the coastal
region of southern Brazil through the review of on -
line news portals. This research returned a great
number of damaging events that occurred in the
study area, and we selected only the major events of
the 21st century. We considered as a major event the
cases that (1) were associated with any economic loss
(as reported by the media) for the affected communi-
ties, (2) impacted at least a region in the study area
(i.e. at least more than 1 city near the coast) and

(3) were reported more than once by local news. Fur-
thermore, we also performed a similar research of
extreme events in the scientific literature. This was
not our primary source for the chosen case study
because not all extreme events that occur are indeed
studied by the scientific community.

In this study, we defined the start and end days of
an event based on the reports, for example, reported
days of consecutive rain or occurrence of high sea
waves in one place located in the study region. The
approximated peak time of a given event was identi-
fied using distinct criteria. First, if the event was al-
ready described in the literature, we used the re -
ported peak time. For the remaining cases, we first
identified what kinds of impacts were associated with
the event (for example, heavy precipitation) and then
analyzed the corresponding meteorological data for
the moment of maximum intensity of rain and/ or mo-
ment of maximum wind speed. We also analyzed
near-surface circulation from the NCEP Reanalysis 2
(Saha et al. 2014) and the Climatic Analysis Monitor-
ing Bulletin (CLIMANÁLISE) from the Brazilian
Natio nal Institute for Space Research Center of
Weather Forecast and Climate Studies (INPE-CPTEC)
so we could check the dynamical atmospheric phe-
nomena leading to the respective extreme event. The
 CLIMANÁLISE bulletin can be found at http:// clima
nalise.cptec.inpe.br/ ~rclimanl/ boletim/. This bulle tin
ranges from 1994 to 2014, so for the analysis of events
that occurred later than 2014, we used the INPE-
CPTEC technical bulletin, available at http:// tempo.
cptec.inpe.br/boletim tecnico/ pt.

2.3.  Numerical experiment design

To simulate the selected events, we set OLAM with
a global grid (Fig. 1B) with high resolution in the
study area of coastal region of SBr (Fig. 1C). There
were 5 levels of refining for the regional grid, apart
from the global. This approach allowed the model to
represent the major features of this coastal region.
The spatial grid size varied from approximately
200 km for the global grid, increasing from 100 km
through 50, 25, 12 and finally 6 km. This level of re -
finement allows representing the mesoscale features
in this ocean−land interface. In the vertical, the
model was set with 49 atmospheric levels, with reso-
lutions ranging from 60 m in the lower level up to
2000 m in the upper stratospheric levels that reached
35 km high. For the soil, 21 levels were used, with
spacing varying from 0.05 m near the surface up to
0.5 m, at 5 m depth. To maintain numerical stability,
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we adopted a 10 s time step, which is applied for the
whole domain.

The initial atmospheric conditions used to force the
model were the wind fields, geopotential height, air
temperature and relative air humidity, from the
NCEP Climate Forecast System Reanalysis (CFSR).
Those variables were updated during the simulations
every 6 h into the model for a light nudging only on
the model’s coarser grid. No further data assimilation
was performed.

For each event, we set up the simulations to start
3 d prior to the day of peak time for model adjust-
ment. Also, the experiments were set to finish 6 d
after the peak. Therefore, the experiments had a
time length of 10 d in total, except for event (E) 07
and E12. During E07 (Itajaí Valley flooding in 2008),
we included an extra day before the event start
because there was also high precipitation on the pre-
vious day to the peak. For E12 (Hurricane Catarina),
we considered peak time as the landfall moment. In
this case, we started the simulations 10 d prior to this
to capture the whole life cycle of this system, from
cyclone genesis to landfall. This was important to
better represent the atmospheric dynamics associ-
ated with this process in the study area during the
early stages of cyclogenesis.

The physical parameterizations adopted included
the cumulus convection parameterization (Grell &
Freitas 2014), the diffusion coefficient for atmospheric
fluxes parameterization (Smagorinsky 1963), the
cloud microphysics parameterization (Walko et al.
1995, Meyers et al. 1997) and the short- and long-
wave radiation parameterization (Mlawer et al. 1997).
Global data of topography, vegetation types and soil
texture are used as surface boundary conditions for
the respective soil−vegetation sub-models (LEAF-3).

2.4.  Data

As previous mentioned, for model initialization and
nudging, we used wind, temperature and humidity
data from the CFSR reanalysis model. The CFSR is a
global 6 h reanalysis product, ranging from 1979 to
present days, with approximately 38 km of global
atmospheric resolution. It also provides full coupling
between the atmosphere and oceans, a sea ice model
and assimilation of satellite radiance data (Saha et al.
2010, 2014). An assessment of CFSR performance
can be found in Ebisuzaki & Zhang (2011) and Wang
et al. (2011).

The oceanic boundary condition used was the Opti-
mum Interpolation Sea Surface Temperature (OISST)

from NOAA. The NOAA OISST is a weekly 1/4° reso-
lution analysis product ranging from 1981 to the pres-
ent that combines distinct observation sources such
as buoys, ships and satellites and then applies an ad-
justment to remove sensor bias and compensate for
differences in platform measurements (Reynolds et
al. 2002, 2007). The weekly data are constructed from
satellite images that are limited due to cloud obstruc-
tions, but the weekly superposition is able to cover
the total global surface (Reynolds & Smith 1994).

For model performance assessment at the local
level, we compared the simulated atmospheric vari-
ables with observational data from available meteor-
ological stations for the study area (Fig. 1D). The data
came from the National Institute of Meteorology
(Instituto Nacional de Meteorologia [INMET]). The
INMET stations used for analysis were located at
Paranaguá, PR (25.53° S, 48.51° W); Florianópolis, SC
(27.58° S, 48.56° W); Torres, RS (29.35° S, 49.73° W);
Rio Grande, RS (32.03° S, 52.11° W); and Santa
Vitória do Palmar, RS (33.51° S, 53.35° W). These sta-
tions were chosen because they presented the most
homogeneous data available in the region affected
by the selected events.

Another model evaluation assessment was per-
formed using atmospheric fields capable of covering
both land and oceans. For this evaluation, we com-
pared the model data with precipitation fields from
the Tropical Rainfall Measuring Mission (TRMM)
and the Global Precipitation Measurement (GPM)
mission and with temperature fields from the
 Modern-Era Retrospective Analysis for Research and
Applications, Version 2 (MERRA-2). The TRMM pre-
cipitation product integrates data from 5 distinct
satellite sensors to provide gridded data ranging
from 50° N to 50° S in a 0.25° grid, with instantaneous
values every 3 h (Huffman et al. 2007). The TRMM
mission ranged from 1997 to 2015, and then it was
replaced by the GPM mission. The GPM data use the
IMERG algorithm, which aggregates multi-satellite
data to provide 0.1° global half-hourly precipitation
fields (Hou et al. 2014). In those cases, we used the
3B42RTv7 and the 3IMERGHHv06 TRMM and GPM
products, respectively. The MERRA-2 reanalysis
product includes the assimilation of observational
data from a wide variety of sources such as gauge
stations and satellite data, so the temperature fields
are provided every 3 h in a 0.5° × 0.625° grid (Gelaro
et al. 2017). A better description of those products
can be found in other studies (Gebremichael & Kra-
jewski 2004, Huffman et al. 2007, Liu 2016, Buchard
et al. 2017, Randles et al. 2017, Wang et al. 2017,
Draper et al. 2018).
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2.5  Statistical analysis

To evaluate model performance on simulating the
extreme events selected here, we performed a set of
statistical analyses. For each event, we calculated
model bias, RMSE, mean square error (MSE) and the
spatial correlation index (CI). For such analysis, first,
it is necessary to calculate the errors (model results
minus observation, di) point to point, as:

(1)

where Pis and Pio are, respectively, the model-
simulated and the observed variables. Since the
study area covers oceanic surfaces, reanalysis data
were assumed as observations to compare with the
model simulation results. To perform the statistical
analysis, both data being compared are required
to be in the same dimensions. Therefore, we per-
formed a bilinear interpolation in the OLAM data,
as it is the dataset containing the most grid points
(i.e. the highest spatial resolution). For comparison,
considering the spatial domain used here for the
analysis, from 54° to 45° W and from 34° to 26° S,
OLAM has 36 381 grid points, while GPM, TRMM
and MERRA-2 have 7200, 1221 and 255 grid points,
respectively. So, for each case being analyzed, we
interpolated the OLAM data to have the same res-
olution as the respective re analysis comparison.

Additionally, the MSE can be partitioned into a dis-
sipative (MSEdiss) and a dispersive (MSEdisp) compo-
nent (Takacs 1985), where the former explains am -
pli tude errors and the latter, phase errors:

MSEtot = MSEdiss + MSEdisp (2)

The dissipative component in Eq. (2) can be esti-
mated as:

(3)

and the dispersive as:

MSEdisp = 2(1 – CI) σ(Pio) σ(Pis) (4)

where σ(x) is the SD of the x-variable, and CI is the
previously mentioned spatial CI.

Furthermore, we also performed a Mann-Whitney
U-test for checking OLAM and reanalysis accumu-
lated precipitation data, for all selected events. This
non-parametric test checks the null hypothesis that
both data present the same distribution. For this, we
adopted a p-value threshold of 0.05.
Special coding programs in the Python language
were developed to perform the statistical analy -
sis presented here. These programs are freely

available at https://github.com/daniloceano/OLAM_
validation.

3.  RESULTS

This section presents the results of the determina-
tion of the main extreme weather events in the study
region and the results of the OLAM numerical simu-
lations. A brief description of the atmospheric condi-
tions related to each event occurrence can be found
in Text S1 in the Supplement.

3.1.  Extreme events selection

The extreme events date of occurrence, associated
impacts and atmospheric dynamics are presented in
Table 1. We selected the major 12 extreme events for
the recent past (i.e. 2000−2018). Most of the selected
cases were extreme events that damaged urban
areas and led to economic losses for the affected
cities. The remaining events were associated with
ex treme wind speeds, storm surges and high waves
that impacted the coastal infrastructure. Some of the
selected events were already mentioned in the liter-
ature, such as the occurrence of events with high
waves (E04, E06, E09, E10 and E11), strong winds
(E04, E08 and E12) and heavy rainfall (E07 and E08).
Four events (E01, E02, E03 and E05) had not already
been mentioned by the scientific literature, and all of
them were related to excessive precipitation. There-
fore, our analysis resulted in the selection of events
with a combination of hazards.

Event occurrence showed no clear seasonal pat-
tern. The 2 most frequent event types, heavy rain
(HR) and high wind speeds (HW), occurred prefer-
ably during warmer and colder months of the year,
respectively. In general, during the austral winter,
cold fronts pass through the region, while during the
summer months, strong local convection in associa-
tion with synoptic-scale phenomena (frontal systems,
South American Low-Level Jet and South American
Convergence Zone) enhances the strength of local
thunderstorms.

All the selected events occurred in association with
cyclonic or anticyclonic activity near the coastal area
of SBr. Half of the events were related to cyclonic
activity (one of them being a hurricane), nearly half
were related to both cyclonic and anticyclonic transi-
tory activity and a single event was related only to a
stationary anticyclone. It was already expected that a
high number of cyclogenetic events were related to
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impacts such as erosion and coastal flooding. How-
ever, the impacts of anticyclonic systems are often
not analyzed by the literature, although the orogra -
phic rain caused by the easterly flow from the anticy-
clone together with the mountains close to the coast
in this region results in flash floods events (Rodrigues
& Ynoue 2016).

3.2.  Model results evaluation

Fig. 2 shows the total accumulated precipitation
comparison between the model results and observa-
tions (TRMM and GPM) for each case study. The
results show that for most of the events except E07
and E12, OLAM underestimated the maximum val-
ues of accumulated precipitation. However, except
for E01, E02 and E06, the visual subjective analysis
indicated that the spatial distribution was well repre-
sented, including the regions where maximum pre-
cipitation occurred.

The results from the statistical analysis of total
accumulated precipitation are presented in Table 2.
It can be seen both from the difference between
OLAM and the reanalysis and from the bias that
OLAM underestimated total precipitation for most
events, except for E07 (bias: 0.64). The largest model
bias was found for E02, E03 and E05. For those
events, the largest part of the error was explained by
the MSEdiss, which indicates that the bias associated
with those events was mainly caused by an underes-
timation of precipitation intensity, although only E02

presented a CI value lower than 0.7. For E07, E08,
E11 and E12, the opposite was true, as the associated
MSEdiss was larger than the MSEdisp. Meanwhile, for
the remaining events (E04, E06, E09 and E10), the
difference between both MSE components was no
greater than 5 mm, which indicates that for those
events, both amplitude and phase errors contributed
equally to the model bias.

Statistical spatial correlation between the observed
and simulated accumulated total precipitation pre-
sented heterogeneous results. The lowest spatial cor-
relations were found for E08, E01, E02 and E06 (0.47,
0.49, 0.53, 0.58, respectively). For the remaining
events, the model presented correlation values rang-
ing from 0.60 to 0.83 Additionally, we performed the
Mann-Whitney U-test for all events. For all of them,
the null hypothesis was rejected, i.e. the model and
the reanalysis data presented different distributions.

To evaluate overall domain accumulated precipita-
tion, we performed a comparison between the model
and the TRMM/GPM spatial distributions (Fig. 3).
This comparison indicates that the model simulated
well the precipitation behavior for most events, as
both modeled and estimated precipitation distribu-
tions presented similar slopes. However for most
events except E07, E08 and E12, the GPM/TRMM
presented higher frequency for higher precipitation
points. Nevertheless, this analysis confirms that the
model underestimates precipitation for most of the
selected events. For E07 and E12, the 2 most impor-
tant events, OLAM simulated higher maximum pre-
cipitation values than the TRMM estimates. However,

7de Souza & Ramos da Silva: OLAM performance for extreme events

Event    Year       Start           End           Peak                   Impact              AD                 Reference for classification

1            2018       10 Jan     16 Jan     11 Jan 18Z                HR             AC, CS    
2            2017       01 Jun     07 Jun     04 Jun 21Z                HR             AC, CS    
3            2011       06 Sep     09 Sep     08 Sep 09Z                HR                 CS       
4            2011       25 May    30 May    28 May 06Z      SWd, HW, SS         CS       Candella & Souza (2013)
5            2011       18 Jan     23 Jan     21 Jan 21Z                HR             AC, CS    
6            2010       09 Apr     11 Apr     10 Apr 09Z       SWd, HW, SS     AC, CS    da Silva (2013)
7            2008       18 Nov    25 Nov    22 Nov 12Z               HR                 AC       Fraga (2009), Minuzzi & Rodrigues (2008),

Dos Santos et al. (2014)
8            2008       02 May    04 May    03 May 21Z     HR, SWd, HW    AC, CS    Guimarães et al. (2014), Sausen et al. (2009)
9            2007       28 Jul      30 Jul      28 Jul 12Z                 HW                 CS       Guimarães et al. (2014)
10          2006       01 Sep     06 Sep     03 Sep 18Z            HW, CT             CS       Guimarães et al. (2014), Parise et al. (2009)
11          2005       08 Aug    13 Aug    10 Aug 09Z         SWd, HW        AC, CS    Melo Filho et al. (2006)
12          2004       18 Mar    28 Mar    28 Mar 06Z       HR, SWd, SS         CS       Dias Pinto & Da Rocha (2011), 

Pezza & Simmonds (2005)

Table 1. Extreme events selected for numerical experiments and indicating start, end and peak (approximated) date. Peak
hours are given in UTC. HR: heavy/persistent rainfall; SWd: strong winds; SS: storm surges; HW: high waves; CT: extreme cold
temperatures. The atmospheric dynamic (AD) associated with the events were either anticyclonic (AC) or cyclonic (CS) activity 

or both. Scientific literature supporting the classification of an event as extreme is indicated, when available
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Fig. 2. Ocean−Land Atmosphere Model (OLAM) and Global Precipitation Measurement (GPM) mission or Tropical Rainfall
Measuring Mission (TRMM) accumulated precipitation (OBS) for each selected extreme event (numbered 1–12). Due to avail-
ability of data, GPM fields were used for events 1 and 2 and the TRMM for the remaining events. Color intervals in mm
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for those cases, TRMM may have underestimated pre-
cipitation. Overall, the results indicate that the setup
chosen for the experiments presented promising
results for simulations of extreme precipitation events
in this particular coastal study area, despite the
underestimation found in most of the events.

Fig. 4 shows the daily evolution of accumulated
precipitation, so the correspondence between event
evolution in the model and in the reanalysis can be
assessed. The model underestimated overall daily
accumulated values for most events except for E07,
E12 (as shown for the total accumulated) and E06. In
the case of E06, although the values of daily precipi-
tation were higher for OLAM, it underestimated the
maximum values and presented the precipitation
more spread over the domain, when compared to the
reanalysis (Figs. 2 & 3).

Except for E03 and E12, the model was able to indi-
cate correctly the days in which precipitation occur -
red and the tendency, i.e. if the precipitation amount
was increasing or decreasing. For E03, the model
was not able to represent well the initial tendency
and precipitation amount, but as indicated by Fig. 2
and the MSE values, it was able to indicate the spa-
tial distribution of it, which is reflected in the spatial
CI values. Meanwhile, in the E12 case, the model
overestimates precipitation on the first 4 d of simula-
tion and on Days 9 and 11, but it underestimates pre-
cipitation on the last days of the simulation. For the
remaining events, the precipitation tendency is well
represented, except for the underestimations pre-
sented in the OLAM simulations.

The temporal correspondence of the model and
estimated daily accumulated precipitation can also

be assessed through Fig. 4. For most events, there is
an initial low correlation score between the model
and the reanalysis which generally increases during
the simulation period and, for some events, drops
during moments when the daily accumulation differs
from both data. For example, the initial spike (from 0
to 0.7, approximately) in the correlation values in E08
is related to the model being able to represent accu-
mulated precipitation in the first days of the simula-
tion. However, the disagreement between estimated
and simulated precipitation maxima on Days 4 and 5
leads to a drop in correlation values (from 0.6 to 0.4,
approximately). A distinct behavior is noted for E12,
in which the model was not capable of correctly rep-
resenting the time periods of precipitation, but the
final accumulated precipitation resulted in a CI of
approximately 0.6, as the final values of total accu-
mulated precipitation were similar.

In Fig. 5, we compared the simulated wind field
and sea level pressure (SLP), during each event peak
time, with the estimates from MERRA-2. Although
OLAM had consistently underestimated the intensity
of low-pressure zones, overall there was good agree-
ment between simulations and observations for both
wind and SLP data. This underestimation bias was
evident especially for E02 and E11, corresponding to
cold front winter systems. Nevertheless, for E04, the
OLAM SLP and wind results were consistent with the
ECMWF model data studied by Candella & Souza
(2013). Also, the simulated cyclone position for E08
and E12 matched the synoptic charts analyzed by
Sausen et al. (2009) and the tracking calculated by
Pezza & Simmonds (2005), respectively. The model
presented consistent results for the high-pressure
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Event         R_TAP              SD              O_TAP            SD            Bias             RMSE         (MSEdiss)1/2       (MSEdisp)1/2       CI
                 (105 mm)          (mm)           (105 mm)         (mm)          (mm)              (mm)               (mm)                 (mm)

1                  3.598             56.63              2.131            31.88         −20.38            53.67               43.04                 32.06           0.49
2                  8.780             60.20              2.678            19.05         −84.75            99.76               32.80                 94.22           0.53
3                  0.802             55.86              0.307            28.14         −41.82            55.35               23.34                 50.17           0.83
4                  0.168             20.22              0.096            10.53          −6.09             14.94               9.58                 11.45           0.78
5                  0.930             54.69              0.451            37.68         −40.43            56.29               35.24                 43.87           0.70
6                  0.132             17.32              0.084            5.33         −4.01            15.39               8.78                 12.64           0.58
7                  0.114             16.28              0.121            27.04         0.64            19.98               16.82                 10.77           0.68
8                  0.755             52.53              0.524            35.71         −19.50            51.34               44.40                 25.75           0.47
9                  0.388             21.92              0.226            13.52         −13.64            22.26               15.44                 16.02           0.60
10                0.597             28.08              0.413            21.92         −15.49            26.62               20.73                 16.67           0.65
11                0.413             34.45              0.278            24.41         −11.42            28.42               23.99                 15.20           0.66
12                0.462             47.96              0.274            35.72         −15.92            37.98               32.21                 20.08           0.70

Table 2. Error and statistics indices calculated for Ocean−Land Atmosphere Model (OLAM) and reanalysis (Global Precipita-
tion Measurement mission or Tropical Rainfall Measuring Mission) total accumulated precipitation (TAP), for all selected
events: TAP (sum over the whole domain) for reanalysis (R) and OLAM (O) data and respective SDs, model bias, RMSE,
square root of the dissipative and dispersive components of the mean square error (MSEdiss and MSEdisp, respectively) and 

spatial correlation index (CI)
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zones, for both intensity and location, and overall
there was a much higher spatial correlation as com-
pared to the precipitation fields.

For E04 and E07, the model was able to represent
the correct intensity of the minimum low pressure for
each event peak time, while for E01, E05, E06, E09,
E10 and E12, it was overestimated by 1 to 2 hPa
(Table 3). This allowed a good representation of wind
speed and direction along the SBr coast and adjacent
areas (Fig. 5). For the remaining events (E02, E03,
E11 and E12), the misrepresentation of either the in-
tensity or the position of the minimum pressure zones

resulted in erroneous wind speed and direction along
the SBr coast. Regarding the high-pressure zones,
OLAM was able to overall correctly reproduce their
amplitude, as for most events it was either equal or
from 1 to 2 hPa lower than the observed field.

The model bias for each event peak time (Table 3)
indicates that there was an overall overestimation of
the SLP across the domain, although for most cases, it
was of approximately 1 hPa or less. Meanwhile, all
CIs were higher than 0.9, indicating a good simula-
tion of the SLP fields by OLAM. Regarding the MSE,
for E01, E02, E03, E05, E07, E08, E10, E11 and E12,
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Fig. 3. Precipitation distribution integrated for the whole domain for the 12 selected extreme events (numbered 1−12). The x-
axes represent the amount of precipitation, while the y-axes are the frequency of each class (represented by the number of
grid points). Data corresponded to total accumulated precipitation during all simulation times, which was 10 d except for 

events 7 (11 d) and 12 (18 d)
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the dominant component of the error was the MSEdiss,
while for E04, E06 and E09, the MSEdisp prevailed.
Thus, for most events, the existing bias could be
explained mainly by overestimation of the SLP fields,
while for the remaining events, misplacement of the
low- and/or high-pressure zones was the main reason
for the observed bias.

There was also good agreement between the tem-
poral evolution of the simulated and estimated SLP
field, represented by the box plots in Fig. 6. The re-
sults show that the model is able to represent the evo-
lution of the mean, maximum and upper quartile SLP
values, while the minima and lower quartiles were
often overestimated. For all events, during most days
the correlation values remained higher than 0.8, and

eventual decreases were often related to deepening
of mean SLP, probably associated with the passage or
intensification of low-pressure systems in the domain.
This is especially evident for E01, E02, E03, E04, E08,
E10 and E11. For E01, E02 and E04, the drops in cor-
relation values are related to model overestimation of
precipitation on Days 9 and 11 (E01), on Days 3 and 8
(E02) and from Day 7 to 10 (E04). For Day 6 of E03, al-
though the correlation score de creased from approxi-
mately 1 to 0.7, there is no ap parent overestimation of
the SLP by the model, which indicates that the error
might be related to the misplacement of pressure
zones, which can also be ob served to some extent in
Fig. 3. A similar pattern can be observed on Day 8 of
E08. For E05 and E06, there is little variation in the
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Fig. 4. Box plots of Ocean−Land Atmosphere Model (OLAM) and reanalysis (Global Precipitation Measurement [GPM] mission
or Tropical Rainfall Measuring Mission [TRMM]) daily accumulated precipitation and respective correlation indices (CIs) for
each day for the 12 selected extreme events (numbered 1−12). The box extends from the lower to upper quartile values of the
data, the midline is the median and the whiskers represent the full range of data. CIs were calculated using the total accumulated 

along each event simulation instead of daily data
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10 m s–1 10 m s–1

Fig. 5. Ocean−Land Atmosphere Model (OLAM) and Modern-Era Retrospective Analysis for Research and Applications,
Version 2 (MERRA-2) sea level pressure (shaded, units in hPa) and winds (vectors) for peak time of the selected events (1–12).
For OLAM and MERRA-2, (OBS) wind vector data are shown for only every 20 and 2 grid points, respectively, as using the 

original data points made visualization confusing
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Event     R_max      R_min         SD        O_max      O_min         SD           Bias       RMSE    (MSEdiss)1/2   (MSEdisp)1/2       CI
               (hPa)         (hPa)         (hPa)        (hPa)         (hPa)         (hPa)         (hPa)       (hPa)          (hPa)              (hPa)

1              1020         1011          2.63          1021          1012          2.17         1.03        1.28            0.33               1.28            0.97 
2              1015         1007          1.72          1015          1011          0.93         1.46        1.83            0.57               2.76            0.82
3              1022         1008          3.87          1022          1012          2.38         0.83        2.05            1.24               2.90            0.93
4              1028         1016          2.83          1028          1016          2.87         0.65        1.31            1.23               0.43            0.92
5              1019         1005          3.39          1018          1007          2.71         1.09        1.49            0.50               1.65            0.97
6              1027         1019          1.68          1026          1020          1.35         0.17        0.80            0.48               0.14            0.90
7              1034         1017          3.92          1032          1017          3.70         –0.94        1.04            0.04               0.93            1.00
8              1027         1006          6.01          1028          1010          5.27         1.48        1.86            0.46               2.75            0.99
9              1036         1023          3.07          1036          1024          2.89         0.50        1.20            1.08               0.29            0.94
10            1019         996          5.03          1019          997          4.88         0.99        1.16            0.14               1.01            1.00
11            1032         1009          6.20          1033          1014          4.97         2.44        2.97            1.11               7.49            0.98
12            1018         1009          2.15          1018          1010          1.64         1.30        1.51            0.31               1.95            0.96

Table 3. Same as Table 2 but for sea level pressure values, presenting the reanalysis (R) and model (O) maximum (max) and 
minimum (min) values
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Fig. 6. Same as Fig. 4 but for daily mean sea level pressure (SLP)
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correlation apart from a decrease by the last day. E09
and E10 presented a similar pattern apart from some
variation during the middle of the simulation, related
to overestimations by OLAM. Meanwhile, for E07
and E12, the correlation was high during most of the
simulation periods, as the model was able to accu-
rately represent the SLP quartiles, maxima and min-
ima. The positive bias for the minimum SLP may be
responsible for lower precipitation in some cases.

Model performance for the wind field was directly
correlated with its ability to represent high- and low-
pressure systems. Thus, when low-pressure systems
were offset, there was also a mismatch between the
estimated and simulated wind intensity and direction
near the system center. Nevertheless, the wind direc-
tion and intensity across the analysis domain closely
matched those estimated by MERRA-2. To illustrate

the model’s ability to represent wind and SLP fields
re lated to the extreme events presented here, we
compared the OLAM results with the Aqua satellite
image for the Hurricane Catarina event for the days
before and after its landfall on the southern coast of
the SC state (Fig. 7). The results show that there is a
good correspondence between the modeled and the
actual eye of the hurricane despite the time lag be -
tween the observation and model output.

To access model performance at the local level, we
compared model results with precipitation and tem-
perature data from all available INMET meteorolog-
ical stations for the study area (Fig. 8). This analysis
included only the event time period indicated in
Table 1, which does not represent the entire simula-
tion time. Temperature data were available for 00Z,
12Z and 18Z, while precipitation corresponded to

14

Fig. 7. Aqua/MODIS satellite image showing Hurricane Catarina (event 12) developments. Aqua/MODIS imagery shown is
for 16:30 h UTC. Superimposed are the Ocean−Land Atmosphere Model surface wind vectors and minimum contours of sea 

level pressure for 15:00 h UTC of the same day
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daily accumulated values. This analysis showed a
good correspondence for temperature, which shows
a good capacity of the model to simulate the local
daily cycle. However, the analysis indicated a nega-
tive bias by modeled precipitation data but with bet-
ter results for higher precipitation. This precipitation
bias was not related to individual stations; instead,
model accuracy changed according to each event.
The same could be observed when comparing the ac -
cumulated precipitation spatial distribution between
model results and GPM/TRMM data (Fig. 2). For
both precipitation and temperature data, the E05
case was systematically underestimated by OLAM.

4.  DISCUSSION

The mid-latitude region of the Southern Hemi-
sphere is strongly influenced by Rossby planetary
waves that travel around the region in approximately
4 to 6 d. On the other hand, the surface−atmosphere−
ocean interface produces strong temperature gradi-
ents that affect surface fluxes like sensible and latent
heat fluxes. Representing both the propagation of
planetary waves and simultaneously the heterogene-
ity of the surface and its effects on local circulation is
of fundamental importance for a good representation
of mesoscale processes. In this study, the presented

methodology allowed us to represent these phenom-
ena of global and local scales simultaneously in the
interface of the coastal region of southern Brazil
using a state-of-the-art modeling ap proach.

A total of 12 extreme weather case studies were
performed by OLAM, and results were compared
with observations and reanalysis data. Although the
model presented a systematic bias of underestimating
precipitation, the accuracy varied among the se lected
events, which might be related to distinct causes. E01
and E02 were among the events with lower CIs and
larger biases (Table 2). For those cases, the atmos-
pheric conditions related to the development of the
extreme precipitation include the presence of the
South American Low-Level Jet, a phenomenon de-
pendent on remote features, such as convection in the
Amazon basin and interactions with the complex to-
pography of the Andes (Wang & Fu 2004, Insel et al.
2010). However, in the model setup chosen for the
current experiments, there is low resolution in the An-
des region, which might affect the model’s capability
to represent the low-level jet and, thus, to represent
the convective systems associated with this pheno -
menon. E05, which also presented one of the highest
negative biases and lowest correspondences with the
INMET station data (Fig. 8), was also related to low-
level jet moisture transport from the Amazon region.
Therefore, despite computational constraints, future
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Fig. 8. Comparison between simulated and observed temperature (left) and accumulated precipitation (right, logarithm scale)
for all 12 events (E01−E12) and Instituto Nacional de Meteorologia (INMET) weather station described in Section 2.4. Tempera-
ture data correspond to instantaneous values (at 00Z, 12Z and 18Z), and precipitation corresponds to daily accumulated values. 

OLAM: Ocean−Land Atmosphere Model
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studies investigating the effects of better resolving the
Andes mountain region on the simulation of extreme
precipitation events for SBr, related to moisture trans-
port from the Amazon region, are indicated.

Promising results were achieved for the 2 most
important events for this coastal area, the Itajaí Val-
ley flooding in 2008 (E07) and Hurricane Catarina
(E12). For both events, the CI was approximately 0.7,
whereas for the former, the model presented a posi-
tive bias of 0.64 mm. For E07, the orographic effects
are important for representing shallow convection in
the SC state region, where mountain ranges are close
to the coastal plain (Rodrigues & Ynoue 2016). This
highlights the importance of adopting high resolu-
tion for regions with complex and heterogeneous
topography such as the coastal region of SBr.

Meanwhile, the Hurricane Catarina tropical transi-
tion was associated with environmental changes in
atmosphere energy fluxes and also sea−air interac-
tions (Veiga et al. 2008, Vianna et al. 2010). So, even
though precipitation related to the event presented a
negative bias and phase errors associated with daily
accumulated values (Fig. 4), the accurate representa-
tion of the system position and temporal evolution
(Fig. 7) indicates the model’s capability to represent
the heat fluxes and atmospheric dynamics related to
this extreme event. For instance, simulations of this
event with regional models demonstrated its sensi-
tivity to air and sea temperature (Radu et al. 2014), so
improvements on the model’s cold bias (Fig. 8) or
prescription of daily updated SSTs might result in
better representation of such phenomena.

When comparing the OLAM data with the reanaly-
sis, the SLP fields presented better results than did
the accumulated precipitation. For the SLP data,
most CI values for the event peak time were higher
than 0.9, except for E02 (0.82). For this event, it can
be seen that the minimum pressure amplitude and
spatial distribution for this snapshot diverged from
the reanalysis (Fig. 5). This might be related to the
model not accurately representing the low-level jet
event and, thus, resulting in the observed negative
precipitation bias, although further investigation on
this matter is required. Overall, the good representa-
tion of the pressure zones, indicated by the correla-
tion values, resulted in a good representation of wind
speed and direction along the SBr coastal region.
Also, despite some positive bias by the model (with a
maximum value of 2 hPa), the temporal evolution of
the pressure zones were overall well represented, as
shown by the quartiles and correlation values in
Fig. 6. The observed oscillation in the correlation
values was often related to intensification of high-

and/or low-pressure zones that were not completely
represented by the model.

The results show that although temperature and
surface atmospheric pressure were overall well rep-
resented, the precipitation amount forecast is still
underpredicted for this coastal region. However, the
positive bias for surface pressure and negative bias
for land surface fluxes may be partially responsible
for the overall rainfall misrepresentation. The results
point out, therefore, that improving these modeling
variables may improve future forecasting of these
coastal extreme events, and these should be carried
out in future numerical studies.

Figs. 9 & 10 present a snapshot of sensible and
latent heat flux emission for each of the 12 cases
studied. These fluxes represent surface interaction
with the atmosphere. The sensible heat flux responds
to surface temperature, radiation and vertical air
velocity near the boundary layer (Fig. 7). Also, the
latent heat flux shows the evaporation of surface
water in addition to the transpiration of local vegeta-
tion (Fig. 8). Soil moisture, radiation and temperature
conditions are critical in controlling the evaporation
and transpiration of vegetation that is controlled by
stomatal resistance (Walko et al. 2000). The genera-
tion of these surface fluxes produces local breeze cir-
culations such as the sea breeze and mountain
breeze that are of great importance for the establish-
ment of moisture flow and the local water cycle.

For comparison, the OLAM sensible heat flux
(mean ± SD) for the snapshots presented in Fig. 9 was
52 ± 32 W m−2, compared to 82 ± 43 W m−2 from the
MERRA-2 reanalysis. For the latent heat flux, the
OLAM results were 159 ± 58 W m−2, compared to
212 ± 68 W m−2 from MERRA-2. This provides clues
about the source of bias in the model simulations.
However, the corresponding Bowen ratio (sensible
flux/latent flux) from OLAM and MERRA-2 are 0.32
and 0.39, respectively. Thus, we can consider a rea-
sonable energy flux partition from the model results
at this coastal region.

Phenomena such as heavy rainfall and rising sea
levels can occur simultaneously and have impacts on
densely populated coastal regions. Identifying the
strengths and biases in modeling and improving the
predictability of these extreme events have therefore
become of great importance, as climate projections
suggest an increase in the frequency and intensity of
these events (IPCC 2013).

The ongoing Regional Oceanic and Atmospheric
Downscaling-Brazilian Earth System Model (ROAD-
BESM) project aims to downscale climate change
projections from BESM and provide high-resolution
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climate data for the coastal region of southern Brazil
including future extreme event trends and coastline
evolution. The atmospheric results of the present
study will be applied as forcing fields for ocean mod-
els that allow simulating the variability of ocean cur-
rents and the dynamics of local waves. In this way, a
more complete system might allow a better capacity
to represent atmospheric and ocean conditions and
therefore better predict the cases in which we have
the simultaneous conditions of heavy rainfall and sea
level rise. Nevertheless, the methodology presented
for this coastal region can be adapted to any other
regions. To do this, one may simply adapt the OLAM
grid system to the center of the region of interest.

After evaluating the occurrence of extreme events
in the southern coastal region of Brazil, we detected
12 cases. The simulation of these cases by OLAM al -
lowed a good representation of temperature, surface
pressure and rainfall distribution evolution. Al -

though the results showed a bias for rainfall, the best
results occurred for the most extreme cases showing
the simulation capacity for these events. The method
applied to this coastal region of southern Brazil
allowed a detailed representation of the sensible and
latent heat fluxes that are fundamental in the estab-
lishment of local mesoscale circulations. Therefore,
these results show that this methodology is an impor-
tant tool for coastal studies in any region of interest.

The model results including the bias and errors in
this proposed setup show that several improvements
may be carried out in the future. For instance, estab-
lishing a mesonet weather station network would
help to improve the model’s initial conditions and
also provide data for the modeling evaluation. Also,
an improved data assimilation system including
remote sensing data would improve the model’s ini-
tial condition. Furthermore, the spatial resolution
adopted here of 6 km still is not a cloud-resolving
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Fig. 9. Upward latent heat flux (W m−2) and near-surface wind vectors simulated by the Ocean−Land Atmosphere Model for
each event (1−12). For each case, we selected the time frame corresponding to the same day as the peak time, but the chosen 

hour was 15:00 h UTC
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model, and the cumulus parameterizations do not
work properly in this spacing scale (see also Bryan et
al. 2003, Hong & Dudhia 2012, Grell & Freitas 2014).
Therefore, an improved model resolution on the
order of 1 km should be carried out in the future. In
addition, recent results show the importance of bio-
mass-burning aerosols on cloud and rainfall forma-
tion in this region (Freire et al. 2020). Thus, further
simulations on physical cloud microphysics should be
carried out to better predict the correct precipitation,
as it is a very important atmospheric variable respon-
sible for the most catastrophic extreme events in this
coastal region.
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