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1 | INTRODUCTION

Current state-of-the-art global climate models are capa-
ble of reproducing the mean large-scale climate features
(Lee et al., 2013; Sillmann et al., 2013; Tian et al., 2013).

Renato Ramos da Silva' | Paula Gomes da Silva®

Fernando Javier Mendez* |

Abstract

A hybrid method is applied to generate a high-resolution regional downscaling of
atmospheric conditions to the southern coast of Brazil. The method consists of
applying a principal component analysis to daily fields of the sea level pressure
(SLP) data from the NCEP-CFSR reanalysis. A cluster analysis (K-means) is then
applied to the 87 principal components that explained 95% of the variance of the
time series. Daily atmospheric conditions were clustered into 36 weather types
which represent the most predominant conditions observed in the study area. The
estimated weather types were able to represent the major atmospheric systems
affecting local climate, including the cyclones and anticyclones that are usually
present in this region. Then, we applied the numerical Ocean-Land-Atmosphere
Model (OLAM) to dynamically downscale the atmospheric condition that is clos-
est to the centroid of each cluster. The model was set with a global grid and a
refining approach with 6 km grid spacing over the coastal region of south Brazil.
This approach allowed us to represent simultaneously the planetary waves and
the local mesoscale systems, and their mutual interactions. The results provided
new high-resolution atmospheric fields for the coastal region and showed that the
model was capable of resolving the major local mesoscale features. The main
advantage of applying such a method is in reducing the number of numerical sim-
ulations (lower computational cost) at the same time it represents the totality of
the atmospheric conditions observed in the study area. The final results consist in
detailed information of the local climate that can be related to injuries to the
coastal area and thus is useful to support decision-makers.

KEYWORDS
circulation patterns, climate, downscaling, numerical modelling, south Brazil, weather
types

However, the horizontal grid resolution adopted by
those models does not fully represent regional features
such as the effects of complex coastlines, heterogeneous
topography and land use mosaics over urban and rural
areas. As a result, in most cases, local circulation
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patterns that affect regional climate are not properly
represented.

The coastal region of south Brazil is an example of
area with a complex mosaic of surfaces and sea-land
interface, as it contains large estuaries, open beaches,
narrow coastal plains, islands, inlets and also the most
extensive lagoon system in South America (Short and
Klein, 2016). However, most present-day regional climate
simulations over South America use grid resolutions
ranging from 40 to 80 km (Ambrizzi et al., 2019). There-
fore, local communities and policy makers need climate
information at finer scales than currently available.

In order to properly simulate regional climate and
provide information at finer scales, modellers use a
downscaling methodology, which is primarily carried out
using two distinct approaches: a dynamical downscaling
or statistical downscaling. The former consists of using
high-resolution regional climate models (RCMs) forced
by global climate models (Mearns et al., 2004; Giorgi and
Gutowski, 2015). For instance, the Coordinated Regional
Climate Downscaling project applies regional models to a
limited area to particular regions to produce regional pro-
jections using spatial grid cells reaching 25 km (Giorgi
and Gutowski, 2015). The use of numerical models in
dynamical methods allows the investigation of the under-
lying physics of a given climate response such as interac-
tion between distinct variables. However, long-term
high-resolution RCM runs often require a large computa-
tional effort. The statistical downscaling assumes an
empirical relationship between local climate variables
and large-scale predictors from global models (Wilby
et al., 2004). The obvious advantage of using the statisti-
cal approach over the dynamic one is the reduced com-
putational demand. Given the nonstationary nature of
the earth climate system, however, there is some concern
whether statistical relationships can provide accurately
projections of future climate (Wilby and Wigley, 1997).

An alternative to provide robust climate representa-
tion with low computational cost is the hybrid downscal-
ing approach, which combines both dynamic and
statistical techniques. Applications of this method
include further downscaling of regional models output
using statistical methods (Pryor and Barthelmie, 2014),
statistical models that “mimic” the dynamical downscal-
ing (Sun et al., 2015; Walton et al., 2015), statistical bias
correction of global climate models’ output which are
downscaled by regional models (Colette et al., 2012) and
the use of statistical analyses to select representative
cases (weather types) of the regional climate and, then,
dynamically downscaling them (Camus et al., 2011). The
latter is an adaptation of the circulation pattern method-
ology for studying regional climate where atmospheric
information is disaggregated into representative states

(Huth, 2001; Huth et al., 2008). This methodology has
been widely used for distinct finalities (e.g., Hay
et al., 1991; Sheridan, 2002; Trigo et al., 2016) and is espe-
cially useful for climate change studies through the anal-
ysis of changes in the patterns of a given region over time
(Huth, 2000). For South America, the studies using circu-
lation pattern approaches are mainly focused on the
central-southern portion of the continent and applica-
tions for crop producing regions of Argentina
(Compagnucci and Salles, 1997; Bischoff and Vargas,
2003; Miiller et al., 2003; Solman and Menéndez, 2003;
Bettolli et al., 2010) or even in cold surges propagating
from subtropical South America to the Amazon basin
(Espinoza et al., 2013).

The framework of disaggregating atmospheric circula-
tion patterns into weather types (Camus et al., 2011) has
been used mainly in order to downscale wave climate
(Camus et al, 2011; 2014; 2016; Rueda et al, 2019),
extreme wave height sea conditions (Rueda et al., 2016a;
2016b) and coastal flooding and storm surge events (Rueda
et al, 2016b; 2019). Although those authors selected
weather types based on sea level pressure (SLP) fields,
those were only used to downscale maritime variables such
as wave height and the water level. This framework has
yet to be applied for downscaling local climate variables.

In the present study, we applied a methodology
based on the approach of Camus et al. (2014). We used a
hybrid downscaling methodology to select and simulate
36 weather types, which represent the totality of the
local climate conditions. Here, we dynamically down-
scaled those cases using high-resolution regional grids
in the ocean land atmosphere model (OLAM; Walko
and Avissar, 2008a). The application of such methodol-
ogy allows the identification of the major weather
patterns acting over the study region, while the high-
resolution grids guaranteed the representation of
phenomena ranging from large-scale to local-scale cir-
culation. Finally, we analyse the low-level atmospheric
circulation related to the weather types and discuss
applicability of the proposed methodology. This kind of
methodology is particularly useful to reduce the compu-
tational cost and time of long-term simulations. For
example, by running a few representative atmospheric
conditions with the numerical model, we are able to
stablish a site-specific statistical relationship between
input and output variables. After that, the statistical
model can be applied to simulate, with very low compu-
tational cost, the time series of climate hindcast, forecast
and even projections. The downscaling of climate pro-
jections is, for instance, the goal of the Regional Oceanic
and Atmospheric Downscaling with the Brazilian Earth
System Model project (ROAD-BESM; https://road-besm.
ufsc.br).
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2 | METHODOLOGY
2.1 | Atmospheric circulation in the
study area

The southern region of Brazil (SBr) comprises the states
of Parand, Santa Catarina and Rio Grande do Sul states
(Figure 1a). The climate of the coastal SBr is strongly
influenced by the presence of the South Atlantic Subtrop-
ical Anticyclone (SASA), a high-pressure system resulting
from the subsidence side of the Hadley Cell (Garreaud
et al., 2009), which brings moisture and warm advection
to the region. Due to the SASA, the prevailing winds are
northeasterly in SBr coast and the day-to-day variability
is correlated with changes of its position and to the cold
air incursions on the region.

The mesoscale atmospheric conditions that affect the
weather in the SBr are modulated by the passage of mid-
latitude baroclinic waves, related to the occurrence of
low-level high-/low-pressure systems through the region.
The low-level geostrophic flow resulting from a cyclone
over the ocean and an anticyclone over the continent
is responsible to cold air incursions over southeast
South America (Compagnucci and Salles, 1997;
Garreaud, 2000). Those cold air incursions are the lead-
ing mode of variability in most areas of subtropical South
America (Garreaud, 2000). During winter, those air
incursions can trigger freeze events in the southern and
southeastern Brazil, causing impacts to crop production
(Seluchi and Marengo, 2000; Marengo et al., 2002).

Almost one third of the SBr annual precipitation is
related to extratropical cyclones over the western South
Atlantic Ocean (SAO; Reboita et al., 2018). The cloudi-
ness and strong winds often associated with those sys-
tems also influence local weather. These extratropical
cyclones can induce high ocean waves and cause the
elevation of the water table, which triggers beach ero-
sion episodes in SBr, strongly affecting local coastal

FIGURE 1 (a)South
America topography indicating
the study area and (b) southern
Brazil and coastal area of Parana
(PR), Santa Catarina (SC) and
Rio Grande do Sul (RS) states
[Colour figure can be viewed at
wileyonlinelibrary.com]
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communities (Parise et al., 2009; Machado et al., 2010;
Parise and Farina, 2012; Guimaraes et al., 2014; Gomes
da Silva et al., 2016; Albuquerque et al., 2018).

Another important feature of the regional climate is
the South American Low Level Jet which transports
moisture from the Amazon basin to the southeast South
America (Seluchi and Marengo, 2000; Salio, 2002; Seluchi
et al., 2003; Marengo et al., 2004). This jet is related to
development of mesoscale convective systems over the
region (Salio et al., 2007) and corresponds to 20-40% of
summer precipitation (Salio, 2002).

The SBr has a complex land cover. It presents a vari-
able topography, a very heterogenic vegetation surface
and a complex coastal interface with the Atlantic Ocean
(Figure 1b). This complex surface has an important influ-
ence on the mesoscale atmospheric circulations such as
the local breezes. Thus, in order to represent the major
mesoscale features relevant for the climate of the study
area, high-resolution data from atmospheric models are
required.

2.2 | Weather type classification

The methodology applied here is summarized in
Figure 2. The processes used for defining the weather
types (WT) for the coastal region of southern Brazil
followed the framework described by Camus et al. (2014).
Such methodology has been applied to explain the
weather types acting over several coasts of the world and
shown to be an efficient way to describe the main synop-
tic patterns in these areas: for example, Rueda et al. (2019)
and Cagigal et al. (2020), in New Zealand; Antolinez
et al. (2018) and Anderson et al. (2019), in the
United States; and De Leo et al. (2020), in Italy. The dis-
tinct weather patterns were identified using daily mean
sea level pressure (SLP) and SLP gradient fields from the
National Center for Environmental Protection (NCEP)

—-4.53

52.5°W

49.5°W
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FIGURE 2

Methodological flowchart. (a) Low-resolution GCM input and domain selected for the SLP analysis. (b) Demonstration of

the weather types selection with the K-mean clustering method. Each small coloured point represents a distinct event, while the bigger
points represent the centroid of each cluster determined by the algorithm. The axis represents only the first and second principal
components for clarity. (c) Analysis of synoptic patterns related to each weather type. The domain was further divided in subdomains for the

surface conditions classification (Table 1). (d) High-resolution domain centred in the coastal area of SBr (Figure 1) used for the dynamical

downscaling [Colour figure can be viewed at wileyonlinelibrary.com]

Climate Forecast System Reanalysis (CFSR) with 1° hori-
zontal resolution (Saha et al., 2014). The time period used
included data from 1979 to 2010.

The bounding box used to define the WT was 62°-
25°S latitude and 70°W to the 0° longitude (Figure 2a).
As we intend further to use the generated data as input
for hydrodynamic models, in order to define this domain,
we did as follow: first, it was determined the area of influ-
ence of energy fluxes from wave propagation to the inter-
est area (SBr). This was performed by the use of the
ESTELA (Evaluating the Source and Travel-time of the
wave Energy reaching a Local Area) methodology (Pérez
et al., 2014). Then, the domain was adjusted to encom-
pass the generation area determined by the ESTELA as
taking 6 days to reach SBr, which is the generation area
related to most wave energy that reaches SBr (not
shown). Finally, the SLP over the continent was removed
as it does not directly influence the hydrodynamic
conditions.

A principal component analysis was applied to the
time series of SLP fields to reduce the dimensional space
of the dataset (Figure 3). The synoptic conditions associ-
ated with the four main components can be explained as
follows: PC1 is associated with either a large-scale
cyclone or an anticyclone located at approximately 47°S,
35°W. PC2 is related to a cyclonic (anticyclonic) system

near the southern part of South America, at approxi-
mately 55°S, 50°W, associated with a high-pressure (low-
pressure) system northeast, at approximately 40°S, 10°W.
In PC3 there is an anticyclone (cyclone) near Uruguay/
SBr at approximately 40°S, 55°W, and a cyclone (anticy-
clone) at approximately 55°S, 15°W. Lastly, PC4 is associ-
ated with an anticyclone (cyclone), at approximately
37°S, 37°W, and two cyclones (anticyclones) both at
southwest and east from it, at approximately at 57°S,
60°W and 35°S, 5°W, respectively. Somewhat similar
results were found by Compagnucci and Salles (1997),
although the authors used SLP data from continental sta-
tions to construct EOF maps.

The four PCs in Figure 3 explain only about 40% of
the variance of the dataset. Here, we are interested on
representing the majority of the atmospheric conditions,
including those that result from the combination of PCs
not represented by the main four. Therefore, a larger
number of PCs were considered in our analysis. A
K-means technique was applied to the 87 PCs, which
explain 95% of the variance, to cluster the data into
36 weather types (Figure 2b). Each daily atmospheric
condition represents a linear combination of PCs, and the
cluster analysis reveals groups of days with similar com-
binations of PCs. The number of clusters (N) is pre-
determined by the user and must guarantee the higher
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FIGURE 3
approximately 40% of the total variance [Colour figure can be

The first four EOFs for the study area, explaining

viewed at wileyonlinelibrary.com]

variability between clusters and the lower variability
within each cluster. A sensitivity analysis (not shown)
was carried out with different N (from 16 to 100) and
N equals to 36 showed the best results. Each daily atmo-
spheric condition was attributed to one of the 36 weather
types which are graphically represented by the centroid
of each cluster. This graphic representation allows to eas-
ily check the main atmospheric features in the
study area.

2.3 | Cases selected for simulation

Once the clusters were defined, we can assume that each
data point is well represented by its respective weather

of Climatology

type (i.e., the centroid of each group in the PC space).
The cases selected for the dynamical downscaling with
the OLAM model were those positioned closest to the
centroid. By doing the selection according to the WT, we
guarantee the representation of all existent weather pat-
terns in the downscaling. Besides, by using the weather
condition that is closest to the centroid, we ensure that
each group is well represented.

However, 4 out of those 36 WT (WTs 02, 06, 25 and
27) corresponded predominantly to time periods previous
to 1981, with unsatisfactory data homogeneity for the
Southern Hemisphere (Sterl, 2004). For those cases, we
used then the dates closest to the WT centroid that repre-
sented time periods more after 1981. Those were the sec-
ond, fourth, third and third case closest to the centroid,
respectively.

2.4 | Numerical model description and
dynamical downscaling experimental
design

The OLAM model computing structure and parameteri-
zations were built upon the Regional Atmospheric
Modeling System (RAMS; Walko and Avissar, 2008a;
2008b). The main advantage of this model is that it allows
the use of a global computational grid with a refined res-
olution approach for regions of interest. The use of a
global domain with high-resolution regional grids with a
two-way communication between them makes the
OLAM model very versatile with many possibilities for
numerical studies.

The OLAM resolves the Navier-Stokes equations
through a finite-volume method (Walko and Avissar,
2008a; 2008b). The mass and momentum fields coupling
of grid elements are made though an Arakawa-C scheme
(Wenneker et al., 2002) and the adjustment to the topogra-
phy follows the shaved grid scheme (Adcroft et al., 1997).
The grid elements are nonstructured hexagons that can be
further divided in order to increase horizontal resolution.

For the current study we adopted a model grid set up
with the global horizontal resolution of about 200 km.
The grid spacing is progressively reduced up to approxi-
mately 6 km in the southern Brazil (Figure 4). This level
of refinement allows representation of the regional-scale
features in the ocean-land interface that may affect local
weather. We adopted 49 atmospheric vertical levels with
varying resolution (from 60 m in the levels closer to the
surface to 2,000 m in the upper stratosphere) along a
35 km high layer.

The numerical simulations were set to last 10 days,
starting 3 days prior to the selected dates (Table 1) for
model spin up. This time range represents the complete
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FIGURE 4 Model global grid used for the dynamical downscaling and the regional grids centred in the coastal region of southern

Brazil. The contours denote distinct soil texture classes [Colour figure can be viewed at wileyonlinelibrary.com]

evolution of the major weather patterns and its further
effects on near coast oceanic conditions. In order to
maintain numerical stability, we adopted a 10-s time step
for the simulations.

The initial atmospheric conditions were obtained
from the CFSR fields. Input variables included wind
fields (u and v components), geopotential height, air tem-
perature and relative air humidity. Those variables were
updated every 6 hr in the model for a light nudging on
the coarser grid. Input oceanic condition consisted in the
Optimum Interpolation Sea Surface Temperature
(OISST) from the National Oceanic and Atmospheric
Administration (NOAA), which was weekly updated
(Reynolds et al., 2002; 2007).

The physical parameterizations adopted included a
cumulus convection parameterization (Grell and
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 radia-
tion parameterization (Mlawer et al., 1997). Turbulent
fluxes related to soil and vegetation cover were calculated
through the use of a submodel, the Land Ecosystem-
Atmosphere  Feedback Model (LEAF-3; Walko
et al., 2000).

The OLAM model was previously validated using the
same configurations as adopted here but for 12 extreme
events that affected the southern coast of Brazil
(de Souza and Ramos da Silva, 2021). Despite a maxi-
mum bias of 2 hPa and a negative bias for precipitation,
the dynamical downscaling of CFSR fields using the

OLAM presented great agreement with observation and
reanalysis data in simulating the temperature, wind and
SLP fields for the selected events. Therefore, the dynami-
cal downscaling proposed here is suitable for rep-
resenting the main synoptic systems that affect the
weather in south Brazil.

2.5 | Data used for the model validation
In order to verify if the OLAM was capable of accurately
downscale the CFSR atmospheric fields, we compared it
results with land meteorological stations. We used the
stations from the Brazilian National Institute of Meteo-
rology (INMET), freely available at https://bdmep.inmet.
gov.br. For this validation, we used all stations available
for the study area (Figure 1).

For the model comparison with the observations, we
accessed the classic metrics such bias, mean average error
(MAE), root of the mean squared error (RMSE), mean
squared error (MSE) and the Pearson's correlation index
(p). Additionally, the MSE was divided into de dissipative
and dispersive components (MSE;ss and MSEg;g,), which
indicate phase errors and errors associated with intensity
of the given atmospheric field, respectively, and we also
accessed the ratio between simulated and observed stan-
dard deviation (o,/0,), where a number closer to 1 indi-
cates better model results (Hallak and Pereira
Filho, 2011). All metrics and analysis performed here
are described in Taylor (2001), Hallak and Pereira
Filho (2011) and de Souza and Ramos da Silva (2021).
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TABLE 1
direction in the coastal SBr

No. Dates Surface conditions Wind

01 2000-05-21 NW-AC/NE-CS E/NE/N
02 1995-04-14 NW-AC/NE-CS/NE-AC SW/S/SE
03 2004-04-05 NW-AC/SE-CS S/E/NE
04 2000-10-01 AC*/SE-CS N/NE

05 2009-01-28 NW-AC/NE-AC NE/E

06 1984-09-04 AC* E/NE/SE
07 1997-05-22 NW-C/NE-AC W

08 2005-05-07 NW-AC/NE-AC S/SW

09 2006-10-20 NWSW-AC/SE-CS SE/E

10 2004-01-07 NW-AC/SW-AC NE

11 1982-10-01 NWSW-AC NE

12 1998-10-04 SW-CS/NE-AC N/NE

13 1986-05-03 SW-CS SE

14 2004-02-06 NW-AC/SE-CS S/SE

15 2005-02-24 NW-AC/NE-AC E/NE

16 1986-12-02 NE-AC/SE-CS SW/NE/NW
17 1998-12-28 NE-AC/SE-CS NE

18 1983-03-08 NE-AC W/NE

of Climatology

Dates (defined as the day closest to each cluster centroid), synoptic conditions related to each weather type (WT) and wind

No. Dates Surface conditions Wind
19 1987-07-01 NE-AC/SE-CS NW/SE
20 1994-02-06 NW-AC/NE-AC/SE-CS SE

21 2002-03-04 NE-AC/SW-CS NE/N
2 1989-09-30 NW-AC/NE-AC/SE-CS S/NW
23 1999-02-15 NW-CS/NE-CS E/NE

24 2004-03-08 NE-AC/SE-CS NE

25 1999-01-20 NW-AC/SE-CS W/NE/E
26 1998-02-13 NW-AC/NE-AC E

27 1989-08-28 NW-AC/SE-CS SW/S

28 1990-11-30 NW-C/NE-AC/SE-AC E/NE

29 2005-11-29 NE-AC/SW-CS NE/E

30 2003-11-30 NE-AC/SE-CS E/NE

31 1983-09-18 NW-AC/NE-CS/SW-CS E/NE/SW
32 2010-05-04 NE-AC/SW-CS/SE-CS N/W/S
33 1999-09-27 NW-AC/SE-CS SW/SE
34 1998-08-15 NE-AC/SW-CS/SE-CS N/S

35 1986-03-15 NE-AC/SW-CS S/E

36 1994-01-14 SW-CS/SE-CS NE

Note: More than one direction indicates that it varies along the PR, SC and RS coastlines, respectively. Surface conditions acronyms are designed accordingly to
the position of the prevailing cyclonic (CS)/anticyclonic (AC) features in the subdomain of SLP analysis (Figure 2). *Anticyclonic pattern across most of the

domain.
3 | RESULTS
3.1 | Weather types in southern Brazil

Figure 5 shows the 36 WTs obtained from the statistical
analysis with the SLP fields. All WTs comprise transient
high- and low-pressure systems in the study area or the
adjacent oceanic region. The dates corresponding to the
36 selected cases (those closest to their respective cen-
troids) and the surface synoptic conditions for the simu-
lated cases are presented in Table 1. The synoptic
conditions presented at Table 1 do not exactly match the
conditions (SLP and wind fields) seen in Figure 5 (see
also Figure 6) as the latter represents the CFSR data clus-
ter centroids, while the former represent the downscaled
simulated fields for the cases closest to the centroids.

For the analysis of synoptic conditions associated with
the 36 selected cases (Table 1), we analysed the position of
cyclonic/anticyclonic systems in respect to subdomains of
the original SLP fields (see left panel in Figure 2 and S1,
Supporting Information). In most of the cases there was
an anticyclone (AC) located in central SAO (South Atlan-
tic Ocean—NE of the domain). This pattern occurs in
23 of all WT (02, 05, 07, 08, 12, 15 to 24, 26, 28 to
32, 34 and 35) and represents the cases when the SASA

was present. The second most prevailing condition was a
cyclonic system (CS) in southern SAO (SE of the domain),
occurring in 17 of the cases (WTs 03, 04, 09, 14, 16, 17,
19, 20, 22, 24, 25, 27, 30,32 to 34 and 36). Another frequent
feature was the AC positioned closer to the continent
(NW of the domain), mostly associated with a post frontal
anticyclone with the CS located in the central part of the
SAO (SW of the domain—related to cyclogenesis close to
the SBr region prior to the event). Least common were the
occurrence of a CS close to the Brazilian coast (SW of the
domain) and in the central SAO (SE of the domain).

From the results, it is possible to see that, for most
cases (WTs 03, 04, 09, 10, 12 14, 16, 17, 19 to 22, 24,
25 and 27 to 35), there was an AC in either or both
NE/NW of the domain in association with a CS in either
or both SE/SW of the domain. Those patterns correspond
to the position of the SASA (or a postfrontal AC moving
towards the SASA climatological position) and a CS mov-
ing from the southern part of South America towards the
Southern Ocean. Another frequent pattern observed was
an AC in the NW of the domain in association with an
AC in the NE parts of the domain, without the presence
of a CS. This pattern illustrates a transient (postfrontal)
AC before merging with the SASA. Other patterns can be
identified, but they were less common among the WTs.
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3.2 | Model validation and added value
Figure 6a shows the dynamically downscaled results
from the OLAM model displaying SLP fields and wind
vectors across the high-resolution domain (see also
Figure S2), for each WT. Meanwhile, Figure 6b displays
the same fields but for the CFSR, for comparison. It can
be seen that both CFSR and OLAM represented a similar
spatial pattern for the SLP, as the position of high- and
low-pressure systems coincide. The OLAM and CFSR
SLP field presented a very high correlation (p = 0.96, not
shown). However, the high resolution presented by the
OLAM model is able to capture the effects of the topogra-
phy in the simulated fields, as can be seen, for example,
in WT 3, 10, 12, 14, 15, 18, 27 and 31 (but also over some
extent in all the presented WT). On those WT it can be
seen that the SLP fields especially over the continent dif-
fer between the OLAM and the CFSR, as in the OLAM
the contours represent details related to finer-scale struc-
tures such the complex topography in the SC and PR
states coasts and the lagoon systems in the RS state
coastal region (Figure 1).

The OLAM and CFSR SLP fields were compared
with the INMET corresponding to each WT time periods
available in the dataset (Figure 6c,d). Both OLAM and
CFSR models, although showing small negative bias,
presented a good agreement with the observations,
which is further explored in the Taylor's diagram
(Figure 6e) and in the statistical metrics (Table 2). The
Pearson's correlation coefficient indicates very high cor-
relation between OLAM and INMET data (p = 0.9),
while the CFSR correlation was high (p = 0.88). Also,
the downscaling resulted in improvements in almost
every analysed metric, as it resulted in a better ratio of
os/o, and lowers MAE, MSE and RMSE. The higher
MSEy;sp than for both models indicates that the differ-
ences with the observations are more likely to be related
with the positioning of the pressure fields than with the
simulated intensity.

The wind speed is the atmospheric field analysed here
that presented the weakest correlation between OLAM
and the CFSR (p = 0.54). For most WT, the overall spatial
pattern of wind speed simulated by the OLAM model
matches the ones presented by the CFSR (Figure 7a,b).
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(a) OLAM model results snapshot for the selected weather types (WT) SLP (hPa) and wind field vectors at 1200 LST (GMT-3).

From the first to the last WT, they are grouped from top to down and from left to the right. The color contours represent the position of low-/
high-pressure systems in blue/red, respectively, while the vectors indicate the wind direction. (b) Same as in (a), but for CFSR. (c) Comparison
of the OLAM SLP with the weather stations, for all WT dates which data was available. (d) Same as (c), but for comparing CFSR with the

weather stations. (e) Taylor's diagram comparing OLAM and CFSR skill to represent the SLP fields, using the weather stations as reference

TABLE 2

Statistical metrics for

comparing OLAM and CFSR

atmospheric fields with the INMET

stations data

Average
Bias
MAE
05/0,
RMSE
MSE
MSEgiss
MSEgisp
P

SLP Wind speed Total acc. precipitation
OLAM CFSR OLAM CFSR OLAM CFSR
1014 1014 3.63 4.46 26.27 50.92
—-0.54 -0.27 1.04 1.87 —15.25 9.40
1.56 1.72 1.71 2.44 27.35 3141
0.88 0.86 1.05 1.24 0.80 1.26
2.33 2.47 2.22 3.08 39.48 46.80
5.45 6.12 4.94 9.47 1558.29 2189.96
0.65 0.61 1.08 3.69 288.73 184.81
4.79 5.52 3.86 5.78 1269.56 2005.15
0.90 0.88 0.46 0.31 0.45 0.45

Note: The metrics used were the model bias, mean average error (MAE), the ratio between simulated and
observed standard deviation (o,/0,), root of the mean squared error (RMSE), mean squared error (MSE),

which was divided into de dissipative and dispersive components (MSEg;ss and MSEg;sp), and the Pearson's
correlation index (p). The metrics were calculated using the data for all WT.
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Standard Deviation

FIGURE 7 Same as Figure 6, but for wind speed

For example, the position centres of maximum and mini-
mum velocities are similar, although there are differences
in their shapes and intensities.

Compared to the station data, the CFSR presented
low correlation (p = 0.31) than OLAM (p = 0.46; Table 2
and Figure 7e) for the wind speed. Besides, the down-
scaled fields presented improvements on all statistical
metrics (Table 2). This indicates that the increased model
resolution by the downscaling process leads to better rep-
resentation of the wind fields and also, that the more
complex spatial patterns shown in Figure 7a (when com-
pared to Figure 7b), is related to a better representation
of the finer-scale processes rather than being generated
by computational modes.

For the simulated total 10 days accumulated precipi-
tation, the OLAM and CFSR presented high correlation
values (p = 0.84), although the OLAM downscaled fields
often presented lower totals (Figure 8a,b). Both the
OLAM and CFSR presented moderate correlation with
the INMET stations data (p = 0.45, for both). Figure 8c
shows that, for the WT presented here, the OLAM model

overall tends to underestimate the precipitation, which is
demonstrated by its negative bias (Table 2). Meanwhile,
Figure 8d shows that the CFSR often overestimates the
accumulated values lower than approximately 150 mm,
but underestimates the values greater than this threshold,
resulting in a positive bias of smaller absolute valour than
the OLAM's (Table 2). However, the other metrics at
Table 2 point to a better overall result by the OLAM
model, as there is a reduced MAE, RMSE and MSE
values and also a o,/0, ratio closer to 1.

3.3 | Downscaled atmospheric
conditions

The most frequent wind direction, as downscaled by the
OLAM model (Figure 6a), in all sectors of coastal SBr
was northeasterly, followed by easterly (Table 1). Both
are related to the SASA positioned in the middle of the
SAO (northern part of the domain) or with a cyclogenesis
event near the coast (for example, WT17 and 29). In
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general, the position of the SASA further away from the
SBr coast resulted in more northeasterly than easterly
winds and moderate wind speeds (around 10 m-s™%).
Wind speed was often higher for RS and southern SC
state coasts. In contrast, the PR state coastal area mostly
presented calmer conditions, with lower wind velocities.
Southerly winds were mostly associated to the position of
an anticyclone close to the continent (NW of the
domain—Ilikely a postfrontal anticyclone).

Wind direction related to cyclonic systems changed
accordingly with the position of the system and also
along the coast. For example, in WT18 the position of the
cyclone in the oceanic area close to the RS state coastline
was associated with mostly easterly winds along the RS
coast and southerly winds near the SC coast. The highest
wind velocities (Figure 7a) were obtained from WT31,
WT07 and WT11. In both WTs 31 and 07 there were
cyclogenesis events near the coastal region of SBr while
in WT11 there was a postfrontal anticyclone very close to
SBr. In WT31 the cyclogenesis event near SBr could not
be detected through the low-resolution CFSR fields (its

200 250

Same as Figure 6 but for the total accumulated precipitation during all 10 days of simulation

SLP fields do not show a closed low) but its signature can
be seen in the OLAM model downscaled fields (Figures 6
and S2).

Figure 8 presents the results from OLAM for the
10 day precipitation accumulation for each WT. The
results show that WT31, WT34 and WT23 had the highest
amounts of precipitation for the study area (and also for
the more continental parts of SBr), each WT representing
an episode of high precipitation for each state, SC, RS
and PR, respectively. In both WT31 and WT34, the pre-
cipitation was most likely associated with the passage of
a cold front over SBr, which was related to the CS in the
SW of the domain. WT23 was probably an event of oro-
graphic rain associated with warm and moist advections
from the SAO.

Among the 15 events that resulted in precipitation in
the SBr coast (WTs 02, 03, 05, 08, 10, 14, 18, 20, 23, 24,
25, 26, 27, 31 and 34), 12 were associated with the pres-
ence of an AC in the NW part of the domain. For those
cases, this AC was most likely a post frontal anticyclone.
However, in order to infer if the precipitation was related
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with a frontal system or other meteorological system one
would need to analyse the temporal evolution of each
event, which is beyond the scope of the present study.
Meanwhile, WTs 01, 04, 09, 13, 17, 22, 29 and 36 represen-
ted dry conditions for SBr.

4 | DISCUSSION
4.1 | Weather types and atmospheric
circulation observed in south Brazil

The proposed weather types presented here represented
those circulation patterns expected for the region, related
to influences of the SASA as well as the high-frequency
low-level synoptic variability: the year-around passage
of transient high-/low-pressure systems through the
region (Compagnucci and Salles, 1997; Garreaud and
Wallace, 1998; Garreaud, 2000; Seluchi and Marengo,
2000; Garreaud and Aceituno, 2002). Meanwhile, the
dynamical downscaling methodology provided high-
resolution atmospheric fields that captured well the
atmospheric systems ranging from local scale to meso-
scale, including details that could not be seen in the low-
resolution atmospheric fields from the CFSR reanalysis.
The occurrence probability analysis showed five pre-
dominant WT that affect the weather in the SBr as they
sum up to more than 20% of the total occurrence proba-
bility. Meanwhile, the WTs seasonal occurrence probabil-
ities presented an opposite behaviour between the austral
summer and winter months. In general, during JJA and
SON there is a higher occurrence probability for WT
related to cyclonic systems closer to the SBr coast than
for DJF and MAM. This behaviour can be explained by
the enhanced cyclogenesis activity near Uruguay and in
the southern region of South America during those
months (Reboita et al., 2010a; Gramcianinov et al., 2019).
The local effects of this cyclogenesis closer to the coast
can be seen, for example, in WT08 where there is consid-
erable amount of precipitation in the southernmost part
of SBr (up to 150 mm in the 10 day accumulated) due to
the passage of an extratropical cyclone's frontal system in
the region. Both frontal systems and extratropical
cyclones are the main atmospheric phenomena contrib-
uting for the precipitation in the region (Rao and
Hada, 1990; Rao et al., 1996; Reboita et al., 2010b, 2018).
Although the spatial pattern of the OLAM and CFSR
SLP fields presented similar features, the downscaling
process allowed the OLAM to represent finer-scale struc-
tures absent in the coarser CFSR fields. SLP gradients
such as those induced by topography are responsible for
triggering local circulations that might affect the atmo-
spheric conditions in the neighbouring region (Ferber

and Mass, 1990; Silva Dias and Jaschke, 1997; Lee and
Kimura, 2001; Nishizawa et al., 2021). Also, the interac-
tion between sea-land circulations and the topography on
the coastal region of SBr are important mechanisms mod-
ulating its precipitation regimen (Berbery and
Collini, 2000).

Despite the similar results for the SLP fields between
OLAM and CFSR, the downscaling process resulted in
improvements of the simulated wind speeds. This is in
agreement with Mass et al. (2002), that showed that
higher model resolutions result in higher statistical scores
for the wind field rather than for SLP, as the increased
resolution allowed a better representation of mesoscale
topographic features. For the precipitation, previous stud-
ies have proposed that the added value of RCM is depen-
dent of various factors, such the region surface features
and the RCM driving fields/GCM (Falco et al., 2019; Sol-
man and Bldzquez, 2019).

The CFSR positive bias for the accumulated precipita-
tion for the SBr coastal area is in agreement with Silva
et al. (2011). In that study, the authors demonstrated that
the CFSR has a higher (lower) probability of light (heavy)
rainfall than the observed. The downscaling by the OLAM
model achieved a reduction in the bias associated with the
light rain (lower accumulated values), which demonstrates
added value by OLAM regarding the CFSR inputs,
although the high accumulates are still underestimated.

Overall the validation showed that the downscaling
methodology proposed resulted in realistic atmospheric
fields, especially for SLP, that represent well the atmo-
spheric systems that modulate the climate over SBr. As
the downscaling methodology is highly sensitive to the
initial boundaries conditions, it is advisable further stud-
ies accessing this methodology, for example, with the
new ERAS5 Reanalysis, that showed promising results for
SBr (Hersbach et al., 2019, 2020; de Assis Tavares
et al., 2020; Fernandes et al., 2021).

One of the key characteristics of the low-level circula-
tion related to the WTs presented here is a prevailing NE
wind direction with moderate wind speeds near the
coastal SB, related to the SASA position. This is consis-
tent with results from Compagnucci and Salles (1997)
who found that the synoptic circulation associated with
the SASA was the leading pattern for the region and
explained 50% of the variance. The passage of transient
high-/low-pressure systems through the region was
related to changes in wind direction to southerly winds,
following the proposed mechanism of cold air incursions
in the southern/southeastern parts of Brazil
(Garreaud, 2000). The frontal systems associated with CS
in the SAO are one of the main mechanisms associated
with precipitation formation in the SBr (Reboita
et al., 2010b), while the cold air incursions following
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them are the leading mode of synoptic variability for the
region (Garreaud, 2000; Garreaud et al., 2009).

The obvious advantage of using this methodology that
identifies circulation patterns from coarser global model
for using them in a dynamic downscaling process is that
it provides a comprehensive range of the predominant
atmospheric conditions for the study area without the
need to perform a long complete numerical climatology
using a regional model. This is only possible due to the
increasing number of available reanalysis projects nowa-
days. This method allows saving computational power
that would be required in long high-resolution simula-
tions. With increased resolutions, the model is able to
better represent the atmosphere dynamics and surface
boundary conditions, which in turn provide simulations
with more accurate weather conditions. For instance, the
dynamical simulations presented here took approxi-
mately 4.8 hr of computing time to perform 1 day of sim-
ulation, using eight CPU cores. Therefore, adopting the
same model and PC configurations as here, a complete
30-year climatology would require running approxi-
mately 6 years of simulations. Therefore, the framework
followed here allowed a fair representation of the region
climate that can be performed on computers affordable
to non-high budget projects.

4.2 | Potential applications
The probability of occurrence of the WT allows identi-
fication of prevailing conditions for the study area and
potential risks associated with certain WTs. For
instance, WTs 31 and 34 are associated with potential
impacts for coastal SBr due to the high amounts of pre-
cipitation related to those events (although the precipi-
tation maxima were located in the central parts of SBr).
This is a matter of concern especially for the northern
region of coastal SC state, where historical occurrence
of flooding events have caused millions of dollars in
economic losses, have displaced thousands of people
and caused fatalities (Herrmann, 2006; Stevaux
et al., 2009).

The wind fields indicate WT31 and also WTs 07 and
11 as events of possible impact for the coastal SBr, as the
high wind speeds can cause damage to housing and
coastal infrastructures, trigger beach erosion episodes,
impact port activities and cause risks for navigation
(e.g., Innocentini and Caetano Neto, 1996; Parise
et al., 2009; Fuentes et al., 2013). Meanwhile, the persis-
tence of WT associated with dry conditions indicates risks
for water supply and farming.

Other possible association that can be made with the
WTs selected here is with extreme events occurring in

of Climatology

the study area. For instance, de Souza and Ramos da
Silva (2021) reviewed major extreme events that occurred
in the coastal SBr since 2000. In their study, the events
they numbered from E06 to E12 fit into the WTs 03, 12,
03, 08, 07, 26 and 21, respectively. For those cases there is
a close match between the synoptic conditions presented
there, for the extreme events, and here for the WTs,
except for events 07 and 12 (WTs 12 and 21). Those two
last cases corresponded to the Itajai Valley (north of SC
state) flooding in 2008 and the Catarina Hurricane in
2004, the most extreme events that occurred in this
region (Pezza and Simmonds, 2005; World Bank, 2016).
For those two cases it is expected this difference between
the WTs synoptic conditions and the actual events condi-
tions due to increased intragroup variance. For the
remaining events, the correspondence between them and
the proposed WTs indicate that the methodology captures
well not only the atmospheric circulation related to the
region mean flow but also to the extreme events occur-
ring there. Identifying WTs related to extreme events can
aid forecasters identifying possible atmospheric condi-
tions linked to hazards for SBr. Also, analysing the tem-
poral evolution of the WTs associated to extreme events
presented here for climate change scenarios from GCM
output will be subject of a future study.

Identifying the atmospheric circulation patterns
related to present weather conditions can also be useful
for assessing future climate change scenarios. As the
methodology used here is computationally cheaper than
a full regional climate projection (as previous discussed)
one can assess climate change scenarios for the region
using, for example, data from the Coupled Model
Intercomparison Project (CMIP) and adopt the same
methodology as we used here for identifying future WTs
for the region in a similar approach as applied by Camus
et al. (2014) and Perez et al. (2015). This would allow a
detailed analysis of the future weather patterns occurring
in the region and also their relationship to potential
impacts for the communities.

5 | CONCLUSION

The weather types presented here provided a comprehen-
sive representation of the regional climate and the final
downscaled high-resolution estimates can provide
synoptic-scale variables that are important for the local
population. In the present study, we used a statistical
downscaling approach to identify the 36 main weather
types acting over the coastal region of southern Brazil.
Meanwhile, the dynamical downscaling carried out with
the OLAM model provided high-resolution atmospheric
fields for the coastal southern Brazil area. The analysis of
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WTs occurrence probabilities indicated that the seasonal
timescale largely modulates the WTs.

The horizontal resolutions achieved here are of
approximately 6 km, which is at least 4 times higher
than the ongoing CORDEX initiative (Giorgi and
Gutowski, 2015) and 20 times higher than most GCM
output. This allowed better representation of the SBr
complex coastline and heterogeneous topography and
thus, the model was able to capture well the region large-
scale features as well as provide high-resolution informa-
tion. The proposed methodology can also be applied to
any other region by selecting WT and adapting the
OLAM grid system for the interest region.

In the future, this methodology will be used to access
climate change scenarios for the study region and to
access the impact on surface oceanic waves, storm surges
and coastal flooding. Changes in frequency and atmo-
spheric patterns related to the WT may project the
expected impacts and thus provide important data for the
local decision-makers.
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