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Abstract

Changes in climate in the South Atlantic region and adjacent regions have been described in
numerous works using projections from global climate models from CMIP5 and CMIP6. This
paper presents an evaluation of the ability of these models to reproduce the atmospheric
circulation patterns (weather types) and their seasonal and inter-annual variability. The analyzes
are performed based on the probability of occurrence of weather types in the historical period and
in future projections. The scatter index and the relative entropy are the statistical parameters used
to evaluate the models’ performance in the historical period. Future projections consist of RCP2.6,
4.5 and 8.5 scenarios for the CMIP5 models and the SSP126, 245, 370 and 585 scenarios for the
CMIP6 and are assessed at different time intervals: short term (2015-2039), mid-term (2040-
2069) and long term (2070-2100). The performance of projections is measured by analyzing their
consistency, that is, based on the similarity between projections of the same scenario in different
models. The results show that the reproduction of the probability of occurrence of historical
weather types and their seasonal and interannual variability was better performed by ACCESS1-
0, HadGEM2-ES, HadGEM2-CC, CMCC-CM and MPI-ESM-P when assessing the models from
CMIP5, and by HadGEM3-GC31-MM, ACCESS-ESM1-5, ACCESS- CM2 and MRI-ESM-P
when assessing the models from CMIP6. As for future projections, only the BESM-AQO2-5,
GFDL-ESM4 and HadGEM3-GC31-MM models showed inconsistency in one or more scenarios.

Keywords: Global Climate Models. Climate Change. South Atlantic, performance assessment.
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1. Introduction

The outputs of global climate models (GCMs) are essential to support and understand climate
changes around the world (Swart & Fyfe, 2012; Fant et al., 2016; Cherchi et al., 2018, Cagigal et
al., 2020; Kreienkamp et al., 2020; Berg & McColl, 2021). Since the early 1990s, the World
Climate Research Program (WCRP) has coordinated the Coupled Models Intercomparison
Project (CMIP) to promote common simulations with different GCMs to better understand the
climate variability in the past, present, and future (Meehl et al., 1997; Meehl et al., 2005; Bock et
al., 2020; Touzé-Peiffer et al., 2020). GCMs outputs are commonly used as input in dynamic and
statistical downscaling experiments, in order to generate secondary information such as wave,
storm surge, river discharge and precipitation data (Fowler et al., 2007; Camus et al., 2017; Perez
etal., 2015).

Several studies show the applicability and performance of GCMs in different regions of the world
(Reichler & Kim., 2008; Hall et al., 2019; Fasullo, 2020; Fasullo et al., 2020). One of the methods
applied to evaluate the performance of GCMs relies on the assessment of their capability to
reproduce the atmospheric circulation patterns (i.e., weather types) (Huth, 2000; Pastor & Casado,
2012; Perez et al., 2014; Abadi et al., 2018, Olmo et al., 2023). The results from these analyses
are particularly important to understand how GCMs performs when representing weather types,
and have great value for studies that relate weather type patterns, the resultant oceanographic

condition and the effect of climate change on it.

In the North Atlantic, analyses of GCMs in terms of their ability to reproduce the probability of
weather types have been widely explored (e.g. Perez et al., 2014; Camus et al., 2014). However,
although GCMs are commonly used to support climate change studies in the South Atlantic (Vera
etal., 2006; He et al., 2017; Reboita et al., 2018; Villamayor et al., 2018), little is known regarding
their performance on reproducing the atmospheric patterns in this region (Hofstadter & Bidegain,
1997; Bidegain, 2006; Yin et al., 2013; Abadi et al., 2018, Reboita et al., 2019).

This paper presents a performance assessment of GCMs in the South Atlantic through the
methodology described by Perez et al. (2014). The methodology consists of analyzing the skill of
GCMs when reproducing the historical probability of occurrence of weather types, as well as,
evaluating the consistency of their future projections. The weather types applied here were
obtained during the project Regional Oceanographic and Amospheric Downscaling (ROAD

https://road-besm.ufsc.br/) in which daily sea level pressure (SLP) fields and sea level pressure

gradient (SLPG) were used as input in a classification analysis to define the typical weather types
that occur over the Southeast coast of the Atlantic Ocean. The SLP fields contain surface climate
conditions and has been shown to be a good predictor for waves, storm surge and total water level
(Cagigal et al., 2020; Camus et al., 2014; Rueda et al., 2016). Here, statistical metrics (scatter

index and relative entropy) are estimated to evaluate the performance of 48 GCMs, 27 from
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CMIP5 (Taylor et al., 2012) and 21 from CMIP6 (Eyring et al., 2016) on reproducing the
probability of occurrence of the historical weather types (Table 1). The consistency of future
projections of RCPs (Representative Concentration Pathways - van Vuuren et al., 2011) and SSPs
(Shared Socioeconomic Pathways - O’Neill et al., 2017) scenarios and the magnitude of changes

in the probability of occurrence of each weather type were also evaluated.

2. Study area, data and methods
2.1.Study area

This study investigates the regional atmospheric circulation patterns over the South Atlantic
Ocean, with a particular focus on the southeastern Brazilian coast. The spatial limits of the study
are within 0° and 70°S of latitude and 70°W and 20°E of longitude (Figure 1).

The climate over the South Atlantic and adjacent regions is dominated by the South Atlantic
Subtropical Anticyclone (SASA). This system is defined by a semi-permanent subtropical high
pressure with greater amplitude and intensity during the winter months (Peterson & Stramma,
1991; Degola, 2013; Sun et al., 2017; Reboita et al., 2019).

SASA is closely related to the wave climate of the Southern coast of Brazil, as it is responsible
for the northeasterly winds that act over the ocean in the region (Degola, 2013). Wave conditions
in this zone have shown to be also related to the passage of cold fronts (~10% of the occurrences),
to the occurrence of semi-stationary (nearly-stationary) anticyclones that migrate to the north,
resulting in waves from the east and southeast (~50% of the occurrences) and to non-local wind
conditions that results in long-period waves that travel towards the study area (~30% of
occurrences) (Alves & Melo, 2001). The occurrence of extreme wave events is mainly associated
with cyclones generated between 30°S and 35°S and are intensified when they occur
concomitantly with other atmospheric systems, such as extratropical transient anticyclones,
resulting in persistent southwesterly winds, which are considered the main generators of extreme
events in the region (Araujo et al., 2003; Gomes da Silva et al., 2016; Reboita et al., 2019;

Gramcianinov et al., 2020).

The storm surge in this area is associated with the occurrence of frontal systems and with the
evolution and persistence of low-pressure systems acting over the ocean, which lead to strong
winds from southwest blowing parallel to the coast (Parise et al., 2009). Storm surge events are
intensified when the cyclone occurs simultaneously with high pressure over the continent, which
results in an increase in pressure gradient and, consequently, wind speed. Following Ekman
theory, these strong winds rotate to east resulting in a wind setup, while the pressure gradient
caused by the low pressure over the ocean increases the water level at the coast. Extreme values

are typically observed during the austral winter and autumn, when the south wind speed is more
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intense (Campos et al., 2010). The particular characteristic of this zone is the shallow shelf that
takes the storm surge generated far South to propagate northward as a continental shelf wave and,

as a result, the remote component dominates the storm surge signal at the coast (Melo, 2016).
2.2.Data

The weather types considered in this work were obtained during the development of the project
ROAD. In that project weather types were obtained to be used as atmospheric predictor for wave
and storm surge data at Florianopolis (South Brazil). In this paper, these weather types are used
to analyze the skill of the CMIP5 and CMIP6 models to reproduce the main patterns of
atmospheric circulation over the South Atlantic Ocean. The dataset used to obtain the weather

types and to evaluate the performance of GCMs models are described in this section.

2.2.1. Reanalysis data

The historical weather types were computed using daily average fields of SLP from the Climate
Forecast System Reanalysis (CFSR, Saha et al., 2010) (1979-2010). The spatial resolution used
was 2° x 2°. Although, the original resolution of the CFSR fields is 1/4°, a sensitivity test have

shown that the increase in spatial resolution did not affect the computed weather types.

2.2.2. Global Climate Models

The atmospheric data from the CMIP5 and CMIP6 (Taylor et al., 2012; Eyring et al., 2016) are
used. The data consists of daily sea level pressure fields mapped onto a 2° x 2° spatial resolution
grid, aligned with the grid of the reanalysis data. The collection of operators of the Climate Data

Operator (CDO) was used for all data processing (Schulzweida, 2019).

Twenty-seven (27) models from CMIP5 and twenty-one (21) from CMIP6 are considered in the
analyses (Table 1). Simulations for the historical period consider the period from 1979 to 2004.
To ensure greater security in the comparison of models, the ensemble used were rlilpl for CMIP5
models and rlilplfl for CMIP6 models. The scenarios analyzed here are RCP 2.6, RCP 4.5, and
RCP 8.5 for CMIP5 and SSP126, SSP245, SSP370, and SSP585 for CMIP6. The analyzed
scenarios for each GCM and for each time interval are indicated in Table 1. It is noteworthy that
not all GCMs presented projections for all scenarios. In total, one hundred and twenty-two (122)
future projections were analyzed. This number includes the separation of projected data by by

scenarios and time interval (short, mid and long-term).
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Table 1 — CMIP5 and CMIP6 Global Climate Models (GCMs) used in the analyses.

References from all GCMs are included in the manuscript reference list.

Note that not all models had versions in both phases of CMIP or all scenarios considered.
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2.2.3. Wave data

Wave data were considered in the process of computing the weather types (more details in section
2.3). Wave parameters applied in the analyses were those from the hindcast model developed by
the Australian Bureau of Meteorology and the Climate Science Center (CSIRO) (Durrant et al.,
2014; Smith et al., 2021). Such database was generated using the WaveWatch 111 model (v4.08)
forced with winds from NCEP CFSR (Saha et al., 2010) and daily sea ice. This hindcast provides
bulk and partitioned wave parameters at a global resolution of 0.4° and spam from 1979 to 2010.

2.3. Methods
2.3.1. Computation of weather types

The methodology to compute the weather types as predictors for wave data within the project
ROAD was the same applied by Rueda et al. (2016). It consists on i) calculating daily averaged
atmospheric data (SLP and SLPG); ii) modifying the atmospheric data according to information
about wave and storm surge propagation in the area of interest; iii) applying Principal Component
Analysis (PCA) to reduce the dimensionality of the data and iv) applying a classification method
that allows to group the atmospheric conditions in classes of weather types with similar
characteristics. Some details of this process are presented in the following text.

The weather types were generated to be later related to nearshore waves. In that case, it was
important to use the atmospheric data that actually generates the waves that reaches the coast of
the study area. The waves observed in South Brazil are generated over the South Atlantic Ocean
and travel for a few days before reaching the coast (Aradjo et al., 2003; Truccolo, Franco,
Schettini, 2004; Gomes da Silva et al., 2016; Melo, 2016). Wave propagation times over South
Atlantic were obtained applying the ESTELA method (Perez et al., 2014b). ESTELA (a method
for Evaluating the Source and Travel-time of the wave Energy reaching a Local Area) applies
fields of wave spectra to estimate the effective energy flux (energy of the spectrum travelling
towards the target point) based on the characteristics of the spectrum and the location of the source
and target point. Finally, the travel time is obtained using a weighted mean of the group celerity.
Figure 1 shows the isochrones that represent the propagation times of the waves (blue contours)

that reach a target point in the Brazilian coast.
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Figure 1: Isochrones of wave (blue lines) obtained from ESTELA. The red dot marks the position of the
City of Florian6polis/SC, Brazil (Gomes da Silva et al., 2023)

Based on the wave propagation time, the maps of daily SLP and SLPG fields were modified in a
way that in the areas where waves take an average of 2 days to reach the coast, SLP and SLPG
data of t-2 days were used; for zones where generated waves take 3 days to reach the coast, SLP

and SLPG from t-3 days was used, and so on.

The modified SLP and SLPG fields were organized in a single matrix [SLP SLPG] and the
singular value decomposition (SVD) of the matrix was computed, in order to reduce the
dimensionality of the dataset. Only the principal components (PCs) that represented 99% of the

variability of the dataset were used. The dimension was reduced from a total of 2186 to 597 PCs.

The k-means algorithm was applied to the matrix of PCs in order to group similar atmospheric
conditions into classes. Each class was then, characterized by a prototype that represents the
centroid of the cluster, the so-called weather type (WT). This method requires the user to define
the number of clusters (N) in which the dataset will be grouped in. Here, the optimal number of
clusters was defined based on a sensitivity analysis (not shown) in which different N were tested

and N=25 showed the best result when considering the following criterions: i) the number of
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datasets should be higher than 50 in all clusters to allow statistical relationships to be stablished
in subsequent analyses; ii) we looked for the higher Euclidean Distance between clusters; and iii)

for the lower Euclidean Distance within the dataset of each cluster.

Figure 2 shows the 25 WTs identified (represented in SLP anomalies) and the respective
probability of occurrence (right panel). The later was calculated using the number of data
associated with each weather type. The objective of the figure is to highlight patterns of high and

low pressure, hence the anomaly variable of pressure is utilized.
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Figure 2: Weather types based on sea level pressure fields. The figure depicts pressure anomalies present
in 99% of the data, as analyzed by Principal Component Analysis. The anomaly variable was chosen to
highlight patterns of high and low pressure. Adjacent panels show the probabilities of occurrence for each
weather type across all seasons and separately for DJF (winter), MAM (spring), JJA (summer), and SON
(autumn).

2.3.2. Evaluation of the performance of GCMs

The SLP and SLPG data from GCMs were organized in a matrix with the same structure than the
one used to define the weather types [SLP SLPG]. Next, the daily fields were projected on the
weather types and the data from each day were associated with the weather type that was the most
similar to it. The similarity between daily atmospheric patterns and the weather types was

calculated using the Euclidean norm.

The number of data associated with each weather type was used to estimate the probability of
occurrence from the projections for the historical period (1979-2004) and three future horizons:
short-term (2015-2039), mid-term (2040-2069), and long-term (2070-2100). The following
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analyses were carried out using the probability of occurrence obtained from the reanalysis, from

the historical period and from the future horizons.
2.3.2.1. Historical

The similarity between the probabilities obtained from CFSR and from GCM’s were evaluated
using the scatter index of the mean squared error normalized by the mean probability (SI)
(Equation 1) and the relative entropy (RE) (Equation 2).

Z?I:]_(pl‘_p{)z

N

RE = Z{-V:lpi |log§, (2)

where pi is the relative probability of the ith weather type from the reanalysis data; pi’ is the
relative probability of the ith weather type from a GCM simulation, and N is the number of

weather types.

2.3.2.2. Seasonal
To assess the skill of the GCMs to reproduce interannual variability, the annual standard deviation
of the probabilities obtained from the reanalysis data and those from the GCMs simulations were

compared. The performance of the models was measured through the standard deviation scatter

index (stdSl) (Equation 3) (Figure 3 column 1c).

\/zgil(std(pi)—std(p{))z
_ N
stdSI = /Z,iv: (stae) * (3)

N

where std() represents the standard deviation of the argument.

2.3.2.3. Future

The data from future projections was evaluated in terms of consistency when compared to the
results obtained from other models. In this analysis, the magnitude of the changes in the
probabilities of each weather type were used. The magnitude of the changes was obtained through
the SI (Equation 1). For each model and scenario, the SI between the probability of future
projections and the probability of the historical period from the same model were estimated.
Inconsistent projections were considered those with Sl outside the range of three standard

deviations of the Sl from the set of models.



242
243
244
245

246

247
248

249
250
251
252
253

254
255
256
257
258

259

For the results from those projections that were considered consistent, the magnitude of changes
in the probability of occurrence over the historical period were also calculated. The relative
percentage of change was estimated for each scenario in relation to the results for the same

scenarios in the historical period.

3. Results and Discussion
3.1. Performance of GCMs

Figure 3 shows the 48 selected models and their respective performances. The columns “I.
Historical” and “2. Seasonal” shows the comparison with CFSR reanalysis data between 1979 to
2004. Lower RE (Figure 3, 1.a) and Sl (Figure 3, 1.b) indicate better performance when describing
historical and seasonal probabilities, while lower stdSI (Figure 3, 1.¢) indicate better performance

on describing interannual variability.

The future projections section in Figure 3 shows the SI of each model for each scenario (in colors)
and time interval (columns). The dark gray band between black lines within each column indicates
the range of the three standard deviations filter that was applied to identify outliers, projections
outside this range are considered inconsistent. Next, the results will be discussed by category of

analysis.
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Figure 3 — Summary of the performance of the 48 global climate models. The column “1. Historical”
presents (a) relative entropy (RE), (b) scatter index (SI), and (c) standard deviation of the scatter index
(stdSl) between the CFSR reference probabilities and those simulated by the models. The column “2.
Seasonal” presents the scatter index (SI) values for each model in each season, where (a) represents the
summer months (DJF), (b) autumn (MAM), (c) winter (JJA), and (d) the spring months (SON). The intense
blues indicate better performance of the model (lower SI), and the intense reds, worse performance (higher
Sl). The color scale is comparative between models (vertically), for each column the numerical scale is
different. The column “3. Future Projections” shows the scatter index (SI) (colored dots on the graph)
between the probabilities simulated and projected by each model for each period (short, mid, and long-
term) and scenario (see color legend). The gray bars bounded by the black lines indicate the limit of three
standard deviations for each CMIP phase. Please note that not all GCMs presented projections for all
scenarios (see Table 1).

3.1.1. Historical analysis

The mean values of the analyzed indices showed no differences in performance between the
CMIP5 (SI = 0.43, RE = 0.14) and CMIP6 (Sl = 0.43, RE = 0.13) models, as verified in other
works using CMIP3 and CMIP5 (Perez et al., 2014, Li et al., 2020, Ortega et al., 2021).

The HadGEM2-ES (S1 = 0.33, RE = 0.10), ACCESS1-0 (SI = 0.33, RE = 0.06), MPI-ESM-P (SI
= 0.33, RE = 0.09), HadGEM2-CC (Sl = 0.34, RE = 0.09), and CMCC-C (Sl = 0.35, RE = 0.10)
models exhibited the lowest SI values among the CMIP5 models. In contrast, the HadCM3,
GFDL-ESM2G, BESM-AQ02-5, MIROC4h, INMCM4, and IPSL-CM5A-MR models showed the
highest values.

The HadGEM3-GC31-MM (SI = 0.29, RE = 0.07), HadGEM3-GC31-HM (RI = 0.31, RE = 0.08),
HadGEM3-GC31-LL (SI = 0, 34, RE = 0.06), ACCESS-ESM1-5 (Sl = 0.35, RE = 0.06) and
ACCESS-CM2 (Sl = 0.35, RE = 0.10) presented the closest simulations when compared to
reanalysis. While the MPI-ESM-1-2-HAM models and the INM-CM model versions 5-0 and 4-8
presented Sl greater than 0.5, indicating that the modeled values are further from the reanalysis
data. The other models presented S| between 0.39 and 0.48.

The results are consistent with those verified by Perez et al. (2014) for the Northern Hemisphere.
For the CMIP5 model runs: ACCESS1.0, HadGEM2-CC, HadGEM2-ES, MPI-ESM-P and
CMCC-CM were the models that presented the best performance for the South Atlantic, as well
as the North Atlantic, according to Perez et al. (2014). On average, the CMIP5 models showed
lower Sl and RE in this analysis for the South Atlantic, compared to the North Atlantic results. In
the mean values, the CMIP5 models showed lower SI and RE in this analysis for the South
Atlantic (SI = 0.43, RE = 0.14), compared to the North Atlantic results (SI = 0.61, RE = 0.34)
(Perez et al., 2014).

3.1.2. Seasonal analysis
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Regarding the seasonal aspect, there is less significant differences between the models. The
significant reduction in the amount of data analyzed should be considered, since the analysis is
based on the probability of occurrence of weather types. This reduction could explain the

smoothing of the differences between the performance of the models in the seasonal analysis.

During summer, the MRI-ESM1 (SI = 1.411) and MRI-CGCM3 (SI = 1.422) models of the
CMIP5 and MRI-ESM2-0 (SI = 1.424) and ACCESS-ESM1-5 (SI = 1.429) of the CMIP6
presented the best performances. While, the CMIP5 results from HadGEM2-AO (S| = 1.53) and
HadCM3 (SI = 1.568) and the CMIP6 results from HadGEM3-GC31-HM (SI = 1.566) and
HadGEM3-GC31-LL (SI = 1.567) had the poorest performances. The Sl average was the highest
for the summer among all of the seasons for CMIP5 and CMIP6 (SI = 1.464 and 1.471,
respectively).

The best performance was for the MIROC4h and MPI-ESM-P models (SI = 0.995 and 0.999,
respectively) for the CMIP5 and for the CMIP6 of the CESM2 and HadGEM3-GC31-MM models
(S1'=0.972 and 0.988, respectively), during autumn. The worst performances during this season
were obtained the CMIP5 models IPSL-CM5A-MR and BESM-AO2-5 (SI = 1.089 for both) and
the CMIP6 models INM-CM4-8 (SI = 1.067) and MPI-ESM-1-2- HAM (SI = 1.085).

The performance of both the CMIP5 and CMIP6 models for the summer and autumn months was
reduced compared to the performance during the winter and spring months. As shown in other
works (Adam et al., 2016, Adam et al., 2018, Tian & Dong, 2020, Ortega et al., 2021) this
behavior may occur due to the double-ITCZ bias (Intertropical Convergence Zone), which is not
limited only to this region, but is recurrent in the representation of this period by ocean-

atmosphere coupled models.

During the winter months, the CMIP5 models: MPI-ESM-LR, MPI-ESM-P and BESM-OA2-5
presented the lowest SI (1.155, 1.163 and 1.177, respectively). The highest SI were associated
with HadCM3 and MIROC4h models (SI = 1.257 and 1.278). Among the CMIP6 models, the
best performances were achieved by GFDL-ESM4 (SI = 1.187) and HadGEM3-GC31-LL (Sl =
1.188) and the worst performances by CESM2 (Sl = 1.271) and INM-CM4-8 (SI = 1.276).

The spring simulations showed the lowest Sl average for both the CMIP5 and CMIP6 models (SI
= 0.823 and 0838, respectively). The best results from the CMIP5 models were obtained from the
two versions of CMCC (CM and CMS), with SI equal to 0.732 (CM) and 0.748 (CMS). The worst
performances were for the MIROC4h (SI = 0.926) and IPSL-CM5A-MR (SI = 0.928) models.
For CMIP6, the best models were HadGEM3-GC31-HM (SI = 0.759) and MRI-ESM2-0 (SI =
0.763) and the worst were CESM2 (SI = 0.921) and INM-CM4-8 (S = 1.001).

3.1.3. Interannual variability
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The interannual variabilities of the model’s results were evaluated by computing the standard
deviation of the annual probabilities of occurrence of each weather type (Eq. 3), once again the
ACESS1-0 model (SI = 0.232) presented the best performance, followed by the CMCC-CM
models (SI =0.239), GFDL-ESM2M (SI = 0.268) and MPI-ESM-P (Sl = 0.272), for CMIP5. The
mean Sl for the CMIP5 models was 0.325. For the CMIP6 models, the two versions of the
ACCESS model (ESM1-5 and CM2) presented the best performances (SI = 0.236 and 0.261,
respectively), followed by HadGEM3-GC31-HM (Sl = 0.272) and GFDL-ESM4 (SI = 0.293).
The mean S| for the CMIP6 models was 0.324, similar to the CMIP5 models.

It is observed that for both phases of CMIP, there were variations in the models with the best and
worst performance considering the evaluation of the complete historical period and the evaluation
of seasonal and interannual variability. Reinforcing that in some cases the performance of the
models may vary according to the season, as already pointed out by Perez et al. (2014). Another
study using a methodology for classifying atmospheric circulation patterns, similar to the one
used in the present work, was directed by Fernadez-Granja et al. (2021) and also identified a
similar behavior of the models when reproducing the circulation patterns. Although, in general,
they identified an improvement in the CMIP6 models, there is great variability in the evaluation

of the individual performance of each model.

Thus, the choice of the most suitable model for an analysis may vary according to the objectives
of the analysis. However, the HadGEM and ACCESS models stand out in all their versions and
also the performance of the MPI-ESM-P and CMCC-CM models among the CMIP5 models and
the GFDL-ESM4 and MRI-ESM2-0 from the CMIP6 models.

3.1.4. Consistency analysis

The future projections of the selected models were evaluated based on their consistency. The SI
(Eg. 1) was calculated between the probabilities of occurrence simulated by the models in the
historical period and those projected in each scenario. In Figure 3, in column “3. Future
Projections”, the SI for each model and scenario are presented. The range delimited by two black
lines within each time interval (short, mid, long) indicates the interval of three standard deviations

from the SI mean of the models for that period.

By measuring the distance between current (historical) frequencies and future (projected)
frequencies, the SI quantifies the magnitude of changes estimated by future projections. This
assessment highlights the limitation of the methodology in not projecting new patterns but only
indicating changes in the frequency of weather types already identified in the historical period.
Therefore, this study will not evaluate the weather types themselves but rather the ability of the
models to simulate future projections based on the consistency of these projections across

different phases of the CMIP, models, and scenarios.
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For the CMIP5 runs, only the BESM-OAZ2-5 model presented Sl greater than three standard
deviations from the mean for the short and medium term in the RCP4.5 scenario. As for the
CMIP6 simulations, the GFDL-ESM4 model presented Sl out of range for the short and medium
term in the SSP126 scenario. Also, the HadGEM3-GC31-MM model was outside the range of

three standard deviations for the long term in the SSP585 scenario.

For the other models, it is observed that the CMIP6 projections are more consistent among the
analyzed models, signaled by the smaller standard deviation between the projections for each
period of time. Similar results are found in Harvey et al. (2020), who show that the magnitude of
bias in CMIP6 models are significantly smaller compared to previous phases. In Curtis et al.
(2020), the authors found evidence, based on the improved horizontal resolution of the models,
that the CMIP6 models can provide more realistic projections of climate change in the Southern
Hemisphere. For Tokarska et al. (2020), the CMIP6 results are consistent, even if different, with
previous assessments based on CMIP5.

As expected, the projections of the RCP2.6 and SSP126 scenarios have a lower Sl, in general,
that is, they are closer to the current values, while the RCP8.5 and SSP585 scenarios, in general,
presented higher SI. It is noteworthy that the comparative analysis of performance between the
CMIP5 and CMIP6 models also depends on the variable used, as verified in the paper by Song et
al. (2021). In this analysis, considering the reproduction of weather types based on sea level
pressure, the CMIP6 models present a much narrower band of three standard deviation (the gray
bands in Fig. 3) than the CMIP5 models. While this is good news for the climate modeling
community, Wyser et al. (2020), note that the comparison of the results of CMIP5 and CMIP6
should be done with caution, given the difference between the models themselves and the forcing

conditions.
3.2. Future projections

The difference between the probabilities of occurrence of each weather type for the historical
period and the future projections of each scenario was estimated through the average of the results
from all consistent models. Although not strictly comparable due to their fundamental
characteristics, it is possible to analyze the scenarios of both CMIP5 and CMIP6 in general terms.
It is worth noting that the main difference between the scenarios lies in the factors they address,
with SSP scenarios considering not only greenhouse gas emissions but also broader socio-
economic factors. Thus, the scenarios were categorized into low emission scenarios (RCP 2.6 and
SSP126), intermediate emission scenarios (RCP 4.5, SSP245, and SSP370), and high emission
scenarios (RCP 8.5 and SSP585); for short-term (2015-2039), mid-term (2040-2069), and long-
term (2070-2100), as shown in Figure 4.
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402 Figure 4: Average changes in the probability of each weather type (WT) projected for each scenario and
403 time interval. Inconsistent projections were not considered in the analysis. The black dots indicate
404 agreement in the sign of change (increase or decrease) between more than 80% of the models. The scale

405 indicates the change relative to the historical period in percentage.
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Considering the RCP2.6 and SSP126 scenarios, for the short and mid-term, both projections
mainly indicated an increase in the probabilities of occurrence of WT12 and WT5. Considering
the short term, there is also an indication of the reduction of the probabilities of occurrence of
WT16 and WT21, weather types that are frequent for the historical period. For the long term, all
changes are less intense for both scenarios. It is noticeable a regularity in the weather types that
change in different scenarios and periods of time. As an example, WT5, WT12 and WT17
increase their probabilities of occurrence and the WT7 and WT16 present a reduction of their

probabilities of occurrence.

For scenarios RCP4.5, SSP245 and SSP370, in the short term, the three scenarios agree on the
increase of their probabilities of occurrence of WT9 and WT17, in addition to WT5 and WT12,
which are similar to the results of scenarios RCP2.6 and SSP126. In these scenarios, there is also
mainly a reduction of the probabilities of occurrence of WT3, WT7 and WT11. For the mid and
long term, these scenarios point to an increase in the probability of occurrence of WT5 and WT12,
especially the SSP370 scenario, in the long term, which indicates a more significant increase in
the probability of WT12. A reduction in the probability of occurrence of WT7 and WT16 is also
pointed out in these scenarios.

According to Harvey et al. (2020), the response of the CMIP6 models to the SSP245 scenario is
greater than that of the CMIP5 models to the RCP4.5 scenario. However, in the methodology
used in the present work, no significant difference was identified in the intensity of the results of
the RCP4.5 and SSP245 scenarios.

In the RCP8.5 and SSP585 scenarios, more intense changes are verified than those observed in
the other scenarios. For the short term, both scenarios show an increase of their probabilities of
occurrence of WT9, WT17 and WT19. There is agreement regarding the reduction in the
probability of WT3, WT4 and WT11. For the mid-term, the behavior is similar in both scenarios.
The main probabilities increase is associated with WT12 and then with WT5. The reductions are
less intense, but again associated with the WT1, WT7 and WT16. In the long term, the pattern of
variations is similar, but the changes are more intense. For both scenarios there is a significant
increase in the probability of occurrence of WT12 and also, to a lesser extent, of WT5. The

probability reduction is greater in the WT16 for both scenarios.

4. Summary and conclusion

The Bureau of Meteorology and Commonwealth Scientific and Industrial Research Organization
(ACCESS), and Hadley Centre for Climate Prediction and Research (HadGEM) models showed

the best performances in general in reproducing the historical synoptic conditions. Except for the
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models ACCESS1-3 and HadCM3, from CMIP5, the other models of the mentioned centers, both
for CMIP5 and for CMIP6, presented a maximum Sl of 0.35 and a maximum RE of 0.10.

In average, the results from CMIP5 and CMIP6 showed similar performances. However, some
improvements for CMIP6 can be noted when assessing the results from each model individually.
For instance, the model GFDL-CM4 (SI = 0.40 and RE = 0.13) showed improvement in relation
to GFDL-CM3 (Sl = 0.49 and RE = 0.16), the INM-CM5-0 (SI = 0.51 and RE = 0.17) showed
improvement in relation to INM- CM4 (SI = 0.55 and RE = 0.21), and MRI-ESM2-0 (SI = 0.36
and RE = 0.08) showed improvement in relation to MRI-ESM1 (SI1 = 0.39 and RE = 0.13).

Regarding the seasonality, it was observed that the performance of the models depends on the
season and is not necessarily related to the performance in the historical period, as also noted by
Perez et al. (2014). For example, our results show that the HadGEM models, which performed
well in the historical analysis (SI less than 0.5 and RE less than or equal to 0.10), performed
poorly when estimating the seasonal probability, especially during the summer (SI greater than
1.50). From this, it can be concluded that the choice of the most appropriate models may vary
according to the purpose of the analysis.

The consistency of future projections was evaluated from the limit of three standard deviations
from the average Sl of the magnitude of changes in all projections. In this analysis, the BESM-
AO2-5 model showed an inconsistent magnitude of change in relation to the other CMIP5 models
for the short and mid-term in the RCP4.5 scenario. In the SSP 1 scenario, the GFDL-ESM4 model
also showed inconsistency for the short and mid-term, while the HadGEM3-GC31-MM model
presented for the long term in the SSP585 scenario. The good news is the improvement on
consistency of the CMIP6 models compared to the CMIP5 models. As in other works (Garzoli &
Matano, 2011), our results reinforce the need for further studies in the South Atlantic regarding

future projections using climate models.

The application of this methodology of analysis of climate models based on weather types proved
to be consistent with the results obtained by other studies in the region. This approach also makes
it possible, for further studies, to evaluate meteoceanographic variables and their future

projections through statistical downscaling methods.
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