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Abstract: Ilha Grande Bay is located in Angra dos Reis, Rio de Janeiro State, Brazil. The area is
characterized by different land cover, complex topography and proximity to the Atlantic Ocean.
These aspects make it susceptible to thermally and dynamically induced atmospheric circulations
such as those associated with valley/mountain and land/sea breeze systems, among others. The
Almirante Alvaro Alberto Nuclear Complex (CNAAA) is located in this region, with a total of two
nuclear power plants (NPPs) in operation in the Brazilian territory, Angra I and Angra II. Therefore,
knowledge of local atmospheric circulation has become a matter of national and international
security. Considering the importance of the meteorological security tool as a support for licensing,
installation, routine operation and nuclear accident mitigation, the main aim of this study is the
development of combined strategies of environmental statistical modeling in the analysis of thermally
and dynamically driven atmospheric circulations over mountainous and coastal environments.
We identified and hierarchized the influence of the thermally and mechanically driven forcing
on the wind regime and stability conditions in the coastal atmospheric boundary layer over the
complex topography region. A meteorological network of ground-based instruments was used
along with physiographic information for the observational characterization of the atmospheric
patterns in the spatial and time-frequency domain. The predominant wind directions and intensity
are attributed to the combined action of multiscale weather systems, notably, the valley /mountain
and continent/ocean breeze circulations, the forced channeling due to valley axis orientation, the
influence of the synoptic scale systems and atmospheric thermal tide. The observational investigation
of the combined influence of terrain effects and meteorological systems aimed to understand the local
atmospheric circulation serves as support for safety protocols of the NPPs, contemplating operation
and environmental management. The importance of the study for the adequacy and skill evaluation
of computational modeling systems for atmospheric dispersion of pollutants such as radionuclide
and conventional contaminants can be also highlighted, in order that such systems are used as tools
for environmental planning and managing nuclear operations, particularly those located in regions

over mountainous and coastal environments with a heterogeneous atmospheric boundary layer.
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1. Introduction

Nuclear fission began to be adopted for civil purposes in 1953, with the “Atoms for
Peace” program, and was seen, at that time and during the 1970s Oil Crisis, as a possible,
nearly unlimited energy source [1,2].

Currently, nuclear energy is used in 30 countries [3] and holds the potential to reduce
not only dependence on fossil fuel-based energy sources but also undesirable emissions of
greenhouse gases (GHGs) and precursor pollutants from photochemical oxidants and sec-
ondary aerosols, thereby contributing to climate change mitigation and reducing harmful
effects on human health [4-9]. In comparison with other available low-carbon technologies,
such as solar and wind, some advantages of nuclear energy are its high energy density
through the occupation of smaller installed areas for the production of the same amount of
energy [10-12] and its continued availability, providing energy security regardless of exter-
nal factors such as environmental conditions and the amount of available reserves [13,14].

A potentially negative characteristic should be highlighted, that is, the severity of
accidents in nuclear installations, which can occur during the operation of the reactors
or in the transport of nuclear fuels [15]. Historic accidents, as observed on Three Mile
Island, USA (1979), Chernobyl, Ukraine (1986), and Fukushima, Japan (2011), alerted the
international community about the need to establish safety protocols with greater rigor for
the operation of nuclear installations and new plant licensing [16,17].

The impact of the 2011 Fukushima accident led to a reduction in the construction of
new nuclear units and the restriction of the use of nuclear energy in the global energy
matrix [17,18]. The resumption of nuclear sector expansion is directly associated with the
proposal of innovative strategies that contribute to increased safety in nuclear installa-
tions [18]. In Brazil, according to the National Energy Plan [19], an expansion had been
planned that considered, in the most optimistic scenario, the construction of up to four new
units in the country, in addition to the completion of Angra III at the Almirante Alvaro
Alberto Nuclear Complex (CNAAA). However, after the Fukushima accident, the process
was restricted to last only to the end of the construction of Angra III.

In 2011, the Specific Safety Guide for Meteorological and Hydrological Risk Assess-
ment in Nuclear Installations [20] highlighted the main requirements and general recom-
mendations on meteorological security tools as support for the nuclear area. According
to these recommendations, in situ data should be collected following the standards of the
World Meteorological Organization (WMO) [21]. The quality and homogeneity of this
data should allow for the evaluation of extreme meteorological event occurrences and the
detection of rarely occurring atmospheric phenomena that may pose risks to a nuclear
facility; for example, if there is a long-time historical data series available, a climatological
study including the analysis of extreme values should be carried out.

In environmental planning and management of nuclear operations, high resolution
observational network, geotechnologies, numerical weather prediction and radionuclide
dispersion modeling integrated systems are used (e.g., [22,23]). Measurements are the
primary approach to better understand the atmosphere and they may also be used to
investigate if model simulations properly describe the environment [24]. The numerical
simulations are verified with observations through statistical metrics (e.g., [25,26]), fre-
quency (e.g., [26]) and time-frequency (wavelet) analysis (e.g., [27]), wind roses (e.g., [28]),
boxplots (e.g., [27]) and others.

It is worth noting that observational analysis can aid in determining the best configu-
ration for numerical weather forecasting and pollution dispersion models, which should
be implemented with enough spatial and temporal resolution to accurately represent the
regional and local geophysical and meteorological characteristics of the area of interest,
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as well as the atmospheric multi-scale interactions. Careful consideration must be given
to non-homogeneous locations and best modeling practices should be followed for the
number of points in a horizontal direction, the number and distribution of vertical levels,
the positioning of grid borders between themselves and, in relation to the complex terrain,
the map projection, types of nesting (one-way or two-way), the use of high spatio-temporal
resolution, parent grid ratio, time step, numerical stability considerations, adequate physi-
cal parameterizations, initial conditions and boundary conditions to non-homogeneous
areas as time-varying sea surface temperature, land use and land cover, and topography
high resolution databases [24,29-31].

Currently, 30 countries use nuclear energy and 28 are considering, planning, or work-
ing to include nuclear energy in their energy matrices. By 2019, there were 443 nuclear
reactors in operation around the world: Europe, 182; Asia, 137; North America, 115; South
America, 7; Africa, 2 [32]. A total of 89 nuclear reactors were placed in coastal areas without
complex topography, 41 near complex topography but far from coastal areas and 58 nuclear
reactors in coastal areas with complex topography (Figure 1), similar to CNAAA, indicating
the study’s potential to support the development of meteorological hazards protocols in
site selection evaluation and operation, according to [20]. Then, about 42% of the nuclear
reactors in operation around the world are in regions with at least one of these complex
physiographic characteristics.

In Brazil, the CNAAA, with the only two nuclear power plants (NPPs) in operation in
the country, Angra I and Angra II, is also located in a coastal area at Ilha Grande Bay, Angra
dos Reis in Rio de Janeiro State [33]. The area is characterized by different land covers,
complex topography and proximity to the Atlantic Ocean, which make it susceptible to
thermally and dynamically induced atmospheric circulations, such as those associated
with valley /mountain and land/sea breeze systems, among others [34-36]. Moreover,
interactions of the local atmosphere with the forced flow by synoptic scale systems can
modulate the local flow and change the patterns of the wind regime in the region [37].
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Figure 1. The nuclear plants located near the coast and on complex terrain.

Therefore, observational scientific studies that are able to identify atmospheric pat-
terns and generate supportive measured databases for assessing the ability of weather
and climate forecast models to simulate complex terrain atmospheric flow are valuable.
Such challenges motivated the realization of large-scale programs for the observational
description and modeling of the flow in regions of complex terrain, among which are the
following: VIMX (Vertical Transport and Mixing) campaign in Salt Lake Valley, Utah,
United States of America (USA) [38,39]; MAP (Mesoscale Alpine Programme) in Riv-
iera Valley, Switzerland [40,41]; the T-REX (Terrain-Induced Rotor Experiment) in Sierra
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Nevada, California, USA [42]; METCRAX (Meteor Crater Experiment) [43] and METCRAX
II (Second Meteor Crater Experiment) [44] in Arizona, USA; the COPLEX (Cold-Air Pooling
Experiment) in Shropshire, United Kingdom [45]; the MATERHORN (Mountain Terrain
Atmospheric Modeling and Observations Program) in Utah, USA [46]. Additionally, multi-
ple studies on radionuclide atmospheric dispersion from NPPs installed in coastal regions
with complex topography have been performed in different localities: Cernavoda, Ro-
mania [47]; La Hague, France [48]; Hanbit, ex Yeonggwang, South Korea [49]; Diablo
Canyon, USA [50]. The physiographic configuration of such regions is a great challenge
to atmospheric modeling [51], which reinforces the importance of observational studies
for a better understanding of mountain and coastal meteorology as applied to nuclear
safety areas.

The diversity of NPPs installed in regions with physiographic characteristics similar
to those of CNAAA is shown in Figure 1. In order to attend [20], it is indispensable
to understand the growing trend for strict nuclear safety requirements for these areas,
in addition to building a decision-making geographic information system platform by
using a meteorological measurement network to simulate results in support of licensing,
installation, routine operation and nuclear accident mitigation [33,52-57]. The analysis of
meteorological conditions in these areas is very important to evaluate and mitigate the
risks associated with natural hazards. The regions should be well characterized to mitigate
the impact of extreme environmental events [20,58] and the winds are considered as one of
the main meteorological variables for this evaluation. While high wind intensity impacts
the operation of NPPs [59], lower wind speeds have strong effects on the dispersion of
radioactive materials [60]. According to [61], local winds also influence the dispersion
of this material. Regarding the dispersion, there are also a lot of studies evaluating its
relationship with the stability in complex mountain and coastal areas (e.g., [62]).

The WMO [63] examines the problems that emerge at various types of NPP sites
and discusses issues related to atmospheric diffusion. The analysis of sites with special
effects on atmospheric diffusion is extremely challenging. Examples of sites with special
atmospheric diffusion effects are as follows: sites with complex terrains, such as narrow
hills and valleys; coastal sites in general and particularly those with complex topography
(e.g., a ridge inland or mountain), an island beyond and another coast beyond the water;
sites near built-up areas.

Land-surface heterogeneity continues to be an open challenge for understanding and
predicting from microscale to synoptic scale atmospheric dynamics and hilly terrain add
complexity to this issue [30], since a generalized treatment is not viable due to the flows
being highly site-dependent.

Therefore, the main goal of this study is to combine statistical modeling strategies for
the analysis of thermally and dynamically driven atmospheric circulations over mountain-
ous and coastal environments, to serve as support for safety protocols for the NPPs. To
better understand these processes and meteorological systems over non-homogeneous area
is important, because similar conditions are observed around worldwide regions where
NPPs are installed.

The remainder of this paper is organized as follows: In Section 2, the materials and
methods are outlined, describing the study area, data analyzed and techniques applied to
compose the combined statistical modeling strategies. In Section 3, the main results are
presented and discussed. Finally, conclusions are summarized in Section 4.

2. Material and Methods

This scientific study’s methodological approach, besides supporting NPPs’ safety pro-
tocols by observational investigation, presents a universalist character and can be extended
to other regions of the world with potential capacity for installing NPPs, contemplating
safety protocols of the units already in operation and environmental management. The
importance of this study for the adequacy and skill evaluation of computational modeling
systems for atmospheric dispersion of pollutants as radionuclide and conventional contam-
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inants are also highlighted, as such systems are used as tools for environmental planning
and managing nuclear operations, particularly those located in regions over mountainous
and coastal environments with a heterogeneous atmospheric boundary layer. The CNAAA
area is characterized by different land covers, complex topography and proximity to the
Atlantic Ocean, which make it susceptible to thermally and dynamically induced atmo-
spheric circulations, such as those associated with valley /mountain and land/sea breeze
systems, among others [48-50]. Moreover, interactions of the local atmosphere with the
forced flow by synoptic scale systems can modulate the local flow and change the patterns
of the wind regime in the region [51].

2.1. Study Area

The city of Angra dos Reis, located on the south coast of Rio de Janeiro State in the
southeastern region of Brazil, has an area of 813.210 km? and a population of 207.044, with
a demographic density of 254.6 inhabitants/km? [64]. Currently, because the city houses
the CNAAA, with Angra I and Angra Il being the only operating nuclear plants and Angra
I being under construction, nuclear power serves as one of the most important economic
sectors, together with the naval and oil industries.

The CNAAA is installed at Itaorna Beach, a coastal region with a narrow continental
strip at the bottom of Ilha Grande Bay (Figure 2). In addition, the plant is surrounded by the
Serra do Mar mountain range, formed by high mountains and hills with high declivity [23],
as shown in Figure 2. The physiographic characteristics of the region provide the formation
of local circulations of sea/land and valley /mountain breezes, in addition to orographic
gravity waves [65]. Moreover, the local atmosphere may also be influenced by the synoptic
scale systems that modify the circulation patterns in the region. According to [66], the
typical meteorological systems that influence the Rio de Janeiro State are the South Atlantic
Subtropical Anticyclone (SASA), the South Atlantic Convergence Zone (SACZ), frontal
systems, instability lines, atmospheric blocking and mesoscale convective systems.

Angra dos Reis

Brazil

Study Area

Atlantic

=

#® Meteorol ical Tower

Legend

@ CNAAA Nuclear Complex P
I Tropical Forest <
H B urban Area
Atlantic Ocean =
3km [ 10 km
20 a0 C5km 15 km
44°10'0"W 43°45'0"W

Figure 2. Location of the study area and positions of the weather towers (A, B, C and D).
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Among the nuclear safety protocols aimed at the protection and public safety, the
projected emergency planning zones—EPZ (3, 5, 10 and 15 km)—in the region surround-
ing the CNAAA are part of the local management structure, aiming at the preparation
and prevention of actions in case of accidents and emergency procedures. Different fea-
tures of the region demonstrate its spatial and socio-environmental complexity, which
impact not just the surrounding residents, but the entire local dynamics, and must be
analyzed holistically [33,37,52-55,65,67,68]: meteorological and climatological factors, such
as wind and rain, have a direct impact on radionuclide dispersion and fog incidence;
geological-geomorphological factors, such as relief slopes and susceptibility to constant
mass movements and floods; urban mobility factors, such as precarious road structures,
sloping areas, and narrowing roads, make it difficult for the population to move around;
environmental, with numerous protected areas, tropical forest vegetation, and several
water bodies.

The methodological procedures and structure of the analyses are summarized in the
flowchart presented in Figure 3.

Study Area
Characterization

’ ‘ Statistical Analysis ’

Land Use and
Topggtr:phy Temperature
Wind Data and Sigma

I
[ Data Quality Control ]

Teta Data
Windrose Calm Winds Box Plot XVEYEI?': Correlation Box Plot Pasquill
Graphs Frequence Diagram 19823 y15|9585 Matrix Diagram Classes
(1982-2002) (1982-2002) (1982 - 2002) ( (20_16) ) (2018) (2018) (2016)

Daily and )
Annual Cycle Daily Cycle

Geographic Information
System (GIS)

Stability Regime Identification

Wind and Atmospheric ‘ Atmospheric Forcings

—[ Support for Nuclear Safety Protocols ]

Figure 3. Flowchart of the analytical procedures.

2.2. Data and Study Period

The combined statistical modeling strategies are based on an analysis of the time
series data recorded in the CNAAA meteorological monitoring network, composed of four
meteorological towers (A, B, C and D) installed at strategic points in the nuclear complex
(Figure 2). The towers were positioned at different altitudes with regard to the mean sea
level. The positioning of each tower with respect to topography is shown in Figure 2. The
measurements for tower A were recorded at three different heights in relation to its base,
10, 60 and 100 m, hereafter denoted as levels A-10 m, A-60 m and A-100 m, while, for the
other towers, the measurements were taken at a height of 15 m in relation to the base of
each tower (Table 1), hereafter denoted as levels B-15 m, C-15 m and D-15 m.
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Table 1. Description of the main characteristics of the CNAAA weather towers such as the location, the tower’s height, the

sensor’s height and the variables measured.

Latitude Longitude Tower’s Base , . . .
Tower ©) ©) Height (m) (MSL) Sensor’s Height (m) Meteorological Variable
A 23°0'14.76” S 44°27'31.26” O 50 10, 60 e 100 U (ms™1), dir (°),e T (C°)?
B 23°0'57.03” S 44°27'30.95” O 10 15 U (ms™1)edir (°)
C 23°0'28.31” S 44°28'17.29” O 80 15 U (ms~ 1 edir (°)
D 23°0'16.00” S 44°26'56.02” O 290 15 U (ms™!)edir (°)

# Temperature measured just for 2016.

The data comprise two distinct periods. The first period corresponds to the years
between 01/05/1982 and 01/01/2002, with hourly wind data measured at all towers (A, B,
C and D). The second period covers 2016 and includes meteorological data (temperature
and wind) recorded at the three heights of tower A, with a 15 min temporal resolution. Data
from 2002 to 2016 is missing, resulting in a gap in the data analysis period. It is related to a
policy of public access to these data by agencies of the Brazilian nuclear sector. However,
as the CNAAA region is inserted in an environmental protection area, few changes in the
land surface have been observed in the gap period. Then, the analysis of past years can be
considered for the climatological characterization and used for safety protocols anyway.

2.3. Quality Control of Wind and Temperature Meteorological Data

It should be noted that the recorded meteorological data can present some unrealistic
values owing to occasional sensor failures. To address this, the data were evaluated by
applying filters, using the techniques proposed by [69] and the potentially unrealistic
values were removed, as follows. The air temperature data were filtered by removing data
that were incompatible with the sensor threshold. To do this, a threshold between —10 °C
and 50 °C was established for the temperature data, as recommended by the Brazilian
Nuclear Energy Commission (CNEN) [70]. A filter to detect the absence of variability
in consecutive data was then applied to the wind and temperature data. From this, we
removed records in which the wind intensity and direction remained unchanged for more
than 2 h. Temperature data that presented a persistent lack of variability for more than two
days were also removed. The final percentage of valid data was higher than 61% in the
period from 1982 to 2002 and higher than 96% in 2016.

2.4. Techniques Composing the Combined Statistical Modeling Strategies

The statistical techniques used in the modeling system to evaluate the wind regime
and stability class of the local atmosphere are described in this section.

Based on wind roses and box plot diagrams, a climatological characterization of the
wind regime was made for the period 1982-2002. The wind rose analysis allowed for
the identification of the predominant wind directions and intensities, in addition to the
calm regime, considering a daily cycle as follows: early morning (from 12 a.m. to 5 a.m.),
morning (from 6 a.m. to 11 a.m.), afternoon (from 11 a.m. to 5 p.m.) and evening (from
6 p.m. to 11 p.m.). The calm regime was considered for winds with an intensity lower than
1 knot or 0.515 m-s~! [71]. Exploratory statistics were applied based on the boxplot graph,
composed of the mean, median, 1st quartile, 3rd quartile, interquartile range and extreme
values (outliers) [72], to assess the hourly and seasonal variation in wind intensity.

The identification and hierarchization of the main drivers of the wind were performed
via wavelet analysis, as described by [73]. This technique allows for the decomposition of a
time series into a time—frequency domain, thereby determining the dominant frequencies
and how the associated modes of variability vary over time [74]. It can be applied to a
wide range of atmospheric science phenomena. According to [75], the wavelet transform
has been basically used in two ways, namely, as an integration nucleus of the analysis to
obtain information about the processes and/or as a characterization basis of the processes.
In this way, the wavelet transform is used in this study to evaluate the frequency in which
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the greater powers of the wind components are observed, which allows to specify the
contribution of local and synoptic meteorological systems as wind forcing. The wavelet
analysis, based on observed wind data, can also be used as support to properly configure
an atmospheric modelling system, since the temporal scales are previously determined.

Wavelet analysis used in this work is based on the methods given by [74], with wavelet
bias rectification from [76]. Because this technique is often used to analyze geophysical
data [76], the Morlet wavelet was chosen as the wavelet base function. The averaging
over time was calculated over all local wavelet spectra, producing the global wavelet
spectrum [74]. A wavelet analysis was then be applied to the zonal (u, m-s~!) and merid-
ional (v, m-s~!) wind components measured at the CNAAA towers from 1 February 1984,
to 1 September 1985 and for the full year of 2016. The first period corresponds to the
portion with the highest availability of data in the full set (1982-2002) for climatologi-
cal characterization. The second one was considered because it is the latest period of
data available.

The analysis of the atmospheric stability indexes was based on the vertical temperature
gradient and standard deviation of the wind direction fluctuations using the dataset for the
year 2016. Correspondence between the ranges of values in the stability indexes and the
Pasquill stability classes was applied according to the CNEN Standard for the Meteorology
Program [70]. The thresholds are listed in Table 2.

Table 2. Stability categories based on AT/Az and o1 [70]. Available in http://appasp.cnen.gov.br/
seguranca/normas/pdf/Nrm122.pdf (accessed on 3 October 2021).

Pasquill Stability Class AT/Az (°C/100 m) o190 (°) Description
A AT/Az <-19 019 > 22.5 Extremely unstable
B -19<AT/Az<-17 225> 019> 175 Moderately unstable
C -1.7<AT/Az < -1.5 17.5 > 019 > 12.5 Weakly unstable
D -1.5<AT/Az <-0.5 125> 019 >75 Neutral
E -05<AT/Az<15 75> 019 > 3.8 Weakly stable
F 1.5 <AT/Az < 4.0 38>01>21 Moderately stable
G 40 < AT/Az 2.1>o0q9 Strongly stable

The distribution of the atmospheric stability parameters was performed via boxplot
graphics, which provided information on the mean and data distribution variability. The
use of wind roses and a boxplot allowed us to perform a daytime assessment of the pattern
of meteorological variables. In addition, a description of the local pattern of the wind and
stability regime was produced, providing subsidies for the identification of mechanical
and thermal flow forces.

A statistical analysis via the correlation matrix was applied to the wind (direction
and speed) and stability dataset for 2016. Because the dataset had linear and circular
variables, several correlation coefficients were applied depending on the type of variables
related. The Pearson correlation coefficient was used to assess the similarity between linear
variables. This coefficient corresponds to the ratio between the covariance of two variables
(Cov [x, y]) and the product of the standard deviation between both variables [72], as shown
in Equation (1):

_ Covlx,y)
O oxoy

¢y


http://appasp.cnen.gov.br/seguranca/normas/pdf/Nrm122.pdf
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The linear—circular correlation coefficient was used to assess the relationship between
a circular variable and linear variable [77,78]. This formula is given by a combination of
the correlations between the linear variable and the sine and cosine values of the circular
variable in Equation (2):

roy — razcc + ryzcs — 2 xcTxstes @)
x0 — 1_ )
Tes

where rxc, rxs and rcs are computed using Pearson correlations, given by
rxe = corr(x,cos(a)) rys = corr(x,sin(a)), res = corr(cos(a), sin(a))

Finally, the circular—circular coefficient indicates the degree of similarity between two
circular variables and g [78-80], as shown in Equation (3):

i_y sinsin(a; — a)sinsin(B; — B)

I sty — ) ] [T sin? (B — )

®)

where the mean angles (a and p) are computed as follows:

S=Y " sin(a;), C=Y cos(aj), R=+/C2+82
a={(5/C), if C>0; (S/C)+m, if C<0; Undefined, if R=0

3. Results and Discussion
3.1. Analysis of Local Circulation: Temporal Domain Analysis

Figures 4-9 present the wind roses for all towers and measurement levels. The indices
from (a) to (d) of all figures correspond to the daily periods, that is, early morning, morning,
afternoon and evening, respectively. The wind roses represented by index (e) show the
all-day composition of each anemometer.

The analysis of the total wind composition for A-10 m indicates a predominance of the
north (N) direction (Figure 4e), with considerable contributions from the north-northeast
(NNE), southwest (SW) and south—southwest (SSW). In the early hours of the morning,
the N sector was predominant (54%), followed by the NNE direction (18%), with winds
varying between 1 and 3 m-s~! (Figure 4a). The first predominant direction is related to
the thermal forcing associated with the cooling process of the mountain range covered by
vegetation, compared to the surroundings (mountain breeze). The second predominance,
in addition to the influence of local thermal forcing, is associated with the SASA, which
induces northeast (NE) winds in the Brazilian Southeast region [81,82].

In the morning, the N (20%) and NNE (12%) directions were maintained, in combina-
tion with the SSW (18%) and SW (12%) directions, again with winds between 1 and 3 m-s~!
(Figure 4b). This pattern recorded in the morning showed that there was a transition period,
with the coupling of the winds in the NNE from mountain breeze circulation and SASA,
with SW winds caused by the sea and bay breeze formation. In the afternoon, there was
a predominance of the SSW (30%) and SW directions (25%) (sea and bay breezes), with
an increase in wind intensity that reached maximum values of approximately 4 m-s~!
(Figure 4c). In the evening, the frequency of the N sector increased again, with N (about
40%) and NNE (20%) directions and intensity below 3 m-s~! (Figure 4d).
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Figure 4. Frequency distribution of winds in the A-10 m tower, referring to (a) early morning, (b) morning, (c) afternoon,
(d) evening and (e) all day composition (period 1 May 1982-1 January 2002).
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Figure 5. Frequency distribution of winds in the A-60 m tower, referring to (a) early morning, (b) morning, (c) afternoon,
(d) evening and (e) all day composition (period 1 May 1982-1 January 2002).
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Figure 6. Frequency distribution of winds in the A-100 m tower, referring to (a) early morning, (b) morning, (c) afternoon,

(d) evening and (e) all day composition (period 1 May 1982-1 January 2002).
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Figure 7. Frequency distribution of winds in the B-15 m tower, referring to (a) early morning, (b) morning, (c) afternoon,

(d) evening and (e) all day composition (period 1 May 1982-1 January 2002).
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Figure 8. Frequency distribution of winds in the C-15 m tower, referring to (a) early morning, (b) morning, (c) afternoon,

(d) evening and (e) all day composition (period 1 May 1982-1 January 2002).
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Figure 9. Frequency distribution of winds in the D-15 m tower, referring to (a) early morning, (b) morning, (c) afternoon,

(d) evening and (e) all day composition (period 1 May 1982-1 January 2002).
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The wind regime at A-60 m and A-100 m were similar to each other. There was a
predominance of winds in the NE-SW axis due to the daily cycle (Figures 5 and 6). In the
evening and early morning, the prevailing directions were NE and east-northeast (ENE)
(between 12% and 15% in each direction), followed by west (W) and west-southwest (WSW)
(approximately 12%), with an intensity between 1 and 3 m-s~! (Figure 5a,d and Figure 6a,d).
In the morning and afternoon, there was a higher frequency of SW winds (approximately
25%), followed by SSW (between 15% and 25%) and WSW (12%) directions, with wind
speeds greater than those in the evening and early morning, mainly in the afternoon, when
the A-100 m winds were greater than 4 m-s~! (Figure 5b,c and Figure 6b,c). The analysis
of the tower wind roses indicates a trend of wind rotation in the clockwise direction of
approximately 45°, from the lowest level (A-10 m, Figure 4) to higher levels (A-60 m
and A-100 m, Figures 5 and 6). The occurrence of winds from W/WSW observed at
A-60 m and A-100 m in the early morning, morning and evening (Figures 5 and 6) was
not registered close to the surface, at A-10 m (Figure 4). Moreover, during the early
morning and evening, the winds from NNE were predominant at A-10 m (Figure 4),
while, for the same period, there was a predominance of NE-ENE winds at A-60 m and
A-100 m (Figures 5 and 6). The higher contribution of the zonal components at A-60 m
and A-100 m may be related to the contribution of the flow channeling between the slopes
surrounding the region. This mechanism was described by [35,36] for other areas influenced
by topographic configuration, in addition to the interaction of thermally induced flow with
topographic barriers.

The analysis of the total composition of B-15 m winds indicates a flow with a direc-
tional pattern distributed in all sectors and winds notably less than 3 m-s~!, mainly in
the N sector (Figure 7e). The greatest wind speeds occurred in the afternoon, in the order
of 4 m-s~! when the directions were mostly between the SW and SE sectors (Figure 7c).
The early morning period was characterized by less intense winds (<2 m-s~!), with a
predominance between the NW and NE sectors (Figure 7a). In the morning, there was a
uniform pattern of wind direction distribution, that is, the direction distribution occurred
in practically all sectors, with a slight predominance for sectors N, E, S and SSE, with a
frequency of 6-10% (Figure 7b).

At C-15 m, the NNW, E and SSE directions stood out, with a frequency between 6%
and 10% (Figure 8e). In the evening and early morning, the wind regime was similar, with
an intensity range of 0—4 m-s~! (Figure 8a,d). In the morning, winds were predominant
in the NNW, E and SSE sectors (Figure 8b). Overall, at B-15 m and C-15 m, the winds
presented a pattern similar to that observed at A-10 m, with a predominance of weak N
winds in the early morning, associated with the katabatic wind. Then, in the morning and
afternoon, there was a decrease in the frequency of occurrence of sector N and a progressive
increase in the SSW, S, SSE and SE directions at B-15 m and C-15 m, indicating the wind
rotation and the beginning of the sea breeze and bay forcing (Figure 7b,c and Figure 8b,c).
The hypothesis about the contribution of thermal forcing to the flow at A-10 m, B-15 m
and C-15 m can be evidenced by the flow analysis, combined with the terrain elevation
analysis (Figure 2). Moreover, this hypothesis is reinforced by the wavelets analysis of the
southern components of these three sites (A-10 m, B-15 m and C-15 m), as will be discussed
in Section 3.2.

It is also worth mentioning the importance of the cooling/heating mechanism in the
configuration of the daily wind cycle at A-10 m, B-15 m and C-15 m, followed by other
mechanisms that may occur simultaneously with the thermal forcing, mainly induced by
the interaction of the wind with the relief of the region, which justifies, for example, the
contribution of the E direction in the flow observed at B-15 m and C-15 m.

Tower level D-15 m had a total wind pattern characterized by the directions W and
NE, with speeds exceeding 4 m-s-1 (Figure 9e). In the early morning and morning, the
predominance of the direction was W and NNE (Figure 9a,b). With the diurnal evolution,
there was a gradual increase in the occurrence frequency of the wind from the W in the
afternoon (Figure 9c). In the evening (Figure 9d), the distribution pattern was similar
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to that recorded during the early morning and morning. At that point, the flow of the
mountain could be attributed to the predominance of the wind in the NE direction during
the periods of early morning, morning and evening, while, for the predominant direction
of W and SSW during the afternoon, there was a contribution of the flow of the sea breeze
and bay. The W direction appeared in all periods (Figure 9); however, the occurrence
of this component experienced an increase in the period of greatest heating (afternoon)
(Figure 9c).

This observation indicates the possibility of several forcing mechanisms inducing flow
in this direction at that point. As pointed out in the case of A-60 m and A-100 m, the flow
from W at D-15 m may be associated with the contribution of the flow between the slopes
and the interaction of the flow with the topographic barriers, such as the possibility of
forced channeling through the terrain [34]. In addition, due to the positioning of this point
at a 305 m altitude, a possible turn with the height of the predominant direction generated
by the thermally induced circulation cells should be considered. This could explain a
possible contribution to the predominance of W-WSW in the afternoon (sea breeze) at
D-15 m, while, at the other tower site, the sea breeze could be attributed, in general, to
the directions of SW, SSW and S. Thus, it can be said that the bimodal behavior of the
wind direction at D-15 m, which had little influence on the NE-W pattern throughout the
daily cycle, was influenced by the combination of thermal and dynamic mechanisms that
affected the wind regime at that point.

It is worth mentioning that the wind roses from all tower sites (Figures 4-9) show
records of wind directions between NNE and E. In addition to the contribution of the local
factors mentioned above (i.e., channeling processes and breeze circulations), such registers
can also be associated with an eventual influence from the SASA, which typically induces
first quadrant winds in the state of Rio de Janeiro [82,83].

The contribution of local factors inducing different wind directions at the CNAAA
and the heterogeneity of circulation patterns observed between the tower sites have been
identified from previous studies of the region [65,84,85]. It is worth mentioning that the
local daytime cycle patterns analyzed through the 1982-2002 database period were also
observed in the 2016 database period (figures not shown).

Table 3 shows the percentages of calm wind conditions at the six measurement tower
sites. Considering the all-day period, A-60 m had the highest percentage of calm winds,
with a total of 12.58%, followed by A-100 m (11.86%). On the other hand, the lowest level
of tower A (A-10 m) had the lowest percentage of calm (4.07%). These percentages indicate
that the persistent katabatic wind is of considerable importance to the minor records of
calm winds close to the surface.

Table 3. Percentage (%) of calm winds measured at the CNAAA’s meteorological towers, with respective daily periods

(early morning, morning, afternoon and evening) and the all-day summary.

Meteorological Early Morning (12-5 a.m.) Morning Afternoon (12-5 p.m.) Evening Total
Tower (%) (6-11 a.m.) (%) (%) (6-11 p.m.) (%) (%)
A-10m 3.41 6.97 2.73 3.35 4.07
A-60 m 24.24 13.46 3.34 14.74 12.58

A-100 m 20.26 13.78 4.15 12.89 11.86
B-15m 8.75 6.97 1.95 5.99 5.84
C-15m 9.36 6.87 2.92 6.49 6.32
D-15m 5.39 5.56 2.87 3.88 441

In relation to the day cycle, the highest percentages of calm winds occurred during
the early morning, except for those recorded at A-10 m and D-15 m, where the highest
percentage of calm winds occurred in the morning. In the early morning, A-60 m and
A-100 m again had the highest calm percentages, with 24.24% and 20.26%, respectively. It is
also noteworthy that A-10 m had the lowest percentage at all times, when compared with
the other measurement tower sites in the same period. In general, the percentage of calm



Atmosphere 2021, 12, 1321

15 of 34

winds had the highest values during the early morning, then the values decreased sharply
with the lowest values in the afternoon and gradually increased again in the evening.

Figure 10 presents the wind roses for the registers of winds above 17 m/s at A-100 m,
B-15 m, C15 m and D-15 m, which corresponds to 0.01, 0.05, 0.04 and 0.03% of the data
recorded between 1982 and 2002. According to [21], winds between 17 and 20.7 m/s are
responsible for damage such as breaks twigs off trees. This document also mentions that,
with higher wind speeds, the impacts can be occurrences such as trees uprooted and even
structural damage in buildings.

(@) (b)

20.7) m/s
24.4) m/s
28.4) m/s S
32.6) m/s (d) N
inf) m/s

S S

Figure 10. Frequency distribution of strong winds (>17 m/s) at (a) A-100 m, (b) B-15m, (c) C-15m
and (d) D-15 m in all day composition (period 1 May 1982-1 January 2002).

It is noteworthy that the most intense wind records occur in all directions (Figure 10),
reinforcing that these wind gusts are not related to only a single meteorological phe-
nomenon. These values of more intense winds can be associated with the influence of
meteorological systems, such as the frontal system, local convection, SACZ, SASA, or local
storms, which are known to intensify the winds in the study region [66,86].

In addition, the possible relationship between wind gusts episodes and storm events
highlights the demand to use tools targeting the nowcasting. The IAEA [20] recommends
that weather radar and satellite images may be advantageous for monitoring storms
potentially dangerous, supporting the EPZ in case of accidents and emergency procedures.

Figure 11 illustrates the hourly distribution of wind intensities for each of the existing
weather towers at CNAAA via a boxplot. In general, all tower sites and times had a median
distribution below 2 m-s~! throughout the day and in at least 75% of records (3rd quartile),
the intensity values were less than 3 m-s~!. In addition, the difference in the average
speed recorded throughout the day is highlighted. In the early morning and morning
periods, the lowest speed values were recorded in the A tower site (10 m, 60 m and 100 m),
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B-15 m and C-15 m, but not at D-15 m. At A-60 m, A-100 m, B-15 m and C-15 m, based on
the data median, it was found that there was an asymmetric distribution of the records,
indicating that, although there were records above 3 m-s~! at these points, half of the data
distribution was made up of records smaller than 1 m-s~!. There was still less variability
in the A-100 m, B-15 m and C-15 m values found between the 25th and 75th percentiles.
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Figure 11. Hourly boxplot of wind speed values (m-s~1) at (a) A-10 m, (b) A-60 m, (c) A-100 m, (d) B-15 m, (e) C-15 m
(f) D-15 m (period 1 May 1982-1 January 2002).

At7 a.m., the wind speeds began to intensify and this would occur until mid-afternoon,
owing to the circulation of sea and bay breezes, as well as to the position of the intersection
between the continental surface and the sea surface, at B-15 m (2.4 m-s~!) and C-15 m
(2 m's™!), with the highest average speed in the afternoon. After this period, speeds
decreased in the evening and early morning, when the flow at these tower sites had a
greater contribution from the katabatic winds.

For A-10 m, the distribution of data at 8 a.m. indicated a slowing down of winds at
this time, compared to the other times of the day. This result corroborates that presented
in Table 3, which indicates a higher record of calm at A-10 m in the morning. This
higher frequency of less intense winds from the early morning, followed by a gradual
increase in the wind intensity from 9 a.m., could be related to the process of de-intensifying
the katabatic breeze at the beginning of the morning and the process of formation and
intensification of circulation sea and bay breezes throughout the morning.

At D-15 m, there was no evident daily cycle in wind speed (Figure 10f). The difference
between the variability identified at D-15 m and the other tower site is due to the positioning
of the sensor at 305 m in altitude [37], which contributed to the occurrence of even more
intense winds in the evening and early morning. The results obtained from the calm and
average speed at D-15 m corroborate those described by [65,84].

As previously highlighted, the records of all tower sites indicated the predominance
of low-intensity winds between 1982 and 2002. However, due to the positioning of A-100 m
and D-15 m at higher heights and B-15 m and C-15 m at the intersection between the land
and sea surfaces, these points registered more intense outliers (approximately 30 m-s~1)
than those recorded at A-10 m and A-60 m (approximately 3.6 m-s~1).

Some of the strongest winds indicated by the boxplot as outliers are also in Figure 11.
These events correspond to rare registers in the data series analyzed. However, it is
necessary to give special attention to extreme wind events [20,69]. On the other hand,
the predominance of low-intensity winds is exceptionally worrying in nuclear safety,
corresponding to an ineffective scenario for pollutant dispersion.
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The monthly analysis also showed the predominance of low-intensity winds during
the year, with a median distribution lower than 2 m-s~! (Figure 12). At A-10 m and
D-15 m, there was no evident seasonal variation (Figure 12a,f). At the other points, it
was noted, through the monthly variation of the median and the 3rd quartile, that the
distribution of wind speed data was more concentrated as less intense winds during winter
(June, July and August) and had a higher occurrence of more intense winds in the southern
summer (December, January and February) and spring (September, October and November)
(Figure 12b—e). This seasonal pattern can be attributed to variability throughout the year in
the number of daily hours under the sea breeze circulation regime, which was confirmed
by the analysis in the frequency domain (Figures 13 and 14).
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Figure 12. Monthly boxplot of wind speed values (m-s~1) at (a) A-10 m, (b) A-60 m, (c) A-100 m, (d) B-15 m, (e) C-15 m
(f) D-15 m (period 1 May 1982-1 January 2002).

3.2. Identification and Hierarchy of Processes Governing Near-Surface Circulation:
Time—Frequency Domain Analysis

As described in Section 2.4, wind data registered in the period from February 1984
to September 1985 and the 2016 full year were used to perform a spectral analysis of the
zonal (1) and meridional (v) wind components using wavelet transforms. The two periods
were analyzed separately, as two distinct datasets. As the results produced are similar, we
chose to analyze the first period, which is a longer period, in this section, while the results
for 2016 are provided in Appendix A (Figures Al and A?2).

The wavelet analyses are shown in Figure 13 (for the three levels of tower A) and
Figure 14 (for towers B, C and D). The left panels of the figures show the wavelets for
meridional wind v, while the right panels correspond to the wavelets for zonal wind u.
Each panel shows a shaded area corresponding to the wavelet power spectrum, computed
using the Morlet wavelet normalized by the variance of each wind component time series.
The thick contour of the shaded area encloses regions of greater than 95% confidence for
the red-noise process and the cross-hatched regions indicate the “cone of influence,” in
which edge effects become highly important. Moreover, the global wavelet spectrum,
calculated by averaging all the local wavelet spectra, is also shown, together with a dashed
line indicating the 95% significance level.
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Figure 13. Wavelet transform and global wavelet spectrum for the v wind component (left) and the u wind component
(right) at (a,b) A-10 m, (c,d) A-60 m. and (e,f) A-100 m. The black contour at the wavelet transform and the dashed line at
the global wavelet spectrum limit the 5% significance level. The cross-hatched region is the cone of influence.

The wavelets revealed the occurrence of signals with different frequencies and nonsta-
tionary characteristics. The signal with the highest average energy (global spectrum) and
statistical significance occurred mostly in the diurnal period (Figures 13 and 14). The only
exception was observed for the zonal wind component measured at B-15 m (Figure 13b), in
which the diurnal cycle is not evident and there is a high zonal wind direction variability
during the day. These results are in line with the findings of the wind roses, which consider
a much longer period of analysis and show a pattern of daily change in the direction of the
wind with different characteristics among the periods of the day (Figures 5-9).

The continuous spectra show a diurnal cycle varying throughout the year, with
higher intensity and statistical significance during the austral spring and summer seasons
(Figures 13 and 14). These results indicate the same seasonal pattern observed in the
boxplot, in which the strongest winds occurred in these seasons and were related to diurnal
variability. The diurnal period power is higher for v than for u, which highlights the
cross-shore nature of thermally induced circulations (valley /mountain, sea/land and bay)
over the CNAAA region. This result reinforces the previous discussion regarding the
influence of thermal forcing in the predominant wind directions in the CNAAA.

In addition to the diurnal cycle, the average power shows a semidiurnal cycle with
statistical significance. The occurrence of this semidiurnal cycle is associated with the
phenomenon of atmospheric thermal tides [87,88]. However, the zonal wind at B-15 m
(Figure 14b) and meridional wind at D-15 m (Figure 14e) do not show this secondary peak.

The global and continuous power spectra also reveal a signal with no negligible
statistical confidence in the periods between 2 and 6 h, mainly for u (Figures 13 and 14,
right-side panels). This timescale variability is possibly associated with the contribution of
factors on a local scale. In addition to the thermal forces that induce breeze circulations,
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the variability of the zonal wind throughout the day would also be modulated on a local
scale by the interaction of the flow with the topographical relief [35].

Recalling that tower A was the only tower with sensors installed at different heights
(10, 60 and 100 m), the changes in the behavior of the spectra with height could be evaluated.
From this, it was observed that, with the increase in height, the power with statistical
significance increased for the period between 4 and 16 days, mainly for u (Figure 13b,d,f).
This pattern is probably associated with the flow on a synoptic scale, as the passage of
transient systems in the study region [37,65]. Furthermore, the power of the diurnal cycle
decreased as the altitude of the wind measurements increased. This can be attributed to the
measurement point’s distance from the ground surface, where the horizontal temperature
gradient forms between the continent and Ilha Grande Bay, which is the driving force of
the local circulation of land-sea and bay breezes.

Point D-15 m (Figure 14e,f), which had the highest altitude level, also shows less
significant power levels for the diurnal cycle and an increase in power with statistical
significance for periods longer than four days. This behavior evidences the influence of the
synoptic scale systems over the wind as higher measurements are taken. Moreover, the
absence of a continuous spectrum with statistical significance in the diurnal cycle highlights
the differences in the measurements obtained at this tower from those obtained at others,
as previously shown in the wind frequency distribution (Figure 9).
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Figure 14. Wavelet transform and global wavelet spectrum for the ¥ wind component (left) and the 1 wind component
(right) at (a,b) B-15 m, (c,d) C-15 m. and (e,f) D-15 m. The black contour at the wavelet transform and the dashed line at the
global wavelet spectrum limit the 5% significance level. The cross-hatched region is the cone of influence.

Therefore, these spectral analyses highlight that, in general, the thermal circulations
mainly influence the meridional flow over the region of the CNAAA, on a timescale of 1 day
or less. On the other hand, the interactions with the synoptic scale systems are pointed out
mainly over the zonal flow, in the period from 4 to 16 days. The most frequent signal in
the component u indicates that the modulations from E-W discussed in Section 3.1 may
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also be related to transient meteorological systems on a synoptic scale, for instance, frontal
system, migratory cyclones and SACZ, among others, as already described in previous
literature [66,82,86,89,90].

3.3. Characterization of the Local Atmosphere: Stability Analysis

A stability analysis was performed using the measurements from tower A in 2016,
correlated to the Pasquill stability classes according to [70], as shown in Table 2. The analysis
was based on the vertical temperature gradient (AT/AZ) and the standard deviation of the
wind direction fluctuation at 10 m (o19). The vertical temperature gradient was computed
using measurements of tower A at the altitudes of 10 m and 100 m and the parameter o1g
was directly available from the measurements.

The parameter of static stability (AT/AZ; Figure 15a) shows higher occurrences of the
stability classes D (25.1%) and E (33.5%), which correspond to the predominance in the
region of neutral or slightly stable conditions, respectively. This result is in accordance with
studies carried out by [37,65,84], in relation to the predominance of stability conditions at
the CNAAA. However, a third predominant stability class, A, was also identified, which
corresponds to highly unstable conditions; this result differs from previous studies. This
increase in the observation of unstable conditions in 2016, compared to previous studies, is
possibly associated with changes in the land use around tower A. This would be due to
the ongoing construction of the Angra III power plant, which is directly correlated with
greater surface heating.
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Figure 15. Occurrences of each Pasquill class through the stability indexes: (a) AT/Az and (b) o1p.

The hourly distribution of the static stability parameter is shown in the boxplots in
Figure 16a. The median of the data is variable throughout the day, lightly decreases during
the morning and reaches lower values in the afternoon. It is also noteworthy that the
boxplots for the times of greatest heating (3 p.m. and 4 p.m.) show the lowest interquartile
range, that is, the lowest values of the 3rd quartile of the entire day cycle (Figure 16a).
This pattern indicates that daytime heating induces a lower number of stable situations in
the afternoon.

The standard deviation of the wind direction fluctuation (Figure 15b) provides a
panorama of stability that is different from that measured by the vertical temperature
gradient. From this parameter, the most frequent Pasquill stability class was A (52.3%),
followed by the D, B, C and E classes (Figure 15b). In addition, the hourly distribution of
this parameter evidenced a daily cycle (Figure 16b).

Throughout the evening, the boxplots had an asymmetric distribution with the lowest
median values (Figure 16b). During this period of the day, approximately half of the
records corresponded to neutral or stable conditions. After the early morning, it appears
that the median reached the highest values, with its maximum peaking throughout the
afternoon, during which more than half of the records were greater than 22.5°. Thus,
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according to the categorization of the parameter o1y according to [70], the daily cycle
observed in the boxplot indicates that there was greater mechanical turbulence in the
afternoon, when the surface flux is commonly forced by the circulation of the sea breeze.
According to [65], greater mechanical turbulence within the atmospheric boundary layer
is directly related to the maximum height of the breeze spread. The evaluation of the
conditions of stability of the local atmosphere, both by thermodynamic and mechanical
mechanisms (Figure 16), reveal that, in the afternoon, atmospheric conditions contribute to
increase the pollutants dispersion.
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Figure 16. Hourly boxplot of the stability indexes: (a) AT/Az and (b) o71p.

3.4. Wind and Stability Data of the Local Atmosphere: Correlation Analysis

The analysis of the atmospheric stability class, its variation with the daily cycle and
seasonality are crucial in nuclear installation safety protocols. This information is an indirect
but easily obtainable measure of the dispersion capacity in the atmospheric boundary layer
of NPP installation sites [70].

Based on this concept, [37] presented an analysis based on qualitative criteria such as
frequency graphs that revealed a close relationship between the wind regime (direction
and intensity) and the atmospheric stability regime in the CNAAA region. In the current
study, this analysis incorporates the quantification of this relationship using statistical
indices. This information may be used, in the future, to assess computational atmospheric
modeling systems, such as WREF, and their ability to represent this behavior by assisting in
the realistic estimate of pollutant dispersion in the atmosphere in case of a nuclear accident
with radionuclide release.

Given that wind direction is a circular variable, it is necessary to take special care
in calculating the correlation coefficient between the circular-linear variable and circular—
circular variable using well-established criteria in the scientific literature (circular statistic
area of knowledge). The studies cited show that the use of the circular correlation index,
which is appropriate for assessing the degree of association between circular variables (such
as wind direction) and linear variables (such as wind intensity and stability class), goes
beyond a mathematical formula, with significant studies available in the open scientific
literature for several areas of interest [78,91-93].

Figure 17 illustrates the correlation matrix between the wind and atmospheric stability
data at the six measurement points distributed around the CNAAA. In general, most of
the calculated correlations were positive. The static stability parameter showed small
correlations (< 10.2 ) with respect to the wind data of the towers and it was negatively
correlated with the stability parameter o19. The variable o1y showed correlations greater
than 0.3 with the wind speed at A-60 m, A-100 m, B-15 m and C-15 m. There was also a
high correlation between the wind data measured in the towers.
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Figure 17. Correlation matrix of wind and stability indexes in all diurnal cycle, referring to (a) linear variable x linear

variable, (b) linear variable

x circular variable and (c) circular variable x circular variable.

An analysis of the diurnal cycle of the stability parameters showed negative corre-
lations between the variable o1y and the variation of wind directions during the evening
and early morning periods, during which there were higher registers of stable conditions
(Figure 18). In the morning and afternoon periods, when the 019 data mostly corresponded
to unstable situations, the variable was positively correlated with the wind directions
of the CNAAA towers. The correlations of 019 with the wind data were stronger than
the correlations of the parameter AT/Az with the same data throughout the day cycle
(Figure 18). This result is possibly due to o7y being directly related to wind variability,
while AT/ Az considers only the vertical variation of temperature in its formulation.

The correlation between the wind intensity at A-60 m and A-100 m was 0.96 and the
correlation between the wind direction data from these two points was 0.73 (Figure 17).
The correlation between the A-60 m and A-100 m data remained high in the four correlation
matrices decomposed by the daily cycle, with a correlation above 0.93 for the intensity
and above 0.66 for the direction (Figure 18). A very similar result of the wind distribution
between these two points was also observed in the wind frequency distribution graphs
(Figures 5 and 6). This similar correlation reinforces that the flow at these two points was
likely induced by the same driving forces as those which influenced all towers throughout
nearly the entire analyzed period.

The wind directions measured at A-10 m, A-60 m, A-100 m, B-15 m and C-15 m
have correlations between 43% and 73%, again indicating a certain degree of similarity
between these four tower sites (Figure 17). However, D-15 m differs notably from the
others in terms of the daytime cycles of the wind direction and intensity. Consequently, the
correlation between the direction of the point was less than 32% at most of the other points
(Figure 17). In relation to the correlation matrices corresponding to each period of the day
(Figure 18), it is noteworthy that there are no large differences in the magnitude values
of most highly correlated variables. However, it may be noted that the highest values of
positive correlation between the wind data occur, in general, in the afternoon period, in
which the predominant winds are attributed to the sea breeze at all points.
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3.5. Integrated Analysis to Identify the Main Forcing, System and Process to CNAAA’s Region
Modeling (Atmospheric and Radionuclide Dispersion Models)

The wind rose graphics, time—frequency analysis classical and circular statistics, pro-
vide a valuable integrated methodological approach for identifying the main mechanisms
of atmospheric transport in coastal regions with complex topography. This analysis al-
lows the identification of the primary forcing and meteorological systems acting over a
non-homogeneous region, as well as some mechanisms influencing the circulation in an
independent or coupled manner. A better understanding of these processes and meteo-
rological systems is critical because similar conditions are observed around the world in
regions where other NPPs are installed. The knowledge gained via this investigation may
be utilized to create safety protocols for areas with physiographic features similar to those
present in the CNAAA'’s area. Furthermore, this sort of analysis should be carried out on
a regular basis to ensure that computational systems for atmospheric and radionuclide
dispersion modeling are properly configured.

Table 4 shows a summary of the wind regime in each one of the CNAAA towers, as
well as the spatio-temporal meteorological effects acting over the towers and the processes

induced by these scales.

Table 4. Summary of the main predominance of wind (climatological and daily), processes (phenomena and forcing) and
effects that occur in the CNAAA towers.

ime- Wi Daily Cycl P
CNAAA ;:)T:e Direlt?t?on Early T =T
Towers Scales Climatology| Morning Morning Afternoon | Evening | System/Process| Forcing
Topography,
Slope wind, valley—
A10m Mesoscale + SI\;’V{]\T I;L]ii N and N, SSW SSW and N and lsaiéeleazrédiﬁecl ar;‘l;)l,;l’;:;l;l_
(60 m) Local NNE and SW SW NNE s .
SW boundary continent
layer thermal
contrast
Topography,
valley—
Mesoscale + 0, S0, NE, ENE, SSW, NE, ENE, Seaand land mountain
A 60m . WSW, SSW, SSW and breeze and
Synoptic + WSW and WSW and | WSW and and ocean—
(110 m) NE and SW flow .
Local W SW W . continent
ENE channeling
contrast and
synoptic
Topography,
W, SW, NE, ENE, | Sea and land
Al00m | Mesoscale 1 yary ooy, | NEENE 1 gouy wow | SSW WSW, | breezeand ocean-
Synoptic + WSW and WSW and continent
(150 m) NE and and SW SW and flow
Local W SW . contrast and
ENE W channeling :
synoptic
Slope wind Topography,
N, NNE, and sea and valley—
B15m Mesoscale + N and S NE, SSE,Sand | SSE, S and N and E land breeze, mountain
(25 m) Local NNW and SSW SSW inner and ocean—
ENE boundary continent
layer contrast
Slope wind Topography,
and sea and valley—
C15m Mesoscale + N’S]i’nSdSE’ N, E, NW SE, SSE and SE, SSE WG aEr,“Ii\TW land breeze, mountain
(95 m) Local NNW and NNW S and S NNW inner and ocean-—
boundary continent
layer contrast
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Table 4. Cont.

ime- Wi Daily Cycl P
CNAAA ;::::e Direlcrzlon Early T =T
Towers Scales Climatology| Morning Morning Afternoon | Evening | System/Process| Forcing
Mesoscale + N, NNE Sea and land Tozzgzilihy’
D15m Svnontic + W, WSW N, NNE, NE, WSW N, WSW N’E an d, breeze and continent
305m) | VTP andNE | NEandW | andW and W flow
Local W . contrast and
channeling -
synoptic

LEGEND: In blue are illustrated the towers at high levels; in yellow the towers at low levels; in orange the calm winds larger than 20%; in
purple the calm winds between 10 and 20%; in green the calm winds between 5 and 10%.

The 20-year wind climatology clearly shows the complexity of the phenomena acting
in the CNAAA region. The integrated analyses of wind roses, boxplots and wavelets
allow us to assess the predominance of the wind direction, and the calm and high-intensity
winds, as well as identifying the characteristic timescales of synoptic, local breezes and tidal
systems. As discussed in Section 3.2, the statistically significant wavelet power spectrum
of 4-16 days increased as measurement height increased, mainly for zonal wind. This
pattern clearly indicates that synoptic systems have an impact on winds in these higher
periods. Synoptic influences over winds can be regarded as affecting directly both the
towers D-15 m and A-100 m, since tower D-15 m showed greater power spectra in the
aforementioned periods and it has a higher correlation with tower A-100 m measurements.
Furthermore, the strong correlation between the wind speed (linear-linear) and direction
(circular—circular) of tower A-60 m and towers A-10 m and A-100 m indicates that this is a
height where surface and local circulation effects begin to diminish and synoptic effects
begin to contribute to the resultant wind.

The interaction of synoptic and mesoscale systems, such as land channeling and
its blocking and recirculation effect, is known to be influenced by the physiographic
structure of the region. In addition, the spatial (both vertically and horizontally) and
temporal diversity of the wind behavior and stability class is associated with the breeze
systems, as well as with the generation and consumption of thermal and mechanical
turbulence in the atmospheric boundary layer and with the insolation daily cycle, besides
the annual seasonality. Therefore, a better understanding of these processes, systems
and phenomena aids in the selection and definition of the region’s atmospheric modeling
system configuration. The presence of calm winds, especially in the tower-A region (at
60 m and 100 m) between the evening and morning, emphasizes the need of adopting
suitable pollutant dispersion models in that location, as certain dispersion models are
ineffective in calm wind circumstances [94-97]. Furthermore, the occurrence of statically
stable stability classes suggests that the CNAAA area is less capable of turbulent diffusion.
This condition has a direct impact on radionuclide releases that occur by accident. In this
regard, an emergency plan is provided in the next section to emphasize the significance of
this integrated analysis.

Following the analysis, the main features that the atmospheric and dispersion of
pollutants modeling system should have for an adequate depiction of the CNAAA region
were identified as follows: complex terrain transport, non-homogeneous boundary layer,
calm wind regime, winds above 17m/s (at A-100 m, B-15 m, C15 m and D-15 m), static
stability classes (mainly D and E), thermal and dynamic internal boundary layer formation
and katabatic and anabatic winds. Based on the spatial diversity identified with the
aid of observational data from CNAA towers, the presented analysis can also anticipate
some important configurations that an atmospheric and radionuclide dispersion modeling
system should have to represent the various forcing and mechanisms in coastal regions
with mountain ranges. The modeling features based on s prevalently local time-space scale
observed at towers A-10 m, A-60 m, B-15 m and C-15 m are the following:

e Initial and boundary conditions: high resolution databases of topography, land use land
cover (LULC) categories and coastline and time-varying sea surface temperature (SST).
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Domain: vertical (<50 m) and horizontal high resolution (<1 km) and number of points.
Physical parametrization: soil, surface and boundary layer, longwave and shortwave
radiation and microphysics; Large Eddy simulation (LES).

e  Other: nested grids, observational data assimilation, nonhydrostatic and hybrid sigma-
pressure vertical coordinate.

The modeling features based on a prevalently synoptic time-space scale observed at
towers D-15 m and A-100 m are the following;:

e Initial and boundary conditions: global atmospheric model, high resolution databases
of topography and LULC.

e  Physical parametrization: boundary layer, horizontal diffusion, longwave and short-
wave radiation and microphysics.

e  Other: nested grids, observational data assimilation, nonhydrostatic and hybrid sigma-
pressure vertical coordinate.

In order to evaluate the model results, the nearest grid point is generally used to
extract the model information to be compared to the observations [98]. Care must be taken
when selecting the grid point position to avoid representativeness errors. The nearest grid
point may be at a different height [26] and in a different location of the terrain feature than
in reality since the model orography is smoothed [98]. It is also a concern in coastal regions,
because the nearest model grid point can be located over water, while the surface-based
observation is located over land and vice versa. It reinforces the necessity of the use of a
high-resolution topography database, as well as a vertical and horizontal grid.

3.6. Integrated Environmental Analysis for Emergency Planning in the CNAAA’s Area

Considering the main safety objective of nuclear installations, namely, to ensure that
the radiological impact on the population and the environment during the operational
phase and in accidental conditions is within the levels prescribed by the regulatory author-
ity, local characteristics that may affect emergency response conditions must be carefully
studied. Hazards that could affect the safety of nuclear facilities must be properly con-
sidered, particularly in site selection and assessment, design of new facilities (especially
during site selection and assessment), design of new installations and operational phases of
existing installations [20]. Furthermore, evacuation routes and access to areas of influence
are critical factors in emergency planning. As a result, the geobiophysiographic aspects of
these areas (geographical, geological, geo-morphological, hydrological and meteorological
elements) must be assessed [57,99].

The characteristics of the CNAAA'’s surroundings demonstrate the region’s geobio-
physiographic and socio-environmental complexity, as well as its vulnerabilities, which
serve as the primary bottlenecks in the context of local emergency planning (Figure 19). The
predominant wind directions, the rainfall regime, the occurrence of flooding and landslides
(2007-2019) and the population quantity are all factors that contribute to the complexity of
implementing planning actions during the accident-response phase.

The prevailing winds in the region are N (night and dawn) and SW (morning and
afternoon), which determine the primary escape routes in the process of evacuating the
population in the event of an accident (Table 4). Rainfall with monthly averages above
70 mm occurs approximately 158 days per year, with greater intensity between October
and April and with January presenting averages of 276.4 mm [65,100]. This region has
the highest rainfall rate in the state of Rio de Janeiro, causing flooding in drainage and
landslide areas that cover densely populated areas.
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Figure 19. Complexities and vulnerabilities of the CNAAA's area of influence.

In terms of nuclear emergency evacuation, in general, this process involves significant
populations and the risks of radiation exposure in areas with limited road capacity, a
similar aspect in the CNAAA’s area of influence, where BR-101 is the only axis of mobility
on a local and regional scale. In this sense, when considering the highway evacuation,
the N winds indicate the SW and NE directions as an escape route and, when the wind
is from the SW, the SW direction. Considering the elements of rain, especially in periods
with greater rainfall and landslides, with medium and high susceptibilities throughout the
region, these are aspects that jointly limit evacuation actions along the BR-101 highway,
determining population sheltering as the primary decision-making process, whether due
to punctual flooding in stretches located in areas of higher population density, as well as
through landslides that can block access by road [53,54].

Other relevant aspects that are part of the aforementioned problems include the follow-
ing, among others [44]: the increase in population flow, from seasonal variations (floating
population) increased by tourist activity and/or exceptional demographic concentrations
(popular festivals and regional or local events); road traffic, with traffic jams in high season
and long holidays, intensified by regional tourism; traffic on the BR-101 highway, with
poor paving, signaling and lighting conditions and slopes between 5° and 30°; a lack of
electricity during emergencies, particularly in areas with a higher population density and
difficult access to the streets (narrow streets, pavements and slopes).
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The integrated analysis of these aspects represents a significant subsidy that can
support the reduction in risks, prevention and mitigation of the consequences of accidental
events in the area of influence of the CNAAA and in the nuclear sector [101], in regions
with similarities and especially the preparation of emergency responses, which is one of
the objectives of emergency planning [102], in addition to ensuring the functioning of the
emergency response system [103].

4. Conclusions

In this study, advances were made in the characterization of wind and stability
regimes in the CNAAA region based on the application of statistical modeling combined
strategies. The use of data mining tools applied in the time and frequency domains is
promising for providing relevant information for the identification and hierarchization of
thermally and mechanically driving forcing in coastal and complex topography regions,
with the aim of informing the design of safety protocols and accident mitigation plans in
nuclear installations.

The methodological procedure of the scientific study, in addition to supporting the
nuclear safety protocols, presents a universalist character and can be extended to other
regions of the world with potential capacity for nuclear centrals, contributing to revise
safety protocols of the NPPs already in operation. The importance of the study for the ade-
quacy and skill evaluation of computational modeling systems for atmospheric dispersion
of pollutants such as radionuclide and conventional contaminants can be also highlighted,
in order that such systems are used as tools for environmental planning and managing
of nuclear operations, particularly those located in regions over mountainous and coastal
environments with a heterogeneous atmospheric boundary layer.

The predominant wind and stability regime around the nuclear complex were at-
tributed to the combination of thermally induced systems by heterogeneous terrain, me-
chanically driven forcing by topography and the action of the synoptic systems. The
contribution of different spatial and temporal scales in the wind direction was reinforced
by the analysis of wavelet spectra with statistical significance in the time scales from the
microscale (hours) to the synoptic scale (days).

Wind intensity between 1 and 3 m-s~! makes up most of the records for the CNAAA
monitoring network. The tower points A-60 m and A-100 m presented the highest per-
centage of calm regime, at approximately 12.58%. The highest wind intensity records
correspond to 25-30 m-s~! (80-108 km/h), mainly in the afternoon. A seasonal pattern
could be observed that modulated the highest wind intensities, in which the strongest
wind intensity occurred in the austral spring and summer.

The static stability analysis indicated the following higher Pasquill stability classes:
E (slightly stable), D (neutral) and A (strongly unstable). The standard deviation parameter
of wind direction fluctuation shows the predominance of class A, followed by classes D,
B, C and E. This finding differs from previous research by [84] and [37]. Given that the
wavelet analysis for 1984-1985 and 2016 are very similar, the difference appears to be
unrelated to changes in the region’s land use and land cover.

The analysis of the wavelet spectra revealed the occurrence of signals with different
temporal scales and nonstationary characteristics. The signal with the highest average
power and statistical significance occurred in the daytime cycle during the austral spring
and summer because of the thermally induced circulation of the valley/mountain and
sea/land systems. The second highest average power occurred on the semidiurnal scale,
which can be related to the phenomenon of the atmospheric thermal tide. Signs that
occurred in periods from 2 to 6 h were also observed, indicating the possible influence
of the atmospheric flow on the orography. Another wind regime pattern occurred at
~4-20 days, associated with the synoptic scale system and active in the region as a frontal
system, migratory cyclones and the SACZ.
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We also made use of an emerging area of knowledge, called circular statistics, for the
identification of the relationship of circular variables such as wind direction over physical
behaviors in the atmospheric boundary layer. The correlation matrix analysis indicated
a higher similarity in the wind and temperature records at A-60 m, A-100 m, B-15 m and
C-15m. The tower point D-15 m represents the lowest correlation for the CNAAA, as
compared to the other points, which reinforces the variability of the flow at this location in
relation to the other monitoring network sites.

The main features that the atmospheric and dispersion of pollutants modeling system
should have for an adequate depiction of the CNAAA region were identified as complex
terrain transport, non-homogeneous boundary layer, calm wind regime, winds above
17 m/s (at A-100 m, B-15 m, C15 m and D-15 m), static stability classes (mainly D and
E), thermal and dynamic internal boundary layer formation and katabatic and anabatic
winds. The analysis presented here can also anticipate some important configurations that
an atmospheric and radionuclide dispersion modeling system should have in order to
represent the boundary layer flow in coastal and mountain regions.

The main bottlenecks that the CNAAA region presents, its complexities and vulner-
abilities, and the importance to perform detailed analysis to elaborate local emergency
planning, are highlighted in this study. By using a geographic information system platform,
it is demonstrated the need to establish escape routes and places to shelter the population.
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Figure Al. Wavelet transform and global wavelet spectrum for wind component (left) and wind
component (right) at (a,b) A-10 m, (c,d) A-60 m. and (e,f) A-100 m. The black contour at the wavelet
transform and the dashed line at the global wavelet spectrum limit the 5% significance level. The
cross-hatched region is the cone of influence.
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Figure A2. Wavelet transform and global wavelet spectrum for wind component (left) and wind
component (right) at (a,b) B-15 m, (c,d) C-15 m. and (e, f) D-15 m. The black contour at the wavelet
transform and the dashed line at the global wavelet spectrum limit the 5% significance level. The
cross-hatched region is the cone of influence.
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