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Abstract: Many regulatory requirements add significant delay in the licensing of new nuclear power
stations. One area of particular interest is the environmental impact of potential atmospheric release.
The purpose of this research is to demonstrate effectiveness of meteorological data mining and
synthesis from offsite locations to reduce need for onsite data, hence allowing rapid licensing. The
automated procedures tested for data mining and extraction of meteorological data from multiple
offsite sources and the data analytic tool developed for data fusion are presented here. Three impor-
tant meteorological parameters from regulatory compliance are considered for this analysis: wind
velocity, wind direction, and atmospheric stability. Callaway Nuclear Power Plant (CNPP) is used as
our reference site. CNPP uses the ∆T

∆z approach while we use the Vogt method to estimated stability
for the offsite locations. Stability classification correlation coefficients between the reference plant
and Columbia Regional Airport range from −0.087 to 0.826 for raw with an average of 0.317 ± 0.313.
With travel time, correction changed slightly, i.e., a 10 m observation 0.064 ± 0.249 and 0.028 ± 0.123
and a 60 m observation 0.103 ± 0.265 and 0.063 ± 0.155 for the wind from the reference plant to
the airport and vice versa, respectively. For Jefferson City Memorial Airport, raw data correlation
was from −0.083 to 0.771, with an average of 0.358 ± 0.321. With travel time, correction changed
slightly, i.e., 10 m observation 0.075 ± 0.208 and −0.073 ± 0.255 and 60 m observation 0.018 ± 0.223
and −0.032 ± 0.248 for wind from the reference plant to the airport and vice versa, respectively.
Stability classification correlation coefficients between the reference plant and St. Louis Lambert
International Airport ranged from −0.083 to 0.763 for raw with an average of 0.314 ± 0.295. With
travel time, correction changed slightly, i.e., 10 m observation −0.003 ± 0.307 and −0.030 ± 0.277
and 60 m observation −0.030 ± 0.193 and −0.005 ± 0.215 for wind from the reference plant to the
airport and vice versa, respectively. It is important to observe that mathematically. stability class
correlation coefficients were not great, but in most cases the predicted and observed values were only
off by one stability class. Similar correlations were calculated for wind direction and velocities. Our
result, when applied to a proposed nuclear power station, can significantly reduce time and effort to
prepare a robust environmental protection plan required for license application.

Keywords: Nuclear Regulatory Commission Compliance; meteorological data; atmospheric stability;
data mining; air quality; atmospheric dispersion; Nuclear Reactor Site Licensing

1. Introduction

Nuclear power is becoming an integral part of the global energy mix to counter climate
change and global warming issues [1]. As the world strives for a decarbonize economy with
clean energy, nuclear seems to be the most likely choice for providing reliable, cost-effective,
and environmentally friendly electricity [2]. Even some of the oil-rich countries like United
Arab Emirates are deploying nuclear as their base-load electric source [3]. However,
environmental and safety concerns have been a major roadblock for rapid deployment

Energies 2024, 17, 3691. https://doi.org/10.3390/en17153691 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en17153691
https://doi.org/10.3390/en17153691
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-1778-6156
https://doi.org/10.3390/en17153691
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en17153691?type=check_update&version=1


Energies 2024, 17, 3691 2 of 37

of nuclear as a large-scale energy source. Nuclear power is a unique source of energy
with multiple competing demands. For nuclear power industry, regulatory demand for
environmental safety analysis is far more stringent than any other energy source. In 1950s
and 1960s, public support for nuclear energy was strong and the concerns for environmental
impacts and human health and safety was not a major consideration. This changed with
Three Mile Island [4] and Chernobyl [5] accidents. Public opinion quickly shifted against
widespread nuclear power production, and a more stringent regulatory framework evolved,
which made nuclear power reactors much safer and at the same time difficult to quickly
deploy. For example, in the United States, the US Nuclear Regulatory Commission (NRC)
has developed a thorough process of combined license (COL, site license and the operation
license) which includes significant public participation. The National Environmental Policy
Act (NEPA) [6] and associated regulations such as Environmental Protection Regulations
for Domestic Licensing and Related Regulatory Functions (10 CFR Part 51) [7] are to be
closely followed for compliance. It is interesting to point out that relative importance
of these competing demands is a function of both time and space. For other nations,
IAEA Safety Standards [8–11] are available to ensure public health and safety. For a
COL application, NRC requires at least 24 consecutive months of meteorological data
Regulatory Guide 1.23—Nuclear Regulatory Commission (NRC) [12], while 3 years of
data is their preference. This requirement inherently adds 2–3 years of waiting time
for any new site application where the site-specific meteorological data are not readily
available. However, the same regulation allows for data supplementation since it states
“meteorological conditions pertinent to the site”. Through proper data mining and synthesis,
this time can be significantly reduced. By using available data from the surrounding
weather stations and developing trustworthy correlation between the available data, the
licensee can perform necessary analyses required for environmental impact statement. Our
fundamental hypothesis is that offsite data can be synthesized to perform radiological
impact analysis for atmospheric pathway.

Likewise, for an operating nuclear power plant, loss of a meteorological tower and
data collection ability can have significant economic impacts. NRC requires that at least 90%
of the hourly data must be collected and reported to NRC every year [12]. Any instrument
failure can lead to power production and hence economic losses. With aging, these failures
are becoming frequent, and due to technology obsolescence, repairs are becoming expensive
and are often delayed [13]. In extreme cases, the plant might be required to shut down
temporarily until reliable meteorological data are restored, resulting in significant financial
losses due to halted electric production. Ensuring continuous, reliable meteorological data
is thus critical not only for the safe operation of nuclear power plants but also for their
economic viability. Therefore, a robust methodology for supplementing meteorological
data through data mining and synthesis can significantly improve reliability and cost of
electricity from nuclear stations.

The policy of replacing or at least supplementing the on-site meteorological with
trustworthy off-site data can significantly accelerate deployment of new reactors as well
as can ensure operation of current fleet of nuclear power reactor. For example, in the
Environmental Impact Statement attached to Turkey Point’s (Units 6 and 7) Combined
License Application (COL), meteorological data for the years 2002, 2005, and 2006 were
used (application can be seen on the NRC web page). This means that for any new site, at
least 3–5 years of meteorological data collection must precede COL application. The system
of meteorological data mining and synthesis we are proposing, once fully matured, can
significantly reduce this lead time and have a lasting impact on nuclear power industry.

Meteorological data mining and synthesis involve extracting valuable insights and pat-
terns from large volumes of data from a number of relevant sources. This process involves
the application of data mining techniques and algorithms to discover hidden patterns,
correlations, trends, and relationships within the data [14]. Various fields including energy,
environmental monitoring, and risk management use meteorological data mining and
synthesis for diverse applications [15]. the ability to predict meteorological data for a given
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site using already available data from nearby weather stations can also be very helpful in
siting wind farms for renewable energy projects [16]. The optimum wind turbine location
can also be determined rapidly by utilizing the results presented here.

For the nuclear power plant licensing process as well as operations, a critical compo-
nent involves preparing an environmental safety analysis report. According to Regulatory
Guide 1.23—Nuclear Regulatory Commission (NRC) [12], at least one meteorological
tower must remain operational to collect hourly data, which contributes to the yearly
report submitted to the NRC. These data play a vital role in analyzing the radiological
impact of potential releases to the environment, potential ground deposition, and possible
human intake.

All operational nuclear power plants are mandated to collect hourly Joint Frequency
Distribution (JFD) data pertaining to atmospheric stability class, wind direction, and wind
speed [17]. These data sets are an important element of the Annual Radioactive Effluent
Release report, submitted to NRC to demonstrate compliance with federal regulations. For
this study, the Callaway Nuclear power plant in Fulton County Missouri is used as the
reference site. Data from the site are acquired to analyze together with publicly available
data from nearby weather stations. The Joint Frequency Distribution data in Callaway’s
2020 Annual Radioactive Effluent Release Report reveal that, out of 8784 h of valid data,
data were successfully collected for 8725 h [17]. Similarly, in their 2021 Annual Radioactive
Effluent Release Report, for 8760 h of valid data, Callaway managed to obtain data for
8729 h [18]. Both reports from 2020 and 2021 reveal that Callaway fell short of collecting
the complete set of hourly data. This is not an uncommon occurrence; NRC allows a
maximum of 10% of missing data annually [12], stating that “Meteorological instruments
should undergo inspections and maintenance at intervals that guarantee a minimum data recovery
rate of 90 percent annually”. NRC also allows for supplementing on site, stating “that
meteorological conditions at the site and in the surrounding area should be considered in
determining the acceptability of a site for a power reactor” [19]. Therefore, any tools or
methods to supplement incomplete data through the utilization of data mining techniques
and synthesis of meteorological data from neighboring monitoring sites is welcomed by the
industry and regulators alike. It is worth noting that despite the unaccounted hours of data
in 2020 and 2021, Callaway still met the guidelines outlined in NRC Regulatory Guide 1.23.

The Callaway facility maintains two on-site Met. T designed for the collecting hourly
wind speed, wind direction, and air temperatures at two elevations. Using the temperature
gradient between the two observation points, atmospheric stability is estimated. In addition,
the towers are also collecting dew point/relative humidity data at two specific heights:
10 m and 60 m above ground level. These towers serve a critical role in supporting the
facility’s efforts to demonstrate compliance with regulatory requirements. To enhance
data reliability, Callaway employs two parallel systems, denoted as “A” Alpha and “B”
Bravo, ensuring redundancy and establishing a clear hierarchy for data selection, reporting,
and analysis [20]. The primary source of on-site meteorological data is the Callaway
Met. T. However, it is desirable to supplement and augment these data with information
from external sources. Various regional and national resources offer substantial volumes
of atmospheric data. With proper synthesis, these off-site data can supplement on-site
data for analysis. Our investigation identified multiple dependable data sources close
to the Callaway site, all continuously collecting atmospheric data. Unfortunately, these
diverse data sets exhibit inconsistencies in terms of data formats, collection frequencies,
and naming conventions.

Given the disparities observed in the formatting and nomenclature of atmospheric
data obtained from various sources, the first phase of this project focused on developing
protocols for automatically importing external data and organizing the data in a consistent
format. The next step was comparison of the raw data from various off-site source with
on-site data. This comparative analysis was aimed to identify patterns, discrepancies, and
trends within the datasets. Lastly, correlations were developed for wind speed (m/s), wind
direction (degree), and atmospheric stability between reference plant and off-site sources.
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These correlations were developed on a one-to-one basis for each off-site data source and
the primary data from the reference plant. To ensure the reliability of the correlation model,
historical data were used to validate the correlation model, as well as the data collected
during project execution for correlation model validation.

2. Site Geography

The topography and meteorology of a region profoundly influence dispersion pat-
terns [21]. Terrain features such as mountains and coastlines alter airflow, creating wind
patterns and turbulence that impact the dispersion of pollutants [22]. Temperature gradi-
ents across elevations lead to thermal inversions, trapping pollutants near the surface [23].
Local wind regimes and atmospheric circulation patterns determine the direction and
speed of pollutant dispersion [24]. Precipitation and humidity levels also affect pollutant
removal from the atmosphere [25], while the boundary layer dynamics govern vertical and
horizontal dispersion [26]. Understanding these interactions is crucial for predicting and
mitigating air pollution effects on local air quality and public health.

The landscape and geography between the reference plant and the nearby airports,
including Columbia Regional Airport, Jefferson City Memorial Airport, and St. Louis
Lambert International Airport, exhibit a typical Midwest terrain. The map in Figure 1
shows relative locations of the off-sites and the reference plant. Here, we present a summary
of the landscape between these points:

• Columbia Regional Airport (West Northwest of the reference plant):

■ The distance between the reference plant and Columbia Regional Airport is
approximately 24 miles and can be characterized by rolling hills and extensive
fields. Some of these fields are farmed and others are natural forest typical
of Midwest.

■ Columbia itself is situated within a mix of urban and suburban landscapes, featur-
ing residential areas, commercial districts, and the University of Missouri campus.

• Jefferson City Memorial Airport (Southwest of the reference plant):

■ The reference plant lies approximately 23.5 miles away from Jefferson City Memo-
rial Airport. The terrain between these locations may include both rural and
semi-urban areas.

■ As the capital city of Missouri, Jefferson City has a scenic location along the
Missouri River, offering riverfront views and possibly hilly terrain. Presence of a
large river can possibly impact some aspects of meteorological observations and
correlations between the reference site and the Jefferson City Memorial Airport.

• St. Louis Lambert International Airport (East of the reference plant):

■ The distance separating the reference plant from St. Louis Lambert International
Airport measures approximately 76.37 miles, encompassing a diverse landscape.
Traveling from central Missouri to St. Louis, the terrain transitions from rural
areas to suburban land and eventually to the urban environment of St. Louis.

The data received from CNPP did not cover all sixteen sectors of the wind rose;
instead, they included only eight sectors of the wind rose; north (N), northeast (NE), east
(E), southeast (SE), south (S), southwest (SW), west (W), and northwest (NW). Wind speed
adjustment was performed by multiplying the measured wind speed by the cosine of the
angle of interest relative to the sector midpoint. For instance, if the airport reported wind
speed for WNW (292.5 degree), the adjusted wind speed u’ for NW sector (315 degree) was
calculated using Equation (1):

u′ = u ∗ cos(θ) (1)

where u is the measured wind speed and θ is the angle between the wind direction and the
sector midpoint. In this case, θ = 22.5 degrees (since WNW is 22.5 degrees off from NW).
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Notably, Columbia Regional Airport is situated in the west–northwest of Callaway
Nuclear Power Plant. Because of the direction sector resolution difference between airports
and our reference power plant, an adjustment was necessary for wind direction and wind
speed, particularly for winds traveling in the NW and W directions at a 22.5-degree angle
of west–northwest (WNW). Likewise, Callaway Nuclear Power Plant is situated to the
east–southeast (ESE) of Columbia Regional Airport. When accounting for winds traveling
from Columbia Regional Airport to the Callaway Nuclear Power Plant, we introduced
adjustments for wind direction and wind speed, specifically for winds moving in the E and
SE directions, and at a 22.5-degree angle from ESE.

Jefferson City Memorial Airport is situated southwest relative to the Callaway Nuclear
Power Plant. Therefore, we incorporated adjustments for wind direction and wind speed,
especially for winds traveling in the south and west directions at a 45-degree angle from
the southwest. For winds moving in the southwest direction, no adjustment for wind
direction was necessary as the wind was directly aligned with Jefferson City Memorial
Airport. Likewise, Callaway Nuclear Power Plant is located to the northeast of Jefferson
City Memorial Airport. When considering winds traveling from Jefferson City Memorial
Airport to the Callaway Nuclear Power Plant, we made adjustments for wind direction
and wind speed, specifically for winds coming from the east and north directions, and
at a 45-degree angle from northeast. For winds moving in the northeast direction, no
adjustment for wind direction was needed as the wind was directly aligned with Callaway.

St. Louis Lambert International Airport lies in proximity dead east from Callaway
Nuclear Power Plant. Therefore, we account for adjustments in wind direction and wind
speed, especially for winds traveling in the northeast and southeast directions at a 45-
degree angle from the east. For winds coming from the east direction, no adjustment for
wind direction was necessary as the wind was directly aligned with St. Louis Lambert
International Airport. Likewise, Callaway Nuclear Power Plant is situated to the west of
St. Louis Lambert International Airport. When analyzing winds traveling from St. Louis
Lambert International Airport to the Callaway Nuclear Power Plant, we accounted for
adjustments in wind direction and wind speed, particularly for winds originating from
the northwest and southwest directions, at a 45-degree angle from the west. However, for
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winds coming from the west direction, no adjustment for wind direction was necessary as
the wind was already aligned with Callaway.

We examined historical data collected at fifteen-minute intervals from Callaway’s on-
site measurements for wind speed, wind direction, and atmospheric stability, specifically
for January 2020, at instrument locations A and B, positioned at heights of 10 m and 60 m
above ground level. Of particular importance is atmospheric stability, as it plays a pivotal
role in determining turbulence intensity and the diffusion processes that influence the
dispersion of effluents into the atmosphere [27]. This relationship is shown in Equation (2),
the well-known Gaussian Plume Model, where σy and σz denote the dispersion coefficients.
These coefficients depend on the atmospheric stability class and have a profound impact
on the behavior of pollutants in the atmosphere.

Ψ =
Q

2πuσyσz
e
[− y2

2σ2
y
]
{

e
[− (z−H)2

2σ2
z

]
+ e

[− (z+H)2

2σ2
z

]
}

(2)

Q = release rate;
U = wind speed;
H = effective stack height;
σStability = dispersion coefficient (a function of atmospheric stability).

Atmospheric Stability Classification

Till and Meyer [28] described numerous techniques for inferring atmospheric stability
based on meteorological observations. This process involves classifying stability into six
or seven distinct categories (lettered A through F, and sometimes G), depending on the
method. Each stability class is characterized by its diffusion properties in vertical and
transverse directions as a function of travel distance (or time). In most cases, dispersion
coefficients are expressed as a function of plume travel distance. At times, rather than using
“A”, “B”, etc., the atmospheric stability is identified by a corresponding integer, ranging
from one to six, and sometimes seven. A brief description of various methods used for
determining atmospheric stability classes are discussed below.

The first and most commonly used method to determine atmospheric stability is based
on the vertical temperature gradient (∆T). According to the NRC Regulatory Guide 1.23 [12],
temperature gradient measurements between 10 m and 60 m provide the required data to
estimate the Pasquill Stability Classes. Table 1 provides the temperature gradient ranges
and their respective Stability Classes. Callaway, our reference plant, uses this method
for determining the stability classes, which is the most common method in the nuclear
power industry.

Table 1. Classification of atmospheric stability by vertical temperature difference (NRC) [27].

Stability
Classification

Pasquill
Categories Temperature Change with Height (◦C/100) m)

Extremely unstable A ∆T/∆z ≤ −1.9

Moderately unstable B −1.9 < ∆T/∆z ≤ −1.7

Slightly unstable C −1.7 < ∆T/∆z ≤ −1.5

Neutral D −1.5 < ∆T/∆z ≤ −0.5

Slightly stable E −0.5 < ∆T/∆z ≤ 1.5

Moderately Stable F 1.5 < ∆T/∆z ≤ 4.0

Extremely stable G 4.0 < ∆T/∆z

Adiabatic lapse rate for dry air in the atmosphere is approximately −0.98 ◦C per
100 m [27]. This means that if the atmosphere demonstrates a lapse rate of −0.98 ◦C/100 m, a
mechanically displaced parcel of air will experience no buoyance force; hence, it is defined as
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neutral (Pasquill Class “D”). Any deviation from this lapse rate will either result in unstable
or stable atmosphere. When the lapse rate is larger than the adiabatic lapse rate, it enhances
mechanically induced turbulence and hence unstable atmosphere. On the other hand, a
large negative lapse rate creates an environment where mechanical turbulence is suppressed,
leading to a stable atmosphere. Details of this stability classification are shown in Table 1.

The data obtained from our reference site include the following parameters:

• Delta T ( ∆T), which represents the temperature difference between 60 m and 10 m,
calculated as a one-hour average from Met. T Alpha.

• Delta T ( ∆T), similarly measured as the temperature difference between 60 m and
10 m from Met. T Bravo.

• Wind direction and wind speed data at both 60 m and 10 m for Met. T Alpha and Bravo.

As a result of differences in sampling times among the Callaway’s plant computer and
various servers in use, multiple readings exist for each of the hourly average measurements.
Callaway has developed an internal logic to select reconcile these minor differences and
provide one average ∆T value for that hour. For example, in Figure 2, there are three values
given for midnight, 12:00:09, 12:00:24, and 12:00:28, and the internal computer logic selected
∆T for 12:00:28 as the correct average which is 0.354. This was confirmed by reviewing the
60 m–10 m A ∆T data trend for the time period of 11 P.M. to 12 A.M. We relied on their
internal averaging logic to collect our data.
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NRC does allow for alternate methods of determining atmospheric stability with
proper justifications. Some of these alternate methods are discussed in the following
paragraphs. One such alternate method is Pasquill stability categories [29] which primarily
consider two parameters: surface wind speed and the degree of cloud cover or insolation,
see Table 2. Day time cloud cover is divided into strong, moderate, and slight. For the
night time, there are only two classes: overcast (cloud cover greater than 3/8) and the other,
when the cloud cover is less than or equal to 3/8. Based on the joint occurrence of surface
wind speed and cloudiness, the atmospheric stability categories are determined [27].

Another alternate method was proposed by McElroy and co-workers. Table 3 shows
the classification of stability classes by McElroy et al., which also considers two key param-
eters: the bulk Richardson number and Standard deviation of horizontal fluctuation of the
wind direction (σθ), while their balloons ascend during the experiment. Bulk Richardson
number is defined as

RiB =
g
T
∗

(
∂T
∂z + Γ

)
Z2

uZ2
(3)

g = acceleration due to gravity;
T = temperature;
Γ = adiabatic lapse rate;
z = height above ground;
uz = wind speed at the geometrical mean of the heights used to determine the temperature
gradient.
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Table 2. Pasquill Stability Categories [29].

A: Extremely Unstable Conditions D: Neutral Conditions
B: Moderately Unstable Conditions E: Slightly Stable Conditions
C: Slightly Unstable Conditions F: Moderately Stable Conditions

Surface Wind Speed at 10 m
(m/s)

Daytime Insolation Nighttime Conditions
Strong Moderate Slight Thin Overcast or >3/8 Cloudiness ≤3/8 Cloudiness

<2 A A–B B

2–3 A–B B C E F

3–5 B B–C C D E

5–6 C C–D D D D

>6 C D D D D

Table 3. Definition of Stability classes according to McElroy et al. (1968, 1969) [28,30].

σθ

(deg)
Richardson Number (Dimensionless)

<−0.01 >0.01 ±0.01

24 to 30 B′
2 (B) a

24 to 30 B′
t (C)

15 to 30 C (D)

8 to 13 D (E)

McElroy and Pooler defined stability classes somewhat differently [30]; however, the
corresponding Pasquill stability class is also listed in their table shown here as Table 3.

Another method for inferring atmospheric stability by examining the relations between
the Pasquill type and the turbulence criteria Ri and L for flows over low roughness is
illustrated in Table 4. This method focuses on two parameters: the Richardson Number
and the Monin and Obukhov length. The Monin and Obukhov length is defined as

Monin − Obukhov Length, L =
u3

* CpρT
kgH

(4)

u∗ = friction velocity;
ρ = density;
Cp = specific heat at constant pressure;
Т = shear stress;
k = von Karman’s constant;
g = acceleration due to gravity;
H = vertical heat flux.

Table 4. Relations between Pasquill type and turbulence criteria Ri and L for flow over short grass
(Gifford 1976) [31].

Pasquill
Type

Ri
(At 2 m)

L
(m)

A −1.0 to −0.7 −2 to −3

B −0.5 to −0.4 −4 to −5

C −0.17 to −0.13 −12 to −15

D 0 ∞

E 0.03 to 0.05 35 to 75

F 0.05 to 0.11 8 to 35
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Table 5 is based on classifying stability according to the standard deviation of hor-
izontal wind direction. This method relies on a single parameter which is the standard
deviation of horizontal wind direction. It is common to use 15 min to 1 h data sets to
determine standard deviation of horizontal fluctuation.

Table 5. Classification of atmospheric stability by standard deviation of horizontal wind direction
(σ∂) [28].

Stability
Classification

Pasquill
Categories

σb
θ

(deg)

Extremely unstable A σθ ≥ 22.5

Moderately unstable B 22.5 > σθ ≥ 17.5

Slightly unstable C 17.5 > σθ ≥ 12.5

Neutral D 12.5 > σθ ≥ 7.5

Slightly stable E 7.5 > σθ ≥ 3.8

Moderately stable F 3.8 > σθ ≥ 2.1

Extremely stable G 2.1 > σθ

Finally, a technique for inferring atmospheric stability using an alternative definition of
stability classes as proposed by Vogt [32] is presented below. This is based on solar energy
balance. The source of lapse rate is solar energy; hence, it is possible to estimate atmospheric
stability using solar energy balance. This method relies on synoptic observations of sun
height and cloud cover (insolation index) to estimate the solar energy incident on the earth
surface. This information coupled with wind velocity (measured in meters per second) is
used to estimate the stability class as shown in Table 6.

Table 6. Alternative definition of the stability classes according to Vogt (1970) [28].

Synoptic
Observations

Time of Day Sun Height, α Degree of Cloudiness

Day

>50◦

31◦ . . . 50◦

16◦ . . . 30◦

8◦ . . . 15◦

≤7◦

≤4/8 5/8 . . . 7/8
≤4/8

8/8
5/8 . . . 7/8

≤4/8

8/8
5/8 . . . 7/8

≤4/8

8/8
>4/8

(0) . . . 8/8
Fog

Night 8/8 5/8–7/8 ≤4/8
Fog

Insolation Index 4 3 2 1 0 −1 −2

Measurement of
Insolation,
cal/cm2·min

>0.60 0.60 . . . 0.35 0.34 . . . 0.16 0.15 . . . 0.09 0.08 . . . −0.01 −0.02 . . . −0.04 ≤−0.05

Measurement of
Stability
[temperature
gradient (∆T/∆z),
◦C/100 m, measured
at height of 120 m
and 20 m]

≤−1.5 −1.4 . . . −1.2 −1.1 . . . −0.9 −0.8 . . . −0.7 −0.6 . . . 0.0 0.1 . . . 2.0 >2.0

Wind Velocity (u),
m/s
<1 A A B C D+ G G
1 . . . 1.9 A B B C D+ G G
2 . . . 2.9 A B C D D E F
3 . . . 4.9 B B C D D D E
5 . . . 6.9 C C D D D D E
≥7 D D D D D D D

It is important to notice that, in addition to stability classes “A” through “G”, Vogt
adds a “D+” classes which can be described as strongly neutral.
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In the Callaway Nuclear Power Plant, our reference site uses the ∆T
∆z method to estimate

the atmospheric stability as described in Table 1. On the other hand, most weather stations
are not collecting data that can be used to directly infer atmospheric stability. Most airport
meteorological stations collect data at five-minute intervals for wind speed, wind direction,
and the summation amount layer (degree of cloudiness). These data, coupled with the
exact time and date of the observation, can be used to estimate stability. Vogt alternative
of stability classes [32] was used in this study to estimate stability for the airports for
comparison with the reference plant.

January 2020 was used as an example data set for testing the validity of this approach.
The data from three different airports, Columbia Regional Airport, Jefferson City Memorial
Airport, and St. Louis Lambert International Airport, were used. These airports were
selected due to their proximity to the reference site. Upon analysis, we observed that
establishing correlations between on-site and off-site data for wind speed and direction
was relatively straightforward. Using the Vogt approach [32], one can develop a complete
data set (wind velocity, direction, and atmospheric stability) for the airport which can then
be used for comparison and correlation development.

To calculate solar energy received by the earth’s surface in addition to the longitude
and latitude of the location of interest, information about the day of the year and time of
day is essential. The measurement of the sun’s height in the sky relative to the horizontal
is referred to as the sun height angle or the sun elevation angle (Figure 3). At sunrise and
sunset, this angle is 0◦, while the maximum elevation angle is reached at solar noon [33].
Equation (5) is used to determine the sun elevation angle, which is influenced by the
latitude (φ) of the location, the declination angle (δ), dependent on the day of the year
and varying every season due to the earth rotation around the sun and the earth on its
axis of rotation, and the hour angle, which accounts for a local solar time conversion to
the number of degrees the sun travels across the sky [33]. Notably, the declination angel
follows distinct patterns: it registers at zero during the equinoxes, observed on 22 March
and 22 September. In the northern hemisphere, it assumes positive values during summer
and negative values during winter. The declination angle attains its maximum, peaking
at 23.45 degrees, on 22 June. Conversely, it reaches its minimum, hitting −23.45 degrees,
around 21–22 December [33]. Equations (6) and (7) are used to calculate the declination
angle and the hour angle, respectively. In addition, Table 7 provides the definition of sky
cover, with each layer presented in the following format: ccc:ll-xxx, where “ccc” represents
coverage, “ll” signifies layer, and “xxx” (not displayed in Table 7) denotes the cloud base
height at the lowest point of the layer [34].

α = sin−1[sin δsin φ + cos δcos φcos(HRA)] (5)

δ = −23.450 × cos
(

360
365

× (d + 10)
)

(6)

HRA = 150 × (LST − 12) (7)

When establishing correlations, typically, data points are observed at the same time.
However, in our dataset, this is not possible. A time discrepancy exists between the data
recorded at the reference plant and the data obtained from off-site weather stations. This
temporal misalignment could be attributed to factors such as wind travel time, wind speed
variations, surface roughness, and more. To address the wind travel time between the
reference plant and the various weather stations, we initially take into consideration three
key factors: the distance, the wind speed measured at the recorded time, and wind direction.

Travel Time =
Distance

E f f ective Wind Speed
=

Distance
Wind Speed × cos θ

(8)

where the effective wind speed is adjusted for the direction of travel using the cosine of
the angle between wind direction and reference direction. The estimated time at which the
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wind, originating from the reference plant, reaches the weather station or vice versa is the
arrival time. Arrival time is computed by adding travel time to recorded time.
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Figure 3. Solar energy balance showing elevation and declination angles.

Table 7. Contraction for Sky Cover (Local Climatological Data) [34].

Reportable Contraction (ccc) Meaning Summation Amount of Layer (ll)

VV Vertical Visibility 8/8

SKC or CLR Clear 0

FEW Few 1/8–2/8

SCT Scattered 3/8–4/8

BKN Broken 5/8–7/8

OVC Overcast 8/8

Wind velocities are measured at a 10 m height for open terrain and a 20 m height for
areas with tree and forestry cover [35]. To obtain appropriate wind velocity data for stability
calculation, a Python code was developed to compute both travel time and arrival time.
This model also matches the arrival time data with the nearest available data points in the
destination file, typically within a 5–10 min interval, as part of the correlation development
process. Importantly, this process takes into consideration the fact that wind speed is not
constant during the entire journey. The data collected from the various airports were obtained
at a height of 10 m. Consequently, when comparing these data with the Callaway data, which
are also measured at 60 m, we need to consider adjustments for both height and wind speed.
Equation (9) is utilized to incorporate a height correction factor when comparing the data
obtained from the airports at a 10 m height to the Callaway data, which are collected at a
height of 60 m. In this equation, “β” is vertical wind profile correction exponent, which varies
based on the surface roughness, and hence stability class [35] “z0” represents the reference
height (in our study, it is 10 m above undisturbed terrain), “u(z0)” stands for the wind speed
at “z0,” and “z” denotes the height of interest, in our case, 60 m.

u(z) = u(z0) ∗
(

z
z0

)β

(9)
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However, once we apply Equation (9) to make the necessary height and wind speed adjust-
ments, it is essential to understand that the wind directions are assumed to remain consistent
with those observed at 10 m at the various airports. While we account for height corrections, we
anticipate that wind speed will increase with higher elevations. But we assume that there is no
change in the stability from a 10 m elevation to a 60 m elevation, since the speed correction was
made based on a stability classification at 10 m. Below, Table 8 shows the different “m” values
corresponding to the stability classes outlined by Environmental Protection Agency.

Table 8. Exponents of the vertical wind profile [28].

Diffusion Category Wind Profile Exponents, mj

A (j = 6) 0.09 0.10

B (j = 5) 0.20 0.15

C (j = 4) 0.22 0.20

D (j = 3) 0.28 0.25

E (j = 2) 0.37 0.30

F (j = 1) 0.42 0.30

3. Results

Hourly atmospheric stability, wind speed, and wind direction assessments were acquired
from Columbia Regional Airport, St. Lambert International Airport, and Jefferson City
Memorial Airport for the months of January, May, and September. These airport locations
were chosen due to their proximity to the Callaway Nuclear Power Plant, and the three
months (January, May, and September) were chosen to account for seasonal variations. Given
the volume of data, only January 2020 data are included in the discussion here and only for
the reference site (CNPP) and the three offsite locations for demonstration purpose. In a
real-world situation, the correlations as presented here would have to be constantly revised as
new meteorological data from reference site as well as selected offsite would become available.
Furthermore, it is quite possible that one may need to develop these correlations with seasonal
dependence. For example, for winter months (particularly when the ground is covered with
snow), a correlation for stability category may need revision, etc. It is also important to
recognize the fact that our study is limited to only one reference site and three offsite locations
and is specific to this combination. For every new site, a similar yet new correlation has to be
developed, specific to site condition using the methodology presented here.

It is worth noticing that while factoring in wind direction travel in our correlation
calculations, we observed instances where the wind did not follow the trajectory toward
the relevant airport of interest on certain days.

Presented below are tables and graphs displaying examples of the computed atmospheric
stability data for both Columbia Regional Airport and estimated stability at Callaway Nuclear
Power Plant Met. T Alpha using the ∆T

∆z method. The graph for the month of January and
the correlation coefficients for each day’s data between Callaway and Columbia Regional
Airport is included in Appendix B. Each table presents a detailed overview of meteorological
conditions at Callaway and various airports. Callaway’s wind patterns, including both
numerical and lettered wind direction, along with hourly wind speeds at 10 and 60 m, are
included. The corresponding atmospheric stability classes, identified by letters (A–G), are
linked to travel times and arrival times, providing insights into the temporal dynamics of
stability classes. Importantly, the stability classes are numerically characterized, adding a
layer of information to the analysis. For airport sites, calculation-based estimated data such as
solar elevation corrected for atmospheric refraction, hourly wind direction, and wind speed at
10 and 60 m are included for a better understanding of atmospheric conditions.

Table 9 illustrates that on 1 January, specifically at a height of 10 m, the wind from the
Callaway Nuclear Power Plant was observed to be directed towards Columbia Regional
Airport only once during that day. Conversely, there was no wind traveling in the direction
of Callaway from Columbia Regional Airport at 10 m. Figures 4–6 display graphs of
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atmospheric stability, wind speed, and wind direction for wind traveling from CNPP to
CRA at 60 m (data shown in Table 10).

Table 9. Atmospheric Data for Callaway Nuclear Power Plant to Columbia Regional Airport for
1 January with Adjustments for Travel Time and Wind Direction at 10 m at Met. T Alpha.

Callaway
Time

Callaway
Wind

Direction
in Number

10 m (A)

Callaway
Hourly
Wind
Speed

(m/s) at
10 m (A)

Callaway
Stability

(∆T) a

60 m
and
10 m

Travel
Time

Arrival
Time

Columbia
Regional
Airport

time

CRA Solar
Elevation
Corrected

for atm
refraction

(deg)

CRA
Hourly
Wind

Direction
(deg)

CRA Wind
Speed
(m/s)

CRA
Stability

1 January
2020

00:00:00
265.1 (W) b 3.4 E (5) 0 days

03:22:39

1 January
2020

03:22:40

1 January
2020

03:20:31
−58.5 180 (S b) 2.2 F (6)

a Temperature variation with height (same footnote for Tables 10–15). b Best estimate for the wind direction (same
footnote for Tables 10–15).
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Table 10. Atmospheric Data for Callaway Nuclear Power Plant to Columbia Regional Airport for
1 January with Adjustments for Travel Time and Wind Direction at 60 m at Met. T Alpha.

Callaway
Time

Callaway
Wind

Direction
in Number

60 m (A)

Callaway
Hourly
Wind
Speed

(m/s) at
60 m (A)

Callaway
Stability
(∆T) a

60 m
and
10 m

Travel
Time

Arrival
Time

Columbia
Regional
Airport

Time

CRA Solar
Elevation
Corrected
for Atm

Refraction
(deg)

CRA
Hourly
Wind

Direction
(deg)

CRA Wind
Speed
(m/s)

CRA
Stability

1 January
2020

00:00:00
262.6 (W b) 6.5 E (5) 0 days

01:46:21

1 January
2020

01:46:21

1 January
2020

01:45:31
−72.7 220 (SW b) 5.4 E (5)

1 January
2020

00:15:00
247.6 (W b) 5.6 E (5) 0 days

02:04:26

1 January
2020

02:19:27

1 January
2020

02:15:31
−69.2 210 (SW b) 3.8 F (6)

1 January
2020

01:15:00
249.2 (W b) 7.2 E (5) 0 days

01:36:46

1 January
2020

02:51:46

1 January
2020

02:50:31
−63.8 160 (S b) 3.8 F (6)

1 January
2020

01:30:00
258.5 (W b) 6.5 E (5) 0 days

01:47:22

1 January
2020

03:17:23

1 January
2020

03:15:31
−59.4 180 (S b) 4.6 F (6)

1 January
2020

01:45:00
252.4 (W b) 5.9 E (5) 0 days

01:58:23

1 January
2020

03:43:24

1 January
2020

03:40:31
−54.8 190 (S b) 3.1 G (7)

a Temperature variation with height. b Best estimate for the wind direction.

Within the context of this analysis, this prediction is quite satisfactory because it
demonstrates good agreement between our calculated atmospheric stability and the ob-
served stability at Callaway Plant. For most of the observations, our estimates are only
off by one stability class. Table 11 contains similar data for Columbia Regional Airport
and Callaway Nuclear Power Plant without adjustment for wind direction and travel
time correction.

Just as in the case of the computed atmospheric data at 10 m from Columbia Regional
Airport to Callaway, there was no wind observed to be moving in the direction from
Columbia Regional Airport to Callaway at a height of 60 m for 1 January.
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Table 11. Atmospheric Data for Columbia Regional Airport and Callaway Nuclear Power Plant for January 1 without Adjustments for Travel Time and Wind
Direction at 60 m at Met T. Alpha.

Columbia
Regional

Airport Time

CRA Solar
Elevation

Corrected for Atm
Refraction (deg)

CRA
Hourly Wind

Direction (deg)

CRA Wind
Speed
(m/s)

at 10 m

CRA Wind
Speed
(m/s)

at 60 m

CRA
STABILITY

Letter

Callaway
Date and Time

Callaway
10 m A WIND
DIR 1 HR AVG

Callaway
Hourly Wind
Speed (m/s) at

10 m

Callaway
60 m A WIND

DIR 1 HR AVG

Callaway
Hourly Wind
Speed (m/s) at

60 m

Callaway Stability
(∆T) a

60 m
&

10 m

00:54:00 −73.8 220 (SW b) 3.1 5.4 E (5) 1 January 2020
1:00:28 A.M. 229.2 (SW b) 2.4 229.2 (SW b) 5.9 E (5)

01:54:00 −71.9 220 (SW b) 4.0 6.9 E (5) 1 January 2020
2:00:28 A.M. 233.3 (SW b) 2.6 233.3 (W b) 6.5 E (5)

02:54:00 −63.2 170 (S b) 3.1 5.4 E (5) 1 January 2020
3:00:28 A.M. 223.8 (SW b) 2.5 223.8 (SW b) 6.5 E (5)

03:54:00 −52.3 180 (S b) 2.7 4.6 F (6) 1 January 2020
4:00:28 A.M. 219.6 (SW b) 2.4 219.6 (SW b) 6.3 E (5)

04:54:00 −40.7 180 (S b) 3.6 6.1 E (5) 1 January 2020
5:00:28 A.M. 165 (S b) 0.7 165 (SW b) 4.7 E (5)

05:54:00 −29.0 160 (S b) 3.6 6.1 E (5) 1 January 2020
6:00:28 A.M. 179.8 (S b) 2.7 179.8 (S b) 6.5 F (6)

06:54:00 −17.6 170 (S b) 2.7 4.6 F (6) 1 January 2020
7:00:28 A.M. 166.1 (S b) 3.0 166.1 (S b) 6.4 F (6)

07:54:00 −6.6 190 (S b) 4.0 6.9 E (5) 1 January 2020
8:00:28 A.M. 162.4 (S b) 3.3 162.4 (S b) 6.9 F (6)

08:54:00 3.8 200 (S b) 4.9 7.7 D (4) 1 January 2020
9:00:28 A.M. 181.8 (S b) 3.7 181.8 (S b) 7.3 E (5)

09:54:00 12.8 210 (SW b) 6.3 9.8 D (4) 1 January 2020
10:00:28 A.M. 195.7 (S b) 4.4 195.7 (SW b) 6.7 D (4)

10:54:00 20.3 200 (S b) 6.7 10.5 D (4) 1 January 2020
11:00:28 A.M. 211.6 (SW b) 4.6 211.6 (SW b) 6.8 D (4)

11:54:00 25.6 210 (SW b) 7.2 11.2 D (4) 1 January 2020
12:00:28 P.M. 218.1 (SW b) 5.3 218.1 (SW b) 7.7 D (4)

12:54:00 28.1 200 (S b) 9.4 14.7 D (4) 1 January 2020
1:00:28 P.M. 211.9 (SW b) 5.7 211.9 (SW b) 8.2 D (4)

13:54:00 27.5 200 (S b) 10.3 16.1 D (4) 1 January 2020
2:00:28 P.M. 205.7 (SW b) 6.5 205.7 (SW b) 9.2 D (4)

14:54:00 23.8 190 (S b) 8.9 14.0 D (4) 1 January 2020
3:00:28 P.M. 193.9 (S b) 6.6 193.9 (S b) 9.0 D (4)
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Table 11. Cont.

Columbia
Regional

Airport Time

CRA Solar
Elevation

Corrected for Atm
Refraction (deg)

CRA
Hourly Wind

Direction (deg)

CRA Wind
Speed
(m/s)

at 10 m

CRA Wind
Speed
(m/s)

at 60 m

CRA
STABILITY

Letter

Callaway
Date and Time

Callaway
10 m A WIND
DIR 1 HR AVG

Callaway
Hourly Wind
Speed (m/s) at

10 m

Callaway
60 m A WIND

DIR 1 HR AVG

Callaway
Hourly Wind
Speed (m/s) at

60 m

Callaway Stability
(∆T) a

60 m
&

10 m

15:54:00 17.6 190 (S b) 6.7 10.5 D (4) 1 January 2020
4:00:28 P.M. 190.6 (S b) 5.9 190.6 (S b) 8.3 E (5)

16:54:00 9.5 180 (S b) 6.7 10.5 D (4) 1 January 2020
5:00:28 P.M. 183.5 (S b) 6.1 183.5 (S b) 9.0 E (5)

17:54:00 0.3 170 (S b) 5.8 9.1 D (4) 1 January 2020
6:00:24 P.M. 181.2 (S b) 5.4 181.2 (S b) 8.4 E (5)

18:54:00 −10.8 180 (S b) 4.9 8.4 E (5) 1 January 2020
7:00:24 P.M. 178.8 (S b) 5.3 178.8 (S b) 8.2 E (5)

19:54:00 −21.9 190 (S b) 6.7 11.5 E (5) 1 January 2020
8:00:24 P.M. 185.9 (S b) 6.2 185.9 (S b) 9.3 E (5)

20:54:00 −33.5 190 (S b) 6.3 10.7 E (5) 1 January 2020
9:00:24 P.M. 181.8 (S b) 5.3 181.8 (S b) 8.2 E (5)

21:54:00 −45.2 190 (S b) 4.5 7.7 E (5) 1 January 2020
10:00:24 P.M. 181.8 (S b) 5.0 181.8 (S b) 8.0 E (5)

22:54:00 −56.6 180 (S b) 4.9 8.4 E (5) 1 January 2020
11:00:24 P.M. 179.3 (S b) 4.6 179.3 (S b) 7.6 E (5)

23:54:00 −67.0 180 (S b) 6.3 10.7 E (5)

a Temperature variation with height (same footnote for Tables 10–15). b Best estimate for the wind direction (same footnote for Tables 10–15).
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Taking into account that atmospheric stability remains constant at both 10 m and 60 m
without wind direction, travel time, and correction, Figure 7 displays the atmospheric
stability graph comparing the offsite calculated stability values using the Vogt method of
inferring atmospheric stability for the airport and the ∆T method for the reference plant.
Again, the predictions are off by a maximum of one stability class, which is quite good.
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Figure 8 shows the comparison of wind direction between our reference plant (Call-
away) and Columbia airport. It is worth noticing that for the same location, the recorded
wind direction at 10 m does not match exactly with the 60 m observation. Given this level
of data spread, the correlation between the two sites is quite good.
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Figure 8. Wind Direction Graph for Callaway and Columbia Regional Airport at 10 and 60 m without
Adjustments for Travel Time and Wind Direction.

Table 12 and Figures 9–11 display examples of computed atmospheric stability, wind
velocity, and direction data for 19 January when wind was traveling from Callaway to
Jefferson City Memorial Airport. Only two records were found for this wind direction for
19 January 2020. Table 13 shows the data for 19 January 2020, when the wind was coming
to Callaway from Jefferson City Memorial Airport. A total of 20 observations were made
for this condition. Figures 12–14 show comparison of the two sites. With the exception of
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wind direction, good correlation was observed. Due to limited space, only January 19 data
are presented in detail; the remaining data re included in Appendix C.

Table 12. Atmospheric Data for Callaway Nuclear Power Plant to Jefferson City Memorial Airport
for 19 January with Adjustments for Travel Time and Wind Direction at 60 m at Met. T Alpha.

Callaway
Time

Callaway
Wind

Direction
in Number

60 m (A)

Callaway
Hourly
Wind
Speed

(m/s) at
60 m (A)

Callaway
Stability
(∆T) a

60 m
and
10 m

Travel
Time

Arrival
Time

Jefferson
City

Memorial
Airport

Time

JMA Solar
Elevation
Corrected
for Atm

Refraction
(deg)

JMA
Hourly
Wind

Direction
(deg)

JMA
Wind
Speed
(m/s)

JMA
Stability
Letters

19 January
2020

12:30:00
292.3 (W b) 6.1 D (4) 0 days

03:49:55

19 January
2020

16:19:56

19 January
2020

16:15:31
18.1 310 (NW b) 4.5 C (3)

19 January
2020

13:00:00
285.2 (W b) 5.7 D (4) 0 days

04:23:28

19 January
2020

17:23:28

19 January
2020

17:20:31
8.5 300 (NW b) 4.0 D (4)

a Temperature variation with height (same footnote for Tables 10–15). b Best estimate for the wind direction (same
footnote for Tables 10–15).
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Airport at 60 m (19 January 2020, data).
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Figure 11. Atmospheric Stability Graph for wind travelling from Callaway to Jefferson City Memorial
Airport at 60 m (19 January 2020, data).

Table 13. Atmospheric Data for Jefferson City Memorial Airport to Callaway Nuclear Power Plant
for January 19 with Adjustments for Travel Time and Wind Direction at 60 m at Met. T Alpha.

Jefferson
City

Memorial
Airport

Time

JMA Solar
Elevation
Corrected
for Atm

Refraction
(deg)

JMA
Hourly
Wind

Direction
(deg)

JMA Wind
Speed
(m/s)

JMA
Stability

Travel
Time

Arriva
Time

Callaway
Time

Callaway
Wind

Direction in
Number
60 m (A)

Callaway
Hourly
Wind
Speed

(m/s) at
60 m (A)

Callaway
Stability
(∆T) a

60 m
and
10 m

19 January
2020

19:35:31
−15.5 340 (N b) 6.9 E (5) 0 days

02:09:32

19 January
2020

21:45:04

19 January
2020

21:45:00
336.5 (NW b) 4.6 E (5)

19 January
2020

19:30:31
−14.6 340 (N b) 5.4 E (5) 0 days

02:46:33

19 January
2020

22:17:05

19 January
2020

22:15:00
325.7 (NW b) 3.6 E (5)

19 January
2020

20:30:31
−26.1 340 (N b) 7.7 E (5) 0 days

01:56:35

19 January
2020

22:27:07

19 January
2020

22:15:00
325.7 (NW b) 3.6 E (5)

19 January
2020

20:35:31
−27.1 340 (N b) 7.7 E (5) 0 days

01:56:35

19 January
2020

22:32:06

19 January
2020

22:30:00
335.1 (NW b) 3.6 E (5)

19 January
2020

19:55:31
−19.3 340 (N b) 5.4 E (5) 0 days

02:46:33

19 January
2020

22:42:04

19 January
2020

22:30:00
335.1 (NW b) 3.6 E (5)

19 January
2020

20:40:31
−28.0 340 (N b) 6.9 E (5) 0 days

02:09:32

19 January
2020

22:50:04

19 January
2020

22:45:00
331.2 (NW b) 4.1 E (5)

19 January
2020

20:05:31
−21.3 340 (N b) 5.4 E (5) 0 days

02:46:33

19 January
2020

22:52:04

19 January
2020

22:45:00
331.2 (NW b) 4.1 E (5)

19 January
2020

20:10:31
−22.2 340 (N b) 5.4 E (5) 0 days

02:46:33

19 January
2020

22:57:05

19 January
2020

22:45:00
331.2 (NW b) 4.1 E (5)

19 January
2020

20:20:31
−24.2 340 (N b) 5.4 E (5) 0 days

02:46:33

19 January
2020

23:07:05

19 January
2020

23:00:00
331.2 (NW b) 3.0 E (5)

19 January
2020

19:25:31
−13.6 340 (N b) 3.8 F (6) 0 days

03:53:11

19 January
2020

23:18:42

19 January
2020

23:15:00
332.3 (NW b) 3.7 E (5)

19 January
2020

20:45:31
−29.0 340 (N b) 5.4 E (5) 0 days

02:46:33

19 January
2020

23:32:04

19 January
2020

23:30:00
344.1 (N b) 3.6 E (5)
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Table 13. Cont.

Jefferson
City

Memorial
Airport

Time

JMA Solar
Elevation
Corrected
for Atm

Refraction
(deg)

JMA
Hourly
Wind

Direction
(deg)

JMA Wind
Speed
(m/s)

JMA
Stability

Travel
Time

Arriva
Time

Callaway
Time

Callaway
Wind

Direction in
Number
60 m (A)

Callaway
Hourly
Wind
Speed

(m/s) at
60 m (A)

Callaway
Stability
(∆T) a

60 m
and
10 m

19 January
2020

20:50:31
−30.0 350 (N b) 5.4 E (5) 0 days

02:46:33

19 January
2020

23:37:04

19 January
2020

23:30:00
344.1 (N b) 3.6 E (5)

19 January
2020

20:25:31
−25.1 340 (N b) 4.6 F (6) 0 days

03:14:19

19 January
2020

23:39:50

19 January
2020

23:30:00
344.1 (N b) 3.6 E (5)

19 January
2020

20:55:31
−31.0 350 (N b) 5.4 E (5) 0 days

02:46:33

19 January
2020

23:42:05

19 January
2020

23:30:00
344.1 (N b) 3.6 E (5)

19 January
2020

21:00:31
−32.0 340 (N b) 5.4 E (5) 0 days

02:46:33

19 January
2020

23:47:05

19 January
2020

23:45:00
337.4 (NW b) 4.2 E (5)

19 January
2020

21:30:31
−37.8 350 (N b) 6.1 E (5) 0 days

02:25:44

19 January
2020

23:56:15

19 January
2020

23:45:00
337.4 (NW b) 4.2 E (5)

19 January
2020

21:35:31
−38.8 340 (N b) 6.1 E (5) 0 days

02:25:44

20 January
2020

00:01:15

20 January
2020

00:00:00
337.9 (N b) 4.5 E (5)

19 January
2020

21:25:31
−36.8 340 (N b) 5.4 E (5) 0 days

02:46:33

20 January
2020

00:12:04

20 January
2020

00:00:00
337.9 (N b) 4.5 E (5)

19 January
2020

21:40:31
−39.8 340 (N b) 5.4 E (5) 0 days

02:46:33

20 January
2020

00:27:05

20 January
2020

00:15:00
348.8 (N b) 4.5 E (5)

19 January
2020

22:10:31
−45.6 340 (N b) 6.1 E (5) 0 days

02:25:44

20 January
2020

00:36:15

20 January
2020

00:30:00
351.8 (N b) 3.7 E (5)

a Temperature variation with height (same footnote for Tables 10–15). b Best estimate for the wind direction (same
footnote for Tables 10–15).

Table 14 and Figure 15 display examples of computed atmospheric stability for January
2 when the wind was traveling from Callaway to St. Louis Lambert International Airport.
Only six records were found for this wind direction for 2 January 2020. Table 15 shows the
data for 2 January 2020, when the wind was coming to Callaway from Lambert Airport. A
total of seven observations were made for this condition. Figure 16 shows the comparison
of the two sites for stability class. The remaining data are included in Appendix D.
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Callaway 
Time 

Callaway 
Wind Direc-
tion in Num-
ber 10 m (A) 

Callaway 
Hourly 
Wind 
Speed 

(m/s) at 10 
m (A) 

Callaway 
Stability 

(∆𝑻) a 
60 m  
and  
10 m 

Travel Time Arrival Time 

St. Louis Lam-
bert Interna-

tional Airport 
Time  

STL 
Solar Eleva-

tion Cor-
rected for 

Atm Refrac-
tion (deg) 

STL Hourly 
Wind Direc-

tion 
(deg) 

STL 
Wind 
Speed 
(m/s) 

STL Sta-
bility Let-

ters 

2 January 
2020 21:30:00 

60.0 (NE b) 1.3  E (5) 
1 days 

12:27:50 
4 January 

2020 09:57:51 
4 January 2020 

09:55:31 
14.1 300 (NW b) 4.9 D (4) 

2 January 
2020 21:45:00 

36.8 (NE b) 1.2  E (5) 
1 days 

16:46:21 
4 January 

2020 14:31:21 
4 January 2020 

14:30:31 
25.5 280 (W b) 6.7 D (4) 

2 January 
2020 20:15:00 

39.4 (NE b) 0.9 E (5) 
2 days 

03:21:29 
4 January 

2020 23:36:30 
4 January 2020 

23:35:31 
−64.8 0 (N b) 0 G (7) 

2 January 
2020 19:45:00 

112.2 (E b) 0.6 E (5) 
2 days 

11:51:10 
5 January 

2020 07:36:10 
5 January 2020 

07:35:31 
−8.6 190 (S b) 3.6 E (5) 

2 January 
2020 22:00:00 

70.5 (E b) 0.6 E (5) 
2 days 

09:48:50 
5 January 

2020 07:48:50 
5 January 2020 

07:45:31 
−6.8 180 (S b) 2.7 F (6) 

2 January 
2020 19:15:00 

33.4 (NE b) 0.4 E (5) 
4 days 

12:52:39 
7 January 

2020 08:07:39 
7 January 2020 

08:05:31 
−3.2 280 (W b) 6.3 E (5) 

a Temperature variation with height (same footnote for Tables 10–15). b Best estimate for the wind 
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St. Louis Lam-
bert Interna-

tional Airport 
Time  

STL 
Solar Eleva-

tion Cor-
rected for 

Atm Refrac-
tion 

(deg) 

STL Hourly 
Wind Direc-

tion 
(deg) 

STL 
Wind 
Speed 
(m/s) 

STL 
Stability  

Travel 
Time 

Arriva 
Time 

Callaway’s 
Time 

Callaway 
Wind Direc-
tion in Num-
ber 10 m (A) 

Callaway 
Hourly 
Wind 

Speed (m/s) 
at 10 m (A) 

Callaway 
Stability 

(∆𝑻) a 
60 m  
and  
10 m  

2 January 2020 
01:20:31 

−73.9 210 (SW b) 5.8 E (5) 
0 days 

08:18:29 
2 January 2020 

09:39:00 
2 January 

2020 09:30:00 
177.3 (S b) 3.66 E (5) 

2 January 2020 
12:20:31 

27.5 210 (SW b) 4.5 C (3) 
0 days 

10:48:02 
2 January 2020 

23:08:33 
2 January 

2020 23:00:00 
278.2 (W b) 0.91 E (5) 

2 January 2020 
11:10:31 

22.8 210 (SW b) 3.6 C (3) 
0 days 

13:30:02 
3 January 2020 

00:40:34 
3 January 

2020 00:30:00 
346.2 (N b) 1.09 E (5) 

2 January 2020 
12:15:31 

27.3 210 (SW b) 3.1 C (3) 
0 days 

15:25:46 
3 January 2020 

03:41:17 
3 January 

2020 03:30:00 
12.28 (N b) 3.48 E (5) 

Figure 15. Atmospheric Stability Graph for wind travelling from Callaway to St. Louis Lambert
International Airport at 10 m (2 January 2020, data).
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Table 14. Atmospheric Data for Callaway Nuclear Power Plant to St. Louis Lambert International
Airport for January 2 with Adjustments for Travel Time and Wind Direction at 10 m at Met. T Alpha.

Callaway
Time

Callaway
Wind

Direction
in Number

10 m (A)

Callaway
Hourly
Wind
Speed

(m/s) at
10 m (A)

Callaway
Stability
(∆T) a

60 m
and
10 m

Travel
Time

Arrival
Time

St. Louis
Lambert

International
Airport Time

STL
Solar

Elevation
Corrected
for Atm

Refraction
(deg)

STL
Hourly
Wind

Direction
(deg)

STL
Wind
Speed
(m/s)

STL
Stability
Letters

2 January
2020

21:30:00
60.0 (NE b) 1.3 E (5) 1 days

12:27:50

4 January
2020

09:57:51

4 January 2020
09:55:31 14.1 300 (NW b) 4.9 D (4)

2 January
2020

21:45:00
36.8 (NE b) 1.2 E (5) 1 days

16:46:21

4 January
2020

14:31:21

4 January 2020
14:30:31 25.5 280 (W b) 6.7 D (4)

2 January
2020

20:15:00
39.4 (NE b) 0.9 E (5) 2 days

03:21:29

4 January
2020

23:36:30

4 January 2020
23:35:31 −64.8 0 (N b) 0 G (7)

2 January
2020

19:45:00
112.2 (E b) 0.6 E (5) 2 days

11:51:10

5 January
2020

07:36:10

5 January 2020
07:35:31 −8.6 190 (S b) 3.6 E (5)

2 January
2020

22:00:00
70.5 (E b) 0.6 E (5) 2 days

09:48:50

5 January
2020

07:48:50

5 January 2020
07:45:31 −6.8 180 (S b) 2.7 F (6)

2 January
2020

19:15:00
33.4 (NE b) 0.4 E (5) 4 days

12:52:39

7 January
2020

08:07:39

7 January 2020
08:05:31 −3.2 280 (W b) 6.3 E (5)

a Temperature variation with height (same footnote for Tables 10–15). b Best estimate for the wind direction (same
footnote for Tables 10–15).

Figure 15 shows a reasonable correlation between the stability classes for wind trav-
eling from Callaway to St. Lambert International Airport. In most instances, the stability
classes match between the two locations. However, there are some discrepancies where the
stability classes differ (D (4) at St. Lambert, E (5) at Callaway for two instances, G (7) at STL,
and E (5) at Callaway for one instance). Overall, there seems to be a moderate correlation
between the stability classes at these two locations, with most instances matching.

Table 15 and Figure 16 shows disparity in the stability classes between the wind travel-
ling from St. Louis Lambert International Airport (STL) to Callaway. The distance between
STL and Callaway introduces the possibility of significant variations in local meteorological
conditions. Atmospheric stability is influenced by factors such as terrain, topography, and
local weather phenomena. Therefore, the distinct stability classes calculated at STL and
Callaway are a result of their unique microclimates and geographical features. Additionally,
the substantial travel times in stability class observations introduce the potential for chang-
ing weather patterns during the travel time. Figures 17–19 show stability, wind speed, and
direction comparison for 2 January 2020 between STL and Callaway without any correction
for travel time or direction.

Table 15. Atmospheric Data for St. Louis Lambert International Airport to Callaway Nuclear Power
Plant for 2 January with Adjustments for Travel Time and Wind Direction at 10 m at Met. T Alpha.

St. Louis
Lambert

International
Airport Time

STL
Solar

Elevation
Corrected
for Atm

Refraction
(deg)

STL
Hourly
Wind

Direction
(deg)

STL Wind
Speed
(m/s)

STL
Stability

Travel
Time

Arriva
Time

Callaway’s
Time

Callaway
Wind

Direction
in Number

10 m (A)

Callaway
Hourly
Wind
Speed

(m/s) at
10 m (A)

Callaway
Stability
(∆T) a

60 m
and
10 m

2 January 2020
01:20:31 −73.9 210 (SW b) 5.8 E (5) 0 days

08:18:29

2 January
2020

09:39:00

2 January
2020

09:30:00
177.3 (S b) 3.66 E (5)

2 January 2020
12:20:31 27.5 210 (SW b) 4.5 C (3) 0 days

10:48:02

2 January
2020

23:08:33

2 January
2020

23:00:00
278.2 (W b) 0.91 E (5)
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Table 15. Cont.

St. Louis
Lambert

International
Airport Time

STL
Solar

Elevation
Corrected
for Atm

Refraction
(deg)

STL
Hourly
Wind

Direction
(deg)

STL Wind
Speed
(m/s)

STL
Stability

Travel
Time

Arriva
Time

Callaway’s
Time

Callaway
Wind

Direction
in Number

10 m (A)

Callaway
Hourly
Wind
Speed

(m/s) at
10 m (A)

Callaway
Stability
(∆T) a

60 m
and
10 m

2 January 2020
11:10:31 22.8 210 (SW b) 3.6 C (3) 0 days

13:30:02

3 January
2020

00:40:34

3 January
2020

00:30:00
346.2 (N b) 1.09 E (5)

2 January 2020
12:15:31 27.3 210 (SW b) 3.1 C (3) 0 days

15:25:46

3 January
2020

03:41:17

3 January
2020

03:30:00
12.28 (N b) 3.48 E (5)

2 January 2020
13:40:31 27.8 210 (SW b) 3.1 C (3) 0 days

15:25:46

3 January
2020

05:06:17

3 January
2020

05:00:00
357.2 (N b) 5.27 E (5)

2 January 2020
22:50:31 −57.2 210 (SW b) 1.8 D+ (4) 1 days

03:00:05

4 January
2020

01:50:37

4 January
2020

01:45:00
274.4 (W b) 4.11 E (5)

2 January 2020
22:15:31 −50.6 210 (SW b) 1.3 G (7) 1 days

12:00:07

4 January
2020

10:15:38

4 January
2020

10:15:00

295.5 (NW
b) 3.85 D (4)

a Temperature variation with height (same footnote for Tables 10–15). b Best estimate for the wind direction (same
footnote for Tables 10–15).
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4. Conclusions

This paper demonstrates the feasibility of automatic procedures for extracting and
synthesizing meteorological data from multiple sources, enhancing the availability and
reliability of data for regulatory compliance purposes. Reliable off-site data sources can be
critical in Emergency Management for existing nuclear power plant when on-site data may
become unavailable during a postulated accident condition. This can provide significant
guidance to the licensee in managing potential atmospheric release. Similarly, atmospheric
data supplementation can significantly accelerate the site licensing process for new licenses
as well as for the regulator to effectively evaluate new license applications. By the very
nature of atmospheric data, large variabilities and uncertainties are associated with meteo-
rological data collected from any source. Furthermore, there are challenges in integrating
data from diverse sources with disparities in formats and collection frequencies.

Our exercise of inferring data from nearby airport was very successful within these
bonds of uncertainties. The following conclusions can be drawn from our results.
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• Most licensees rely on a vertical temperature gradient
(

∆T
∆z

)
approach to infer stability

class. The use of alternative methods such as proposed by researchers like McElroy
and Vogt is equally effective.

• It is quite feasible to utilize already available data in the public domain to obtain
useful information for radiological assessment. It was possible for us to infer stability
class from the available data of the cloud cover, the date of the year, and the time of
the day (the Vogt method) for airports surrounding our reference nuclear site. These
predicted stability classes were mostly within one stability class difference from on-site
observation at the reference nuclear power plant.

• There is a need for developing carefully designed protocols and methodologies for
data integration from various sources. With such tools, reliability and consistency data
synthesis is possible. However, for each new site, careful examination of data before
integration is necessary.

• Correlation coefficients for velocity and wind directions were also in reasonable agree-
ment for the reference site and the airport locations in the proximity of the refer-
ence site.

• Because of the chaotic nature atmospheric flow, there was no significant improvement
when applying travel time correction and/or wind direction correction on the net
value of correlation coefficients.

• Historical data from reference plant and the off-site locations can be used to develop
and validate reliable correlation models. The models need to be continuously evalu-
ated and updated using new available data.

• For a new site, the implementation of this technique includes (1) identification of
suitable offsite weather stations and airports with reliable meteorological data, (2)
collecting limited onsite data and testing the hypothesis that a temporal–spatial cor-
relation exists between offsite and onsite data, and (3) determining the correlation
coefficient and uncertainty of said correlation.

• While NRC does allow for offsite data utilization to demonstrate regulatory com-
pliance, nuclear industry only relies on their onsite meteorological data. There are
no examples in the literature of using offsite data for either new COL application or
operational compliance. Our work has demonstrated feasibility of utilizing offsite
data. This approach can significantly help the nuclear industry.
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Nomenclature

CNPP Callaway Nuclear Power Plant
CRA Columbia Regional Airport
JMA Jefferson City Memorial Airport
STL St. Louis Lambert International Airport
NRC Nuclear Regulatory Commission
COL Combine License
JFD Joint Frequency Distribution
Met. T Meteorological Tower
∆T Vertical Temperature Gradient (K)
∆T
∆z Change in temperature with height (K/m)

Ψ Pollutant Concentration
(

g
m3

)
Q Release Rate (g/s)
u Mean Wind Speed (m/s)
σy Horizontal Dispersion Coefficient (m)
σz Vertical Dispersion Coefficient (m)
y Crosswind Distance (m)
z Vertical Distance (m)
H Effective Stack Height (m)
L Monin and Obukhov Length (m)
u* Friction Velocity (m/s)

ρ Air Density
(

kg
m3

)
Cp Specific Heat at Constant Pressure

(
J

kg/K

)
k Von Karman’s constant (Dimensionless)

H Vertical Heat Flux
(

W
m2

)
σstability dispersion coefficient (a function of atmospheric stability)
RiB Bulk Richardson Number (Dimensionless)

g Gravitational Acceleration
(

m
s2

)
T Absolute Temperature (K)
∂T
∂z Temperature Gradient (K/m)
Γ Lapse Rate (K/m)
Z Vertical Distance (m)
uz Wind Speed at Height Z (m/s)
α Sun Elevation Angle
β Wind velocity correction exponent
δ Declination Angle
d Number of days
φ Latitude
LST Local Solar Time
HRA Hour Angle
u(z) Wind Speed at Height z (m/s)
u(z0) Wind Speed at Reference Height z0 (m/s)
z0 Reference Height (m)

Appendix A

Below are graphs illustrating the computed atmospheric stability data for Callaway at
Met. T Alpha and the different airports over the entire month of January.



Energies 2024, 17, 3691 27 of 37Energies 2024, 17, x FOR PEER REVIEW 28 of 36 
 

 

 

 

 

  



Energies 2024, 17, 3691 28 of 37

Appendix B

Stability Correlation Coefficients between Callaway Nuclear Power Plant and Columbia
Regional Airport for January 2020.

Days CAL and CRA CAL to CRA at 10 m CRA to CAL at 10 m CAL to CRA at 60 m CRA to CAL at 60 m

1 January 0.69 0 0 0 0

2 January 0.66 0 0 0 0

3 January 0.45 −0.25 0 0.42 0

4 January 0.71 0.34 0 0.39 0

5 January 0.60 0.88 0 0.83 0

6 January 0.58 0 −0.26 0 0.07

7 January 0.66 0.42 0 0.81 0

8 January 0.61 0 0.17 0 0.36

9 January 0.10 0 0 0 0

10 January 0 0 0 0 0

11 January 0 0 0 0 0

12 January 0 0 0 0 0

13 January 0.06 0 0.55 0 0.55

14 January 0.83 0 0 −0.22 0

15 January 0 0 0 0.29 0

16 January 0.79 −0.35 0 −0.26 0

17 January 0.14 0 0.15 0 0.16

18 January 0 0.30 0 0.29 0

19 January 0.67 0.43 0 0.65 0

20 January 0.24 0.08 0 −0.16 0

21 January 0.63 0.61 0 0 0.50

22 January 0.35 −0.10 0 0 0.27

23 January 0 0 0 0 0

24 January 0 0 0 0 0

25 January 0.14 −0.11 0 0.19 0

26 January 0.62 −0.23 0.24 0 0.18

27 January −0.07 −0.04 0 −0.03 0

28 January 0 0 0 0 0

29 January 0 0 0 0 0

30 January 0.40 0 0 0 −0.14

31 January 0 0 0 0 0

Wind Speed Correlation Coefficients between Callaway Nuclear Power Plant and
Columbia Regional Airport for January 2020.
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Days CAL and CRA CAL to CRA at 10 m CRA to CAL at 10 m CAL to CRA at 60 m CRA to CAL at 60 m

1 January 0.87 0 0 0.41 0

2 January 0.93 0.17 0 −0.05 0

3 January 0.11 0.34 0 0.62 0

4 January 0.72 0.64 0 0.71 0

5 January 0.96 0.74 0 0.69 0

6 January 0.68 −0.55 0.11 −0.72 −0.11

7 January 0.79 −0.10 0 −0.04 0

8 January 0.59 −0.80 −0.06 0.77 0

9 January 0.77 0 −0.51 0 −0.42

10 January 0.45 0.25 −0.06 0.62 −0.35

11 January 0.69 0.67 0 0.60 0

12 January 0.68 −0.65 0.47 −0.63 0.54

13 January 0.05 0 −0.08 0 0.69

14 January −0.30 −0.73 −0.26 −0.65 0.04

15 January 0.76 0.25 0.48 0.42 0.39

16 January 0.85 0.18 0.27 0.50 0.31

17 January 0.21 0 0.14 0 0.17

18 January 0.66 0.29 0.47 0.14 −0.47

19 January 0.66 0.57 0 0.70 0

20 January −0.02 0.01 0 0.10 0

21 January 0.91 0 0.13 0 0.52

22 January 0.22 0 0.16 0 0.19

23 January 0.88 0 0.58 0 0.77

24 January 0.82 −0.17 0 −0.11 0

25 January 0.59 0.39 0 0.64 0

26 January 0.52 0.14 0.02 −0.23 0.24

27 January 0.38 −0.21 −0.39 −0.34 −0.49

28 January −0.08 0 0.10 0 −0.27

29 January 0.68 0 0.27 0 −0.82

30 January 0.42 0 −0.20 0 −0.39

31 January 0.52 0 0.08 0.87 −0.08

Wind Direction Correlation Coefficients between Callaway Nuclear Power Plant and
Columbia Regional Airport for January 2020.

Days CAL and CRA at
10 m

CAL and CRA at
60 m CAL to CRA at 10 m CRA to CAL at 10 m CAL to CRA at 60 m CRA to CAL at 60 m

1 January 0.57 0.46 0 0 0.30 0

2 January −0.27 0.16 0.37 0 0.10 0

3 January 0.09 0.30 −0.22 0 0.10 0

4 January 0.90 0.90 0.50 0 0.66 0

5 January 0.90 0.85 −0.04 0 0 0

6 January 0.43 0.71 −0.54 −0.01 0.84 0.13

7 January 0.80 0.71 0.46 0 0.18 0
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Days CAL and CRA at
10 m

CAL and CRA at
60 m CAL to CRA at 10 m CRA to CAL at 10 m CAL to CRA at 60 m CRA to CAL at 60 m

8 January 0.68 0.69 0.11 0.52 0.15 0.74

9 January 0.64 0.76 0 −0.18 0 −0.12

10 January 0.29 0.23 0.17 −0.27 0.95 −0.07

11 January 0.69 0.40 0.57 0 0.60 0

12 January 0.65 0.68 −0.14 0.17 0.25 0.10

13 January 0.67 0.69 0 −0.02 0 0.34

14 January 0.51 0.74 −0.65 −0.07 −0.26 0.32

15 January 0.86 0.90 0.14 0.05 0.28 −0.08

16 January 0.17 0.15 0.21 0.31 0 0.50

17 January 0.83 0.83 0 0.81 0 0.89

18 January 0.76 0.74 0.59 0 0.55 0

19 January 0.73 0.77 0.07 0 0.41 0

20 January −0.16 −0.03 −0.33 0 0.16 0

21 January 0.13 0.17 0 0.20 0 0.61

22 January 0.22 0.19 0 0.11 0 0.26

23 January 0.86 0.79 0 0.34 0 0.29

24 January 0.41 0.39 0.16 0 0 0

25 January 0.68 0.46 0.45 0 0.54 0

26 January 0.66 0.64 −0.01 0.32 0.12 0.54

27 January 0.48 0.46 −0.13 −0.05 0.10 −0.33

28 January 0.46 0.41 0 0.28 0 −0.03

29 January 0.10 0.16 0 0 0 0

30 January 0.20 0.66 0 −0.02 0 −0.39

31 January 0.73 0.72 0 0.28 0 0.08

Appendix C

Stability Correlation Coefficients between Callaway Nuclear Power Plant and Jefferson
City Memorial Airport for January 2020.

Days CAL and JMA CAL to JMA at 10 m JMA to CAL at 10 m CAL to JMA at 60 m JMA to CAL at 60 m

1 January 0.74 −0.25 0.03 −0.19 −0.19

2 January 0.44 0.17 −0.50 0.22 0.05

3 January 0.52 0.81 0.06 −0.86 0.24

4 January 0.73 −0.03 −0.43 −0.16 0.46

5 January 0.60 0.21 −0.25 0.27 −0.17

6 January 0.69 0.24 0 0.16 −0.03

7 January 0.73 0.27 −0.33 0.31 0

8 January 0.70 0 0.01 0 −0.08

9 January 0.12 0.05 0 0.07 0

10 January 0 0 0 0 0

11 January 0 0 0 0 0

12 January 0 0.16 0 0.23 0

13 January 0.08 0 0.11 0 0.07

14 January 0.76 0.42 0 0.42 −0.45

15 January 0 0 0 −0.03 0

16 January 0.76 0 −0.32 0 −0.10
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Days CAL and JMA CAL to JMA at 10 m JMA to CAL at 10 m CAL to JMA at 60 m JMA to CAL at 60 m

17 January 0.14 0 0.04 0 0.14

18 January 0.09 −0.04 0 −0.01 0

19 January 0.77 0 −0.44 0 0

20 January 0.52 0 0 0 0

21 January 0.69 0.08 0.70 0.14 0.74

22 January 0.35 0.32 −0.71 0.20 −0.71

23 January 0 0 0 0 0

24 January 0 0.13 0 0.08 0

25 January 0.06 0.20 0 0.17 0

26 January 0.64 −0.41 0.33 −0.15 −0.33

27 January −0.08 0 −0.03 0 −0.04

28 January 0 0 −0.15 0 −0.05

29 January 0 0 −0.10 0 −0.21

30 January 0.59 0 −0.06 0 −0.11

31 January 0.43 0 −0.22 −0.31 −0.22

Wind Speed Correlation Coefficients between Callaway Nuclear Power Plant and
Jefferson City Memorial Airport for January 2020.

Days CAL and JMA
CAL to JMA

at 10 m
JMA to CAL

at 10 m
CAL to JMA

at 60 m
JMA to CAL

at 60 m

1 January 0.83 −0.10 −0.43 0.18 −0.34

2 January 0.68 −0.21 −0.12 −0.25 0.15

3 January 0.32 0.13 0.09 0.34 −0.14

4 January 0.75 0.57 −0.62 0.77 −0.54

5 January 0.79 0.64 −0.02 0.53 −0.24

6 January 0.40 −0.41 −0.12 −0.32 0.06

7 January 0.88 −0.14 0.26 −0.05 0.77

8 January 0.76 −0.77 −0.23 0 0.28

9 January 0.69 0.84 0 0.83 0

10 January 0.57 0.08 0.23 0.02 0.13

11 January 0.07 0.24 0.21 0.03 −0.01

12 January 0.52 −0.64 0.10 −0.49 0.08

13 January 0.03 −0.73 −0.20 −0.04 0.10

14 January 0.43 0.80 0.20 0.74 0.23

15 January 0.83 −0.29 −0.44 −0.16 −0.15

16 January 0.55 0 0.30 0 0.35

17 January 0.40 0 0.19 0 0.23

18 January 0.77 0.18 −0.50 0.12 −0.36

19 January 0.62 0 0.52 0 0.14

20 January 0.14 0 −0.84 0 0.66
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Days CAL and JMA
CAL to JMA

at 10 m
JMA to CAL

at 10 m
CAL to JMA

at 60 m
JMA to CAL

at 60 m

21 January 0.84 −0.29 0.36 0.16 0.68

22 January 0.28 0.04 0.22 −0.50 0.13

23 January 0.70 0 0.64 0 0.66

24 January 0.88 0.15 0 0.27 0

25 January 0.61 0.48 0 0.57 0.21

26 January 0.50 0.71 −0.26 0.33 0.77

27 January 0.60 −0.57 0.24 −0.60 0.28

28 January −0.05 0 −0.12 0 −0.10

29 January 0.17 0 0.20 0 0.31

30 January 0.46 0 0.46 0 −0.36

31 January 0.51 0.25 0.04 0.36 −0.07

Wind Direction Correlation Coefficients between Callaway Nuclear Power Plant and
Jefferson City Memorial Airport for January 2020.

Days
CAL and JMA

at 10 m
CAL and JMA

at 60 m
CAL to JMA at

10 m
JMA to CAL at

10 m
CAL to JMA at

60 m
JMA to CAL at

60 m

1 January 0.13 −0.13 −0.37 −0.04 0.10 −0.13

2 January −0.14 −0.16 0.39 −0.29 0.27 −0.01

3 January 0.30 0.20 −0.11 0.10 −0.05 0.22

4 January 0.77 0.76 0.33 0.45 0.31 −0.13

5 January 0.45 0.48 0.12 −0.01 0.46 −0.02

6 January −0.34 −0.16 −0.07 0.30 0 0.66

7 January 0.57 0.40 0.34 0 0.38 0

8 January 0.60 0.62 0.26 0.01 0 0.28

9 January 0.21 0.20 0.21 0 0.03 0

10 January 0.10 0.02 −0.50 0.16 −0.34 0.17

11 January 0.60 0.38 −0.45 −0.06 −0.65 −0.18

12 January 0.30 0.32 −0.20 −0.17 −0.29 −0.09

13 January 0.19 0 0.18 0.03 −0.18 −0.06

14 January −0.56 −0.36 0 0.02 −0.17 0.46

15 January 0.85 0.81 0.41 −0.23 0.75 −0.08

16 January 0.60 0.61 0 −0.09 0 −0.05

17 January 0.62 0.64 0 0.59 0 0.65

18 January 0.59 0.58 0.20 −0.10 0.26 −0.08

19 January 0.75 0.78 0 −0.26 0 0.32

20 January 0.13 −0.11 0 0 0 0

21 January 0.49 0.53 −0.48 0.03 −0.51 0.23

22 January 0.31 0.39 0.25 0 −0.22 0

23 January 0.26 0.22 0 −0.18 0 −0.11

24 January 0.52 0.55 0.44 0 0.42 0
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Days
CAL and JMA

at 10 m
CAL and JMA

at 60 m
CAL to JMA at

10 m
JMA to CAL at

10 m
CAL to JMA at

60 m
JMA to CAL at

60 m

25 January 0.24 0.05 0.33 −0.94 0.29 −0.19

26 January 0.76 0.76 −0.08 −0.77 −0.01 −0.77

27 January 0.06 0.05 −0.12 0.01 −0.30 0.08

28 January 0.50 0.47 0 0.14 0 −0.02

29 January 0.12 0.17 0 0.06 0 −0.08

30 January 0.11 0.50 0.78 0.07 −0.22 0.05

31 January 0.31 0.56 0.32 −0.19 0.48 0.02

Appendix D

Stability Correlation Coefficients between Callaway Nuclear Power Plant and St. Louis
Lambert International Airport for January 2020.

Days CAL and STL
CAL to STL

at 10 m
STL to CAL

at 10 m
CAL to STL

at 60 m
STL to CAL

at 60 m

1 January 0.65 0.67 −0.35 0 0

2 January 0.24 0 −0.68 0 −0.25

3 January 0.77 −1 −0.08 −0.58 −0.05

4 January 0.61 0 −0.27 0 0.19

5 January 0.76 0 −0.40 0 0.45

6 January 0.68 −0.06 0.73 −0.22 0.24

7 January 0.67 0 −0.09 0 −0.12

8 January 0.64 −0.22 0.57 −0.25 −0.02

9 January 0 0 0 0 0

10 January 0 0 0 0 0

11 January 0 0 0 0 0

12 January 0 0.11 0 0 0

13 January 0 0.18 0.03 0.19 0.01

14 January 0.57 0.03 −0.21 0.10 0

15 January 0.11 0 −0.09 0 −0.06

16 January 0.22 −0.48 −0.37 −0.48 −0.51

17 January 0 0.12 0 0.12 0

18 January 0 0.26 0.28 0 0.33

19 January 0.50 0 −0.40 0 −0.16

20 January 0.53 0.77 0 0.38 −0.38

21 January 0.55 −0.55 0.37 −0.47 −0.43

22 January 0.11 −0.14 0 0 0

23 January 0 0 0 0 0

24 January 0 0 0 0 0

25 January 0.24 0 −0.05 0 0.14

26 January 0.62 0 0.14 0.04 −0.12

27 January −0.08 0 0.14 0 0.10



Energies 2024, 17, 3691 34 of 37

Days CAL and STL
CAL to STL

at 10 m
STL to CAL

at 10 m
CAL to STL

at 60 m
STL to CAL

at 60 m

28 January 0 0 −0.21 0 0.49

29 January 0.32 0.23 0 0.20 0

30 January 0.59 −0.01 0 0.04 0

31 January 0.42 0 0 0 0

Wind Speed Correlation Coefficients between Callaway Nuclear Power Plant and St.
Louis Lambert International Airport for January 2020.

Days CAL and STL
CAL to STL

at 10 m
STL to CAL

at 10 m
CAL to STL

at 60 m
STL to CAL

at 60 m

1 January 0.84 0.15 0.29 0 0.45

2 January 0.72 0.09 −0.58 0.61 0.09

3 January −0.03 0 0.23 0.40 0.30

4 January 0.53 0 −0.24 0 −0.41

5 January 0.73 0.47 0.25 0 0.65

6 January 0.24 −0.38 −0.34 −0.12 0.31

7 January 0.73 0 0.12 0 −0.02

8 January 0.57 0.29 −0.31 0.23 −0.59

9 January 0.49 0.85 0 0.87 0

10 January 0.05 0.18 0.72 0.41 0.57

11 January 0.06 0 0.49 0 0.42

12 January 0.67 −0.28 −0.09 −0.18 −0.70

13 January 0.16 −0.75 0.72 −0.35 −0.89

14 January 0.14 0.28 0 0.10 −0.28

15 January 0.77 0 −0.04 0.04 −0.01

16 January 0.84 −0.24 −0.28 −0.04 −0.07

17 January −0.05 −0.42 0 −0.39 0

18 January 0.64 −0.27 0.45 −0.56 0.18

19 January 0.78 0 0.69 0 0.64

20 January 0.26 −1 −0.39 −0.13 −0.03

21 January 0.60 0.23 −0.03 0.18 −0.41

22 January 0.05 0.42 0 0.12 0

23 January 0.74 −0.14 0 −0.29 0

24 January 0.87 0 −0.11 0.51 0.02

25 January 0.71 0.12 0.54 0 0.72

26 January 0.35 0.18 −0.08 0.22 −0.24

27 January −0.04 −0.12 −0.09 −0.18 −0.28

28 January −0.29 −0.07 0.44 0.02 0.25

29 January 0.48 0.46 −0.50 0.48 −0.57

30 January 0.34 −0.23 0.02 −0.16 −0.49

31 January 0.59 0 0 0 0
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Wind Direction Correlation Coefficients between Callaway Nuclear Power Plant and
St. Louis Lambert International Airport for January 2020.

Days
CAL and STL

at 10 m
CAL and STL

at 60 m
CAL to STL at

10 m
STL to CAL at

10 m
CAL to STL at

60 m
STL to CAL at

60 m

1 January 0.60 0.53 −0.67 0.49 0 0.63

2 January −0.27 −0.24 0.29 0 0.37 0

3 January 0.02 −0.17 0 0.08 −0.63 −0.37

4 January 0.68 0.66 0 −0.38 0 −0.37

5 January 0.89 0.83 0.39 −0.11 0 0.61

6 January 0.43 0.48 0.18 −0.49 0.11 −0.12

7 January 0.57 0.43 0 0.61 0 0.37

8 January 0.49 0.49 0.35 0.49 0.28 0.79

9 January 0.71 0.74 0.91 0 0.71 0

10 January −0.30 −0.17 −0.04 0.05 −0.05 0.28

11 January 0.53 0.60 0 0.55 −0.01 0.58

12 January 0.85 0.87 −0.14 0.23 −0.05 0.17

13 January −0.03 0.28 −0.08 0.16 −0.03 0.29

14 January 0.51 0.29 −0.13 −0.42 −0.21 0.14

15 January 0.90 0.95 −0.06 0 0.21 −0.20

16 January −0.11 −0.07 0.17 −0.16 0.88 −0.03

17 January 0.88 0.89 0.89 0 0.41 0

18 January 0.85 0.85 −0.19 0.65 0 0.74

19 January 0.51 0.49 0 −0.05 0.18 0.16

20 January 0.29 0.36 0.40 −0.04 −0.07 −0.05

21 January −0.32 −0.36 0.05 −0.09 −0.06 0.03

22 January 0.41 0.39 −0.13 0 −0.55 0

23 January 0.70 0.76 −0.47 0 0.04 0

24 January −0.02 −0.03 0.31 0.15 0.04 0.13

25 January 0.23 −0.03 −0.58 −0.16 0 −0.16

26 January 0.589 0.52 −0.05 −0.25 −0.07 −0.01

27 January −0.16 −0.18 −0.23 0.07 −0.33 −0.18

28 January −0.20 −0.22 0.05 0.27 0.10 −0.01

29 January −0.23 −0.22 0.34 0.03 0.37 −0.08

30 January 0.29 −0.03 −0.21 −0.31 −0.13 0.48

31 January 0.24 0.48 0 0 0 0
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