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Abstract: The Athabasca Oil Sands Area (AOSA) in Alberta, Canada, is considered to have a high
density of weather stations. Therefore, our objective was to determine an optimal network for the
wind data measurement that could sufficiently represent the wind variability in the area. We used
available historical data records of the weather stations in the three networks in AOSA, i.e., oil sands
monitoring (OSM) water quantity program (WQP) and Wood Buffalo Environmental Association
(WBEA) edge sites (ES) and meteorological towers (MT) of the air program. Both graphical and
quantitative methods were implemented to find the correlations and similarities in the measurements
between weather stations in each network. The graphical method (wind rose diagram) was found
as a functional tool to understand the patterns of wind directions, but it was not appropriate to
quantify and compare between wind speed data of weather stations. Therefore, we applied the
quantitative method of the Pearson correlation coefficient (r) and absolute average error (AAE) in
finding a relationship between the wind data of station pairs and the percentage of similarity (PS)
method in quantifying the closeness/similarity. In the correlation analyses, we found weak to strong
correlations in the wind data of OSM WQP (r = 0.04–0.69) and WBEA ES (r = 0.32–0.77), and a strong
correlation (r = 0.33–0.86) in most of the station pairs of the WBEA MT network. In the case of AAE,
we did not find any acceptable value within the standard operating procedure (SOP) threshold when
logically combining the values of the u and v components together. In the similarity analysis, minor
similarities were identified between the stations in the three networks. Hence, we presumed that all
weather stations would be required to measure wind data in the AOSA.

Keywords: correlation analysis; similarity analysis; weather network optimization; wind speed
and direction

1. Introduction

Wind is an important atmospheric element when we think about the current weather
condition and predicting the future. It carries temperature and moisture from one place to
another, and therefore, weather conditions vary with the shift of wind speed and direction.
Both wind speed and wind direction are critical for monitoring and predicting weather
patterns and climate from the global to local scale. The wind blows due to uneven heating
of the Earth’s surface by the Sun (solar radiation). In this process, the Sun heats the Earth’s
surface and warms up the surface air. The warm air becomes less dense and creates a
low-pressure zone that tends to rise upwards. Subsequently, denser cold air from the
surrounding high-pressure zone blows toward the low-pressure zone due to the pressure
gradient, and that causes surface wind [1]. The surface wind recorded at the weather
station is directly related to the characteristics of the landscape of the site, i.e., latitude, the
roughness of the terrain, surrounding vegetation, and any elevated surface structures [2,3].
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Wind observations (i.e., wind speed and direction) have extensive applications in weather
monitoring [4] and wind power forecasting [5,6]. For example, studying wind at any
place is an initial and critical step to determine the feasibility of intended wind power
harnessing through wind farms [3,7]. Moreover, wind is used as a key input parameter for
computing the evaporation rate at any place of interest [4]. It also plays a key role in air
pollution dispersion [8,9], various agricultural applications like the estimation of crop water
requirement and risk assessment of pesticide spray drift [10,11], studying the seasonal
variability of rainfall [12,13], and seasonal change predictions [14]. Besides, wind extremes
like gusty winds and wind-related disasters, e.g., hurricanes (cyclones) and tornados, could
cause immense losses to life and property damages [15,16]. Consequently, the observations
of surface wind measurements in weather stations are critical to forecasting such extreme
disaster events to plan for the operation and safety at any place in advance [17].

Considering the importance of surface wind measurements, many weather stations
record wind speed and direction continuously. For instance, three distinct networks of
17 weather stations are operating in the Athabasca Oil Sands Area (AOSA) for the mea-
surement of meteorological parameters, including surface wind (both speed and direction).
These networks are operational under the oil sands monitoring (OSM) water quantity pro-
gram (WQP) and the Wood Buffalo Environmental Association (WBEA) air program. The
WBEA stations are operational as two subnetworks, i.e., edge sites (ES) and meteorological
towers (MT). Over 95% of oil sands in Canada reserves are at Alberta (including AOSA,
Cold Lake, and Peace River) with a surface area of about 140,000 km2 [18,19], where AOSA
alone covers about 66% (a surface area of ~93,259 km2) [20]. Alberta oil sands is known as
the fourth-largest volume of proven oil reserves in the world [20]. Therefore, it is a very
important region for Alberta Province, and for Canada, that contributes to the local to
national economy. Due to the center of the oil sands industry-related activities, it required
regular weather monitoring by the three networks to maintain a sustainable environment in
AOSA [21,22]. However, one of the questions raised about the density of weather stations
in AOSA considering the recommended guidelines of World Meteorological Organization
(WMO) for setting up weather stations. In general, the recommended minimum horizontal
spacing between two land stations is 250 km in a populated area and 300 km in sparsely
populated area [23]. In the case of using the measurements for various weather models,
the guidelines recommended at least one station in 10,000, 2500, and 100 km2 areas for
the numerical weather prediction model, global model (GM), and regional model (RM),
respectively [24]. However, the minimum and maximum distances between stations in each
network at AOSA were found approximately 12 and 154 km, 69 and 242 km, and 37 and
186 km for the OSM WQP, WBEA MT, and WBEA ES networks, respectively. Following the
WMO recommendation, the weather stations are sufficiently dense in these three networks.
Consequently, we opted to investigate the potential of having redundancies of weather
stations in measuring the wind speed and direction to be represented for AOSA. The
suggested optimization of the networks (from this study) would be, therefore, instrumental
in deciding the disposal of redundant stations (if any) and to reduce the financial burden of
the operating agencies.

Several methods have been found in the literature for comparing wind data between
stations to identify the similarity (i.e., redundancy or closeness). A major stream of litera-
ture used each wind component (either, speed, or direction) separately, instead of using
them combinedly. For instance, comparisons were performed using only the speed compo-
nent by linear statistics like the mean or only the direction component by circular statistics
like standard deviation, coefficient of variation, skewness, kurtosis, and circular-circular
correlation [2,8,25–27]. However, it is not appropriate to perform a comparison for a sim-
ilarity analysis between two datasets (measured at two weather stations) based on the
measurements of only a single component (either speed or direction), because wind is a
vector quantity that requires to be used combinedly—both the magnitude (speed) and
direction together. For example, station A and station B (both at 2-m height) measured
wind directions of 5◦, and the wind speeds measured by station A and station B were



Climate 2022, 10, 10 3 of 18

10 and 20 km/h, respectively. Here, the wind data was 5◦ with 10 km/h and 5◦ with
20 km/h for station A and station B, respectively, and they are not similar. Therefore, it
would be appropriate to use both components (speed and direction) together as a single
entity in a wind data analysis to find similarities. We also observed in the literature that
several approaches used both wind components for comparing and performing similarity
or closeness between two wind datasets derived from two weather stations [28,29]. These
analyses could be grouped into two major categories, such as graphical representation
and quantitative measures. The wind rose diagram, a graphical representation, would
show a visual to represent the frequency distribution of wind speed and direction over
a certain period for any weather station [30]. In contrast, quantitative measures related
to the methods included an analysis of association and analysis of coincidence using u
(zonal) and v (meridional) for two-dimensional (2D) surface wind vectors of the speed
expressed in polar coordinates of the x-direction (east–west) and y-direction (north–south),
respectively [28,29,31]. The examples of association-related measures were the Pearson
correlation coefficient (r), coefficient of determination (R2), Spearman’s correlation coef-
ficient (RS), Nash–Sutcliffe efficiency (E), and Cosine similarity (Cosθ) [29,32], and the
coincidence-related measures were the absolute average error (AAE), relative difference
(RD), mean squared error (MSE), root mean square error (RMSE), and bias (B) [1,33,34].

In this study, we considered the approaches that used both u and v components of the
surface wind data together as vectors for estimating the similarity or closeness between two
datasets of the station pairs in AOSA. The representation of graphical measures, i.e., the
wind rose diagram, provided a very good visual in the literature for comparing the datasets
between stations; however, it was not possible to derive any quantitative estimates from it.
Therefore, we also opted to apply the measure of analysis of association (r, R2, RS, E, and
Cosθ) and coincidence (AAE, RD, MSE, RMSE, and B). In the association-related measures, r
was widely used in the literature for its capacity of determining the strength and direction of
the relationship [32]. AAE was also broadly used among the coincidence-related measures
due to providing a more natural measure of the average error and being relatively simple
to calculate [35]. These two methods (i.e., r and AAE from the two groups of measure) were
found sufficient to measure the quantitative similarity between two datasets to predict
one another [36] but did not estimate the number of similar values in each station pair in
the datasets. Additionally, we did not find any approach in the literature that considered
integrating the error of measuring instrument to quantify the similarity in the wind data.
Therefore, we set our overall goal for this study to perform a similarity analysis of historical
wind data records of the weather stations in AOSA and identify the minimum number of
weather stations required for wind measurements by integrating the instrumental error.
The specific objectives to fulfill the overall goal were as follows:

i. Evaluation of graphical and quantitative measures on wind data among weather
stations to identify the best representative ones for a similarity analysis;

ii. Calculation of the percentage of similarity in the wind data records using the best
measures and integrating the instrumental errors to find the correlations among the
weather stations; and

iii. Determination of optimal weather networks for wind data measurements in the
study area based on the estimated percentage of the similarity analysis.

2. Study Area and Data Availability
2.1. Study Area

Our study area was the Athabasca oil sands area, which is in the lower Athabasca
River Basin of Northern Alberta, Canada (Figure 1). The Athabasca River drains through
the area from southwest towards the north. The landscape varies from upland Boreal forests
to poorly drained wetlands within the low land regions [37]. The area is in a subarctic
climatic regime with an average annual air temperature from 0.7 to 1 ◦C and having four
seasons of long cold winter, short wet summer, and a short spring and fall. The spring and
fall seasons receive a considerable amount of precipitation in terms of snowfall, with an
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annual total of 376–456 mm. Here, the driest months are from November to April, and
the wettest is July. The yearly average wind speed is 9.6 km/h according to the 1961 to
1990 climate normal, where the highest is during spring (10.7 km/h) and the lowest in
winter (8.8 km/h) [38]. According to the climate normals from 1981 to 2010, our study area
receives an average annual solar radiation of 108–128 W/m2 [39] and records an annual
average of the atmospheric pressure 96.9–97.2 kPa, relative humidity 40.1–87.5%, and snow
depth up to 30 cm [40].
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Figure 1. Study area showing the spatial distribution of stations in the weather networks.

For monitoring purposes, three networks of weather stations (i.e., OSM WQP, WBEA
ES, and WBEA MT) measure the wind speed and direction in the study area, including
other meteorological parameters, and span between 109◦ W and 114◦ W longitudes and
56◦ N and 58◦ N latitudes (Figure 1). Here, the altitudes of the weather stations vary
294–559 m, 299–520 m, and 256–626 m mean sea level for the OSM WQP, WBEA ES, and
WBEA MT networks, respectively.

2.2. Data Availability

We collected the available wind speed and wind direction data for 17 stations of the
three weather networks from the OSM WQP of Alberta Environment and Parks (AEP) and
WBEA for this study. Data measurements of the height, frequency (an averaging window),
and period of records of each station are shown in Table 1.
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Table 1. Availability of wind speed and wind direction data for this study.

Network Weather Station
Data Measurement Period of Records *

Height (m) Frequency From To

OSM WQP

C1

10 Daily

1 January 2009

31 March 2017
C2 22 December 2008
C3 3 November 2010
C4 25 July 2011
C5 1 November 2011

WBEA ES

JE306

2 Hourly

3 September 2014 1 April 2019
JE308 25 March 2014
JE312 2 September 2014 31 March 2019
JE316 7 March 2014

1 April 2019JE323 15 March 2014
R2 1 January 2015

WBEA MT

JP104

2, 16, 21, and 29 Hourly

30 May 2014 31 January 2019
JP107 29 August 2012 1 April 2018
JP201 27 May 2014 31 January 2019
JP213 18 July 2012

1 April 2018JP311 30 July 2013
JP316 10 October 2012

* Period of record used in this study.

3. Methods
3.1. Graphical Measure

We prepared wind rose diagrams as a graphical visual measure that presents the
frequency distribution of both the wind speed and direction data for a period of interest.
Here, we synthesized wind rose plots of station pairs in each weather network for each
year and compared them side by side to visualize the dynamics in the wind patterns.

3.2. Quantitative Measures

We resolved the wind speed data into scalar quantities (i.e., u and v components were
expressed in polar coordinates of the x- and y-directions, respectively) to find the correlation
between the measurements of two stations in each station pair in a weather network, as
shown in Figure 2. In wind direction measurements, direction refers to the angle from
where the wind comes. Here, positive and negative values of the u component considered
the wind coming from the west and east, respectively. In the case of the v component,
positive and negative values were the south and north. Therefore, first, we transformed the
wind direction measurements into the mathematical convention for resolving the scalar
wind quantities. Here, we computed the math direction as 270 minus the measured wind
direction and added 360 for the negative values. Finally, we computed the relationship
between the u and v components for each station data and then compared the stations
in each station pair by the correlation measures of the analysis for both association and
coincidence (see Section 3.2.1. Association-Related Measures and Section 3.2.2. Coincidence-
Related Measures).
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wind data.

3.2.1. Association-Related Measures

We performed a set of association-related measures, such as R2, r, Rs, Cosθ, and E, on
the entire dataset according to the following equations (Equations (1)–(5)).

R2 = 1− RSS
TSS

(1)

r =

 ∑n
i=1
(
D1i −D1

)(
D2i −D2

)√
∑n

i=1
(
D1i −D1

)2
√

∑n
i=1
(
D2i −D2

)2

 (2)

Rs= 1−
[

6 ∑n
i=1 D2

n3 − n

]
(3)

Cosθ =
∑n

i=1 D1D2√
∑n

i=1 D12
√

∑n
i=1 D22

(4)

E = 1−
[

∑n
i=1(D1−D2)2

∑n
i=1
(
D1−D1

)2

]
(5)

where D1 and D2 are the observational data recorded at Station A and Station B, respectively,
the number of observations is n, the residual sum of squares is RSS, and the total sum of
squares is TSS.

3.2.2. Coincidence-Related Measures

We embraced several coincidence-related measures, including MSE, AAE, RMSE, B,
and RD, and the equations are showing as follows (Equations (6)–(10)). All the symbols
used in these equations refer to the meaning of symbols we showed in Section 3.2.1.
Association-related measures.

MSE =
1
n

n

∑
i=1

(D1i −D2i)
2 (6)

AAE =
1
n

n

∑
i=1
|(D1i −D2i)| (7)

RMSE =

√
1
n

n

∑
i=1

(D1i −D2i)
2 (8)
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B =
1
n

n

∑
i=1

(D1i −D2i) (9)

RD =
100
n

n

∑
i=1

|D1i −D2i|
max(|D1i|, |D2i|)

(10)

3.2.3. Determination of the Best Representative Measures

We identified a representative measure from each group of the association and coinci-
dence measures to minimize the ambiguity of using several measures. Here, we executed
linear regressions among measures in each group to identify the representative measure. In
this process, we also identified outliers where the points were significantly away from the
best fit regression line [41].

3.3. Similarity Analysis

We conducted a similarity analysis (i.e., percentage of similarity, PS) on the station
pairs for the wind data using the acceptable value of instrumental error recommended in the
standard operating procedure (SOP) [42,43] using the following equation (Equation (11)):

PS =
N2
N1
×100 (11)

where N1 refers to the total data count, and N2 is the number of data counts that satisfy the
arguments of the absolute difference between D1 and D2, which are ±0.5 m/s (1.8 km/h)
for the operational wind speed and ±5◦ for the wind direction, as suggested in the SOP.

4. Results and Discussion
4.1. Wind Rose Diagram

Figure 3 shows wind rose diagrams for OSM WQP stations generated from wind
data records measured at the 10-m level for the period 2012–2016. We observed that the
dominant wind speed and direction (north: N, south: S, east: E, and west: W) were,
respectively, 2–4 km/h and S for C1 (Figure 3a), 6–8 km/h and WSW for C2 (Figure 3b),
>10 km/h and SSE for C3 (Figure 3c), 4–6 km/h and SW for C4 (Figure 3d), and 6–8 km/h
and S for the C5 (Figure 3e) stations. In the case of the WBEA ES network, the wind rose
diagrams were derived from wind data measured at 2-m height for 2015–2017 (see Figure 4).
Here, we found the predominant wind speed and direction were, respectively, >10 km/h
and SSW for JE306 (Figure 4a), <2 km/h and N for JE308 (Figure 4b), <2 km/h and SE
for JE312 (Figure 4c), >10 km/h and SE for JE316 (Figure 4d), <2 km/h and SW for JE323
(Figure 4e), and <2 km/h and W for the R2 (Figure 4f) stations. Wind rose diagrams for
WBEA MT stations are presented in Figures 5 and 6.

From the visual comparison of the wind rose diagrams (Figures 3–6), we observed
significantly different patterns of wind magnitude (speed) and direction among stations.
Such variability are likely due to the location of the stations at different altitudes [44] with
variations in site characteristics, including the surface roughness and the size, shape, and
height of the surrounding vegetations and structures [2,3]. It was straightforward for us
to visually identify the dominant wind direction from wind rose diagrams but not for
the wind speed. Moreover, we could not quantify the similarity among the wind data
measured in the stations from the wind rose diagrams (Figures 3–6).
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latitude and longitude of the stations are: C1 (57.2389◦ N, 111.4104◦ W), C2 (57.3833◦ N, 111.95◦ W),
C3 (57.0273◦ N, 111.4291◦ W), C4 (57.5494◦ N, 111.6533◦ W), and C5 (56.2236◦ N, 110.9590◦ W).
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stations in the WBEA ES network for the period 2015–2017, where the circular scale is presented as
0–25 in percentage. The latitude and longitude of the stations are: JE306 (57.6218◦ N, 110.9184◦ W),
JE308 (57.0847◦ N, 112.8507◦ W), JE312 (56.8299◦ N, 110.4345◦ W), JE316 (56.3528◦ N, 110.1182◦ W),
JE323 (56.8358◦ N, 111.1131◦ W), and R2 (57.1144◦ N, 111.4289◦ W).
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Figure 5. Wind rose diagrams at 2, 16, 21, and 29-m heights for the JP104 ((a–d), respectively); JP107
((e–h), respectively); and JP201 ((i–l), respectively) stations in the WBEA MT network for the period
2015–2018. Here, the circular scale is presented as 0–25 in percentage. The latitude and longitude
of the stations are: JP104 (57.1180◦ N, 111.4249◦ W), JP107 (57.8911◦ N, 111.4348◦ W), and JP201
(57.0328◦ N, 113.7345◦ W).
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2015–2018. Here, the circular scale is presented as 0–25 in percentage. The latitude and longitude
of the stations are: JP213 (57.0470◦ N, 109.7494◦ W), JP311 (56.5655◦ N, 111.9485◦ W), and JP316
(56.3484◦ N, 110.1213◦ W).
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4.2. Measures of Association

Our scatter plot of the association related measures (i.e., R2, RS, Cosθ, and E) against
r for the u and v components of the entire wind dataset (see Figure 7a,b) indicated that r
could be a representative measure because of its strong association (i.e., R2 > 0.71). Research
studies indicated that R2 ≥ 0.50 was significant and acceptable [45,46], and R2 ≥ 0.70
showed a strong association between the two variables [47,48]. Note that we used only
positive values of E in this analysis, because values less than zero (i.e., negative values)
indicated an unacceptable model performance [49,50]. Therefore, we decided to use r as a
representative for the measures of association in finding further similarities between two
datasets of station pairs.
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4.3. Measures of Coincidence

Our scatter plots of coincidence related measures (i.e., AAE against MSE, RMSE, B, and
RD) for the u and v components of the wind datasets (see Figure 8a–d) showed that AAE
was strongly correlated with RMSE and MSE (R2 > 0.99). However, we found very low to
insignificant relationships of AAE with RD and B. It was because RD is the percentage error
(i.e., ratio of absolute difference), while AAE provided only the actual differences [45,46],
and the positive and negative differences cancelled each other to provide low values for
B [51]. Hence, we considered to use AAE as a representative for the coincidence-related
measures in further accomplishing the analysis of similarity between two datasets of
station pairs.
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4.4. Relationship and Similarity Analysis

We identified that two correlation measures, such as r and AAE (see Sections 4.2
and 4.3), could represent the best in determining a relationship between two datasets of
the wind components for each station pair in the three networks (supported by the results
from another study [36]). Here, we considered a strong relationship with r ≥ 0.70 [52,53]
and AAE values of ≤1.79 km/h (= 1.8*Cos5◦) and ≤0.16 km/h (= 1.8*Sin5◦) for the u
and v components, respectively. These acceptable AAE values were computed from the
acceptable absolute difference values recommended in the SOP, i.e., 1.8 km/h for the wind
speed and 5◦ for the wind direction [42,43]. In addition, we considered at least a 75% value
of PS in the similarity analysis to find the closeness of the data values between two stations
in a station pair.

4.4.1. Correlation Analysis

OSM WQP network: We observed a very weak to moderate correlation (i.e., r from
0.04 to 0.69) for both the u and v components of all the station pairs, except the station pair
C2 vs. C4 for the v component with a strong correlation (r = 0.77) (see Table 2). In addition,
we found that AAE values were not acceptable for both the u (2.26–4.14) and v (2.84–5.38)
components considering the required acceptable values of ≤1.79 and ≤0.16, respectively.
Such a weak-to-moderate correlation and not acceptable AAE values were likely due
to factors associated with elevation differences, surface frictions, and the surrounding
vegetation of the stations [2,3,44].
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WBEA ES network: For both the u and v components, r was satisfied in general (from
0.32 to 0.77) but not the AAE (from 2.05 to 4.33 and 1.57 to 4.26 for the u and v components,
respectively). Here, we found two station pairs (i.e., JE306 vs. JE312 and JE312 vs. JE316),
where at least one component showed a strong correlation (i.e., r ≥ 0.70), and the other
was very close to it (see Table 2). Nevertheless, the reason of not having any acceptable
AAE values among the wind datasets would be due to the site-associated factors that cause
variable wind magnitude (speed) and direction at any place [54].

Table 2. Correlation analysis of the wind components for the OSM WQP and WBEA ES networks.

OSM WQP WBEA ES

Station
Pair n

u-Component v-Component Station
Pair n

u-Component v-Component

r AAE r AAE r AAE r AAE

C1 vs.

C2 2928 0.34 3.26 0.59 4.75

JE306 vs.

JE308 20,628 0.49 3.90 0.58 2.45
C3 2338 0.48 3.63 0.69 2.86 JE312 37,332 0.77 2.73 0.69 1.85
C4 2076 0.36 2.26 0.54 2.84 JE316 37,380 0.62 3.70 0.63 3.17
C5 1975 0.04 3.73 0.48 4.20 JE323 18,673 0.54 3.65 0.63 2.28

R2 16,846 0.50 3.76 0.37 2.65

C2 vs.
C3 2322 0.43 4.14 0.64 5.38

JE308 vs.

JE312 20,576 0.51 2.55 0.66 2.01
C4 2060 0.58 2.64 0.77 3.68 JE316 23,752 0.55 4.23 0.61 2.53
C5 1975 0.28 3.60 0.53 4.28 JE323 22,384 0.59 2.41 0.67 1.57

R2 16,469 0.33 2.64 0.35 2.99

C3 vs.
C4 2076 0.5 3.81 0.58 3.83

JE312 vs.
JE316 37,166 0.69 3.35 0.77 2.83

C5 1975 0.3 4.06 0.53 5.21 JE323 18,691 0.63 2.05 0.72 1.72
R2 16,723 0.48 2.57 0.42 2.40

C4 vs. C5 1975 0.23 3.18 0.27 4.18
JE316 vs. JE323

R2
23,089 0.71 4.09 0.61 2.58
16,511 0.47 4.33 0.32 4.26

JE323 vs. R2 14,985 0.55 2.07 0.52 2.43

WBEA MT network: We found the range of weak to strong correlation values (i.e., r)
from 0.35 to 0.82 and 0.33 to 0.86 for the u and v components, respectively (see Table 3).
In general, moderate to strong correlations were observed at 16-m and above heights,
which would probably be due to the measurements above the vegetation canopy with less
interference of the surface roughness [55]. Here, AAE ranged from 0.14 to 0.36, 0.37 to 0.98,
0.63 to 1.43, and 0.93 to 1.83 at 2, 16, 21, and 29-m heights, respectively, for the u component
and 0.16 to 0.34, 0.43 to 0.67, 0.63 to 1.16, and 0.91 to 1.88 at 2, 16, 21, and 29-m heights,
respectively, for the v component. While all the AAE values of the 15 station pairs were
showed as acceptable (i.e., AAE ≤ 1.79) at all heights (except the station pairs of JP107 vs.
JP201 with 1.83 and JP201 vs. JP213 with 1.80 at a 29-m height) for the u component, none
of those showed the acceptable value (i.e., ≤0.16) at any heights (except the station pair
JP104 vs. JP201 with 0.16 at 2-m height) for the v component. However, not a single pair
showed acceptable AAE values when we combined both the u and v components together.
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Table 3. Correlation analysis of the wind components at different heights in meter (m) for the WBEA
MT network.

Station Pair

2 m 16 m

n
u-Component v-Component

n
u-Component v-Component

r AAE r AAE r AAE r AAE

JP104 vs.

JP107 31,121 0.59 0.29 0.33 0.28 32,835 0.72 0.81 0.59 0.55
JP201 39,979 0.43 0.14 0.41 0.16 39,979 0.53 0.51 0.64 0.46
JP213 30,067 0.50 0.34 0.40 0.34 31,374 0.64 0.61 0.66 0.55
JP311 29,855 0.52 0.17 0.48 0.34 32,394 0.71 0.41 0.60 0.56
JP316 28,371 0.50 0.18 0.39 0.19 31,273 0.66 0.43 0.58 0.45

JP107 vs.

JP201 31,486 0.45 0.34 0.49 0.26 33,230 0.58 0.98 0.52 0.66
JP213 39,901 0.73 0.28 0.60 0.29 45,030 0.76 0.71 0.61 0.60
JP311 33,622 0.62 0.31 0.50 0.34 37,775 0.69 0.89 0.53 0.67
JP316 33,227 0.56 0.32 0.50 0.27 42,024 0.66 0.87 0.55 0.58

JP201 vs.
JP213 30,376 0.43 0.36 0.57 0.30 31,758 0.55 0.68 0.67 0.55
JP311 30,211 0.40 0.16 0.68 0.27 32,792 0.58 0.39 0.78 0.44
JP316 28,479 0.35 0.18 0.58 0.19 31,535 0.47 0.49 0.67 0.49

JP213 vs.
JP311 34,585 0.56 0.34 0.62 0.32 37,701 0.68 0.60 0.69 0.57
JP316 35,593 0.59 0.33 0.66 0.27 41,625 0.73 0.55 0.80 0.43

JP311 vs. JP316 30,732 0.59 0.15 0.63 0.29 35,552 0.71 0.37 0.78 0.43

21 m 29 m

JP104 vs.

JP107 32,842 0.81 0.94 0.56 0.86 32,834 0.74 1.32 0.64 1.11
JP201 39,979 0.50 1.03 0.67 0.81 39,979 0.43 1.60 0.60 1.27
JP213 32,750 0.72 0.96 0.67 0.94 32,504 0.65 1.37 0.55 1.08
JP311 32,402 0.78 0.65 0.68 1.02 32,540 0.76 1.00 0.48 1.88
JP316 32,141 0.72 0.73 0.64 0.87 32,132 0.69 1.14 0.59 1.50

JP107 vs.

JP201 33,239 0.53 1.43 0.51 1.09 33,231 0.52 1.83 0.50 1.48
JP213 46,868 0.77 1.00 0.62 0.96 46,620 0.77 1.33 0.63 1.38
JP311 37,851 0.72 1.14 0.50 1.16 37,983 0.73 1.36 0.49 1.71
JP316 42,901 0.70 1.13 0.61 0.91 42,868 0.70 1.42 0.62 1.32

JP201 vs.
JP213 33,156 0.52 1.26 0.68 0.96 32,910 0.50 1.80 0.67 1.43
JP311 32,804 0.51 0.87 0.77 0.85 32,942 0.49 1.35 0.76 1.32
JP316 32,367 0.45 0.97 0.70 0.87 32,358 0.44 1.44 0.69 1.35

JP213 vs.
JP311 39,391 0.70 0.99 0.70 0.97 39,277 0.72 1.35 0.69 1.46
JP316 43,728 0.80 0.82 0.85 0.63 43,471 0.82 1.09 0.86 0.91

JP311 vs. JP316 36,508 0.77 0.63 0.78 0.77 36,637 0.78 0.93 0.77 1.17

4.4.2. Percentage of Similarity

We noticed that the PS values ranged from 8.15 to 16.38%, 3.95 to 30.53%, and 6.94
to 26.16% for the station pairs of the OSM WQP, WBEA ES, and WBEA MT networks,
respectively (see Table 4). Note that we considered the SOP values for both the u and v
components together in this analysis. Considering such low PS values, we determined that
none of the station pairs showed any similarity. Such dissimilarity in wind datasets would
likely be due to altitude variations among the weather stations [44]. Landscape or hill
forms and its steepness and orientation toward wind would also potentially affect the wind
speed and direction [56]. In addition, characteristics of the surrounding vegetation and
topographic obstructions in the weather stations would be other factors [2,3]. Moreover,
wind direction is difficult to compare even at the same place, because it is highly affected
by a lack of synchronization between measurements that allows turbulent motion to make
directions quite different [57]. Therefore, it would require wind measurements from all
weather stations in the three networks to represent the observed variability in the study area.
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Table 4. Similarity analysis of the wind speed and direction for the three networks.

OSM WQP WBEA ES WBEA MT

Station Pair
PS (%)

Station Pair
PS (%)

Station Pair
PS (%)

at
10 m

at
2 m

at
2 m

at
16 m

at
21 m

at
29 m

C1 vs.

C2 8.57

JE306 vs.

JE308 7.03

JP104 vs.

JP107 10.22 15.13 19.16 14.51
C3 16.38 JE312 14.01 JP201 13.31 9.79 9.78 9.76
C4 11.46 JE316 12.18 JP213 11.00 17.71 21.34 12.12
C5 8.76 JE323 8.63 JP311 6.94 9.00 12.35 8.03

R2 4.93 JP316 9.60 12.95 14.60 13.50

C2 vs.
C3 8.18

JE308 vs.

JE312 10.72

JP107 vs.

JP201 8.00 9.42 11.06 11.00
C4 13.64 JE316 19.39 JP213 20.22 20.05 21.40 20.89
C5 11.34 JE323 30.53 JP311 10.60 11.00 10.96 10.91

R2 5.67 JP316 12.70 14.47 14.61 14.38

C3 vs.
C4 8.38

JE312 vs.
JE316 10.05

JP201 vs.
JP213 10.69 13.36 13.55 12.89

C5 8.15 JE323 16.94 JP311 12.97 17.27 16.14 16.38
R2 9.19 JP316 10.60 15.82 15.69 14.97

C4 vs. C5 12.10
JE316 vs.

JE323 18.43
JP213 vs.

JP311 12.41 15.06 15.78 16.98
R2 3.95 JP316 15.39 23.74 24.41 26.16

JE323 vs. R2 9.90 JP311 vs. JP316 15.70 21.26 22.75 23.96

Overall, we found variable relationships and similarities in the station pairs of each
network, such as: some correlations (i.e., r) in all the networks, no acceptable AAE for
the OSM WQP and WBEA ES networks, some acceptable AAE values for the u or v
components individually for the WBEA MT network, and no acceptable PS value for any
network. Therefore, we did not find any station pair that was acceptable with the logical
combination of the “r value” AND “AAE value of the u component” AND “AAE value
of the v component” AND “PS value”. We noticed that some stations are spatially very
close to each other in the study area, but they belong to other networks. Since we did not
find any acceptable station pair in each weather network, we further analyzed for r and
AAE (both u and v components) and PS for the closest station pair across the network
with the hope of receiving an acceptable correlation and similarity, as an example (see
Table 5). For such an analysis, we required the data of station pairs across the network that
were measured at the same height, because we should not compare wind data measured
at different heights. The closest two station pairs in the cross network were JP104 vs. R2
and JP316 vs. JE316, where all the stations measured data at a 2-m height. The analysis
showed a moderate correlation (r = 0.23 and 0.60) with AAE values 1.59 and 4.54 (for the
u component) and 2.23 and 3.90 (for the v component) and PS values 6.64 and 4.09% (see
Table 5). While reasonable correlations existed in the station pairs, the combination logic of
the “r value” AND “AAE value of the u component” AND “AAE value of the v component”
AND “PS value” did not show any acceptable station pair suitable from the cross network.
It indicated that wind data is more variable at the lower height (e.g., 2 m), where the wind
direction might not vary much but the wind speed is greatly impacted by the surrounding
landcover, vegetation, topography, and other obstructions and therefore varies much.

Table 5. Example of a correlation and similarity analysis across the networks.

Station Pair n
u-Component v-Component PS

(%)r AAE r AAE

JP104 vs. R2 15,736 0.23 1.59 0.31 2.23 6.64
JP316 vs. JE316 28,699 0.60 4.54 0.79 3.90 4.09
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5. Conclusions

Weather stations in AOSA were found significantly closer to each other than recom-
mended by the WMO. To understand the redundancy of the stations, we demonstrated that
a wind rose diagram would be appropriate for visual comparisons of the wind datasets
among weather stations to understand various patterns of the wind magnitude (speed)
and direction in the networks. Comparing the dominant wind directions from wind rose
diagrams for a station pair was straightforward, but it was difficult for the wind speeds.
Therefore, it was not possible to quantify the similarity among the datasets of station
pairs from the wind rose diagrams. However, a correlation analysis (i.e., r and AAE) and
similarity analysis (i.e., PS) made it possible to quantify the relationship and similarity of
the wind data considering the integrated u and v vector components. In the correlation
analysis, we observed insignificant correlation in the OSM WQP and WBEA ES networks
and a strong correlation in most of the station pairs of the WBEA MT network at 16 m and
above heights. However, none of the three networks showed any similarities between the
wind data of the station pairs in the similarity analysis. As an example, we performed a
similarity analysis between stations across networks for the two closest station pairs but
received minor similarities. Note that we did not perform a similarity analysis on the wind
data measured across different heights of any station in the WBEA MT network, because
the wind speed varies with the level of measurement from the ground. We concluded that
all weather stations in the three networks would be required to measure the variability of
wind in the study area. Nevertheless, we demonstrated that a similarity analysis would be
a decision tool to rationalize/optimize weather stations in a network for wind data mea-
surements. This method of finding similarities would be applicable in optimizing a weather
network to minimize the associated costs without sacrificing the scientific credibility of
a monitoring program. However, we recommend evaluating these methods thoroughly
before applying them to other weather networks in Canada and elsewhere during any
decision-making process.
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