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Abstract: In performance-based navigation (PBN) procedures with barometric vertical guidance, the
effective vertical path angle (VPA) depends on the actual air temperature at the time of approach
execution. A very low design temperature could result in an obstacle clearance height (OCH) higher
than needed; hence, the airport throughput could be reduced when the cloud ceiling is below the
OCH. Conversely, the design of a low temperature higher than is practical could lead to long periods
in which the procedure cannot be used. The results of this research show that there is not much
difference between the effective VPA for the different low temperatures studied. However, this slight
difference, when obstacles penetrating the final approach surface (FAS) exist, usually leads to the
approach minima being significantly different from each other. The objective of this study was to
analyse the impact of the selected designed low temperatures in PBN procedures with barometric
vertical guidance on the OCH/runway throughput and approach periods of use balance. Finally,
guidelines on the selection of the minimum designed low temperature are proposed.

Keywords: performance-based navigation (PBN); runway throughput; barometric vertical guidance;
instrument flight procedures design (IFPD); temperature in final approach; obstacle clearance height
(OCH)

1. Introduction

PBN is a key enabler for airspace design; it allows for defining routes in the most
advantageous location to ensure strategic de-confliction of flight paths thus reducing
the need for ATC intervention. This PBN advantage provides spin-off benefits in terms
of key performance areas (capacity, safety, flight efficiency, and the environment) [1,2].
However, PBN design and implementation is not an easy task [3]; it should meet user
expectations while maintaining safety [4]. The International Civil Aviation Organization
(ICAO) defined the Global Aviation Safety Plan (GASP) in order to present the strategy
supporting the prioritization and continuous improvement of aviation safety; its main
purpose is to continually reduce fatalities and the risk of fatalities [5].

Furthermore, according to the European Union Aviation Safety Agency (EASA), 30%
of accidents occur during approach and landing due to the more complex nature of these
flight phases [6]. So far, many PBN specifications have been defined to meet the opera-
tional requirements for every phase of flight, so there are area navigation (RNAV) and
required navigation performance (RNP) specifications for the oceanic, remote continental,
continental, terminal, and approach phases [4]. For the approach phase, there are different
instrument flight procedures, which allow the aircraft to descent to lateral navigation per-
formance (LNAV), lateral and vertical navigation performance (LNAV/VNAV), or localizer
performance with vertical guidance (LPV) minima. A thorough description of the design
criteria can be found in the ICAO PANS-OPS [7] and other related documents; however,
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many times, these criteria are not clear enough, so the flight procedure designer must
make some decisions without knowing the exact implications on safety, the environment,
capacity, or efficiency.

The ICAO published the first edition of the PBN Manual [8] in 2008. By this time,
the ICAO, at the 37th Assembly, took the resolution 37-11 which stated the PBN imple-
mentation plan as a matter of urgency. This resolution required among other things, “the
implementation of approach procedures with vertical guidance (APV) (Baro-VNAV and/or
augmented GNSS), including LNAV only minima for all instrument runways ends, either
as primary approach or as a back-up for precision approaches . . . ”. This resolution was
the starting point for the PBN implementation race all over the world.

Once the ICAO resolution was stated, the European Commission issued the PBN
implementation rule [1] through which it is a requirement to implement PBN applications
in all the airspace above the territory to which the European Union Treaty applies; its
implementation is planned by 2020, 2024, or 2030 depending on the aerodrome and/or
instrument runway ends.

The FAA (Federal Aviation Administration) in its roadmap for PBN [9] highlights that
the use of RNAV and RNP is expected to: increase safety, improve airport and airspace
access, increase reliability and reduce delays, improve efficiency and flexibility, reduce
workload, and improve air traffic controller productivity.

In PBN approach procedures with barometric vertical guidance, the effective VPA
depends on the airport temperature at the approach execution time. The ICAO PANS-
OPS [7] states, “The VPA promulgated shall be such that the effective VPA throughout
the year is as close as possible to 3.0◦ for the given aerodrome elevation and prevailing
temperatures”. This requirement contains several issues to be clarified aimed at meeting
the vertical margin over the obstacles and, at same time, obtaining maximum runway
throughput (approach minima) [10]. Due to the characteristics of vertical navigation based
on atmospheric pressure, the effective VPA depends on the airport temperature. If the
actual airport temperature is lower than the ISA (International Standard Atmosphere)
temperature for a particular altitude/elevation, the effective VPA results will thus be lower
than the promulgated one. Conversely, if the actual temperature is higher than the ISA
temperature, the effective VPA will be higher than the promulgated one [11].

Moreover, in PBN approach procedures with barometric vertical guidance, an obstacle
protection surface, called the final approach segment (FAS), comes into play. The purpose
of this surface is to protect against obstacles along the final segment of the approach. The
FAS slope depends on the minimum effective VPA, which in turn depends on the selected
low temperature design.

When the effective VPA is the minimum allowed (2.5◦), there is more likelihood for
obstacles to penetrate the FAS surface, resulting in higher obstacle clearance height (OCH)
and potentially poorer runway throughput. On this basis, it seems essential to know a
suitably designed low temperature to be selected for computation of the effective minimum
VPA, seeking a FAS that is not lower than needed (potential higher minima).

Much research work on the implementation of PBN procedures has been carried out
to demonstrate its benefits or its safety. Butchibabu et al. [12] noted in their study that PBN
procedures offered significant safety improvements; although it is recognized that PBN
implementation brings both opportunities and challenges, it is also true that PBN brings
more flexibility in airspace design and its derivative benefits.

The FAA [13] conducted a study using a risk analysis methodology developed by the
Multiple Parallel Approach Program (MPAP) for simultaneous independent ILS approaches
to parallel runways. This methodology was used to determine the acceptability of including
RNAV and RNP aircraft in simultaneous independent approach operations with high-
update radar surveillance, as specified in Order 7110.65S [14]. The study used a high-
fidelity simulation of the operation to perform a Monte Carlo analysis and it was assumed
that the integrity, availability, and continuity functions inherent in RNP were covered for
RNAV aircraft by the required ATC surveillance and the other conservative assumptions.
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At present, the ICAO has stated criteria for implementing simultaneous approaches in
parallel runways using RNP APCH (LNAV/VNAV), that is, approaches with barometric
vertical guidance [7,15,16].

Muller et al. [17] expound that PBN procedures help to improve throughput and in-
crease the safety margins associated with high-elevation airports and remote areas with little
ground-based navigation infrastructure. In addition, the safe reduction of separation and
traffic congestion were among the airspace improvements highlighted. They also considered
environmental improvements such as reducing fuel consumption and noise pollution.

Ralf H. et al. [18] examined PBN procedures in relation to independent final approaches
for parallel runway landings. They stated that the use of the published PBN procedures
has resulted in improvements in navigational accuracy and, in addition, improved the
reliability of operations in the terminal airspace surrounding major United States airports.
They concluded that potential benefits are expected with PBN implementation at airports
with closer runway spacing in terms of operational safety and reductions in approach
control requirements.

Tian et al. [19] established a safety assessment model for PBN airspace operational
planning. This model considers the meteorological uncertainty factor, identifies the capacity
scenarios with the capacity probability distribution, and studies the conflict risks under
various capacity scenarios. They demonstrate that safety can be effectively quantified and
that compelling benefits are expected from an optimal operational scheme development
that balances risk and capacity demand.

Lim et al. [20] analyzed how different final approach descent profiles can affect runway
occupation time. An important fact related to the study presented is that the selection of
the temperature in the design of the procedure directly affects the slope that the aircraft
will follow in each approach, which could influence the runway exit that the aircraft is able
to use.

Finally, Kabir O et al. [21] identified significant operational benefits from the use of
PBN procedures. They also revealed that fewer conflicts are reported with PBN procedures
than with conventional ones.

From the literature review, it seems clear that the implementation of PBN procedures
will contribute positively to safety. On this basis, this research study focused on analyzing
the impact on the final proposal of temperature selection in the early design phase for
PBN approach procedures with barometric vertical guidance. The selected temperature
should meet the required safety levels and, at the same time, maintain or improve runway
throughput and provide the maximum period of time in which the approach procedure
can be used.

This research work is directly involved with the implementation of PBN approach
procedures and its consequences on the potential reduction of CFIT (controlled flight into
terrain) accidents during approach and landing, bearing in mind that the final approach
descent path other than the nominal 3◦ directly affects the non-stabilization of the approach
and therefore runway over-run can occur as a result [22,23].

The remainder of this paper is structured as follows: Section 2 presents the problem
description; Section 3 presents the methodology for carrying out the statistical analysis
of airport temperatures; Section 4 presents the application of the temperature statistical
analysis of the selected airports; Section 5 presents a practical example of the impact of
temperature selection on the OCH; then, Section 6 presents the proposed methodology for
selecting the low temperature to be used in the approach design; and, finally, in Section 7,
the conclusions are presented.

2. Problem Description

Every state shall promulgate the VPA (nominal vertical path angle) for the PBN
procedures with barometric vertical guidance for a particular approach in the AIP. Then,
depending on the airport temperature at any time, the effective VPA could be different.



Aerospace 2023, 10, 337 4 of 18

In all instrument approach procedures, the obstacle clearance height (OCH) must be
determined, that is, the height above the threshold to which the aircraft will be able to
descend in instrument flight conditions to maintain a safety margin above the obstacles.
If having reached that height, the pilot acquires the required external visual references,
the pilot may continue with visual references to land. If visual references have not been
acquired, the pilot must start the missed approach.

As indicated, the temperature at the airport at the time of the approach will determine
the actual descent angle, which is called the effective VPA. In the design of the procedure,
the temperatures that may occur at the airport must be considered so that in no case
the minimum effective VPA is lower than 2.5◦ and the maximum does not exceed 3.5◦,
with this maximum being a recommendation. De Smedt et al. in their research [24]
stated that in scenarios with high positive temperature ISA deviations (∆ISA), in particular
when combined with lateral navigation errors, caused the aircraft to lose the signal of
the localizer, and thus, flight crew interventions were required to intercept the glide path.
Hence, knowing how temperature affects the VPA becomes of essential in the design
process to guarantee safety.

The study presented below refers exclusively to the selection of temperatures that
result in effective VPA below the promulgated VPA.

During the design of the procedure, the designer is faced with making a decision
about which “low” temperature to use considering that if the chosen low temperature
were, for example, the historical minimum, the effective VPA could be very low and this
would not be a problem if it were not for the fact that by choosing a lower temperature
than necessary, the OCH value could be higher than necessary and this could reduce the
airport’s throughput. The problem is explained in more detail below.

Due to the characteristics of vertical navigation based on atmospheric pressure, the
effective VPA depends on the airport temperature. If the actual airport temperature is
lower than ISA (International Standard Atmosphere) temperature for a particular alti-
tude/elevation, the effective VPA results will thus be lower than the promulgated results.
Conversely, if the temperature is higher than the ISA temperature, the effective VPA will be
higher than the promulgated one [10].

Formulas for computing the effective VPA as a function of an ISA deviation which is
constant with altitude can be found in ICAO PANS-OPS Volume II; the formula reads as
follows [7]:

Effective VPA = atan
(

HFAP − ∆h − RDH
XFAP

)
(1)

where:
FAP: final approach point
HFAP: FAP height above runway threshold considering promulgated VPA
THR: runway threshold
XFAP: horizontal distance FAP-THR
RDH: reference datum height. Height above THR of the promulgated VPA
∆h: height correction for high/low temperatures at FAP
Note that in Equation (1), ∆h has its own sign; ∆h is negative for high temperatures

and positive for low temperatures. ∆h is obtained with the following equation:

∆h =

(
−∆TSTD

L0

)
× ln

(
1+

L0HFAP

(T0+L0HTHR)

)
(2)

TAD_MSL= TAD − L0HTHR (3)

∆TSTD= TAD_MSL − 15 (4)

where:
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∆TSTD: aerodrome temperature deviation at sea level regarding standard atmosphere
temperature

L0 = −0.0065 ◦C/m = standard temperature lapse rate with pressure altitude in the
first layer (sea level to tropopause) of the ISA

T0 = 288.15 K standard temperature at sea level
Note that, in Equation (2), when ∆TSTD = 0, that is, the actual aerodrome temperature

is the one that corresponds to it according to the standard atmosphere, the value of ∆h is 0,
and therefore, the effective VPA will be equal to the promulgated VPA.

Figure 1 shows the effective VPA obtained as a function of the ∆ISA temperature. It
can be clearly seen that when airport temperatures are very low or very high, the effective
VPA is very different from the promulgated one. For example, if the ∆ISA were 0 ◦C,
the value of the effective VPA would coincides with the value of the promulgated VPA.
However, if the ∆ISA were 20 ◦C, the value of the effective VPA would be higher than the
promulgated VPA.
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Figure 1. ∆ISA airport temperature vs. effective VPA.

2.1. Effective VPA and Final Approach Surface (FAS) Relationship

Moreover, in PBN approach procedures with barometric vertical guidance, an obstacle
protection surface, called a final approach segment (FAS), comes into play. The purpose
of this surface is to protect against obstacles along the final segment of the approach. The
FAS slope depends on the minimum effective VPA, which in turn depends on the selected
design temperature.

Figure 2 presents the relationship between the slopes of the promulgated VPA, the
effective VPA, and the FAS. In Figure 2, starting from the position of FAP, the ∆h is subtracted
from FAP height to obtain the effective VPA, and later, a value Hi is subtracted from it to
obtain the slope of the FAS. Hi is a tabulated value that does not depend on the temperature.
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2.2. FAS and Obstacle Clearance Height (OCH) Relationship

The lower the effective VPA, the lower the slope will be for the FAS, and, therefore,
the greater the probability that there will be obstacles that penetrate the FAS, and, therefore,
the greater the probability that the OCH will be higher.

Figure 3 shows the situation in which there is an obstacle that penetrates the FAS. In
this case, a height lost (HL) margin is added to the obstacle height to obtain the OCH value.
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To calculate the OCH, the obstacles that penetrate the FAS are taken into account, and
two conditions may exist:

• No obstacles penetrate the FAS, so OCH = HL
• There are some obstacles that penetrate the FAS, so OCH = Hobs + HL

As a summary, if the FAS is lower than needed, there may be obstacles that penetrate
it and that determines an OCH higher than necessary.

2.3. OCH and Cloud Ceiling

Obviously, the cloud ceiling does not depend on the OCH, but the height of the
cloud ceiling relative to the OCH can affect the probability of having to perform a missed
approach, thus:

• If OCH > cloud ceiling, then the missed approach probability is very high.
• If OCH ≤ cloud ceiling, then the missed approach probability is low

Figure 4 shows the situation where the cloud ceiling is lower than the OCH. In this
case, when the aircraft descends to the height of the OCH, the clouds will probably prevent
the pilot from acquiring the necessary visual references, and therefore, he/she would have
to start the missed approach. In this situation, the runway throughput would be reduced.
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3. Statistical Analysis of Airport Temperatures: Theoretical Background

Once the importance of selecting the value of the minimum design temperature was
explained, a statistical analysis of the temperatures of selected airports was carried out, the
results of which allow certain conclusions to be drawn.

In order to obtain representative low temperatures for each airport, the next steps
have been followed:

1. Obtaining the airport temperature database for the hours of operation over a period
of at least 5 years, preferably the last 5 years [25];

2. Checking that the sample size is relevant;
3. Plotting the database histograms;
4. Fitting the probability density function to each histogram;
5. Obtaining representative low temperatures.

Sample size can be defined as the number of data points tested in a study. Larger
sample sizes help researchers identify outliers in data and provide smaller margins of
error [26].

Different methods can be used before the start of the study to calculate the most
suitable sample size for the specific research. In recent years, numerous pieces of software
and websites have been developed which can successfully calculate sample sizes in various
study types. In particular, G-Power v3.1 software has been used in this study. G-Power is
a free-to-use tool that can be used to calculate statistical power for many different t-tests,
F-tests, χ2 tests, z-tests, and some exact tests. By setting the effect size values to 0.1, a 99%
confidence level (α = 0.01), and 80% power, the sample size should be at least 997, as shown
in Figure 5.
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According to the previous figure, a sample size of 997 would be sufficient. In the study
presented here, the sample size is not a problem, since when considering temperature data
extracted from the METAR, there is a sample every half hour, which means that thousands of
data are available over a period of 5 years, a sufficient value to consider a relevant sample size.

Once it has been verified that the sample size is adequate to perform the statistical
study, a histogram of the data is plotted. Then, the different probability density functions
are fit to these histograms. The probability density function fitting in this study was
achieved using STATGRAPHICS Centurion v19 software [27].



Aerospace 2023, 10, 337 8 of 18

The two commonly used goodness-of-fit tests are the Kolmogorov–Smirnov test and
the Anderson–Darling test. They are used to decide whether a sample comes from a
population with a given distribution (normal, logistic, largest extreme value, etc.).

The Kolmogorov–Smirnov test [28] has a representative statistic, which is the largest
difference (in absolute value) between the cumulative sample distribution and the theoreti-
cal distribution. “D” is defined as:

D = max
1≤i≤N

[F (Yi)−
i− 1

N
,

i
N
− F(Yi)] (5)

where:
F: the frequency of the theoretical distribution at position i
N: the total number of elements
Comparing this “D”-value of all the functions studied, the one with the smallest is

the best fit to the data. Note that probability density functions can be different for every
assessed airport since each one has its own temperatures histograms.

Conversely, the Anderson–Darling test [29] gives more weight to the tails of the
distribution than the Kolmogorov–Smirnov test. Its statistic is defined as:

A2
n = −N− i

N

N

∑
i=1

(2i− 1)[ln(F(Yi) + ln{1− F(YN+1−i)})] (6)

where as before:
F: the frequency of the theoretical distribution at position i
N: the total number of elements
Taking Madrid Airport as an example, its statistic values for each of the probability

density functions are represented in Table 1.

Table 1. Statistics values for Madrid—Spain.

Distribution KS “D” A2

Largest Extreme Value 0.0318951 95.2365
Logistic 0.0654753 284.022
Normal 0.0510042 300.199
Laplace 0.0800149 644.089

Smallest Extreme Value 0.100732 998.674

In this example, according to Table 1, the best-fit function is the largest extreme value
distribution [30] because it has the smallest “D” and A2 values. This can be considered a
good fit as the density function graphically matches the histogram (see Figure 6). In fact,
other temperature studies have been carried out in which the extreme value model best fits
the temperature data as compared to other models [31,32].
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Once the probability density function for the airport is known, each representative
temperature threshold can be calculated. Table 2 shows the temperature thresholds at which
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the actual temperatures at the aerodrome will be greater than or equal to them with the
stated probability. Any temperature threshold can be selected; however, for the purposes of
this study, choosing a particular threshold means accepting that for the temperatures below
it, the approach procedure cannot be used; therefore, 95% is considered the lowest value,
therefore accepting that for 5% of temperatures, the approach procedure cannot be used.

Table 2. Probability Madrid—Spain.

Probability (%) Largest Extreme Value T (◦C)

95 1.66
99 −1.36

In this study, the temperatures that correspond to 95 and 99% were selected as the
threshold values. These thresholds were chosen because they are the most commonly used
values in statistics as explained by Avijit Hazra [33] and those used by the ICAO, for example,
when defining the accuracy or the errors of navigation aids or surveillance systems.

For example, the probability that the actual temperature at the airport is greater than
or equal to −1.36 ◦C is 99%, as is shown in Figure 7.
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Occasionally, the fitting between the probability density function and the histograms is
good graphically; however, the p-value obtained is negligible. In this case, this fact should
not be used to reject the adjustment. Many authors, such as J. Ranstam [34], have shown
that the p-value should not be taken as the only decision element.

In cases where the p-value does not offer the expected value, the use of percentiles
can be taken as an alternate method. For this study, the 95% and 99% percentiles of the
temperature databases were also calculated. For example, in Table 3, it is shown that with
95% confidence, the airport temperatures are greater than 1.8 ◦C.

Table 3. Percentiles Madrid—Spain.

Percentile (%) T (◦C)

95 1.8
99 −1.9

There may be small differences between the temperature thresholds using probability
density functions and percentiles; however, for the purpose of calculating the minimum
effective VPA, these differences are not significant.
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4. Statistical Analysis of Airport Temperatures: Application to Selected Airports

In this section, the results obtained from the statistical study of the temperature
databases are presented. These databases correspond to different European airports in a
time frame from 2016 to 2020. The databases were created using METAR information.

An attempt was made to choose airports with different climates and temperatures in
order to cover sufficient scenarios (see Figure 8).
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4.1. Sample Size Verification

As demonstrated in the previous section, as a minimum the sample size has to be
997 values. All the databases that have been studied are more than sufficient. Table 4
demonstrates this. Furthermore, the exact value of the effect size has been calculated with
the sample size of each database, keeping the confidence at 99% and the power at 80%.

Table 4. Sample size verification.

Airport Sample Size Confidence Level Power Effect Size (d)

Germany—Berlin 36,050 99% 80% 0.0180
Austria—Vienna 85,925 99% 80% 0.0117

Belgium—Brussels 43,547 99% 80% 0.0164
Spain—Madrid 84,469 99% 80% 0.0118
France—Paris 83,105 99% 80% 0.0119

Greece—Athens 84,018 99% 80% 0.0118
The Netherlands—Amsterdam 43,804 99% 80% 0.0163

United Kingdom—London 86,082 99% 80% 0.0116

As can be seen, the effect size is smaller than 0.1, a value that is established as small.
Thus, for small effect sizes, the power is equal to or greater than 80%, and confidence levels
of 99% ensure that the sample size is sufficiently significant.

4.2. Identification of Representative Low Temperatures at the Airport

Following the process explained in Section 3, the probability density function for each
airport studied was calculated. Table 5 summarizes the results obtained. It should be noted
that the value of the historical minimum temperature (2016–2020) has been added to allow
for comparison and to obtain more accurate conclusions.
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Table 5. Results of the statistical analysis.

Airport Prob. Function Statistic
Parameter 1

Statistic
Parameter 2 T (◦C) (95%) T (◦C) (99%) Min T 3 (◦C) Prob. (>) Min T

Germany— Berlin Largest Extreme
Value Loc 1 = 7.22449 Scale = 7.47762 −0.98 −4.20 −12.8 100.00%

Austria— Vienna Normal Mean = 11.6383 StDev 2 = 8.84278 −2.91 −8.93 −16 99.91%
Belgium— Brussels Normal Mean = 11.3733 StDev = 6.92934 −0.02 −4.75 −9.7 99.88%

Spain— Madrid Largest Extreme
Value Loc = 10.9917 Scale = 8.08852 1.66 −1.36 −5.7 99.97%

France— Paris Largest Extreme
Value Loc = 12.2801 Scale = 7.22265 0.40 −4.52 −8 99.75%

Greece— Athens Normal Mean = 18.8677 StDev = 8.10409 5.54 0.01 −3 99.65%
The Netherlands—

Amsterdam Normal Mean = 11.3334 StDev = 6.53509 0.58 −3.87 −8.6 99.89%

United Kingdom—London Largest Extreme
Value Loc = 8.95401 Scale = 5.66213 2.74 0.07 −6 99.99%

1 Location; 2 standard deviation; 3 minimum historical temperature (2016–2020).

The results obtained were used to calculate the different effective VPAs corresponding
to a promulgated VPA of 3◦ following Equation (1). (see Table 6).

Table 6. Effective VPAs for temperature probability.

Airport T (◦C) (95%) Effective VPA
(◦) T (◦C) (99%) Effective VPA

(◦) Min T (◦C) Effective VPA
(◦)

Germany—
Berlin −0.98 2.8 −4.20 2.8 −12.8 2.7

Austria—
Vienna −2.91 2.8 −8.93 2.8 −16 2.7

Belgium—
Brussels −0.02 2.8 −4.75 2.8 −9.7 2.7

Spain—
Madrid 1.66 2.9 −1.36 2.9 −5.7 2.8

France—
Paris 0.40 2.9 −4.52 2.8 −8 2.8

Greece—
Athens 5.54 2.9 0.01 2.8 −3 2.8

The
Netherlands—
Amsterdam

0.58 2.8 −3.87 2.8 −8.6 2.7

United
Kingdom—

London
2.74 2.9 0.07 2.8 −6 2.8

As mentioned above, 95% and 99% percentiles were also calculated for each of the
airports and their respective minimum effective VPAs. (see Table 7).

Table 7. Effective VPAs for temperature percentiles.

Airport T (◦C) (95%) Effective VPA (◦) T (◦C) (99%) Effective VPA (◦)

Germany— Berlin −0.7 2.8 −5.5 2.8
Austria— Vienna −2 2.8 −6 2.8

Belgium— Brussels 0.7 2.8 −2.4 2.8
Spain— Madrid 1.8 2.9 −1.9 2.8
France— Paris 1 2.8 −2 2.8

Greece— Athens 6 2.9 3 2.9
The Netherlands— Amsterdam 1.1 2.8 −2.2 2.8

United Kingdom—London 2 2.9 −1 2.8

Analyzing the previous tables (Tables 6 and 7), it can be affirmed that in terms of effec-
tive VPA, there are no significant differences in choosing as the “low” design temperature
the one that represents 95%, 99%, or even the historical minimum, regardless of whether
temperatures corresponding to probability density functions or percentiles are chosen.

5. Impact of Temperature Selection on the OCH: A Practical Case

In order to check if the variation between effective VPAs is substantial, a practical case
has been made to see how the OCH varies depending on the obstacles and the minimum
design temperature. It should be noted that all the values obtained are taken as an example
from Madrid Airport.
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In Figure 9, the slopes of the final approach surface (FAS) corresponding to each of the
temperatures obtained are shown. It should be mentioned that the figure is not to scale
in order to be able to understand all the annotations. As an example, at 2 NM from the
threshold, there are 12 ft approximately between the FAS height corresponding to the 95%
temperature and the one corresponding to the minimum historical temperature. As can be
noted, there is not much variation between them, but it will be necessary to know if this
difference is significant in terms of obtaining the OCH. (Figure 9).
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Table 8 shows the height of the FAS at different distances from the THR; the further
away from the THR, the greater the difference between the surfaces.

Table 8. Height of the final approach segment (FAS) at different distances from the THR.

Representative Temperature
FAS Height (ft) at X NM from THR

2 NM 3 NM 4 NM 5 NM

95% 349.1 654.8 960.5 1266.3
99% 344.6 646.3 948.0 1249.7

Minimum historical temperature 337.5 633.1 928.7 1224.2

In order to know the position and height of the obstacles of interest, the visual segment
surface (VSS) has been represented, which, according to the ICAO PANS-OPS [7] must not
be penetrated by any obstacle. Therefore, all those obstacles that are located in the shaded
area of the Figure 10 shall be taken into account.
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In the following step, different obstacles at different positions and heights have been
plotted in order to find out the variation between the OCHs according to them and the
design temperature that has been used.

First, it has been assumed that the obstacle maintains its position, but its height varies.
The position in this case is 2 NM from the THR and the height varies from 330 ft to 350 ft in
5 ft intervals (see Figure 11).
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According to the ICAO PANS-OPS [7]: “For final approach obstacles penetrating
the FAS or the ground plane, the final approach OCH shall be determined by adding the
category-related height loss margin to the height of the obstacle”. The Table 9 shows the
category-related height loss margins.

Table 9. Height loss margins. Source: ICAO PANS-OPS.

Aircraft Category
(Vat)

Margin Using Radio
Altimeter 1 (Meters)

Margin Using Radio
Altimeter 1 (Feet)

Margin Using
Barometric

Altimeter (Meters)

Margin Using
Barometric

Altimeter (Feet)

A—169 km/h (90 kt) 13 42 40 130
B—223 km/h (120 kt) 18 59 43 142

C—260 km/h
(140 kt) 22 71 46 150

D—306 km/h (90 kt) 26 85 49 161
1 The radio altimeter margins are reproduced for the corrections to the steep angles and high airports only and
not for the derivation of the OCH.

The OCH values according to this practical case are shown in Table 10.

Table 10. OCH obstacles in the same position but at different heights.

Obstacle Height (ft.)
OCH (ft.) CAT D (Position 2 NM from THR)

95% T 99% T Min T

350 511 511 511
345 161 506 506
340 161 161 501
335 161 161 496
330 161 161 161

As can be seen, obstacles in the same position, with heights varying by only 5 ft, lead to
significantly different minima, depending on the chosen design temperature. For example,
for an obstacle located 2 NM from the THR and with a height above it of 340 ft, in the case
of using the temperature that represents 95%, which for Madrid is 1.66 ◦C, the OCH is
161 ft, with it being the same value if the temperature that represents 99% had been used,
which is −1.36. However, if the minimum historical temperature, which is −5.7 ◦C, had
been selected, the OCH would be much higher, 501 ft, that is, if one temperature or another
was taken, the difference in the OCH would be very important. Remember that a high OCH
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value means that a missed approach is likely to be required when the cloud ceiling is below
it. According to the above, it would be better to use the temperature that corresponds in
this case to 99%, admitting in this case that when the temperatures are lower, that is to say,
1% of the time, the procedure cannot be used.

Figure 12 depicts the previous concept, the OCH as a function of design temperature
and obstacle height. In the graphic, the OCH obtained for obstacles at the same location
with small differences in height are quite different from each other depending on the
temperatures considered in the computation. For example, for an obstacle 349 ft in height
sited at 2 NM from THR, using the temperature corresponding to 95%, the OCH would be
161 ft; however, for temperatures of 99% or the historical minimum it would be 510 ft. If the
obstacle were only 1 ft higher, 350 ft, the OCH would be 511 ft for all three temperatures.
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Similarly, the event of considering the same obstacle at different distances from the
threshold was analyzed, obtaining the OCH for different design temperatures. (see Figure 13).
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Figure 13. FAS slope with the same obstacle (same height) in different positions.

Table 11 shows the OCH values corresponding to the obstacles depicted in the figure
above for the different design temperatures for category D aircraft. In the table, it can
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be seen that for a 340 ft-high obstacle located at 3620 m from the threshold, it would
represent an OCH of 501 ft regardless of the chosen design temperature; however, if the
same obstacle were located at 3649 m from the threshold, that is, 29 m further away, the
design temperature would matter, with it obtaining an OCH of 161 ft for the temperature
that represents 95% and an OCH of 501 for lower temperatures (99% or historical minimum).

Table 11. OCH. Obstacles in different positions but at the same height.

Distance from the
Obstacle to the THR (m)

OCH (ft.) CAT D (Obstacle Height 340 ft)

95% T 99% T Min T

3620 501 501 501
3649 161 501 501
3676 161 161 501
3706 161 161 501
3735 161 161 161

In view of the results, small variations in the obstacle position (a variation between them of
about 30 m) lead to significantly different minima, depending on the chosen design temperature.

Figure 14 shows the OCH as a function of the design temperature and the position
of the obstacle. For two obstacles with the same height, located at a short distance from
each other, it may be interesting to calculate the OCH with a temperature higher than the
historical minimum. In Figure 14, considering an obstacle 340 ft in height sited at 3700 m
from the threshold, if the OCH is calculated with the historical minimum temperature,
the OCH would be 500 ft. However, considering the same obstacle in the same position,
the OCH obtained with the 99% temperature would be 161 ft. Additionally, in Figure 14,
when the obstacle (340 ft in height) is sitting at 3650 m or closer to the runway threshold
the OCH is 501 ft for the three temperatures. When the obstacle is sitting between 3650
and 3675 m, the OCH is approximately 161 ft for the 95% temperature and 500 ft for the
99% temperature. In other words, a displacement of only about 25 m considering different
temperatures yields significant differences in the OCH results.
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6. Proposed Methodology for Selecting Airport Temperature

For the evaluation and selection of the minimum design temperature, provided that the
effective VPA at this temperature is ≥2.5◦, the following methodology is proposed. It is not
possible to choose a unique temperature, as it depends on the scenario, the characteristics
of the airport, and the obstacles in the neighborhood.
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1. Determine the cloud ceiling corresponding to the expected periods of use of the
approach procedure with barometric vertical guidance.

2. Calculate the value of the temperature which means that 95 or 99% will be above
them. Two methods:

a. If a probability density function is available which clearly fits the data with an
appropriate p-value, it is recommended to use the temperatures of this fit.

b. If this is not possible, the corresponding 95% and 99% percentiles can be used.
(The percentile method is the simplest one and is equivalent for the purpose of
this application)

c. Identify the temperature which corresponds to the minimum historical temperature.

3. FAS calculation using the representative temperatures identified in the previous step.
4. Obstacle assessment for each FAS.
5. OCH calculation for each FAS.
6. Compare the OCH values obtained with the cloud ceiling for the period of interest.

Select OCHs lower than the cloud ceiling.
7. From the OCHs selected in the previous step, identify the temperature that represents

the highest percentage value.

7. Conclusions

A transformation towards a performance-based navigation concept is taking place world-
wide. PBN procedures offer many advantages that both operators and air traffic service
providers can exploit. This study covers the effects of the choice of design temperature on
airport throughput when a PBN approach procedure whose vertical guidance is barometric.

Since vertical navigation is based on atmospheric pressure, the temperature at the
time of approach will have a direct influence on the actual trajectory flown by the aircraft.
Thus, when the temperature is below the corresponding one at this elevation as in the
ISA model, the effective VPA will be lower than the promulgated one, and with a higher
temperature than the ISA, the effective VPA will be also higher than the promulgated one.
The lower the temperature, the lower the minimum effective VPA, thereupon the lower
the FAS slope, the more obstacles that can penetrate the FAS. Thus, if the low temperature
used to calculate the minimum effective VPA is lower than that needed, then the FAS will
be lower than needed and the approach minima (OCA/H) could be higher than needed.
Therefore, the selection of a suitable temperature to calculate the minimum effective VPA is
a crucial issue to increase runway throughput and, at same time, to obtain a longer period
of time in which the approach procedure could be used.

The temperature thresholds at which the actual temperatures at the aerodrome will
be greater than or equal to a value have been calculated with an established probability of
95% and 99%.

From this research, it is deducted that:

• The effective VPAs corresponding to each temperature (95 and 99%) are very similar.
There is no significant operational difference in terms of effective VPA.

• As far as the OCH is concerned, there are significant differences. The same obstacle
can mean big differences in the value of the OCH if one lower limit of temperature or
another is considered. In this case, it is convenient to carry out a detailed study and
choose the temperature that offers an OCH lower than the cloud ceiling. On the other
hand, obstacles of the same height, located at small distances between them measured
from the threshold, can also mean large differences in the OCH value.

Other factors to be taken into account, but which have not been considered in this study,
are the effects that the choice of certain low temperatures could have on the stabilization of
the approach and in the runway occupation time after landing, which are facts that could
be investigated in future works.



Aerospace 2023, 10, 337 17 of 18

Author Contributions: Conceptualization, L.P.S.; methodology, L.P.S. and C.M.G.-G.; software,
C.M.G.-G.; validation, J.A.P.-C. and L.S.-M., formal analysis, C.M.G.-G. and M.P.M.; data curation,
C.M.G.-G.; writing—original draft preparation, L.P.S. and C.M.G.-G.; writing—review and editing,
M.P.M., J.A.P.-C., L.S.-M. and V.F.G.C.; supervision, L.P.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. European Union. Commission Implementing Regulation (EU) 2018/1048. Airspace usage requirements and operating procedures

concerning performance-based. Off. J. Eur. Union 2018, L 189, 3–8.
2. SJU. ATM Master Plan-Digitalising Europe’s Aviation Infrastructure, 2020th ed.; Publications Office of the European Union: Luxem-

bourg, 2020.
3. EUROCONTROL. European Airspace Concept Handbook for PBN Implementation, PBN Handbook nº 1, 4th ed.; EUROCONTROL:

Brussels, Belgium, 2021.
4. ICAO. Performance Based Navigation Manual (Doc. 9613), 4th ed.; ICAO: Montréal, QC, Canada, 2013.
5. ICAO. Global Aviation Safety Plan 2020–2022 (Doc. 10004); ICAO: Montréal, QC, Canada, 2019.
6. EASA. Annual Safety Review 2021; EASA: Cologne, Germany, 2021.
7. ICAO. PANS-OPS, Seventh Edition 2020, AMDT 9 (Doc 8168); ICAO: Montréal, QC, Canada, 2020.
8. ICAO. A37-11 Performance-based navigation global goals. In Proceedings of the 37th ICAO Assembly, Montréal, QC, Canada, 28

September–8 October 2010.
9. FAA. Roadmap for Performance-Based Navigation; FAA: Washington, DC, USA, 2006.
10. SESAR. PJ19.04 Performance Framework (2019); SJU: Brussels, Belgium, 2019.
11. EUROCONTROL. Guidelines for Cold Temperatures Corrections by ATS, EUROCONTROL Guidelines; EUROCONTROL: Brussels,

Belgium, 2014.
12. Butchibabu, A.; Midkiff, A.; Kendra, A.; Hansman, R.J.; Abhizna, D.C.C. Analysis of Safety Reports Involving Area Navigation

and Required Navigation Performance Procedures. In Proceedings of the International Conference on Human-Computer
Interaction in Aeronautics (HCI-Aero), Cape Canaveral, FL, USA, 3–5 November 2010.

13. FAA; McCartor, G.; Flight Systems Laboratory. Safety Study Report on Simultaneous Parallel Instrument Landing System (ILS) and Area
Navigation (RNAV) or Required Navigation Performance (RNP) Approaches—Phases 3 and 4 DOT-FAA-AFS-450-56; FAA: Oklahoma,
OK, USA, 2010.

14. FAA. Orden 7110.65S Air Traffic Control; FAA: Washington, DC, USA, 2008.
15. ICAO. Manual on Simultaneous Operations on Parallel or Near-Parallel Instrument Runways (SOIR) (Doc 9643), 2nd ed.; ICAO:

Montréal, QC, Canada, 2020.
16. ICAO. Doc. 4444 PANS—ATM 16th ED, 2016, Amendment 9; ICAO: Montréal, QC, Canada, 2016.
17. Muller, D.; Uday, P.; Marais, K. Evaluation of the Potential Environmental Benefits of RNAV/RNP Arrival Procedures. In

Proceedings of the 11th AIAA Aviation Technology, Integration, and Operations (ATIO) Conference, Virginia Beach, VA, USA,
20–22 September 2011.

18. Mayer, R.H.; Crow, B.M.; Zondervan, D.J.; Allerdice, J.K. Concept and Benefits of PBN-Enabled Parallel Approach Operations. In
Proceedings of the 15th AIAA Aviation Technology, Integration, and Operations Conference, Dallas, TX, USA, 22–26 June 2015.

19. Tian, Y.; Wan, L.; Chen, C.-H.; Yang, Y. Safety assessment method of performance-based navigation airspace planning. J. Traffic
Transp. Eng. 2015, 2, 338–345. [CrossRef]

20. Lim, Z.J.; Goh, S.K.; Dhief, I.; Alam, S. Causal Effects of Landing Parameters on Runway Occupancy Time using Causal Machine
Learning Models. In Proceedings of the 2020 IEEE Symposium Series on Computational Intelligence (SSCI), Canberra, ACT,
Australia, 1–4 December 2020.

21. Kasim, K.O. Assessing the Benefits of Performance-Based Navigation Procedures. J. Aviat. Technol. Eng. 2017, 7, 45–49. [CrossRef]
22. Goh, S.K.; Singh, N.P.; Lim, Z.J.; Alam, S. Interpretable Tracking and Detection of Unstable Approaches Using Tunnel Gaussian

Process. IEEE Trans. Aerosp. Electron. Syst. 2020, early access. [CrossRef]
23. Flight Safety Foundation. FSF ALAR Briefing Note 7.1—Stabilized Approach. In Flight Safety Foundation ALAR Tool Kit; Flight

Safety Foundation: Alexandria, VA, USA, 2016.
24. De Smedt, D.; Robert, E.; Behrend, F. Simulations investigating combined effect of lateral and vertical navigation errors on PBN to

xLS transition. In Proceedings of the IEEE/AIAA 34th Digital Avionics Systems Conference (DASC), Prague, Czech Republic,
13–17 September 2015.

25. ICAO. Annex 3-Meteorological Service for International Air Navigation, 20th ed.; ICAO: Montréal, QC, Canada, 2018.
26. Andrade, C. Sample Size and its Importance in Research. Indian J. Psychol. Med. 2020, 42, 102–103. [CrossRef] [PubMed]

http://doi.org/10.1016/j.jtte.2015.08.005
http://doi.org/10.7771/2159-6670.1145
http://doi.org/10.1109/TAES.2022.3217994
http://doi.org/10.4103/IJPSYM.IJPSYM_504_19
http://www.ncbi.nlm.nih.gov/pubmed/31997873


Aerospace 2023, 10, 337 18 of 18

27. Sanchez, J.; Moratalla, A.; García, M.A.S. Workshop of Applied Computing Introduction to Statistics: Statgraphics Program. In
Proceedings of the 3rd International Conference on Education and New Learning Technologies (EDULEARN), Barcelona, Spain,
4–6 July 2011.

28. Berger, V.W.; Zhou, Y. Kolmogorov-Smirnov Test: Overview. In Encyclopedia of Statistics in Behavioural Science; Wiley: Hoboken,
NJ, USA, 2005.

29. Anderson, T.W.; Darling, D.A. Asymptotic theory of certain ‘goodness-of-fit’ criteria based on stochastic processes. Ann. Math.
Stat. 1952, 23, 193–212. [CrossRef]

30. Yin, C.-M.; Chen, B.-H.; Liu, S.-H. Strong consistency of maximum likelihood estimators in extreme-maximum-value distribution
model. In Proceedings of the 2nd International Conference on Sustainable Energy and Environmental Engineering (ICSEEE),
Shenzhen, China, 20–21 December 2013.

31. Mothupi, T.; Thupeng, W.M.; Mashabe, B.; Mokoto, B. Estimating Extreme Quantiles of the Maximum Surface Air Temperatures
for the Sir Seretse Khama International Airport Using the Generalized Extreme Value Distribution. Am. J. Theor. Appl. Stat. 2016,
5, 365–375. [CrossRef]

32. Arreyndip, N.A.; Joseph, E. Extreme temperature forecast in Mbonge, Cameroon, through return level analysis of the generalized
extreme value (GEV) distribution. Int. J. Math. Comput. Phys. Electr. Comput. Eng. 2015, 9, 343–348.

33. Hazra, A. Using the confidence interval confidently. J. Thorac. Dis. 2017, 9, 4125–4130. [CrossRef] [PubMed]
34. Ranstam, J. Why the p-value culture is bad and confidence intervals a better alternative. Osteoarthr. Cartil. 2012, 20, 805–808.

[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1214/aoms/1177729437
http://doi.org/10.11648/j.ajtas.20160506.16
http://doi.org/10.21037/jtd.2017.09.14
http://www.ncbi.nlm.nih.gov/pubmed/29268424
http://doi.org/10.1016/j.joca.2012.04.001
http://www.ncbi.nlm.nih.gov/pubmed/22503814

	Introduction 
	Problem Description 
	Effective VPA and Final Approach Surface (FAS) Relationship 
	FAS and Obstacle Clearance Height (OCH) Relationship 
	OCH and Cloud Ceiling 

	Statistical Analysis of Airport Temperatures: Theoretical Background 
	Statistical Analysis of Airport Temperatures: Application to Selected Airports 
	Sample Size Verification 
	Identification of Representative Low Temperatures at the Airport 

	Impact of Temperature Selection on the OCH: A Practical Case 
	Proposed Methodology for Selecting Airport Temperature 
	Conclusions 
	References

