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ABSTRACT

In the year 2050, global anthropogenic radiative forcing from aircraft emissions are projected to increase sig-
nificantly. Recent studies have considered climate optimized flight trajectories to be a promising measure
to mitigate non-CO, emissions’ environmental impact, which is highly sensitive to locus and time of emis-
sions. Estimating the maximum mitigation potential from these trajectories requires accounting of air traffic
regulations. As designing regulated climate optimal trajectories necessitates solving a hybrid optimal control
system with unknown mode sequence and associated switching times, there is a need to build an efficient
and systematic control technique. In this thesis, a bi-level optimal control algorithm is proposed for design-
ing climate optimal cruise trajectories, the lower level calculates the optimal switching times and control
inputs of a fixed mode sequence and, the upper level updates the mode sequence with mode insertion which
lower the cost locally. The problem for trajectory optimization is formulated here as a hybrid optimal control
problem with a switched system and with a variable mode sequence, where step-climb and descent modes
are included in the mode sequence. Optimal Control problems for minimizing operating cost and climate
cost with fictitious climate cost functions (CCF), varying with altitude, are solved to study the performance of
the algorithm. The algorithm is implemented within the Trajectory Optimization Module (TOM) by building
a bi-level framework. The framework was validated by solving the operating cost optimal control problem.
The maximum error between the cost reduction estimated by the algorithm and the actual cost reduction
was found to be less than 15%. With high probability it can be stated that the bi-level framework is able to
calculate an optimal mode sequence as the framework allow for zero entry modes in the mode sequence i.e.
modes of zero duration. Although, careful consideration is required while selecting a mode for insertion as
the framework is highly dependent on the sequence of the set of modes.

Despite a satisfactory performance of the bi-level optimal control technique there are few challenges
which limits the scope of this technique. The maximum error was found to increase for optimal control
problems with AirClim CCFs. The dependence of the AirClim CCFs on position of the aircraft influences the
locus of the trajectory at each flight level. Because of this the the trajectories calculated in each iteration of
the framework are found to be inconsistent. A flight trajectory guided by waypoints is proposed as solution
for future studies to handle the inconsistency between trajectories. As future studies are expected to focus on
finding optimal mode definitions for designing climate optimal trajectories, the bi-level optimal control algo-
rithm can act as an intermediary tool with which the researchers can systematically investigate cost benefits
along the trajectories.

Keywords: Aircraft Trajectory Optimization, Bi-Level Control Algorithm, Climate Optimized Trajectory,
Hybrid Systems, Optimal Control Theory, Switched System
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INTRODUCTION

Aviation emissions primarily consist of carbon dioxide (CO,), Nitrogen Oxides (NOy), water vapour (H,0)
and particles (aerosols and soot particles). With varying level in certainty, the global effect from the emis-
sion of these greenhouse gasses is predicted to warm up the Earth’s surface. The Radiative Forcing (RF), a
measure of the change in energy balance of Earth, measured (as of 2005) from global aviation is estimated to
be positive, see figure 1.1. Besides CO;, the best estimate of RF from NO, emissions also indicate a positive
contribution. Based on the current understanding, NO, is considered responsible for the formation of the
Ozone (O3) and reduction of methane (CH,4) from the atmosphere. Further, the contribution of water vapour
(H,0) and soot particles is suspected to be positive, since these are predicted to enhance cirrus cloud from
spreading contrails.[6]

In a span of 5 years, from 2000 to 2005, there has been a 14% increase in total RE The total aviation RF in
the year 2005 was 3.5% of the total anthropogenic forcing and by 2050 it is estimated to be around 4-4.7% of
the total RE where the highest percentage of RF would be due to the non- CO, emissions[7]. In the year 2050,
aircraft emissions are projected to increase, the global CO, by 3%, ozone concentration by 13%, contrail cover
by 0.5% and cirrus cloud cover by 0.8%. The environmental impact due to air traffic emission would further
raise as the air connectivity demands are expected to grow at a rate of 4.1% annually, according to IATA [8].
In a report published by IPCC [9] in 1999, it was predicted that by 2050 the range of technologies developed
will not significantly reduce the global anthropogenic RF caused by the increasing air traffic. Researchers
around the world are working on finding mitigating steps to reduce the impact of air traffic emissions on
global warming.

In the past, significant research has been done in designing optimized flight trajectories to reduce climate
impact due to aircraft emissions. The main aim of developing these climate optimized trajectories is to en-
able the policy makers to make a trade-off between the climate impact mitigation and operating cost, while
making decisions on aviation operations. Various climate models have been used previously to express emis-
sions impact on climate quantitatively. Studies, such of Oliveira,R. et al.[10], represent the climate impact in
terms of Emission Indexes. The Emission Index (EI), defined as grams of pollutant per kilogram of burnt fuel
(g/kg), are calculated using methods such as the Advanced Emission Model or the Boeing Fuel Flow Method
(designed by Eurocontrol). The results of [10] showed improvements upto 21% in reducing aircraft emissions
by optimizing only the vertical flight profile of the departure procedures at Frankfurt Airport. Further, the
study of Sridhar et al.[11] combines the temperature response with the EI, based on a linear dynamic system
response model, for Trans-Atlantic cruise flight. The cruise trajectories are then optimized in presence of
winds while considering the environmental impact caused due to CO, emissions and contrails. The results of
the study estimated 38% and 20% reduction in temperature response with an increase of 3.1% and 3.7% fuel
burnt for westbound and eastbound Trans-Atlantic flights respectively. With estimated climate mitigation
potential being significant there has been an increased interest in designing climate optimized trajectories.



2 1. INTRODUCTION

RF Terms Spatial scale LOSu*
‘ T T T T T T T T T T
Carbon dioxide -_' Global High
Ozone production -—‘ Continentalto  Med-
Methane hemispheric Low
reduction . Global Med-
NO, Low
Total NO, ._| Global Meg-
: ' Low
Water vapour I remisphenc Low
togloba
Sulphate aerosol ' I Localto global Low
Soot zerosol l Localto global ' Low
Linear contrails ._| : : Localto Low
i ' continental
nducedcirss | 20 f 00§ o i Local to Very
cloudiness  FESta hemispheric  low
Total aviation : Global Low
e nduce ey
cirrus : :
Total aviation f , Global Lo
(inc. induced cirrus  Smlesee Sea SRt
{ L i A i A il il il il il L L 1 L I
-0.08 -0.04 0 0.04 0.08 0.12
Radiative Forcing (Wm?)
B B Best Estimate i1 Estimate — 90% confidence

Figure 1.1: Estimates for radiative forcing from global aviation in 2005. The error bars represent the 90% likelihood range for each
estimate. The level of scientific understanding (LOSU) is shown on the right. Source: reproduced from [1].

1.1. CLIMATE IMPACT AND AVIATION EMISSIONS

The increasing understanding of the climate system and improved climate simulation models has allowed
researchers to reproduce the observed global temperature patterns and trends over many decades[6]. As
mentioned previously and from figure 1.1,the non-CO; emissions are estimated to have a significant con-
tribution in global climate change e.g. from changes in ozone, methane, cloudiness and others. According
to the report published by IPCC[9], these non-CO> emissions are characterized to have temporal and spatial
variability in their effects. The impact of these emissions on climate depends not only on the amount of emit-
ted substances, as would be the case with CO, emissions, but also on the time and region where the emission
takes place. Based on the qualitative assessment of the emissions variability the regions with high climate
sensitivity have been identified. This aids in the development of possible strategies to minimize climate im-
pact from optimizing aircraft trajectories. Further, efforts are made in modelling precise climate models for
quantification of climate impact at regions with high climate sensitivity. This section will discusses the de-
pendencies of individual emission and pin point prominent regions where the impact is significant.

1.1.1. CONTRAILS AND CIRRUS CLOUDS
Aircraft line-shaped contrails tend to warm the Earth’s surface, similar to thin clouds. RF of contrails depends
on their global cover and optical properties. Their formations are triggered from the water vapour emitted
by the aircraft and their optical properties depends on the particles emitted and on ambient atmospheric
conditions. A faster growth in contrail cover is expected due to increase in air traffic. The growth is mainly
expected to increase in the upper troposphere, also where the contrails form preferentially. The contrail cover
over Earth’s surface is projected to grow from 0.1%, in 1992, to 0.5%, in 2050. It is also suspected that the
contrail formation may occur with improvements in aircraft fuel efficiency.[9]

According to the current understanding of contrails, they are known to form at high altitudes where the
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ambient temperature is low. In dry air the contrails dissolve quickly and in regions where the relative humid-
ity with respect to ice is high they persist. As the expected effects of persistent contrails is predicted to be
three to four times greater than that of carbon dioxide[12], recent studies have focused on developing strate-
gies to optimize flight path for contrail avoidance.[13] To assess the potential of contrail mitigation through
trajectory optimization, studies in [14] and [15] propose optimization algorithm with climate impact models
to predict the formation of persistent contrail.

In ice-supersaturated air the contrails grow with the absorption of ambient water vapour and turn into
contrail-cirrus. The increasing trend in cirrus/high cloud over congested air traffic regions are attributed
with aviation activities. Cirrus formations are noticed to occur mainly in the regions of North America, North
Atlantic and Europe. Over central Europe the cirrus coverage is estimated to increase by about 1-2% per
decade. This has led to an increased interest in optimizing Trans-Atlantic flight routes for contrail mitigation
e.g.[11]. However, due to limited understanding on cirrus clouds the RF of these are unknown presently.[13]

1.1.2. NO,, H>,O AND PARTICLES

NO, emissions are estimated to have increased the ozone concentrations at the cruise altitudes in northern
mid-latitudes by up to 6% and are projected to rise to about 13% in 2050 from aircraft activities. Further,
NO, emissions are expected to decrease the methane concentration by 5% in the year 2050. The effect of
ozone concentrations are effectively observed to increase through NO, emissions in the upper troposphere
mainly in the Northern Hemisphere. The largest increase in ozone concentration due to aircraft emission is
calculated to occur near the tropopause where natural variability is high. It is also observed that the aircraft
NO, emissions have a stronger effect in the upper troposphere than an equivalent amount of emission on the
surface. Although, the RF of methane and ozone are of similar magnitude and opposite in sign, the difference
in latitudinal structure of the forcing does not cancel at regional level. However, the uncertainties in the
sources and sinks of methane does not allow for a conclusive testing of the impact due to air traffic.[9]

Similar to previously discussed aircraft emissions, water vapour (H,O) tends to increase the Earth’s surface
temperature. A smaller fraction of H,O released in the lower stratosphere can build to large concentrations
with time. Though the effect of H,O is comparatively smaller than those of CO, and NOy, the water emis-
sions in stratosphere tend to partially off-set the NO, induced ozone increase[9]. Further, as discussed in the
previous section, based on the ambient atmospheric conditions the H,O and particles emitted from aircraft
in the troposphere region aids in the formation of persistent contrails.

As predominant effects of the latter discussed emissions are manifest in the upper stratosphere and tro-
posphere region, studies with trajectory optimization for minimizing climate impact focus on developing
optimal aircraft routes for cruise altitudes. As the cruise is the longest phase of a long range flights, increased
interest lies in optimizing cruise trajectories to measure the maximum potential of climate mitigation through
flight trajectory optimization. Although, few studies in the past have focused on calculating the mitigation
of NO, emissions for the cruise phase (e.g.[10, 16]), the climate impact models used in these studies do not
include spatial and time variability. Thus, the results of these studies present a basic scope of climate mitiga-
tion with the purpose of motivating future studies to focus on developing climate optimized trajectories with
improved climate models which can quantify climate impact based on variability of emissions.

1.1.3. CARBON DIOXIDE (CO»)

In the year 1992, carbon dioxide emissions from all transportation sources accounted for 13% of the total
anthropogenic carbon dioxide emissions. About 2% of the total CO, was contributed by the air traffic. As
the RF from these emissions is resulting from emissions during the past 100 years, the concentration of CO»
attributable to aviation in year 1992 is a little more than 1% of the total anthropogenic increase. By 2050 the
projected accumulation of carbon dioxide due to aircraft accounts for 4% of that from all human activities[9].
Based on the understanding on the effects of CO, emissions, their accumulation in the atmosphere is pre-
dicted with high confidence to have a global impact raising the global mean surface temperature.[6]

CO., is the primary carbon gas emitted from aircraft engines because of complete combustion of aviation
fuel. Since the total fuel consumption has a direct dependence on the operational cost, all previous studies of
optimized aircraft routes for optimal operating cost have indirectly minimized the total aviation CO, emis-
sions. Further, studies in [10, 17, 18, 16, 19] offer optimization frameworks for minimizing fuel consumption
with cost models in presence of winds, wind shear and cross wind for different phases of the flight trajectory.
The already available literature on the latter subject offers strong methodologies for predicting the reduction
in carbon dioxide emission by optimizing flight trajectories. As the impact of the emission is global, these
optimized trajectories could be extended to the global flight network.
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1.2. CLIMATE COST FUNCTIONS

Based on the recent understandings of non-CO, emissions dependency on time, location and weather pat-
tern studies are working on quantifying their variability. Within these studies climate cost functions (CCF)
are calculated as a measure for the climate impact of individual aviation emissions depending upon the latter
dependencies. These CCFs physically represent near surface temperature which is presumed to be a reason-
able indicator for climate change. As the effects of the non-CO, emissions depends on individual weather
situations different modelling approached are used for climate models. To the extent of author’s knowledge,
AirClim[20], a tool designed for climate evaluation of aircraft technology, and REACT4C[21], an European
project developed to investigate the potential of climate optimized flight routing, offer climate models which
are capable of quantifying the individual emission’s spatial variability (CCF). Studies in Niklal§ et al.[2] and
Liihrs et al.[4] have utilized AirClim tool and REACT4C climate model, respectively, for assessing the climate
mitigation potential during cruise. Both studies have assumed a free airspace and constant speed cruise for
North Atlantic flight routes and have reached similar conclusions, measuring large potential in climate miti-
gation.

1.2.1. CLIMATE MITIGATION WITH AIRCLIM CCFSs

AirClim model is designed to be applicable for climate agents CO,, H,0, CH4 and O3 and contrails. The model
linearises the complex functional chain from emissions to climate change including transport, chemistry,
micro-physics, and radiation under consideration of climatological mean data. As climate-chemistry calcu-
lations are expensive in time and computational resources, AirClim combines pre-calculated atmospheric
data with aircraft emission data. These pre-calculated data are derived from 25 steady-state simulations for
the year 2050 with the climate-chemistry model E39/C, prescribing normalized emissions of NO, and H,O
at various atmospheric regions. AirClim calculates the temporal evolution of atmospheric concentration
changes, radiative forcing and temperature changes as a function of latitude and altitude, except contrails
for which the climate changes are calculated as a function of latitude, longitude and altitude with minimal
computational time.[20, 2]

(a) Total climate cost function (b) H,O climate cost function
200 U 200 K
240) £ 240
= = \
= g
o 280 i< @ %’ 280
5 &
= 320 0 320 ——————
360 360
10° 40 70° 10° 40° 70"
latitude |[deg] latitude [deg]
(c) O, climate cost function (d) CH, climate cost function
200 200 LL
240 240) |
= =
ja (=™
= =
— 280 = 280
= =
= p=4
7 7
2 320 = 320
360 360)
10° 40° TO® 10° 407 TO®
latitude [deg) latitude |[deg]|
0.0 0.5 1.0 -0.1 0.05 0.0
ATR ., [ ATR, o []
ATR, 00 o rns ATR 00, o e

Figure 1.2: Absolute climate change functions (CCF) at Greenwich meridian as function of altitude and latitude derived with AirClim.
Figure show CCF of (a) all considered climate agents, (b)water vapor (H> O), (c) ozone (03) and (d) methane (CH,). Source: [2]

The study in Niklal§ et al[2] presents an interim climate mitigation strategy by defining climate restricted
airspaces (CRA), regions with high climate sensitivity, characterizing the climate impact with CCFs calculated
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from AirClim model. The restricted area are defined by selecting a threshold value (C;j,) which is based on
the total climate costs. The total climate costs are determined from estimating the climate change, expressed
as average temperature response over 100 years (ATR;qp,; for each climate agent i), over a defined time hori-
zon caused by CO, and non-CO, emissions. The global mean surface temperature changes resulting from
cruise emissions of each flight level is then investigated to define CRAs. The climate sensitivity calculated for
climate agents, H>O, O3 and CHy, between +15°and +80°northern latitude and between -130°and +30°eastern
longitude for an altitude range of 7,610 m to 11,840 m is shown in figure 1.2.

The cruise trajectory between Helsinki (EFHK) and Miami (KMIA) is then optimized from re-routing the
flights around the CRA. Within this study, the climate mitigation potential are investigated by calculating
trajectories based on the percentage of overall airspace being closed. The study additionally also considers
optimizing cruise trajectories by lowering the climate sensitivity along the trajectory. The overall mitigation
potential for these trajectories are then investigated from varying climate mitigation weighting factor. The
flight conditions for all trajectories calculated within this study assume a free flight with no ATM or ATS re-
strictions. The preliminary results of this study show potential to mitigate climate impact by 12% from climate
optimized trajectories and 8.7% from CRA avoided trajectories with 28.8% of the total airspace closed, with
no addition to the operational cost. The altitude variations in the flight path with time for climate optimized
trajectories and CRA avoided trajectories calculated for varying climate weighting factors are shown in figure
1.3. Within these trajectories, it can be observed that with an increasing climate weighing factor (Cy) the
flight altitude is altered such that regions with high climate sensitivity are avoided.

From figure 1.2 it can be observed that the climate sensitivity of all considered agents, except CHy, is
increasing with rising altitude. However, the combined climate sensitivity of these agents, see fig. 1.2 (a), is
observed to be non-linear, without a strict increasing or decreasing gradient with altitude. The trajectories
calculated with maximum weight factor for climate mitigation, see figure 1.3, also indicates this non-linearity,
as these climate optimal trajectories cannot be categorized with only climb or descent flight profiles.
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Figure 1.3: (1)Altitude variation with flight time, on the left, for climate optimized trajectory, where Cy, is the climate weighting factor
and (2) Altitude - longitudinal plot for CRA avoided trajectory, on the right, with CRA are pictured along the cross-section of lateral

path and C,,, represents total airspace available for air traffic for cruise trajectories from Helsinki (EFHK) to Miami (KMIA). Source
[2]

1.2.2. CLIMATE MITIGATION WITH REACT4C CCFs
REACT4C is an EU project which focuses on quantifying emission impact variability by first concentrating on
frequently occuring daily weather patterns. The modelling approach of REACT4C uses Atmospheric Chem-
istry model (EMAC) to calculate climate cost functions. In REACT4C, the CCFs calculation includes the con-
tribution of primary aviation emissions to atmospheric concentration and contrail properties. Further, the
radiative impact is calculated over a time period of weeks leading to an approximate annual mean instanta-
neous RE The model uses a correlation between instantaneous and adjusted RF to obtain a reliable basis for
the expected climate change.[21]

Within the REACT4C project, the climate modelling approach provides CCFs for a defined weather situa-
tion. The most important aviation emissions are measured as a function of location, altitude and time. The
calculation of climate cost function includes the calculation of the emission induced atmospheric changes
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such as the perturbations of NO,, O3, CH4, H»O and the formation of contrails and their optical properties.
In [3] the CCFs are calculated for the North Atlantic region. The study considered typical weather situations
and released aviation emissions at 7 latitudes between 30°N and 80°N, at 6 longitudes between 75°W and 0°W,
at four pressure levels between 200 and 400 hPa, and at 3 times between 6:00 and 18:00. Figure 1.4 (A) show
the CCF calculated for H>O and CHy, as a function of latitude and altitude, at 30°W. Also, figure 1.4 (B) show
the CCF calculated for contrail and O3, as a function of latitude and longitude, at an altitude of 200 hPa. The
contours of figure 1.4 show the RE which serves as the basis for other possible metrics like global warming
potential or global temperature potential. The results of the study estimate the RF value to increase with
altitude for H,O and is predicted to have longer lifetime, before dissolving, for stratospheric emission. The
RF from CHj is predicted to increase from the tropopause towards mid-tropospheric altitudes and O3 RF is
estimated to increase with altitude. For the formation of contrail, it was predicted that at a specific altitude
(200 hPa) there are regions with positive and negative RF and with large areas with no contrail formation. The
distribution of the contrail is based on the extent of the ambient conditions i.e. ice super saturated regions
which are suitable for contrail formation.
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Figure 1.4: A: H,O and CH4 climate cost functions in terms of net radiative forcing represented as a function of altitude (pressure)
and latitude at 30°W. B: Contrail and O3 climate cost functions in terms of net radiative forcing represented as a function of latitude
and longitude at 200 hPa. Source [3]

The climate mitigation potential with REACT4C CCFs were estimated by Liihrs et al. [4] from investigat-
ing nine fictitious North Atlantic routes in the presence of winds for westbound and eastbound flights. The
climate costs were expressed as average temperature response integrated over a time period of 20 years. The
results of the study showed approximately 15% reduction in average temperature response from optimization
with the horizontal plane (2D) for 2% rise in operating cost and 20-35% higher reduction for a similar rise in
cost in case of 3D optimized trajectories. Similar to the study in [2], this study also calculates the climate
mitigation potential for a constant speed cruise flight assuming free flight conditions without air traffic re-
strictions. Figure 1.5 show the altitude variations with longitude for 3D climate optimized cruise trajectories
calculated from REACT4C CCFs.
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Figure 1.5: Altitude variation with longitude plots of vertical and lateral optimized trans-Atlantic cruise flight investigated over ficti-
tious flight routes for varying climate weighting factors (Cy). Source [4]

The result of the study [4] demonstrated the influence of wind presence, in addition to climate sensitive
regions, while determining the climate mitigation potential of climate optimized trajectories. The trajecto-
ries calculated were observed to have a constant altitude cruise in regions with weak winds and climb was
encouraged in regions with strong headwinds. In addition to the wind direction and strength, the vertical
profile of the trajectories were observed to climb or descent, if the reduction in climate sensitivities predomi-
nates the additional emissions caused by headwinds, increased cost from climb or descent phases, additional
flight distance and off-design altitudes.

From the results of the studies, discussed in this and the previous section, it can observed that the vertical
flight characteristics of the climate optimal trajectories are dependent on the CCFs of climate agents and wind
conditions. Since, both CCF and wind conditions do not follow a strict increasing or decreasing gradient with
altitude, the vertical profiles of the climate optimized trajectories are observed to include a climb or descent
phase based on the estimated climate cost benefits.

1.3. CLIMATE TRAJECTORIES VS. ATM TRAJECTORIES

All climate optimized trajectories discussed in the previous section are calculated assuming free flight condi-
tions and constant speed. However, actual flight profiles are regulated by Air Traffic Management (ATM) and
Air Traffic Service (ATS) constraints and consist of different flight modes. The flight path and the sequence of
flight modes are planned either by an Air Traffic Controller (ATC) or a pilot. This is fixed for most part of the
flight until a variation in the sequence is deemed necessary due to operational or emergency reasons. Thus,
unlike the altitude variations observed in case of free flight climate optimized trajectories, ATM regulated
trajectories are restricted to pre-assigned Flight Levels (FL) and a change in altitude is achieved through step
climb/descent procedures which are constrained by ATM and aircraft flight envelope. Further, to ensure safe
flight strict restrictions on vertical separation between aircraft are imposed, called Semi-Circular rule[22],
based on the course of the aircraft (westbound or eastbound).

1.3.1. SEMI-CIRCULAR RULE

To limit the possible conflicts with another aircraft coming from the opposite direction, the semi-circular
rule defines a basic vertical separation for conventional airspace and between same types of aircraft. The
basic rule for the flight levels or altitude selection is defined as a function of the aircraft course, separating
the available flight levels into two categories; the even and odd flight level. The flight levels represent the
altitude in feet rounded off to the nearest 100 or 1000 for altitude below and above 10,000 ft. respectively,
e.g. FL 40 corresponds to 4000 ft. and FL 330 corresponds to 33,000 ft. All flight levels with an even number
before the final 0 are termed as even flight levels (FL 40, 60, 120...) and flight levels with odd number before
the final 0 are termed as odd flight levels (FL 50, 70, 90, 130...). For a conventional airspace, the semi-circular
rule defines the flight levels based on East/West orientation, where the aircraft track with heading angles
between 0°to 179°is assigned odd flight level and for heading angles between 180°to 359°is assigned even flight
levels. Further, the available flight levels between FL 290 and FL 410 are defined by the semi-circular rule as
RVSM (Reduced Vertical Separation Minimum) airspace where 1000 ft. separation between two aircraft are
provided.[22] Figure 1.6 show a visual example of the semi-circular rule followed in conventional airspace.
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Figure 1.6: Vertical separation between eastbound and westbound flights defined by semi-circular rule for a conventional airspace,
restricting available airspace to even and odd flight levels.

Previous studies that have estimated the potential of climate optimized trajectories for climate mitigation
have observed a difference in the plausible reduction of climate impact for the same routes depending on
the flight orientation. The difference in overall potential with orientation is observed for CO, and non-CO,
emissions alike (ref. [11, 4]. Thus for the realization of the maximum potential for climate mitigation through
climate optimized trajectories in an ATM airspace would require optimized flight profiles to be constrained
by semi-circular rule. Further, it is also important to note that the flight levels refers to the pressure altitude
and not the geometric altitude. This is mainly because the performance of an aircraft is based on pressure
altitude for different reasons such as, the geometrical altitude provided by GPS becomes unreliable at higher
altitudes, to and to have a redundant system.

1.3.2. STEP CLIMB AND DESCENT

The climb mode of an aircraft characterizes the flight motion that calls for an increase in altitude. In the
cruise phase of the flight, climbing in steps to an optimum altitude is proposed as one of the best practices
for fuel economy (according to ICAO[23]). Further, apart from fuel efficiency, a climb in cruise phase is also
carried out upon ATC request to maintain a specific cruise speed or for turbulence avoidance. A climb in
all phases of flight should abide by the semi-circular rule where the aircraft can climb only to the designated
flight levels (odd or even). The maximum altitude to which civil aircraft is allowed to climb is FL 411, although
the ceiling altitude of most civil aircraft are lower than this. During climb, the safety envelope of the flight
restricts the speed requirement and the climb is carried out in vertical speed mode where the vertical speed
takes precedence over the true air speed of the aircraft[24].

Similar to climb, the descent mode characterizes the flight motion for decrease in altitude. However,
descent during cruise is not a common practice but is only included into the sequence of flight modes for
emergency situation or to avoid incoming traffic. A descent in altitude for either of the latter reasons still
abides by the semi-circular rule unless the pilot declares a Mayday emergency situation. Further, the speed
mode selected and speed restrictions imposed during descent are conceptually similar to that of the climb
mode.

For an estimation of the maximum potential of the climate optimized trajectories, a study would require
to develop aircraft routes constrained by ATM regulations. As climate optimized trajectories discussed pre-
viously include non-linear altitude variations, an extension of these trajectories in a conventional airspace
would pose a serious challenge to safety of airspace as potential conflicts may arise between aircraft routes.
A study for climate optimized trajectories with ATM constraints imposed would serve as a comparison to the
potential climate mitigation between free flight conditions and a conventional airspace. The results of such
a study would allow future research to consider improved methodology in developing airc