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A global air traffic emissions database is an essential tool for both policy
maliers and climate change scientists. Since the last comprehensive air-
eraft emissions inventories were developed in 1996 and 1998 for the year
1992, an update is necessary. This need is being addressed in the USA
through a project entitled SAGE and in Europe through a project entitled
AEROZK. Boih Europe and the USA have agreed to collaborate on these
similar projects. The agreement resulted in the exchange of flight move-
ment data in order to realise an air traffic movement inventory, the essen-
tial starting point for estimating global aviation emissions, The objective of
the inventory in both projects is to provide 4-D flight trajectories (latitude,
longitude, aliitude and time) using as much measured data as possible. The
movement inventory is the essential input to the core module used for
computing fuel burn and emissions. This paper details the aireraft move-
ment's data in AEROZK and SAGE.

INTRODUCTION

To determine the impact of aviation on global climate change, studies
to inventory the air traffic movements in the world are required. In
the 90's, projects to produce world flight movement inventories for
ealeulating fuel consumption and emissions were led by NASA,
Abatement of Nuisances Caused by Air Transport (ANCAT), Deutsche
Zentrum fur Luft- und Raumfahrt (DLR), and the Intergovernmental
Panel on Climate Change (IPCC) [Baughcum, 1996; Gardner,19985;
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Schmitt, 1997; and IPCC, 1999]. These inventories were based on
ATC and schedule data completed by a Great Circle trajectory be-
tween city-pairs. In the ANCAT project, the most significant omis-
sion of ATC data was for the United States, for which data were
unavailable for security reasons, Thus, only timetable data were
used for the United States, discarding nonscheduled 1.8, domestic
charters and other flights. To compensate for this problem, fuel usage
data were factored up by 10% [Gardner, 1998].

Ten years later, two U.S. and European projects, respectively
named SAGE and AEROZK, aim to produce a more comprehensive
world inventory using as many real trajectories as possible. A specific
goal of both projects was Lo utilize publicly availahle data and meth-
odologics in developing these inventories, a departure from many of
the previous inventories, which relied on models and methodologies
that were often proprietary in nature. Another significant iniprove-
ment in the current methodologies is the agreement as part of Action
Plan 13 between FAA and Eurocontrol for exchanging flight move-
ment data. These data are four-dimensional trajectories expressed in
terms of latitude. longitude, {light level and time. These trajectories
are given either by radar tracks or flight plans.

In this paper w= examine the origin of the flight movement data for
Europe, the USA and the rest of the world and how these data were
combined to produce a single inventory. Both projects SAGE and
AEROZK adopted different methods, which are described separately
below. A detailed comparison of the AERO2K and SAGE methodolo-
gies for developing movements data, and the overall effect on fuel
burn and emissicns is not included, as this comparison is slated to
begin in the Spring/Summer of 2004.

SAGE

The Federal Aviation Administration’s Office of Environment and
Energy (FAA/AEE) with support from the John A. Volpe National
Transportation Systems Center (Volpe), the Massachusetts Institute
of Technology (MIT) and the Logistics Management Institute (LMI)
are developing th= System [or assessing Aviation's Global Emissions
(SAGE). The development team envisions SAGE as an internation-
ally accepted computer model that can be used for predicting and
evaluating the efiects of different policy and technology scenarios on
aviation-related emissions, costs, aircraft performance, and industry
responses. With ragard to scope, the model will be capable of analyses
on an aireraft, aisport, regional, and glohal level.

The SAGE development effort resulted in the completion of Version
1 at the end of 2002, with periodic updates and enhancements to
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follow in subsequent versions. Version 1 provides the basic core ca-
pability for assessing commereial aviations global fuel burn and
omissions, Later versions will be based entirely upon Version 1 while
providing increased fidelity in input databases and caleulation meth-
odologies; future versions may he expanded to include military and
general aviation movements. In addition. an economics assessment
capability is being designed to work in conjunction with SAGE.

The basic goal for SAGE is to he a technically sound and interna-
tionally accepted computer model used for evaluating technology-
related scenarios on aireraft emissions.

Figure 1 shows a si mplified overview of the relationships between
the main modules in SAGE Version 1.

In order for SAGE to be considered acceptable, the model must
employ technically sound computational algorithms, transparent
methodology and processes, and credible databases that are viewed
as an acceplable means of estimating global aviation emissions by
the international aviation community. International acceptance ol
the model and the underlying databases and assumptions will
greatly contribute to the model's output being accepted and viewed as
credible input to the international decision-making processes. A com-
prehensive uncertainty asseesment of all components within the
model, as well as the model as a whole is necessary, and as such
currently underway.

Components of the Movem ents Database

To understand the components of the movement's databaze, one
must first understand the seope of SAGE. The model will have a
geographical analysis resolution ranging from a single airport to a
global level. In terms of flight analysis, SAGE will be able to analyze
a single aircraft in flight ( i.e., single city-pair) as well as a fleet of
aircraft incorporating multiple worldwide city-pairs. In terms of
analysis years, the model has already been used to develop baseline
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emissions inventories initially corresponding to the vears 2000, 2001,
2002 and 2003, Baselines will be used to develop derivative invento-
ries from querying operations and will also be used as a basis for
comparison (e.g., against forecasted inventories). Baselines will also
be developed forr 2004, 2005, and future years as data becomes avail-
able, as well as possibly past vears (e.g., 1990 and 1992, the years
which correspond to the Kyoto Protocol, and the Abatement of Nui-
sances Caused by Air Transport (ANCAT) report). As shown in Fig-
ure 1, the stancard outputs from the model are fuel burn and emis-
sions inventories of each individual flight, the individual flight
chords (segments), and world grid cells. The basic geometry of world
orid involves latitude, longitude, and altitude dimensions of 1 degree
by 1 degree by 1 kilometer, respectively for each grid cell.

The components of the movement's database within SAGE and
their specific usage depend largely on the particular analysis year
and geographic region being modelled. Table 1 provides a broad over-
view of the main functions and geographic coverage of each database
component. The Database components can be grouped into three gen-
eral categories. The [irst category includes databases that provide
schedule, trajectory, and geographic location data. These components
include the Enhanced Traffic Management System (ETMS), the Of-
ficial Airline Guide (OAG), the Central Flow Management Unit
(CFMU), and cther schedule and trajectory data, as they become
available, The second category includes bwo database components
that provide for the computation of aircralt performanece. They in-
clude the model defined by the Society of Automotive Engineers’
(SAE) Aerospace Information Report (AIR) 1845, and the model de-
fined by Eurocontrol’s Base of Aireraft Data (BADA). The third group
generally consists of data that provides aireraft and engine matching/
assignments, These include the Airline Service Quality Performance
(ASQP) data, the BACK Aviation Solutions (BACK) world fleet, and
an engine distributions database. Each database component is dis-
cussed in detai below.

ETMS. ETMS is essentially the FAA's electronic record of flight
position. ETMS is a combination of flight-identifier encoded radar
position reports and a flight's filed light plan. Each report is time
stamped and the two types of records are mixed together and sorted
by time stamp. These two reports are called the position report and
the flight plan report. ETMS captures every aircraft that flies within
North and Cencral America and the United Kingdom. This coverage
aceounts for about 50 to 55 percent of worldwide operations. ETMS -
includes unscheduled, cargo, military, charter, general aviation, and
scheduled flights, but military and general aviation are not included
in SAGE Version 1. It also captures every flight that files a flight
plan, whether that aireralt enters radar-controlled airspace or not.
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The use of ETMS data in SAGE is considered a substantial improve-
ment compared with previous global inventories, which relied en-
tirely on an OAG/Great Circle approach,

The radar aosition reports include flight [D, altitude, and position
in digital latitude and lon gitude. Radar reports are designated with
“TZ” or “CZ” headers. The flight plan report containsg information
such as scheculed departure time, actual departure time, scheduled
arrival time; actual arrival time, equipment and origin/destination.
Comprehensive data cleani ng, parsing and matching programs were
developed for the processing of ETMS to ensure data integrity and to
streamline the processing of such a voluminoys amount of data.

After using a fairly robust cleaning, parsing, and matching pro-
gram, flight plan and radar information with accurate origin/
destination locations and times can be expected for ahout 70 percent
of the ETMS flights, which equates to about 25 to 30 percent of global
flights. The approximate 30 percent of flights that are dropped due to
the cleaning/parsing process include flights with erroneously large
rates of climb (larger than 25 n/sh, and flights with substantially
mecomplete deta, such as missing departure/arrival airport codes
and/or total travel distance less Lthan 80 percent of the Great Circle
distance.

OAG. The worldwide OAG, a Reed Business Inform ation company
and a member of the Reed Elsevier ple Group, provides worldwide
lists of scheduled commercial and cargo flights. Since worldwide
OAG is used far scheduling and ticket sales, al scheduled airlines
and the majority of scheduled worldwide airlines are represented in
the schedules, Al though the worldwide OAG includes cargo flights, it
does not incluce unscheduled and charter flights.

Comprehens ve data cleaning programs were developed to ensure
an accurate picture of scheduled traffic, For example, code-shari ng
flichts are often represented more than once in an OAG schedule,
and to avoid double-counting, the code-sharing partners have to be
consolidated. Also, airlines regularly cancel overlapping flights at
their hubs. After excising these duplicate records and making an
allowance for predictable cancellations, the OAG represents the ma-
Jority of global air traffic,

Some of the key data contained within the OAG include origin and
destination airport, the time the flight iz scheduled to depart and
arrive at the origin/destination airport in Greenwich Meridian T ime,
the equipment “ype and the flight number. .

CFMU. The Eurocontrols Central Flow Management Unit System
provides access to interactive air traffic fow information across Eu-
rope. It contains capacity ratings for Furocontrol sectors and all pub-
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lic European airports. This database is used tactically to grant flight
plan authorizations for international flights, and at the same time to
reserve and manage the capacity slots associated with Eurocontrol
sectors and European airports, It is both a database of flight and
capacity information and a tactical, daily-use tool.

Other Sechedule and Trajectory Data. Additional sources of
schedule and trajectory data will be identified and included in future
versions of SAGE. It is currently unclear as to the level of detail
available from other vegions in the world. but these data will be
incorporated into SAGE accordingly,

SAE. The SAE AIR 1845 exists in SAGE as a pre-computed static
set of aireraft profiles that describe departure and arrival perfor-
mance [or a variety of aircraft/engine combinations. The SAE AIR
1845 methodology exists as the performance model in the FAA’s In-
tegrated Noise Model (INM) [Olmstead. 2002] as well as other mod-
els. For each aircraft/engine combination. there are up to seven take-
off weight classes based on stage lengths. Stage length (synonymous
with trip distance) is used as a surrogate for takeofl’ weight, The
relationship between stage and trip distance is consistent for all air-
craft. In other words, smaller-sized, shorler-range aireraft may only
have a single stage, whereas mid-range aircraft like the B737 would
typically have four stages. A single landing weight is assumed for
each aircraft/engine combination.

BADA. BADA is managed and updated by Eurocontrol [http://
www.eurocontrol.fr/projects/bada/l. Tt provides a set of ASCII files
containing performance and operating procedure coefficients for ap-
proximately 100 different aircraft types. The coefficients include
those used to caleulate thrust, drag and fuel flow and those used to
specily nominal eruise, climb and descent speeds,

BADA uses a total-energy model. That is, it uses the principle of
conservation of energy to determine the rate of change in speed and
the rate of change in height. Specifically, the total-energy added to
the aircrafl (energy added due to thrust minus energy removed due
to drag) is allocated to the kinetic energy (proportional to the rate of
change in speed) and the potential energy (proportional to the rate of
change in height).

ASQP. The ASQP database is developed by the USDOT's Bureau of
Transportation Statistics (BTS) and it contains fleet data for Approxi-
mately the 10 largest carriers. Specifically, carriers are required to
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provide fleet data if they account for 1 percent or more of the total
domestic scheduled serviee passenger revenues. The database in-
cludes information such as flight number, depart and arrival airport,
date of operation, day of week, aircraft tail number, and taxi out and
in times. The use of the ASQP database in SAGE for such a substan-
tial segment of the U.S. carriers is considered a marked improvement
compared with previous global inventories, which relied on ap-
proaches such as equipment matching based on the most popular
engine.

BACK. The BACK registration (fleet) database is developed-and
managed by BACK Aviation Solutions. It contains a comprehensive
list of all registered aircraft worldwide, including those in the Former
Soviet States. The database includes information: aireraft manufac-
turer, type, =xact model; engine manufacturer, type, exact model:
serial, registration, production line numbers; aircraft age; aircraft
status (e.g., ective/inactive/stored); noise stage or chapter; equipment
classification; and total airframe hours and cycles.

Engine Dis'ributions. Distributions of engines were developed
for the top 50 airlines (based on operations) from analyzing the
BACK fleet catabase. An additional (51%") airline was created to rep-
resent the aggregation of all other (smaller) airlines. The distribu-
tions were developed based on counts of different aireraft and engine
types in each of the airline categories. For example, an airline may
have B737-200, B727-100, ete. aircraft types. And under the B737-
200 category, the airline may be using 50% JT8D-154A, 30% JTSD-9,
ete. engine types. These engine distributions allow for proper statis-
tical assignments (i.e., for a years worth of flight schedules) when the
data is not available for an exact identification of engine types (i.e.
through the use of the ASQP and BACK databases). This is critical
for OAG derived flights since specific engine information is not pro-
vided in OA(G. It 15 also important to a certain degree with ETMS
data, particularly in cases where ASQP data are not available.

Airports. A worldwide airport locations file was developed for the
set of airports represented in the OAG schedule as flight origing and
destinations. Over 7000 airports worldwide are included in SAGE.
The databasc essentially includes airport name, airport code, and the
latitude, longitude, and altitude associated with its location. Sources
for this database includes various FAA offices, Eurocontrol’s CEMLU,
and others.

Movements Database Development

The movements database in SAGE is formed by integrating flight
schedules/plans with the terminal area takeoff/approach profiles and
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en route trajeclories, This movements data essentially constitute the
“backbone” of SAGE by providing information to all other COmpo-
nents of the model. In the next section is deseribed the development
of en route trajectories, followed by a description of the development
of terminal area trajectories, and completed by a description of their
integration.

En Route Data. Tn Version 1 of SAGE, a combination of a trajec-
tory generator and the 2000 ETMS database are used to develop the
en route trajectories. In later versions of SAGE, the en route trajec-
tories will be augmented by data from Eurocontrol’s CFMU, as well
as actual RADAR or RADAR-like data from other sources. In version
I of SAGE, ETMS provides RADAR data. The trajectory generator
modifies the Great Circle (GQ) trajectory, which is essentially the
shortest line fit through two points on the earth’s surface, The ETMS
trajectory data is favored over those derived from the trajectory gen-
erator because ETMS data represents actual measured information.
However, the methods used by the trajectory generator were devel-
oped from a statistical anal ysis of a large set of ETMS data. There-
fore, the results (e.g., fuel burn) from each set of trajectory dala are
similar, at least on an aggregate level when compari ng large samples
of flights. The trajectory generator in concert with the OAG schedule
serves as the default source of aircraft trajectory information with
the use of ETMS data oceurring whenever availahle.

In order to allow the trajectory generator to more realistically rep-
resent actual horizontal flight paths, a dispersion method is Incorpo-
rated such that route offsets from the GC are assigned randomly to
each flight using pseudo-random (i.e., pre-generated) numbers.
These dispersion routes were developed from analyzi ng a large set of
ETMS trajectory data for multiple city pairs, including U.S. to U.S.
flights and trans-Atlantic flights. Figure 2 shows an illustration of
two flights assigned to dispersion routes around the GC.

The dispersion method employs four (4) dispersion tracks per each
of seven (7) stage lengths ( trip distances). Table 2 shows these tracks
for only one stage length. Each of the 4 tracks has an equal chance of
being selected (i,c.. probability of 0.25), and each of the track disper-

Flight 1

Oingan City (e -2} Destinaton Cify

Great Circla Trajeciory

Flaght 2

Figure 2. Dispersion trajectorics,
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Table 2, Trajectory (Lat/Long) Dispersion Distributions Developed from
Analyzing ETMS Data

Perpendicular Distance from Great Circle inm)

Trajectory

Stage No. 20% J0% 40% 50% 60% T0% B0% Prohahility
1 1 8.5 12 45 135 145 L4 12.5 0.25

1 2 40.5 46 T 53 H] p2 48 025

1 3 -85 -12 -135 -135 -145 -—-14 =125 0.25

1 E

-40.6 -46 -50.5 ad =0 -d =48 025

sion records consist of 7 offsets from the GC. Offsets are nautical
miles perpendicular to the great circle route, and the percentages
(e.g., 207, 30%. 40%, etc.) shown in the table refer to a point along
the GO track starting from the origin airport.

Similar to the horizontal dispersion, the en route altitudes used
with the trajectory generator are also based on a dispersion method-
ology developed from analyzing a large set of ETMS data, including
11.5. to U.5. fliglhits and trans-Atlantic flights. This involves the use of
common altitude categories for different trip distances. The current
method is to use four categories as shown in Table 3 For flights with
a Lrip distances greater than 200 nm, the altitudes are randomly
assigned based on the distributions shown in Table 4 using pseudo-
random numbers. Since each distribution point contains a high and
low altitude, one of these are chosen randomly on a 50%/50% basis.
For flights less than 500 nm where the takeotf and approach profiles
cross before they reach the assigned altitudes, a nominal altitude of
20,000 ft is assigned. This was considered more methodically consis-
tent (1.e., more control over altitude assignments) than trying to de-
velop altitudes based on proportioning the takeoft and approach pro-
files to fit the alfitudes. Table 4 shows the altitude distributions
derived from ETMS data. The dispersion altitudes are based on a
distribution of constant cruise altitudes and do not take into account
such effects as step climbs, an enhancement being studied for a fu-
ture version of SAGE. These altitude probabilities are also indepen-
dent of aircraft type, and may be refined in future versions of SAGE.

Preliminary nssessments have shown that, on an aggregated basis,
aireraft fuel burn computed using the GC with horizontal and verti-
cal dispersion is comparable to fuel burn computed using ETMS data.

Table 3. Trip-Distance Categories for Developing Cruise Altitudes for
Use With DAG

Trip Distance Method

=50 mm Drop the flight

=60 and =200 nm Use 15,000 fi

=200 and =500 nm Uze distribution in Table 3

=500 nm Use distribution in Tahle 3

|
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Table 4. Altitude Dispersion Distributions Developed from Analyzing
ETMS Data

Altitude Altitude Probabitity for Flights Probability for Flights
Low (ft) High ift) 200-500 nm Above 500 nm
20000 21000 0.1181 6.245.04

~ 29000 23000 (.1280 3.485-03
24000 25000 L1675 1.36%.02
2EO00 27000 0.1909 5.78%-02
ZHO00 20000 0.1758 0.1259
A0000 31000 01365 (b 2609
22000 33000 5.88E-02 00,2402
4000 5000 0.0164 01923
6000 37000 4.291-03 969502
28000 39000 2.15E-04 1.77503
40000 41000 N/A 5.35E-04
42000 43000 N/A H.92E-05

The en route module depends on several databases including OAG,
ETMS, and several *look-up” databases developed from statistical
correlations. The ASQP and BACK databases need to be used to
correlate flight numbers to registration numbers and ultimately, to
engine types for computation of fuel burn and emissions,

Terminal Area Data. Although ETMS data contain some near
terminal trajectory points (chords), the resolution and inconsistency
prevent any detailed modelling of the terminal area using this data.
Therefore, the internationally recognized SAE AIR 1845 methodol-
ogy/data is used to gencrate the terminal area flight profiles. The
input variables which are required to index the appropriate two-
dimensional profile data (for takeoff and approach) generated using
SAE AIR 1845 include the airerafi ID, the trip distance. and the type
of operation (i.e., departure or approach). Given these indexing vari-
ables, the appropriate profile is identified, and the associated data
arc extracted. These data include the horizontal distance (either from
brake release or runway threshold, depending upon whether the op-
eration is a departure or an approach), the height, the ground speed
and the thrust.

The required indexing parameters for the profile database come
from a combination of sources, incl uding ETMS and ETMS-like data,
augmented by the OAG as appropriate. The ETMS/OAG data are
interfaced with the ASQP data and the BACK registration data so
that the specific aircraft/engine combination on a particular flight
can be identified. If a specific aireraft mateh cannot be made due ti
a lack of coverage from the ASQP data, an assignment is made ac-
cording to the distribution database described previpusly. The trip
distance is determined from the ETMS data directly or the OAG as
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necessary. Determination of takeoff/approach is made using both the
ETMS and OAG databases.

Ground movements including taxi times and delays are modelled
as idling times for fuel burn/emissions computation purposes. These
“movements” (time) are attributed geographically to the airport be-
ing modellad. Average taxi times for each airport were developed
from a stafistical analysis of ASQP data and CFMU data. Airport-
specilic delays were obtained from a capacity and delay model,
WWLMINET [Stouffer, 2002; Long et al., 1998).

Combining En Route and Terminal-Area Data. The terminal-
area profile data is fed to a computational module, which integrates
the two-dimensional takeoff and approach profile data with the en
route trajectories from either ETMS or the trajectory generator. In
creating a Haseline movement’s database (e.g., for 2000], ETMS data
takes precedence over these from the trajectory generator. That is,
data from the trajectory generator is not used if ETMS data is avail-
able for the flights in question.

The takeoff profiles are integrated with the cruise segments of
flight by madelling the takeoff and cruise modes as shown in Figure 3.
The takeoff mode is modelled in fixed altitude steps of 1000 ft,
1500 ft, 2000 ft, 3000 {t, 4000 ft, and in increments of 2000 ft there-
after until the first cruise altitude is reached with a joining chord
that connects the last takeoff chord with the first ETMS chord. Simi-
larly, looking backwards from the destination airport, the approach
altitudes are incremented as 1000 ft, 1500 ft, 3000 ft, and in incre-
ments of 2000 ft thereafter until the last ETMS cruise chord is
reached. And a joining chord is used to connect the last ETMS chord
with the closest approach chord.

One las: element that merits mentioning is the integration of
SAGE fligats with the OAG flights. Special care is taken to ensure
that common flights within SAGE and ETMS are not double-counted.

Evety 2000 L el Evany 2000
cripsg alithude s Cryise Mode destendng from
regched o A crise althee
N == r,
=y il
AR — =
3000k — =
AOE — - JFXEN.
1500 K Takaot! Mads Approach Moedo BT} )
100 N

1000 A

Figure 3. Integration of terminal area and en route data.
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The flight ID and date are used to identify unique flights in ETMS
and OAG, and thereby integrate the two data sets. These integrated
data constitute the aireraft movement’s database within SAGE. The
SAGE movements database is made up of approximately 30 million
flights annually, depending upon inventory year. To date, fuel burn
and emissions inventories have been completed using SAGE for
2000, 2001, 2002, and 2003.

AEROZK

The realization of a world inventory implies the collection of flight
data from various sources. A consequence is the existence of variation
at the level of the data quality, the data formatting, and the dupli-
cation of information between sources. Standardisation is then re-
quired for producing a single inventory. This standardisation is the
function of the import tool and the merge tool developed in AEROZK.
A protolype tool of importing and merging was first developed in MS
Access 2000, The tool was then migrated to Oracle 91, and the system
was modelled using the tool Rational Rose linked to a change man-
agement tool called Continuus.

AEROZK Importing Tool

Origin of the Data. To compile the global inventory, three main
sources were identified: Europe, North America, and the rest of the
world. Based on 2000 ICAO data, they respectively account for 29, 42
and 29 percent of total scheduled aircraft departures [Costaguta,
2001].

European data are obtained from Eurocontrol's Central Flow Man-
agement Unit (CFMU). The CFMU is a repository center for flight
plans originating in the European Civil Aviation Conference (ECAC)
area. CFMU daily flight plan data files are then processed through a
simulator called AMOC standing for ATFM (Air Traffic Flow Man-
agement) Modelling Capability, AMOC is an integrated ATFM simu-
lation platform developed by the Eurocontrol Experimental Centre,
in Brétigny, France. The processing of CFMU flight plans through
AMOC results in 4-D trajectories in respect with the route structure
and ATFM environment for that day.

American data originate from ETMS and are a combination of
radar and flight plan data. Their description has been given in an
earlier section.

In order to cover as many flights as possible in the world, ATC data
were completed with flight schedule data from the BACK Aviation
database, which is derived from and consistent with the OAG. The




138 MICIIOT, ELLIFF, FLEMING, KIN, HOLSCLAW, LOCKE, AND MORALES

coverage of the BACK Aviation database is based on the schedule
data submitted by airlines according to their forecast for future
months, The database contains listings of every scheduled jet and
turboprop {light listed by city-pair and airline, e.g. includes depar-
ture and arrival times, airplane code, aircraft type, and trip fre-
gquency.

Organization of the Files. Data generated by AMOC are split
into two files named Traffic and Flight. The Traffic table includes
data characterising the schedule and the fleet. It reflects the level
and geographic distribution of traffic in terms of frequeney of flights
by origin-destination airpart pair. It also contains the daily time
distribution of traffic in terms of scheduled departure, It indicates
the assignment of a specific aircraft type to each flight. The Flight
table includes data characlerizsing the trajectory such as latitude,
longitude, altitvde, time, and speed. The data structure covered by
ETMS was discussed previously.

For the rest of the world, a complete set of schedules was extracted
for the time period zelected [rom BACK Aviation database. The fields
downloaded were the airport of origin and destination, the published
carrier, the equipment type, the Great Circle distance, the flight
number, the departure and arrival time, the days of operation, and
the elapsed time,

Importing Format. The structure of the ETMS dala being guite
similar to the European data: one file listing general information on
the airport and aircraft, the other file having information on the
flight route, it was decided to keep this structure. Procedures for
importing AMOC, ETMS and BACK Aviation data were then devel-
oped. The common output structure for importing consists of two
tables. The first table contains data fields such as the flight eall sign,
the departure time, the airport of departure, the airport of arrival,
the aircraft type, the last event time known and the source of the
data. The second table contains flight legs data such as the flight call
sign, the flight event time, the latitude, longitude, flight level, the
average speed between two consecutive points, the climb/descent
rale, and the source of the data.

In order to icentify each flight as a single flight, a flight unique
identifier (FLUID) was created. 1t consists of the flight call sign con-
catenated with the airport of departure and the date and time of
departure to the closest minute. The process was adapted at each”
source and includes the conversion of the airport codes to ICAO codes
through an airport database, airline codes to three letter codes, and
date/time to GDMT.

The procedure for importing BACK Aviation data was a bit more
complicated as schedule type of data, such as obtained from BACK
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Aviation, do not have any information on the trajectory between the
airport of departure and the airport of destination, Trajectories had
to be created. This was done after the merge of AMOC and ETMS
data and will be described later.

AEROZK Merging Tool. The purpose of the merging tool is to
select flight information from different sources, after these flights
have initially been imported and converted into the AERO2K stan-
dard format. Imported flights are loaded into a temporary Flight
table and a temporary Flight Leg table. Two groups of processes are
carried out on these data before the real merge. They are a flight leg
consistency check and a flight leg assessment. The whole process is
first applied to AMOC and ETMS data.

A first check is made such that only consistent flights will be in-
cluded in the final inventory. Any flights with missing data or that do
not allow linking the flights to the legs are discarded. A second check
consists of updating the legs with identical event times. The rounding
to the nearest minute of event-time given by the radar leads to the
existence of points with different positions but an identical time. To
avoid this problem, the average position of the legs with the same
event time is calculated and a single leg is kept. Finally, the toaol
should allow the production of a daily inventory, and so the partial
selection of flights. Flights starting the day before or finizhing the
day after should not be totally incorporated in the daily inventory.
For all these flights a leg was ereated at midnight and the position of
the point was estimated based on the Great Cirele distance between
the point before midnight and past midnight. The flight level and
speed are calculated as an average between two flight legs, which are
the last flight leg for departure day and the first flight leg for arrival
day.

The flight leg assessment consists first of updating the average
speed, determining the delta level (i.e. the chimb/descent rate) and
adding a zone indicator. This last process identifies the position of the
leg in the trajectory, either departure (D), en route (E), or arrival (A).
Within this zone identification system, each zone was assessed in
terms of the completeness of the trajectory (Table 5). For both depar-
ture and arrival zones, a “C” for complete was assigned—for example
to zone D if the flight had at least one departure leg. Otherwise, an
“T" for incomplete was assigned. For the en route zone, a flag “F” for
fine was assigned as long as the average speed or rate of change in
altitude was sensible, Otherwise a “D” for dubious was assigned.
Therefore a total of eight combinations were obtained. Such an as-
sessment allowed for a determination of the gquality of the flight
trajectory. Experience showed that the average speed and rate of
change in altitude was often extremely large in value, and as such
had to be flagged s0 as to avoid the use of resultant bad trajec-
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Table 5. Examples of a Zone Indicator Consistency Coding of
the Trajectory

ETMS AMOC
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tories. Some trajectories did not include flight level or presented in-
conzistent ground speeds due to successive positions recorded in a
short period by different radar centres and rounded to the closest
minute.

The assessment finished, and the information contained into the
temporary flight table and the first and last legs information from
the temporary flight leg table is imported into a temporary merge
table. This table is scanned such as all flights that have the same
FLUID or have the same call sign, departure airport, first and last
flight legs within range are identified. Three criteria define the
range:

either the interval of time between flights’ departure times is less
than 900 winutes

or the average speed between the first flight leg of the first flight
and the last flight leg of the second flight is 0 or within 110-600
knots range

or the average speed between the last flight leg of the first flight
and the first flight leg of the second flight is 0 or within 110-600
knots range.

Using these criteria, duplicated flights are retrieved and compared in
order to identify which flight will provide its flight legs for the final
merged flight, and for which one of the flight zones. Comparisons
are made on & set of duplicated flights and the first record in the set
15 replaced with the result of the comparison. The choice of the legs
to select is based on the result of the assessment and the number of
flight legs for a zone. For example, if the first flight is incomplete
for the departure but the flight to eompare with is complete then
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the leg to be selected will be the one from the second flight. If the
second flight was also incomplete then the number of legs is counted
and the flight with the larger number of legs is kept. This ap-
proach assures the best of all trajectory data is retained. Fl ights for
which no duplicated were identified are saved unchanged in the
merge table.

As mentioned previously, schedule data from BACK Aviation do
not have any information on the flight trajectory. For this reason two
methods were developed in order to attribute a trajectory to these
data. The methods are based on the identification of the city-pair
studied among the city-pairs recorded in the merged inventory. In
case of the existence of such a city-pair, the aircraft types mentioned
in the schedule data and the merged inventory for the ci ty-pair stud-
ied are compared. If the city-pair and the aireraft type match, then
the flight legs for the schedule data are created using the matched
flight legs record. If the aircraft type does not match, a check is done
for identifying 1 matching city-pair with an equivalent aireraft type.
The equivalency between airerafts was determined based on a list of
aireraft in BADA [Nuie, 2000]. If several aircraft types are available,
the aircraft type selected will be the one with a trajectory having the
closest departure time,

The second method for creating flight legs is based on the creation
of routes between city-pairs and the alloeation of altitude and speed
defined from template aircraft profile. The National Imagery and
Mapping Agency (NIMA)' of the United States Department of De-
fense (DOD) produces a Digital Aeronautical Flight Information file
(DAFTF)® that gives information on the world route network. A digi-
tal map locating world waypoints and route networks were extracted
from this file. These data were augmented by a list of city-pairs and
an associated airport based on a 40 nm eriterion. All this information
was then loaded into a tool named CARAT, a Computer Aided Route
Allocation Tool developed by Eurocontrol Experimental Centre
[Tibichte, 1997]. For AEROZEK, the capacity com ponent was not in-
voked thus resulting in a route {rom origin to destination based only
on a list of waypoints; capacity and aircraft performances were not
considered. The tool delivered a list of shortest paths found between
city-pairs. At this stage of the method, latitudes and longitudes of
points could be assigned along the path between city-pairs. The sec-
ond stage consists of determining the aireraft performance in order to
attribute a flight level and a speed, to be used for caleulating time.
For each aircraft type a flight profile pattern can be identified. A

“This praduct has not been endorsed or otherwise approved by the National Imagery
and Mapping Agency, or the United States Department of Defense (10 1.5,0. 495).
*This product was develaped using DAFIF®, a product of the National Imagery and
Mapping Agency,”
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flight profile :s mainly determined by the aircraft's operational per-
formance and the total flight length. A profile can be subdivided into
three sections: Departure profile (climb rate and acceleration);
Cruise (constant {light level and ground speed); and Arrival profile
(descent rate and deceleration). Profiles were determined using a set
of ETMS data from which a set of graphs for each aircraft was de-
rived and the trendline assessed visually.

Therefore, for these flights without trajectory information, cruise
flight levels are taken to be a function of the total flight length and
are assumed 0 be constant between the end of the climb phase and
the beginning of the descent phase, and therefore do not take into
account step climb, a limitation currently being evaluated. So for
each aircraft type a graph was created showing the total flight dis-
tance on the horizontal axis and the average maximum flight level
and average maximum speed on the vertical axis. The average values
were calculated by grouping aireraft types into flight distance cat-
egories ol 50 am e.g. all flights having total flight distance between
100 nm and 150 nm are grouped into the single category 125 nm
(centre point)

For each aireraft type and departure and arrival profile, a number
of graphs wer: created showing the progressive flight distance (up to
a00 nm) on the horizontal axis and the average flight level and
ground speed on the vertical axis. Separate graphs were created for
the different light ranges (e.g., 0 to 500 nm, 500 to 1000 nm, 1000
plus nm). The assumption was made that for an aireraft type the
profile for a short flight might be different from that for a long flight.
Progressive distances were grouped into 10 nm categories such as for
each category all points having a progressive distance between 10 nm
and 20 nm were grouped into the single category 15 nm (centre
point).

Knowing the latitude/longitude of two points, the distance was
caleulated based on the Great Circle function and reporting this dis-
tanece on the graphs, the flight level and time at each waypoint along
the trajectory could be determined. The 4-D trajectory could then be
generated.

CONCLUSION

The agreement made by Eurocontrol and the FAA as part of Action
Plan 13 is a good example of a US and European mutual heneficial
collaboration. The exchange of flight movement data was beneficial
to both the SAGE and AEROZK projects. Potential for future prog-
ress would be to tend towards a stronger collaboration in order to
create a single flight movement inventory, or as a minimum better
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understand the effect of the differences on computed fuel burn and
emissions—a study which is slated to begin in 2004. Working to-
wards a stronger collaboration, Eurocontrol and the FAA have pre-
pared a joint questionnaire in an effort to collect worldwide move-
ments data, with a particular focus beyond the US and Europe. To
date, the questionnaire has yet to yield any data. Other approaches,
including a modified questionnaire are currently being examined.
The successful collaboration between Eurocontrol and the FAA in the
exchange of movements databases in support of the SAGE and
AEROZK projects has led to the most comprehensive global fuel burn
and emissions inventories to date. Agreements similar to Action Plan
13 between the US and Europe could also be established with large
regional air traffic centres such as South Africa, Brazil, Australia,
China, and Japan for example, further expanding the breadth and
scape of SAGE and AERO2K,
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ACRONYMS

ATR Agrospace Information Report

AMOC ATFM {Air Traffic Flow Management) Modelling Capability
ANCAT Abatement of Nuisanees Caused by Air Transport
ASQP Airline Service Quality Performance

ATC Air Traffic Control

ATFM Air Traffic Flow Management

BADA Basze of Adrcraft Data

BTS Burean of Transportation Stabistics

CARAT Computer Aided Route Allocation Tool

CFMU Central Flow Management Unit

DAFTF Digital Asronautical Flight Information File

BLR Deutsche Zentrum fur Lufi- und Raumfahrl

T United States Department of Defense

ECAC European Civil Aviation Conference

ETMS Enhaneed Traffic Management Systam
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FAA Faderal Aviation Administration

FAAAER Faderal Aviation Administration’s Office of Environment and
Enerpy

;e Great Cirele

GMT Greenwich Meridian Time

[CAD International Civil Aviation Organization

TNM Integrated Noise Model

IPCC Irtergovernmental Panel on Climate Change

LMI Logistics Management Institute

LMINET Logistics Management Institute Network Quening Model of the US

MIT Maszachusetts Institate of Technology

NASA National Aeronautical and Space Administration

NIMA National Imagery and Mapping Agency

OAG Official Airlines Guide

SAE Seciety of Automolive Engineers

SAGE System for assessing Aviation’s Global Emissions

usnoT United States Department of Transportation
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