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S1 Air Traffic Dataset

S1.1 Background information

Aircraft that are equipped with an AEEStransponder broadcasieir precise locatiomat a rate
of twice per secondiCAQO, 2021a) and thefollowing informationis providedfor each data

point

1 unique aircraftdentifier, which includeghe International Civil Aviation Organization
(ICAO) 24-bit aircraft address and call sign

1 GPS positior{longitude and latitude)

{1 barometric altitude,

1 aircraft heading,

1 ground speed, and

=

timestampwvhenthe ADS-B signalis received

For the purposes tiis research, we purchasedarcraft activitydataset from Spire Aviation
(n.d.)that containsglobal coverage ohircraft ADSB telemetry datdrom 2019 to 2021hat
contains the variables listed abov&pire Aviation collects these AD®B signals usinga
combination of terrestrial retvers andts own satellite constellatigwhere ADS-B signals
from terrestrialreceiversvereprovided ata temporal resolution of 300Bhe raw ADSB data

is subsequently enrichdxy Spire Aviationwith third-party aircraft database sources and flight

schedules tincludeadditionalflight-level information such as the

=

International Air Transport Association (IATA) flight number,
{ aircraft tail number,

1 ICAO aircraft type designator,

1 ICAOQ airport coddor the origin and destination airporgs)d

1 scheduled and estimated departure and arrival time.
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(a) 2019-01-01
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Terrestrial , - :
Satellite (= . g -

——

Figure S1: Aircraft GPSpositions that are provided by theADS-B dataset onthe (a) }-January-2019; and
(b) 31-December2021 Data points that are collected by terrestrial and satellite receivers are marked in
blue and red respectivelyBasemap plotted using Cartopy 0.21.1 © Natural Earth; license: public domain.

The aircraft activity dataset, hereby known asABDS-B datasetywas selected ahead of other
ADS-B providers (such as Flightradar24, FlightAware and the OpenSky network) because of
the availability of satellite coverage apdce affordability. Fig. S1 presentghe aircraftGPS
positions that are provided by tA®S-B dataset ori-January2019 and 3IDecember2021,

showing that: (isatellitebasedADS-B receivers enables flights to be trackedegions that
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previously had minimal radar coverage, for examplerthe oceans, dgerts, and mountain

rangesand (ii) an increasingoverage area of ADB receiver networks over time.

S1.2 Data cleaningand trajectory completion

The ICAO 24bit aircraft address and call sign are used to identify unique flights in the ADS

B tracking ata. It is not possible to identify the unique trajectories from individual flights using
the raw ADSB data because multiple unique flights can share the same identifier and/or can
be airborne at the same time in rare instartdess we develop avorkflow to: (i) identify the
presence of multiple unique flights with the same ICAO address/call sigrgréip the
waypoints that belong to distinctive flights to construct their trajectories for fuel consumption
and emissions modellingnd (iii) fill any missing flight segments wheneyesssible Fig. S2

summarises the workflothat is developetb process theaw ADS B dataset.

NO

ADS-B Dataset Data cleaning: S
. . YES i
4 \ 1. Group waypoints with the same waypoint < A55|gn closest
Raw ADS-B telemetry: ICAO 24-bit address, 10,000 ft.? airport
ICAQ 24-bit aircraft address, 2. Ensure each group has the same
receivers + Callsign, aircraft and flight metadata, NO J

YES [ Extrapolate trajectory from J

Great-circle interpolation
between recorded waypoints

f/ \ NO
Third-party data: Umque flight ~
|dent|[ed'? Trajectory YES Trajectory
AREELIE GITLEER complete? realistic?
NO
+ Scheduled and estimated departure

« IATA flight number,
YES
\ and arrival time. j
Flight rejected Flight saved

origin (destination) airport to
+ ICAOQ aircraft type designator,
Figure S2: Data cleaning and trajectory completion workflow that is used to process theraw ADS-B

+  GPS position (longitude & latitude) Segment waypoint grougs with
Satellite +  Barometric altitude, multiple unique flights. Airport data
constellation I — d available?
round speed, first (final) waypoint
+ ICAOQ airport code (origin & destination)
dataset.

The first step involves grouping waypoitg theirICAO 24-bit address For each grouphe
number of unique flightsnj are identified when the set of waypoints have more than one
unique call sign, aircraft type, origohestination airport pg and/or tail numbenf n > 1, the
waypoints aresegmentedo n subgroups so that each subgroup have the same aircraft and
flight properties. The subgroup of waypoints with missing, anonymised and/or unidentifiable

aircraft types, such as rotorcraftdor sensitive military flights, are beyond the scope of this
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study and removed from the database. For each subgroup of waypoints, the algorithm performs

additional tests with the following rules to ensure that the constructed flight trajectories are

realistic:

=

the flight trajectory must consist af leasthreerecordedvaypoints,

if airport metadata is available, the tdtaght segment lengtbf the recorded waypoints
must be greater than 5% of the distance between the-degimation airport pair

the segment length betweescordedwaypoints musnot be greater than the great
circle distance between the origiestination airportor greater than 5000 km if the
airport data is not available,

the time difference betweeracordedvaypoints (d) mustnot be greater than theme
required to travel the greaircle distance between the origiestination airport
(assuming a mean cruise speed of 180'fosjet aircraft and 70 msfor turbopros
and piston aircraft), or greater than 6 h if the airport data is not available,

the estimatedyround speethetweernwaypoins must be within a reasonable range of
100 350 m &t when the flight is above 10,000 feet, oii 300 m &' when the flight is
below 10,000 feet,

check the altitude ofvaypointsduring the cruise phase of flight, defined when the
altitude is above 50% of the service ceiling altitude of the aircraft type and the rate of
climb and descent (ROCD) is between + 250 feet per miklrtkess here is a flight
diversion waypointsbetween théeginningandend of thecruisephaseof flight should
not be below 10,000 feekor flights without a cruise phase of flighthe total flight
duration must not be greater than 2 h, which is used as @atiod that it could be a

shorthaul flight

The subset of waypoints that violate conditions (1) and (2) are rejected as there is insufficient

data to construct a flight segment and trajectory. Multiple unique flights are identified when

6



114 conditions (3), (4), (5) and/or (6) are violated, and the wiaypare segmented at the flagged
115 waypoints.For condition (6), the presence of flight diversion is identified wredhof the

116 following threeconditionsare satisfied

117 1 for flagged waypoints that should be at cruise (< 10,000 feet between the begirhing an
118 end of the identified cruise phase of flight), their respectivenabt be less thatine
119 minimum aircraft turnaround time (i.e.duration between landing and tas# for a
120 new flight that is set atO minutes,
121 1 the segment length between flegged waypoirg must be greater than 1 km, which
122 indicatesthat the aircraft is airborne during this period, and
123 1 the time elapsed between the flagged waypaiith the lowest altitude and the final
124 recorded waypoint should be less than 2 h.

(a) Raw dataset (SIA26) (b) Flight trajectories identified (SIA26)
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125

126  Figure S3: Example of (a) multiple unique flights sharing the same call sign in thenprocessed ADSB
127 dataset; and the (b)segmented trajectoriesnto three distinctive flights. The call sign, SIA26, is used for the
128 Singaporei Frankfurt i New York route that is operated by Singapore AirlinesBasemap plotted using
129 cCartopy 0.21.1 © Natural Earth; license: public domain.
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(a) Probability density function (b) Cumulative density function
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Figure $S4: The (a) probability density function and (b) cumulative density function on thetime difference
between recorded waypoints (fj in the raw ADS-B dataset.

Fig. S3 provides an example of multiple unique flights sharing the same call sign in the raw
ADS-B dataset, and the data cleaning algorithm successfully identified and segmented the
waypoints into three distinctive flightdround 90% of the waypoints have &<d300 s when

the aircraft is within the coverage t@frestrial receivers, but dan be up to 40000(s11 h)

when satellite data is not available (F&#). For fuel consumption, emissions, and contrail
modelling, a smaller tdis necessary to account for variations in ambient meteorology and
aircraft performance over large length scales. On this bagispevform a greatircle
interpolation between the recorded waypoints to produce comparable segment lengths with d
ranging between 40 and 60 Bhe greatircle interpolation also explicitly accounts for
differences in altitude between the recorded waygoiWhen the altitude between two
successive waypoints is not equal and the absolute ROCD between waypoints is within £ 500
feet per minutgindicative of shallow climb/descentipalmau and Prats, 201 Ave assume

that the aircraft performs: (i) a step climb (descent) at the start (end) of the segment @hen d
0.5 h; or (ii) a step climb/descent at the fpant when the segment length is largkentified

when d > 0.5 h. When the difference in altitude is large (absolute ROCD fe&0per minute

(Dalmau and Prats, 201 7ye use a linganterpolation to represent a continuous climb/descent



149 between the recorded waypoints. In rare instances where the altitude between two waypoints
150 is below 50% of the service ceiling altitude for long time periotls (dh), i.e., no information

151 s availdle during the cruise phase of flight, we assume that the aircraft will climb and cruise
152 at ~80% of the service ceiling altitude that is rounded to the nearest flight level, and then
153 descent to the next recorded waypoilie note that the incorporation step climbs/descents

154 at cruise altitudes is necessary to ensure that the interpolated trajectories conform to the
155 airspace design and air traffic management constraints in thevoddl (Dalmau and Prats,

156 2017)(Fig. S5. The availability of satellite AD$ coveragealso improves the accuracy of

157 the lateral and verticalrofile of the interpolatedifht trajectoriegFig. S€). We note that the

158 temporalresolutionbetween waypoints that is provided by the AB$ataset (~300 shight

159 notbe sufficient in capturing thiall flight trajectoryin the Terminal Radar Approach Control

160 (TRACON),especiallywhen flights are in adiding patternand the greatircle interpolation

161 between recorded waypointould likely underestimatéhe flight distance flown during the

162 landing and takeff (LTO) phase of flight.
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164  Figure S5: Vertical profile of the interpolated trajectories from 50 unique flights selected at randomwhere
165 each line represents the trajectory of one unique flight.
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Fig. S5 also shows that the trajectories for a subset of flightsqaoenplete, where the first
waypoint does not start at the origin airport, and/or the final waypoint does not end at the
destination airport. Whenever possible, we complete the flight trajectories using one of the two
approaches: (i) a greaircle pathis used to extrapolate the flight trajectory from the origin
(destination) airport to the first (final) waypoint if the airport metadata is provided BXSe

B dataset; and (iiif airport data is not available and the first/final waypoint is below 10,000
feet,we assign and extrapolate the flight trajectory to the nearest airpor&@iigprovidesn
example where the missing flight segment from the origin airport to the first recorded waypoint

is completed when the airport metadata is available.

Additional quality checks are then performed esch ofthe completed flight trajectory to

ensure its validity:

1. the total length of the extrapolated flight segments, i.e., distance from the origin airport
to first waypoint plus the final waypoint to destinatiarpart, must be less than 90%
of the distance between airports, and

2. if the first (final) waypoints below50% of the service ceiling altitude, the duration of
the extrapolated flight segments from the origin airport (final waypoint) to the first
waypoint(destination airport) must be less than 0.5 h,

3. the completed flight trajectory must have a realistic flight t{oqeto 20 h) For each
flight, the maximum flight time is estimated by assuming that the aircraft operates at a
mean speed of 200 m' §~700 km ht) for jet aircraftand 70 m 3 (~250 km h') for
turboprops and piston aircraft, and multiplied by a tolerance factor of between 1.2
(long-haul flights) and 2.5 (shehaul) depending on the time difference between the

first and final recorde waypoint, and

10



189 4. the segment length between successive waypoints must be realistic. The maximum

190 segment length between waypoints is estimated by multiplyingitd an assumed
191 mean speed (200 mt®r ~700 km H for jet aircraft,and 70 m 3 ~250 km ht for
192 turboprops and piston aircrgfaind a tolerance factor of 2 is added.

(a) UAE211: Dubai International Airport to (b) EZY82WD:

George Bush Intercontinental Houston Airport London Gatwick Airport to Fuerteventura Airport

Extrapolated trajectory
ADS-B interpolated
x ADS-B (terrestrial)
| * ADS-B (satellite)

—— ADS-B interpol;

B x ADS-B (terrestrial)
* ADS-B (satellite)
40,000 A

% i
M \
30,000 A T-t \

. ! |
&
3 T X
E 20,000 A / ’\l‘ \\
= | \
10,000 - )[ 1 !
k \
0oL« . . . . . , . % ] , , ; . ; : ~
0 2 4 6 8 10 12 14 16 0.0 0.5 1.0 1.5 2.0 2.5 3.0 35
193 Time elapsed (h) Time elapsed (h)

194  Figure S6: The interpolated lateral (top) and vertical (bottom) trajectory from two example flights.
195 Basemap plotted using Cartopy 0.21.1 © Natural Earth; license: public domain.

196 Flights that violate Condition (relikely caused byupstreanmerrors in linking the dasign
197 and flight schedule database to obtain the airport metadateveaeglace the flight trajectory
198 by assunng a greaicircle path between the given origidestination airport1.5% of all
199 flights). Flights thatviolate Conditions (1), (3) and/oA) are generally indicative of the

200 trajectory containing erroneous waypoints and are rejected.

201 S13 Summary statistics & validation

202 Fig. S7 presents the summary statistics fordleaned ADSB dataset and shows that:

203 1 103.7 million flight trajectoriesare recordetbetween 2019 and 2021 (Fig7a),
204 1 75% of all flights are carried out by jet aircraft, 9% by turboprops, and the remaining
205 15% by piston aircraft (Figs7b),

11
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9 origin and destination airport metadatee available for79% of all flights, and this
figure increases t®1% when piston aircraftmostly used in general aviatioare
excluded(Fig. S7c),

1 67% of all flightshave full trajectory coverage, i.e., first waypoint starting from the
origin airport and ending at thdestination airport, and this figure increases 87
when piston aircraft are excluded (F&yd),

1 5.0% of all flights are rejected from tDS-B dataset (FigS7e), and

1 at the waypoint level, 99% of the recorded ABSignals are fronterrestrial receivers

and the remaining 1% are provided by satellite receivers Sy

The 5% of all flights that are rejected from the ABSlataset are caused by identified errors

in their respective flight trajectories, for example,

1 trajectories that contain less than three waypoints (57% of all rejected flights),

1 trajectories with very long extrapolated segment lengths, i.e., > 90% of the distance
between the orighulestination airport (21% of all rejected flights),

1 flights with unralistic flight time (13% of all rejected flights), and

1 flight segments with unrealistic ground speed (5% of all rejected flights).

Table Sl: Comparison of the global annual number of flights from the cleaned ADSB dataset versus
statistics published by ICAO and IATA.

ADS-B dataset Total number of flights ICAO & IATA: Number of
(millions) departures from scheduled Difference?
All flights Jet and turboprop services (million)
2019 40.2 36.5 38.3 -4.7%
2020 27.9 23.0 20.3 +13.3%
2021 35.6 28.2 24.1° +17.0%

& Difference in the total number of jet and turboprop flights in the AD@ataset relative to ICAO & IATA.
b: Extrapolated using preliminary statistics published by 1A2822)
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(a) Daily number of flights (b) Breakdown of flights by engine type
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(c) Flights with airport metadata (d) Flights with full trajectory coverage
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Figure S7: Summary statistics of thecleaned ADSB dataset, showing the (a) daily number of flights
globally; (b) breakdown of flights by engine type; (c) percentage of flights with origirdestination airport
metadata; (d) percentage of fghts with full trajectory coverage; (e) percentage of rejected flights due to
unrealistic flight time and/or segment length; and (f) daily number of waypoints.

To assess the completeness of the processedBAdHBaset, w compardthe (i) globalannual
number of flights with statistics published by ICAO and IATI®AO 2019,2021h 2022;
IATA, 2022) which countsthe number of departures from scheduled fligtasd (ii) global
annualflight distance flown withestimates provided b#irlines for America(2022) which
captureghe air traffic activity from passenger and cargo airline operatismshesedatasets
only include theair traffic activity from scheduled/commercitights, we onlyincludeflights

thatareperformed by jet and turboprop aircraft in BS-B datasetFlights that arise from

13



238

239

240
241

242
243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

general aviation, which are identified by those performed by piston aircraft, are excluded from

the comparison.

Table S2: Comparison of the global annual flight distance flown that is derived from the cleaned ADSB
dataset versusestimates from producedby Airlines for America.

Total flight distance flown (x10° km)

ADS-B: All flights  ADS-B: Jet andturboprop Airlines for America Difference
2019 60.9 60.3 56.2 +8.4%
2020 34.5 33.7 28.0 +23.2%
2021 41.9 40.8 33.7 +24.3%

a Difference in the total flight distance flown from jet and turboprop flights in the BDfataset relative to
Airlines for America(2022)

The comparison with statistics from ICAdhd IATA (Table S1shows that the number et
and turboprogdlights captured by th&DS-B dataset in 2019 &5 million) is ~4.7% lower
than the globabktatistics (38.3 million)and this is likely caused byi) the smaller global
coverageareaof ADS-B receiver networks in 2019 relative to 2021 (Bd), whereéhesubset
of flights outside the coverage aneaght not be recorded; and (@) the presece oferroneous
trajectoriesin the rawADS-B datasein 2019 where 6.6%of flights being rejectethecause
the validity of their trajectories cannot be verifigedg. S7e). The ADS-B dataset captured a
highernumber ofjet and turboprofflights relative to thd CAO and IATA statisticsin 2020
(23.0 vs. 20.3 million, +13Y@and 2021(28.2 vs. 24.1 million, +17%andthese discrepancies
could bedueto thechangean the proportionof unscheduled flights, i.e., charter flights, cargo
services and prate aviationwhich increased from 4.1% in 2019 to 7.5% in 20&0bieralski
and Mumbower, 2022; ICAO, 2021 otably, the global annual flight distance flofrom
jet and turboprop aircraft ithe ADSB datasetare around 84 % highemwhen compared to
estimates produced by Airlines for Ameri€aable S2), anthis could bebecausdirlines for
America (i) only accounts forthe flight distance flown from passenger and caagbne

operationsand (ii) estimated the flight distance flowrased on scheduled activity and likely

14
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Figure S8: Comparison of the monthly number of air traffic movements derived from the ADS-B dataset
relative to published traffic statistics from: (a) London Heathrow Airport; (b) New York John F. Kennedy
International Airport; and (c) Singapore Changi Airport.

In addition to the globastatistics, we also comparéhe number of air traffic movements

derived from theADS-B dataset withofficial traffic statistics published by London Heathrow

Airport (ICAO airport code: EGLLYHeathrow Airport 2022b) New York John F. Kennedy

International Airport (KJFK)(Port Authority of New York and New Jersef022) and

15



270 Singapore Changi Airport (WSS&hangi Airport Group2022a2022). Fig. S8 showsthat

271 the total number of aircraft movements derived from the proceSB&IB dataset can be

272 between 18% lower when compared with published statistics from the three airpbr3%o(

273 for EGLL,-8.1% for KJFK and-1.3% for WSSS beteen 2019 and 2021). For the comparison
274  with WSSS, we note that the published data does not include air traffic movements from freight
275 operations and private aviation, and therefore, the number of flights ADifeB dataset can

276 be higher than the publisthestatistics.

277 S2  Aircraft -engine combination

278 Fig. S9 provides breakdown of the 20192021 global fleet compositian theADS-B dataset
279 Dby their ICAO aircraft typedesignatarWe note that the same ICAO aircraft type designator
280 can consist oimultiple aircraft variantsthat arepowered by different enging/pes. For
281 example, thdiA3200 ICAO aircraft type designator covettse A320212, A320214, A320

282 231, and A3232 variantsand these variants can either be powerethbylAE V2500 or
283 CFM56-5 engine seriesThe aircraft variant isisedby the Base of Aircraft Data Family 4
284 (BADA 4) aircraft performance modé&b simulate the fuel consumptiggUROCONTROL,
285 2016) while the specific engine model isquiredby the ICAOAiIrcraft EngineEmissions
286 Databank (EDBJEASA, 2021)to estimate the emission indices (Elnafogen oxide NOx),

287 carbon monoxide (CO), unburnt hydrocarbonsHC) and nonvolatile particulate matter

288 (nvPM) for each flight

289 To obtain this informationwe utilisea globalfleet databasérom a commercial company
290 (Cirium) to link the registered aircraft tail number to the speaircraft variant and engine
291 model(Cirium, 2022) Thefleetdatabae covers around 59% of all flights in thBS-B dataset

292 or 79% of all flights that are carried out by patcraft. Table S provides a breakdown of

293 engine market share fidrecommonly usegassengeaircraft typedor flights that are covered

16



294

295

296

297

298

299
300

302

by thefleet databaseFor the remaininglights not covered byleet databaseve assigrthe
default aircraftengine combinationsingthe Base of Aircraft Data (BADA) databa@eable
$4) with modifications applied to the A320@eplaced V25071 with CFM56-5B4), B788
(Trent 1006A Y GEnX-1B70/P2 and B789(Trent 1000 Y GHBiBR2)to usethe

engine type with the highest market sh@t®own in Table S).
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(c) Global fleet composition: Medium-haul flights (d) Global fleet composition: Long-haul flights
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Figure S9: Global fleet composition by distance travelled for: (a) all flights; (b) shorthaul flights (t O3 h);
(c) medium-haul flights (3 <t < 6 h); and (d) longhaul flights (t > 6 h) in the ADS-B datasetbetween 2019
and 2021.
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303 Table S3: Breakdown of the engine market share for 23 commonly used passenger aircraft types in the
304  ADS-B dataset by flight distance travelledFlights are only included in thisanalysis if the registered aircraft
305 tail number is available in thefleet database.

306

ICAO Market share (%)
aircraft Engine Name Engine UID
type -ICAO EDB 2019 2020 2021
designator
A319 CFM56-5B5/3 01P08CM106 30% 21% 21%
CFM56-5B6/3 01P0O8CM107 25% 23% 23%
CFM56-5B7/3 01P0O8CM108 9% 18% 17%
V2522-A5 01P10IA019 11% 10% 8%
V2524-A5 01P10IA020 22% 22% 25%
V2527-A5M 01P10IA023 4% 7% 6%
A320 CFM56-5B4/3 01P08CM105 52% 55% 56%
CFM56-5B6/3 01P0O8CM107 7% 4% 3%
V2527-A5 01P10lA021 38% 38% 38%
V2527-A5E 01P10I1A022 3% 3% 4%
A321 CFM56-5B1/3 01P0O8CM102 2% 1% 1%
CFM56-5B2/3 01P08CM103 2% 3% 3%
CFM56-5B3/3 01P08CM104 33% 35% 37%
V2530-A5 01P10l1A024 3% 2% 2%
V2533-A5 01P10IA025 60% 58% 57%
A19N LEAP-1A26CJ 01P20CM129 100% 100% 100%
A20N LEAP-1A26/26E1 01P20CM128 59% 55% 53%
PW1127GJM 01P18PW153 39% 43% 46%
PW1127GAJM 01P18PW152 2% 2% 2%
A21N LEAP-1A35A/33/33B2/32/30 01P20CM132 40% 39% 43%
PW1130GJM 01P18PW155 7% 7% 3%
PW1133GAJIM 01P18PW156 2% 4% 7%
PW1133GJM 01P18PW157 51% 51% 48%
A332 Trent 772 01P14RR102 100% 100% 100%
A333 Trent 768 01P14RR101 4% 3% 5%
Trent 772 01P14RR102 96% 97% 95%
A346 Trent700072 02P23RR141 93% 100% 0%
CFM56-5B6/3 01P0O8CM107 7% 0% 0%
A359 Trent XWB-75 01P18RR121 3% 5% 8%
Trent XWB-84 01P18RR124 97% 95% 92%
A35K Trent XWB-97 01P21RR125 100% 100% 100%
A388 Trent 97084 01P18RR103 67% 56% 18%
Trent 97284 01P18RR104 12% 12% 0%
Trent 972E84 01P18RR105 22% 33% 82%
B737 CFM56-7B20E 01P11CM111 9% 8% 8%
CFM56-7B22E 01P11CM112 65% 67% 68%
CFM56-7B24E 01P11CM114 23% 23% 22%
CFM56-7B26E 01P11CM116 3% 3% 2%
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307

308

309

310

311

ICAOQO aircraft Engine Name Engine UID - Market share (%)
type designator ICAO EDB 2019 2020 2021
B738 CFM56-7B24E 01P11CM114 16% 18% 17%
CFM56-7B26E 01P11CM116 73% 71% 2%
CFM56-7B27E 01Pl11CM121 8% 8% 8%
CFM56-7B27E/B1 01P11CM122 3% 2% 2%
B739 CFM56-7B24E 01P11CM114 3% 2% 3%
CFM56-7B26E 01P11CM116 50% 47% 42%
CFM56-7B27E 01Pl11CM121 45% 49% 54%
CFM56-7B27E/F 01P11CM125 2% 2% 2%
B744 CF6-80C2B1F 01P02GE186 76% 70% 68%
CF6-80C2B5F 01PO3GE187 24% 30% 32%
B762 CF6-80C2B5F 01PO3GE187 23% 5% 7%
CF6-80C2B6F 01P02GE188 77% 95% 93%
B763 CF6-80C2B6F 01P02GE188 100% 100% 100%
B77L GE90110B1 01P21GE216 90% 95% 94%
GE90115B 01P21GE217 10% 5% 6%
B77W GE90115B 01P21GE217 100% 100% 100%
B788 GEnx1B64/P2 01P17GE206 16% 13% 8%
GEnx1B67/P2 01P17GE207 11% 10% 10%
GEnx1B70/75/P2 01P17GE209 15% 17% 19%
GEnx1B70/P2 01P17GE210 27% 31% 37%
Trent 1000AE3 02P23RR126 2% 3% 2%
Trent 1000CE3 02P23RR127 7% 4% 2%
Trent 1000D3 02P23RR128 4% 4% 6%
Trent 1000G3 02P23RR129 18% 17% 16%
B789 GEnx1B74/75/P2 01P17GE211 58% 60% 63%
GEnx1B76A/P2 01P17GE214 4% 6% 5%
Trent 100033 02P23RR131 34% 30% 27%
Trent 1000K3 02P23RR132 4% 4% 4%
B78X GEnx1B74/75/P2 01P17GE211 22% 23% 26%
GEnx1B76/P2 01P17GE213 31% 47% 43%
GEnx1B76A/P2 01P17GE214 6% 5% 3%
Trent 1000M3 02P23RR134 41% 25% 27%
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312 Table S4: Default aircraft -engine assignment for jet aircraft if the registered aircraft tail number is not
313 includedin the fleet database.For turboprop and piston aircraft, their respective engines are not available
314 inthe ICAO EDB and aconstant emissions indeis used to calculate the N@, CO, HC and nvPM emissions.

315

316

Alicl;(ﬁe?ft Engine - EDB Engine UID - Allcr:c'?;)ft Engine - EDB Engine UID -
Code EDB Code EDB
A148 D-436148 137ZM003 C650 TFE7313 1AS002
A58 D-436148 137M003 C680 PW306B 7PW078
A20N PW1127GJIM 01P22PW163 C750 AE3007C 6AL022
A21N LASEA B0 OLP20CM132 CL30  HTF7000 (ASQ07L-1A) 11HNOO3
A306 PW4158 1PW048 CL60 CF343B 01POSGE189
A30B CF650C2 3GE074 CRIL CF343A1 1GE035
A310 CF680C2A2 1GE015 CRI2 CF343B1 01POSGE189
A318 CFM56589 01P0O8CM110 CRJ9 CF348C5 01PO8GE190
A319 V2522.A5 01P101A019 CRIX CF348C5AL 01PO8GE191
A320 CFM565B4/3 01P0O8CM105 DC10 CF650C2 3GE074
A321 V2530-A5 01P101A024 DC87 CFMS562-C5 1CM003
A332 Trent 7728 01P14RR102 DC93 JT8D11 1PW008
A333 Trent 768 01P14RR101 DCo4 JT8D11 1PW008
A339 Trent700672 02P23RR141 E135 AE3007A1/3 01POBALO30
A342 CFM565C4 2CM015 E145 AE3007A1 01POBALO28
A343 CFM565C4 2CM015 E170 CF348E5 01PO8GE197
A345 Trent 553 8RR044 E190 CF3410E6 8GE116
A346 Trent 556 6RR041 E195 CF3410E7 8GE119
A359 Trent XWB-84 01P18RR124 E290 PW1919G 20PW134
A35K Trent XWB-97 01P21RR125 E35L AE 3007ALE 01POBALO32
A388 Trent 97684 01P18RR103 E45X AE 3007ALE 01POBALO32
A3ST CF680C2A8 1GE021 E545 AS907:3-1E 01P14HNO14
B38M LEAP-1B27 01P20CM136 E550 AS907:3-1E 01P14HNO15
B39M LEAP-1B28 01P20CM140 E75L CF348E5AL 01PO8GE191
B462 ALF 502R5 1TL003 E755S CF348E5AL 01PO8GE191
B463 ALF 502R5 1TL003 F100 TAY MK620-15 1RR020
B703 JT3D3B 1PW001 F28 Spey 555 4RR035
B712 BR700715A1-30 4BRO02 F2TH PW308C BS 1289 03P14PW194
B722 JT8D 15 1PW009 F70 TAY MK620-15 1RR020
B732 JT8D 15 1PW009 F900 TFE7312-2B 1AS001
B733 CFM56382 1CMOO05 FAL0 TFE7312-2B 1AS001
B734 CFM565A 1CMO08 FA50 TFE7312-2B 1AS001
B735 CFMS563 1CM004 FA7X PW307A 03P16PW192
B736 CFMS567B22E 01P11CM112 G150 TFE7312-2B 1AS001
B737 CFMS56.7B24E 01P11CM114 G280 @ng'zzéég‘) 01P11HNO12
B738 CFM56.7B26E 01P11CM116 GL5T BR700710A220 01P04BRO13
B739 CFM56.7B27E 01P11CM121 | GLEX BR700710A220 01P04BRO13




317

318

319

320

321

322

323

324

325

326

327

328

ICAO ICAO
Aircraft Engine- EDB Engine UID - EDB Aircraft Engine- EDB Engine UID - EDB

Code Code

B742 RB211-524D4 1RR008 GLF2 SPEY Mk511 8RR043
B743 JT9D7R4G2 1PW029 GLF5 BR700710C411 01P06BR014
B744 CF6-80C2B1F 01P02GE186 H25B TFE7313 1AS002
B748 GEnx2B67 01P17GE215 HAAT PW308A 01P07PW145
B752 RB211-535E4 1RR013 IL76 D-30KP-2 1AA002
B753 RB211-535E4B 3RR028 IL86 NK-86 1KK003
B762 CF6-80A2 1GEO012 IL96 PS90A 1AAQ005
B763 PW4060 1PW043 L101 RB211-22B 1RR002
B764 CF6-80C2B6F 01P02GE188 LJ35 TFE73%2-2B 1AS001
B772 Trent 892 2RR027 LJ45 TFE7312-2B 1AS001
B773 Trent 892 2RR027 LJ60 PW306A 7PWO077
B77L GE90110B1 01P21GE216 MD11 PW4460 1PWO052
B77W GE90115B 01P21GE217 MD82 JT8D-217C 4PWO070
B788 GEnx1B70/P2 01P17GE210 MD83 JT8D-219 1PWO019
B789 GEnx1B75/P2 01P17GE212 Q4 AE 3007H 8AL025
B78X GEnx1B76/P2 01P17GE213 RJ1H LF507-1F,-1H 1TLOO4
BAl1ll SPEY Mk511 8RR043 RJ85 LF507-1F,-1H 1TLOO4
BE40 JT15D5C 1PWO038 SU95 SaM1461S17 01P11PJ0O03
BER2 D-436-148 F1 13ZM004 T134 D-30 (Il series) 1AA001
C550 JT15D4 series 1PWO036 T154 D-30KU-154 1AA004
C551 JT15D4 series 1PWO036 T204 PS90A 1AA005
C560 JT15D5, -5A, -5B 1PWO037 YK42 D-36 1ZM001

S3  Passengetoad Factor

Thepassenger load factare., thenumberof passengerdivided by theaircraftseat capacity,
is required toestimatethe aircraft massc.f. Eq. (1) in the main textyhich is subsequently
used by BADA to estimate ththrust force anduel consumptionrate Existing studies
generally (i) usea constant annuglassengetoad factor globally(Quadros et al., 2022;
Wasiuk et al., 2015)r (ii) assume nominal (reference) mass for a given aircraft (oh
et al., 2022a}hat is provided by thé8ADA databasg EUROCONTROL, 2019, 2016)
However, the COVIB19 pandemic led to significatemporaland regional variations the

passenger load facttrat needs to be accounted (€ AO, 2022)

Here we compilethe global (monthly) and regional (annua) passenger load factdtF)

statisticshetween Decembet018 and Januar®022from publisheddataby ICAO and IATA
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329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

(ICAO 2019,2021b;2022;IATA, 2022)(Tables S and %). As a breakdown athe monthly
regional passengéf is not availableywe approximatet as aratio of the regional and global

annualLF,

2ACE] &AI 1T AAT . (S1)

A linear interpolationrelative to the monthly regiondlF is then used to obtain the daily
regionalLF, and his approaclensureshat theday-to-daypassengelF is continuousvithout
abruptshifts in magnitud€¢Fig. S10). For each flight, weassign the(i) regionalpassengetF

that is based on the region thie origin airportthat is identified using the first letter of the
ICAO airport codgTable ); or (ii) global mean passendef if airport data is not available.

In reatworld operations, the passenger/weight LF varies between different airlinesqsw
vs. full-service carrierfs aircraft type (narrowbody vs. widebody aircraft) and mission profile
(shorthaul vs. long haul fligts, and passenger vs. freight servjcétwever,our approach is
unable to account for these LF variabilitibecause ofthe lack of publicly available

disaggregated LF data

Table S5: Annual available seat kilometre (ASK) and passenger load factor between 2019 and 2021.

Region ASK (% of global) Passenger Load Facto(%)

2019 2020 2021 2019 2020 2021
Global 100 100 100 82.4 65.3 67.9
Europe 26.0 22.5 24.9 85.0 68.1 68.6
Africa 2.4 2.1 1.9 72.4 60.8 59.5
Middle East 9.9 9.4 6.5 75.6 59.9 51.5
Asia and Pacific 35.1 36.6 27.5 81.7 67.8 62.6
North America 21.6 24.6 32.6 84.8 59.6 73.8
Latin America and Caribbean 5.0 4.8 6.6 82.1 74.8 77.3
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345
346

Table S6: Actual monthly global passenger load factocompiled using published data fromlCAO (2022)
and the monthly regional passenger load factois estimated using Eg. (S1).

Passenger Load Factor (%)

Month Global Europe Africa Middle ~ Asia & North Latin America
East Pacific ~ America & Caribbean
Dec2018 80.4 82.9 70.6 73.7 79.7 82.7 80.1
Jan2019 79.6 82.1 69.9 73.0 78.9 81.9 79.3
Feb2019 80.6 83.1 70.8 73.9 79.9 82.9 80.3
Mar-2019 81.7 84.3 71.8 74.9 81.0 84.1 81.4
Apr-2019 82.8 85.4 72.7 75.9 82.1 85.2 82.5
May-2019 81.5 84.1 71.6 74.8 80.8 83.9 81.2
Jun2019 84.4 87.0 74.1 77.4 83.7 86.8 84.1
Juk2019 85.7 88.4 75.3 78.6 85.0 88.2 85.4
Aug-2019 85.7 88.4 75.3 78.6 85.0 88.2 85.4
Sep2019 81.9 84.5 71.9 75.1 81.2 84.3 81.6
Oct2019 82.0 84.6 72.0 75.2 81.3 84.4 81.7
Nov-2019 81.1 83.6 71.2 74.4 80.4 83.4 80.8
Dec2019 82.3 84.9 72.3 75.5 81.6 84.7 82.0
Janr2020 80.3 83.7 74.8 73.7 83.4 73.3 92.0
Feb2020 75.9 79.2 70.7 69.6 78.8 69.3 86.9
Mar-2020 60.6 63.2 56.4 55.6 62.9 55.3 69.4
Apr-2020 36.6 38.2 34.1 33.6 38.0 334 41.9
May-2020 50.7 52.9 47.2 46.5 52.6 46.3 58.1
Jun2020 57.6 60.1 53.6 52.8 59.8 52.6 66.0
Juk2020 57.9 60.4 53.9 53.1 60.1 52.8 66.3
Aug-2020 58.5 61.0 54.5 53.7 60.7 53.4 67.0
Sep2020 60.1 62.7 56.0 55.1 62.4 54.9 68.8
Oct2020 60.2 62.8 56.1 55.2 62.5 54.9 69.0
Nov-2020 58.0 60.5 54.0 53.2 60.2 52.9 66.4
Dec2020 57.5 60.0 53.5 52.7 59.7 52.5 65.9
Jan2021 54.1 54.6 47.4 41.0 49.9 58.8 61.6
Feb2021 55.4 55.9 48.5 42.0 51.0 60.2 63.0
Mar-2021 62.3 62.9 54.6 47.2 57.4 67.7 70.9
Apr-2021 63.3 63.9 55.4 48.0 58.3 68.8 72.0
May-2021 65.8 66.4 57.6 49.9 60.6 715 74.9
Jun2021 69.6 70.3 61.0 52.8 64.1 75.6 79.2
Juk2021 73.1 73.8 64.0 55.4 67.4 79.4 83.2
Aug-2021 70.0 70.7 61.3 53.1 64.5 76.0 79.6
Sep2021 67.6 68.3 59.2 51.2 62.3 73.4 76.9
Oct2021 70.6 71.3 61.8 53.5 65.1 76.7 80.3
Nov-2021 71.3 72.0 62.4 54.1 65.7 77.5 81.1
Dec2021 72.3 73.0 63.3 54.8 66.6 78.5 82.3
Janr2022 64.5 65.1 56.5 48.9 59.4 70.1 73.4
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347

Table S7: Regional assignment othe passenger load factor foeach flight using the origin ICAO airport

348 code Source:Wikipedia (2022)
First Letter of
ICAO Airport Description Assigned Region
Code
A Western South Pacific Asia Pacific
B Greenland, Iceland & Kosovo Europe
C Canada North America
D Eastern parts of West Africa and Maghreb Africa
E Northern Europe Europe
F Central Africa, Southern Africand Indian Ocean Africa
G Western parts diVest Africa and Maghreb Africa
H East Africa and Northeast Africa Africa
K Contiguous United States North America
L Southern Europe, Israel, Palestiand Turkey Europe
M Central_ America, Mexicaand Northern/Western Parts « Latin America
the Caribbean
N Most of the South Pacific and New Zealand Asia Pacific
0] Pakistan, Afghanistarand many West Asian countries Middle East
P Most of the North Pacific and Kiribati Asia Pacific
R Western part of the North Pacific Asia Pacific
S South America Latin America
T Eastern and southern parts of the Caribbean Latin America
U Most former Soviet countries Asia Pacific
Vv Many South Asian countries, mainland Southeast Asii Asia Pacific
Hong Kong and Macau
W Most of Maritime Southeast Asia Asia Pacific
Y Australia Asia Pacific
Z China, North Koregand Mongolia Asia Pacific
100% = Global =~ —— Middle East —— North America
—— Europe —— Asia Pacific —— Latin America
90% - Africa
:§ — g
E 80% -p=—"
© ——
5 70%
TR
Eﬁ 60% ﬂ\\
Q
A 50%
o
40% A
30% T T T T T T T T
oY o Jog X . o o o 2 o
349 e I L L I L g L
350 Figure S10: Global and regional passenger load factobetween2019 to 202lassumed in this study
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nvPM emissions

The three methods used in this study to estimate the nvPM number emissions irderdEl

mass emissions index (glare listedn order of priority:

for aircraftengine typesvith nvPM measurements availablefe ICAO EDB(EASA,
2021) thenvPM ElL and E}, are estimated using tfia/T> methodology(Teoh et al.,
2022a, b)

for aircraftengine typesvherenvPM measurements not availdle in the ICAO EDB
the nvPM is estimated according to the methodology of Teoh @0&0) wherethe
nvPM El, is estimated by using the average value ofRbemation and Oxidation
(FOX) (Stettler et al., 2013nd Improved FOXImMFOX) method (Abrahamson et al.,
2016) both of which assumes the emissions profilsingleannular combustoraind
thenvPM El is estimated from the Elusing thefractal aggregatedA) model(Teoh
etal., 2019, 2020and

for remaining aircraft typewhereenginespecificdatais not availablethe nvPM Eh
and E} are assumed to be 0.088 glkand 10° kg respectively(Stettler et al., 2013;

Schumann et al., 2015; Teoh et al., 2020)

We describe th&4/T> methodologyin detail in Section S4.Andsummarise the FA modei

Section S4.2.

S4.1 T4/T2 methodology

The T4/T> methodologywasoriginally developed by Teoh et §2022a)to estimate theruise

nvPM based on measurements provided by the ICAO HbBarticular, thewwPM emissions

profile forall in-production and new turbofan engines walked thrust > 26.7 kN (~8anique

engine$ are constructed using the four ICAO certification test ppartd the nvPM emissions

at cruise are estimated by linear interpolatietative to theratio of turbineinlet (Ts) to
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376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

compressoinlet temperature To), a nondimensional measure of engine thrust settings

(Cumpsty and Heyes, 2015)

Here we update theT4/ T, methodologywith two improvements(i) an improved estimate of
T4 thatis informedusing data fronthe ECLIF II/ND-MAX experimental campaig(Schripp

et al., 2022; Brauer et al., 2021; Voigt et al., 202%)ere ground and cruise nvPM Blere
measured behind an Airbus A320 powered by two IAE V2A37engines and (ii) an
incorporation of thestepchangein nvPM emission profildor staged combustors such as the
double annular combustor (DAC) and the twin anngligemixing swirler (TAPS) engine

(Boies et al., 2015; Stickles and Barrett, 2013)

Fig. S11 summarisethe thermodynamiequations used to calculafg'T. for each waypoint
and the changes applied to improve Ta& > methodology are highlighted in reDetailed
description of theséhermodynamicequations can be found in the Supporting Information

§S2.2 of Teoh et a{2022a) In theoriginal study(Teoh et al., 2022ajhe engine thrust settings

(T) was estatedby dividing the fuel mass flow rat# cruise condition&x ) by the

maximum fuel mass flow ra{@& ; ) that is provided by the ICAO EDB,

(S2)

However, a evaluation ofthe nvPM Eln, measurements from thECLIF 1I/ND-MAX
experimental campaigSchripp et al., 2022; Brauer et al., 2021; Voigt et al., 262¢pest
that Eq. (S2)could underestimat€&s/T, at cruiseconditions(Fig. S12g. To address thisye

refer to the Fuel Flow Method 2 (FFM2) methodology to context to an equivalent

fuel mass flow rate at mean sea level conditigns () which is then used to estima{eﬁ—

(DuBois and Paynter, 2006)
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(S3)

8
whered a — — Q8
396 Eg. (S3) leads to 42% increase inT4/T> relative to Eqg. (S2)and the cruise nvPM Eh
397 measurementare more idine with the nvPM emissions profiteat is provided by the ICAO
398 EDB (Fig S12b).Futurework is currently ongoing téurther assess the performance of the
399 T4/T> methodology against(i) cruise nvPM measurements framore recentexperimental

400 campaignsand(ii) different aircraffengine combinations.

401 The nvPM emissions profile varies with different engine combustor(&p&A, 2021) and

402 for most engines, the nvPM [Eis continuous across the range e——. However,
h

403 experimental measurements have showed acti@pge in the nvPM emissions {Bhd El,)

404 for staged combustors such as the DAC and TAPS en(fwss et al., 2015; Stickles and

405 Barrett, 2013)at low (pilot stage), the engine operates in a-fugh environment with

i
406 alow air-to-fuel ratio and the nvPM emissions increases WEP_ and at above anh—

407 threshold, the engine operates with a highetafuel ratio (lean combustion stage) and the
408 nvPM emissions experiences a step change, where the nvRiicEE is lower by up to four

409 orders of magnitude when compared with the pilot stage. The DAC combustor is primarily
410 used in the Boeing 777 aircraft (GE90 engine family), while the TAPS combustor (CFM LEAP

411 and GEnx engines) powers the Boeing 737 MAX, lasstof Airbus A320neo and the Boeing

412 787 Dreamlinerrgfer to Table S3). To construtte nvPM emissions profile for these staged

413 combustors, we utilize the four ICAO certification test points (7%, 30%, 85% and—]ceﬁe%

414 thatis provided by the ICA EDB(EASA, 2021) a linear interpolation of the nvPM emissions
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415 isused whenﬁ— Is between 7% and 30%; and above 39%16— we assume that the engine

416 operates in the lean combustion mode where the nvPM emissions stays constant with the

417 average Eland E}, value at 85% and 100%5—.

= / sz \ T.
= et | Cpa=1005]kg” K" AFR ryise = AFR grouna (=)
= —_— : : ground
P,[Pa] Pamb (1 5 2 M, ) i Cpe=1250] kg 1K1 Tins
. k—i LCV=432x10° Jkg! F =4l

_ V= 2 Py =1 i AFR ={0.0121 0.008

TZ[K] = Tamb <1 + 2 Ma ) 14 71 4 ground FOO,max -

i mp =09 ;

=1 \ AFR[ T3 + LCV i
P.\rn D=3 4
Ps3[Pa] = P,(m —1)( >+P, — ([ | TulK] = =
3[ ] a0 00,max ? T3[K] - TZ 2 i | Cpe (1 it AFR) %

418

419  Figure S11: Thermodynamic equations that is used to calculate the nedimensional engine thrust settings
420  (T4T2). Theengine thrust settings =(|='T+), highlighted in red, is updated in this studyand calculated using

421 Eq. (S3) to improve theT4/T2 methodology. Detailed descriptios of these equations can be found in the
422  Supporting Information §S2.2 ofTeoh et al.(2022a)

(a) Original cruise

L Eq.(52) (b) Updated cruise ——: Eq.(S3)

1016 Foo, 1016 Foo, max
- —
T T
o o
Y4 Y
< <
W] [N}
= =
o o
> >
c c
—>~ |ICAQ EDB: System loss corrected
ECLIF II/ND-MAX: Ground (Ref3)
1015 | e ECLIF II/ND-MAX: Cruise (Ref3) 1015 _
T T T T
3 4 3 4
423 T4/T2 T4/T2

424  Figure S12: Comparison of the ground(in red) and cruise nvPM El, (in green) measuredbehind an Airbus
425  A320 (powered by twolAE V2527-A5 engine$ during the ECLIF 1I/ND -MAX campaign relative to the
426 four nvPM certification data points provided by the ICAO EDB (in blue), where the nondimensional
427  engine thrust settings T4/T2) at cruiseis calculated using (a) the original approach outlined in Eq. (S2);
428 and (b) the updated approachoutlined in Eq. (S3).

429 S4.2 Fractal aggregates model

430 The nvPM emissions profil®r older aircraftengine typess not provided by the ICAO EDB

431 (EASA, 2021)and previous studies used the fractal aggregates (FA) model to estimate the
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432 nvPM Elfor these subset of fligh{Seoh et al., 2019, 2020, 2022a, Dhe FA model converts
433 theestimatedhvPM Eln to El, with assumptions on the nvPparticle size distribution and

434 morphology(Teoh et al., 2020, 2019)

%) (S4)

wheres  cO p O ©O.

435 The nvPM Ek is estimatedby takingthe average adheoutputs provided by theOX (Stettler
436 et al., 2013)and IMFOX methosl (Abrahamson et al., 20165MD is the geometric mean

437 diameterandis estimated as a function /T2 (Teoh et al., 2020)

-8 c®dyyus uv&XCcE p&CPT (S5)

438 whereloss is a correction factor that accounts for particle losses at the instrument sampling
439 point and is set t@a nominal value of5.75 nm(Teoh et al., 2020)GSD is the geometric

440 standard deviationaésumed to b&.80) (Teoh et al., 2020) is theblack carbormaterial

441 density (1770 kg ) (Park et al., 2004)Dm is the massnobility exponat of black carbon

442 aggregates (2.76and krem (1.621x10°) and Drem (0.39) are the transmission electron

443 microscopy prefactor and exponent coefficients respect{Begtanpour and Rogak, 2014)
444 S5  Global aviation emissions inventory

445 The global aviation emissions inventory for 202921 is named as th@lobal Aviation
446 Emissions Inventory based on AEBS(GAIA). Fig. S13 shows the distribution of th2019
447 2021 annualfuel consumptiorby longitude, latitude, rad altitude where ~92% of the019
448 annual fuel consumptiooccurredn the Northern HemispherEig. 3bin the main texshows
449 thatthe mean nvPM Eland E}, above 45,000 fee0@39 g kg* and4.5x10'° kg?) are around
450 4i5 times larger than thglobal mean values (076 g kg* and 10 x10™ kg?) because of a
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451

452

453

454

455

456

457

458

459

460

461
462

higher prevalence of private business jet®sdmean nvPMEIn andEl, can be up t®.58 g

kg and7 x10% kg* respectiely (Table B). Tables ® and 0 breakdown the 2020 and

2021 global aviation activity, fuel consumption, and emissionslibhtoey regionsin 2019

the mean fuel consumption per flight distance in China (4.99 kY isr52% and 21% larger

than theUS (3.29 kg ki) and Europe (4.14 kg ki respetively (Table4 in the main text
andthis could be due tthe (i) higher proportion of flights cruising at lower altitudes of
between 25,000 and 35,000 feet (44% of the total flight distance flown) when compared to
other regions (31% of the flight déstce flown globally) (FigS14); andii) differences in the

fleet compositionmix (proportion ofnarrowbody-to-wide-body aircraft) in different regions

(a)
— 2019
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g
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Figure S13: Probability density function of the annual fuel consumptionfrom GAIA by: (a) longitude; (b)
latitude; and (c) altitude for 2019 (in blue), 2020 (in orange) and 2021 (in green)

30



463

464
465
466

467

468

469

470

471

45,000

40,000 -
35,000 A
. 30,000 ~
£
o 25,000 A
S
_E 20,000 -
< 15,0001 || —-= Global
— USA
10,0001 Europe
5,000 A —— North Atlantic
—— China
0

0.00 0.05 0.10 0.15
Density

Figure S14: Probability density function of the 2019annual flight distance flownin GAIA by altitude across
the globe (black dotted line), and over the USA (in blue), Europe (in orange), North Atlantic (in green) and
China (in red).

Table S8: Top 10 commonly used aircraft types above 45,000 feet and their mean nvPMnlih GAIA .

Aircraft type % of distance flown Mean nvPM Eln Mean nvPM Elm
above 45,000 feet (10" kg™ (g kgh
GLF5 26.4% 7.14 0.52
GLF6 17.2% 6.81 0.55
C750 16.5% 0.32 0.036
GLEX 14.7% 7.12 0.055
GL5T 4.2% 7.09 0.54
F2TH 3.7% 451 0.59
FA7X 3.4% 2.29 0.084
LJ45 2.2% 0.26 0.025
LJ75 1.2% 0.31 0.029
F900 1.1% 0.28 0.028

GAIA, which contains 187 million unique flight trajectories between 2019 and 2021, is used
to provide statistics on thdistribution ofair traffic activity and emissions by flight mission
profile. Tables S11 and S12 categoriges20202021 global air traffic activity and emisss

into three groups based on their flight duration.
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472  Table 9: Regional aviation activity, fuel consumption and emissions for 2020.

. Africa & .
Regional statistics: 2020  Global ~ USA Europe ia_st SEA Latin Middle China India North North Arctic
sia America East Atlantic Pacific Region
Distance travelled (x®km) 34.49 11.27 3.592 6.298 1.569 1.072 2.015 6.848 1.257 1.159 1.610 0.160
- Percentage by region - 33% 10% 18% 4.5% 3.1% 5.8% 20% 3.6% 3.4% 4.7% 0.5%
Air traffic density (km* h'1) 0.008 0.080 0.062 0.044 0.012 0.003 0.004 0.036 0.016 0.012 0.008 0.001
Fuel burn (Tg) 146 324 14.6 29.5 7.73 4.45 9.91 31.6 6.20 6.83 10.8 1.14
- Percentage by regi® - 22% 10% 20% 5.3% 3.0% 6.8% 22% 4.2% 4.7% 7.4% 0.8%
Fuel burn pedist. (kg knt?) 4.242 2.875 4.065 4.684 4.927 4.151 4,918 4.614 4,932 5.893 6.714 7.125
CO:(Tg) 462 102 46.1 93.2 24.4 14.1 31.3 100 19.6 21.6 34.1 3.60
H20 (Tg) 180 39.9 18.0 36.3 9.51 5.47 12.2 38.9 7.63 8.40 133 1.40
OC (Gg) 2.93 0.648 0.292 0.590 0.155 0.089 0.198 0.632 0.124 0.137 0.216 0.023
SO (Gg) 176 38.9 175 35.4 9.28 5.34 11.9 37.9 7.44 8.20 13.0 1.37
SY (Gg) 3.58 0.793 0.358 0.722 0.189 0.109 0.243 0.774 0.152 0.167 0.265 0.028
NOx (Tg) 2.26 0.441 0.222 0.456 0.130 0.070 0.160 0.483 0.103 0.108 0.183 0.020
- Percentage by regin - 20% 10% 20% 5.8% 3.1% 7.1% 21% 4.6% 4.8% 8.1% 0.9%
CO (Gg) 227 72.0 30.2 46.3 125 6.82 13.0 475 7.73 4.07 10.1 0.561
- Percentage by regitn - 32% 13% 20% 5.5% 3.0% 5.7% 21% 3.4% 1.8% 4.4% 0.2%
HC (Gg) 20.9 7.55 2.50 3.46 0.95 0.53 1.21 3.52 0.59 0.51 1.03 0.066
- Percentage by regidn - 36% 12% 17% 4.5% 2.5% 5.8% 17% 2.8% 2.4% 4.9% 0.3%
nvPM mass (Gg) 9.93 2.86 1.06 2.13 0.540 0.310 0.600 2.25 0.363 0.325 0.452 0.036
- Percentage by regidn - 29% 11% 21% 5.4% 3.1% 6.0% 23% 3.7% 3.3% 4.6% 0.4%
nvPM number (x18) 1.464 0.430 0.158 0.335 0.071 0.042 0.080 0.363 0.063 0.039 0.070 0.005
- Percentage by regidn - 29% 11% 23% 4.8% 2.9% 5.5% 25% 4.3% 2.7% 4.8% 0.3%
Mean EI NQ& (g kg?) 15.4 13.6 15.2 15.5 16.8 15.7 16.1 15.3 16.6 15.8 16.9 17.4
Mean EI CO (g kg) 1.55 2.22 2.07 157 1.62 1.53 1.31 1.50 1.25 0.60 0.93 0.49
Mean El HC (g kd) 0.143 0.233 0.171 0.117 0.123 0.119 0.122 0.112 0.095 0.074 0.096 0.058
Mean nvPM Eh (g kg?) 0.068 0.088 0.073 0.072 0.070 0.070 0.061 0.071 0.059 0.048 0.042 0.032
Mean nvPM E{ (x10*° kg 1.001 1.328 1.085 1.136 0.913 0.954 0.810 1.149 1.010 0.569 0.646 0.413

473  * The percentages of each region do not add up to 100% bebauseare someverlapping betweethe regionabounding boxesandwhen taken togethethese regions do
474 not cover 100% of EaFigtlhnd $able 2nthé maindextar ea (refer to

475
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476 Table SL0: Regional aviation activity, fuel consumption and emissions for 2021.

. Africa & .
Regional statistics: 2021  Global ~ USA Europe ia_st SEA Latin Middle China India North North Arctic
sia America East Atlantic Pacific Region
Distance travelled (x®km) 41.91 15.17 4.475 5.948 1.208 1.479 2.795 6.654 1.438 1.441 1.736 0.193
- Percentage by region - 36% 11% 14% 2.9% 3.5% 6.7% 16% 3.4% 3.4% 4.1% 0.5%
Air traffic density (km* h'1) 0.009 0.108 0.077 0.042 0.009 0.004 0.005 0.035 0.018 0.014 0.008 0.001
Fuel burn (Tg) 166 425 16.8 27.8 6.14 5.64 12.59 30.2 6.39 8.35 115 1.33
- Percentage by regin - 26% 10% 17% 3.7% 3.4% 7.6% 18% 3.9% 5.0% 6.9% 0.8%
Fuel burn pedist. (kg knt?) 3.956 2.802 3.761 4.670 5.084 3.811 4.504 4.540 4.440 5.795 6.607 6.909
CO:(Tg) 524 134 53.2 87.8 19.4 17.8 39.8 95.4 20.2 26.4 36.2 4.21
H20 (Tg) 204 52.3 20.7 34.2 7.55 6.93 155 37.2 7.85 10.27 141 1.64
OC (Gg) 3.32 0.850 0.337 0.556 0.123 0.113 0.252 0.604 0.128 0.167 0.229 0.027
SO (Gg) 199 51.0 20.2 33.3 7.37 6.76 15.1 36.3 7.66 10.02 13.8 1.60
SY (Gg) 4.06 1.04 0.412 0.680 0.150 0.138 0.308 0.740 0.156 0.204 0.281 0.033
NOx (Tg) 2.55 0.589 0.253 0.433 0.105 0.087 0.202 0.463 0.104 0.136 0.195 0.024
- Percentage by regitn - 23% 10% 17% 4.1% 3.4% 7.9% 18% 4.1% 5.3% 7.7% 0.9%
CO (Gg) 272 93.2 36.4 474 10.2 9.56 18.3 49.6 8.99 5.07 11.2 0.703
- Percentage by regitn - 34% 13% 17% 3.8% 3.5% 6.7% 18% 3.3% 1.9% 4.1% 0.3%
HC (Gg) 25.0 9.88 2.99 3.47 0.82 0.72 1.60 3.59 0.63 0.58 1.15 0.081
- Percentage by regidn - 40% 12% 14% 3.3% 2.9% 6.4% 14% 2.5% 2.3% 4.6% 0.3%
nvPM mass (Gg) 11.0 3.73 1.15 1.84 0.369 0.382 0.731 1.99 0.321 0.389 0.430 0.038
- Percentage by regidn - 34% 10% 17% 3.4% 3.5% 6.7% 18% 2.9% 3.5% 3.9% 0.3%
nvPM number (x1%) 1.663 0.560 0.179 0.302 0.048 0.054 0.103 0.337 0.065 0.045 0.069 0.005
- Percentage by regidn - 34% 11% 18% 2.9% 3.2% 6.2% 20% 3.9% 2.7% 4.2% 0.3%
Mean EI NQ& (g kg?) 15.4 13.9 15.0 15.6 17.2 155 16.0 15.3 16.3 16.3 17.0 18.0
Mean EI CO (g kg) 1.64 2.19 2.16 1.71 1.66 1.70 1.45 1.64 1.41 0.61 0.98 0.53
Mean El HC (g kd) 0.151 0.232 0.178 0.125 0.133 0.127 0.127 0.119 0.099 0.070 0.100 0.060
Mean nvPM Eh (g kg?) 0.066 0.088 0.068 0.066 0.060 0.068 0.058 0.066 0.050 0.047 0.037 0.029
Mean nvPM E{ (x10* kg?) 1.003 1.317 1.061 1.088 0.774 0.950 0.817 1.116 1.024 0.540 0.604 0.381

477  * The percentages of each region do not add up to 100% beabauseare someverlapping betweethe regionabounding boxesandwhen taken togethethese regions do
478 not cover 100% of EaFigtlhnd $abls 2nthé maineextar ea (refer to
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479 Table S11: Breakdown of aviation activity, fuel consumption and emissions for 2020 by flighduration.

_ - < -
Flight-level statistics: 2020 Al flights izl‘;t haul (t )fiht)otal M‘i?;’u”e' haul (3 %ttﬁg \J_;L]g haul (tO/: t60)tal
Number of flights 2TOM2L 4415065 875w 2563329 9.2% 931,920  3.3%
Number of nighflights® 4375917 3,707,150 84.7% 507,657 11.6% 161,110 3.7%
Er'j)ta”ce travelled (x£0 34.50 19.47 56.4% 7.737 22.4% 7.292 21.1%
Fuel burn (Tg) 146 60.4 41.3% 31.2 21.3% 54.7 37.4%
Fuel burn pedist. (kg knt%) 4.241 3.102 - 4.035 - 7.499 -
Mean flight time (h) 1.76 1.27 - 3.95 - 9.08 -
Mean flight length (km) 1236 797 - 3018 - 7825 -
Mean aircraft mass (kg) 49593 39896 - 86607 - 211559 -

- Fuel fractiofi 7.20% 5.69% - 15.2% - 26.0% -
CO; (Tg) 462 191 41.3% 99 21.3% 173 37.4%
NOx (Tg) 2.26 0.829 36.7% 0.447 19.8% 0.983 43.5%
CO (Gg) 227 147 64.8% 40.4 17.8% 39.4 17.4%
HC (Gg) 20.9 12.3 58.9% 4.19 20.0% 4.40 21.1%
nvPM mass (Gg) 9.93 5.35 53.9% 2.38 24.0% 2.20 22.2%
nvPM number (x18) 1.46 0.864 59.2% 0.353 24.2% 0.247 16.9%
Mean EI NG (g kg?) 15.45 13.73 - 14.32 - 17.98 -
Mean EI CO (g kg) 1.55 2.43 - 1.29 - 0.72 -
Mean EI HC (g kd) 0.14 0.20 - 0.13 - 0.08 -
Mean nvPM E} (g kg?) 0.068 0.089 - 0.076 - 0.040 -
Mean nvPM E| (x10*°kg™) 0.998 1.430 - 1.131 - 0.452 -

480  =Night flights are identified when their mean solar direct radiation (SDR) throughout their flight trajectory is <21 W m
481 " Fuel fraction = total fuel massfinitial aircraft mass

482 Table S12: Breakdown of aviation activity, fuel consumption and emissions for 2021 by flight duration.

. - All Short-haul (t X3h Medium-haul (3 <t Long-haul (t > 6
Flight-level statistics: 2021 flights Value ( >10<3/ot)otall Value ( %tgg Valug ( %t)otal
Number of flights 35'567 637 31277810  87.9% 3278356  9.2% 1,020210  2.9%
Number of night flight$ 4,847,915 4,120,217 85.0% 568,596 11.7% 159,102 3.3%
Distance travelled (x2km) 41.90 24.06 57.4% 9.853 23.5% 7.994 19.1%
Fuel burn (Tg) 166 70.2 42.4% 37.8 22.8% 57.8 34.8%
Fuel burn pedist. (kg kni%) 3.957 2.919 - 3.837 - 7.227 -
Mean flight time (h) 1.74 1.26 - 3.95 - 9.06 -
Mean flight length (km) 1178 769 - 3005 - 7836 -
Mean aircraft mass (kg) 46533 37440 - 82687 - 207952 -

- Fuel fractiofi 6.98% 5.53% - 14.9% - 25.6% -
CO, (Tg) 524 222 42.4% 119 22.8% 182 34.8%
NOx (Tg) 2.55 0.97 37.8% 0.542 21.3% 1.04 40.8%
CO (Gg) 272 179 65.8% 49.9 18.3% 42.7 15.7%
HC (Gg) 25.0 15.2 60.8% 5.26 21.0% 4.56 18.2%
nvPM mass (Gg) 11.0 5.98 54.5% 2.79 25.4% 2.21 20.1%
nvPM number (x1¢) 1.66 0.984 59.3% 0.427 25.7% 0.252 15.2%
Mean EI NQ (g kg?) 15.38 13.74 - 14.33 - 18.00 -
Mean EI CO (g kd) 1.64 2.55 - 1.32 - 0.74 -
Mean El HC (g kd) 0.15 0.22 - 0.14 - 0.08 -
Mean nvPM E} (g kg?) 0.066 0.085 - 0.074 - 0.038 -
Mean nvPM EJ| (x10*°kg™?) 1.001 1.401 - 1.129 - 0.436 -

483  =Night flights are identified when their mean solar direct radiation (SDR) throughout their flight trajectory is <21 W m
484 b Fuel fraction = total fuemass/initial aircraft mass
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485 S6  Comparison with other studies

486 Table S3 compares the0192020annual fuel consumpti tom, emi s
487 GAIA relative to those derived from Quadros e(2022) The 2019 annual fuel consumption

488 from GAIA (283 Tg) is4.7% lower thanQuadros et al(2022) (297 Tg) Fig. S15compares

489 the spatial distribution of the 2019 annual fuel consumption between our stu@Quadubs &

490 al. (2022) the fuel consumption fronQuadros et al(2022) are more concentrated along

491 established flight corridors because monitweraged flight trajectories were used; while

492 GAIA usestheactual flight trajectorielown which causes the fuel consumption to be more

493 spatially dispersed.

494  Table S13: Comparison of the 20192 020 annual fuel consumption, emissio
495  from GAIA versus those fromQuadros ¢ al. (2022)using Flightradar24 data.

Annual statistics GAIA Quadros € al. (2022) % difference

2019 2020 2019 2020 2019 2020
Fuel burn (Tg) 283 146 297 157 -4.7% -6.9%
CO: (Tg) 893 462 937 496 -4.7% -6.9%
H20 (Tg) 348 180 367 194 -5.2% -7.0%
NOx (Tg) 4.49 2.26 4.62 2.44 -2.8% -7.4%
CO (Gog) 400 227 814 569 -51% -60%
HC (Gg) 33.9 20.9 42.6 27.3 -20% -23%
nvPM mass (Gg) 214 9.93 9.68 4.79 121% 107%
nvPM number (x1%) 2.83 1.46 3.47 1.73 -18% -16%
Mean EI N& (g kg?) 15.9 154 15.6 155 2.2% -0.6%
Mean EI CO (g kg) 1.42 1.55 2.74 3.62 -48% -57%
Mean EI HC (g kd) 0.120 0.143 0.143 0.174 -16% -18%
Mean nvPM Eh (g kg?) 0.076 0.068 0.033 0.031 132% 122%
MeannvPM Eh (x10' kg™ 1.00 1.00 1.17 1.10 -14.3% -9.4%

496 Differences inth019me an EIl 6s from di f f e-48and +B20.Inl ut ant
497 particulag GAIA estimates a loweEl CO (1.4 g kg') andHC (0.12 g kg') when comparetb

498 Quadroset al.(2022)(2.7 g kg* for CO and 0.14 g kgfor HC), and hese discrepancies could

499 Dbecaused by thexclusion of ground emissiomnrsGAIAwh er e t he EIlI 6s of the
500 generally at a maximurduring the taxphase(Fig. S18and S19. Fig. S16 breaks dowrthe

501 fuel consumptionanthe an EI 6s f dies by altithdeAt cruwse altitidesiietween

502 30,000and40,000 feet), large differences are observed in the total fuel consumption because
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512

513

514

515

516

517

Quadros et al2022)assumed constant cruise altitude for each aircraft type in the modelled
flight trajectory. There are al so | aHhge
specifically ataltitudes below 10,000 feet and above 30,000 feet, and these likely arise from
the treatment of aircraiéngine assignments between both studigsraft-engine assignments

in GAIA usesa global fleetdatabas€Cirium, 2022)whenever possibl® obtain the specific
aircraft variant and engine modebvering59% of all flights or 79% of flights by jet aircraft,
S182), while Quadros et al2022)compiled étaontheaircrafttype-specific enginegnarket
shareandaggregated thglobal emissionsvith a weighted average of tineespectivanarket
shareFig. S17 to 21 illustrates the variations in the emissions profile ofldlNOO, HG and
nvPM for different aircrafengine combinations, where specific aircraft types such as the
Airbus A320, A20N and Boeing 787 have large iaons among the different engine options
available.Fig. S16f alsoshows that the difference in nvPMnHrom both studies generally
increases with altitudeand this could be due to use of @pelheuer & Lechtelation(Peck

et al., 2013; Dopelheuer and Lecht, 1988Quadros et al(2022)to scale nvPM emissions

from ground to cruise whictould underestimate the nvPM.HAbrahamson et al., 2016)
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(a) 2019 fuel consumption (kg): GA
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(b) 2019 fuel consumption (kg): Quadros et al. (2022)
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(c) Difference in 2019 fuel burn (kg): GAIA - Quadros et al. (2022)
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Figure S15: Spatial distribution of the 2019 annual fuel consumption from (2)GAIA with actual flight
trajectories versus (b) estimates from Quambs et al. (2022) which used monthlyaveraged flight
trajectories, and (c) the absolute difference in annual fuel consmption between (a) and (b).Basemap
plotted using Cartopy 0.21.1 © Natural Earth; license: public domain.
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Figure S17: ICAO EDB measurements of the NQ EI at the four certification test points (7%, 30%, 85%
and 100% engine thrust settings) for selected aircraféngine pairs.
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Figure S18: ICAO EDB measurements of theCO El at the four certification test points (7%, 30%, 85%
and 100% engine thrust settings) for selected aircraféngine pairs.
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534  Figure S19: ICAO EDB measurements of the HC El at the four certification test points (7%, 30%, 85%
535 and 100% enginethrust settings) for selected aircraftengine pairs.
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Figure S20: ICAO EDB measurements of the nvPM Ej that is corrected for particle losses at the four
certification test points (7%, 30%, 85% and 100% engine thrust settings) for selected aircraéingine pairs.

The nvPM emissions profile for each engine (individual lines) is constructed using the methodgyooutlined

in the SI 8$4, which accounts for the step change in nvPM emissions from staged combustors.
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542  Figure S21: ICAO EDB measurements of the nvPM Eh that is corrected for particle losses at the four
543  certification test points (7%, 30%, 85% and 100% engine thrust settings) for selected aircratingine pairs.
544  The nvPM emissions profile for each engine (individual lines) is constructed using the methodgjooutlined
545 inthe SI §S4 which accountsfor the step change in nvPM emissions from staged combustors.
546
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