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Aviation is a growing source of atmospheric emissions impacting the Earth’s climate and air quality.

Comprehensive assessments of the environmental impact of this industry require up-to-date, spatially resolved,

and speciated emissions inventories.We develop and evaluate the first such estimate of global emissions from aircraft

operations for the years 2017–2020. Aircraft activity data, based on flights registered by networks of aircraft

Automatic Dependent Surveillance–Broadcast (ADS-B) telemetry receivers, are used together with the Base of

Aircraft Data (BADA) 3.15 aircraft performance model and the International Civil Aviation Organization Engine

Emissions Databank to estimate spatially resolved fuel burn and emissions of CO2, H2O, NOx (NO�NO2), SOx

(SO2 � SO2−
4 ), CO, unburnt hydrocarbons (HC), and nonvolatile particulate matter (nvPM). We calculate that

937 Tg of CO2 and 4.62 Tg of NOx were emitted by aircraft in 2019, and quantify the evolution of the fleet average

emission indices over time. Owing to impacts fromCOVID-19,we estimate a 48% lower fuel burn, resulting in 463Tg

lessCO2 and 2.29 Tg lessNOx emitted in 2020 than what would be otherwise expected.We conclude that ADS-B is a

viable source of data to generate global emissions estimates in a timely and transparent manner for monitoring and

assessing aviation’s atmospheric impacts.

I. Introduction

ATMOSPHERIC emissions from aviation contribute to climate
change [1] and to degradation of air quality, related to human

health effects [2,3]. Aviation is estimated to have contributed 3.5% of
global net anthropogenic effective radiative forcing in 2011 [1], and
its associated increase of ground level fine particulate matter (PM2.5)
and ozone has been estimated to have led to 16,000 premature deaths
globally in 2005 [4]. Such environmental impacts should be consid-
ered when evaluating the feasibility and societal benefit of new
aircraft technology concepts or policy scenarios [5,6]. Assessment
of both air quality and climate impacts from aviation depend on the
spatial and temporal distribution of the emissions. The air quality
impacts of aviation are often regarded and generally regulated as a
local air quality issue [7–9], although there is growing evidence
suggesting that the majority of human health impacts might result
from high altitude (cruise) emissions of oxides of nitrogen (NOx),
which affect ground-level air quality at a hemispheric range [4,10–
12]. The magnitude of nonlocal human health impacts from high-
altitude emissions also depends on the location of emission, due to
spatial variations in atmospheric circulation and background compo-
sition, as well as population densities [11,12]. Close to airports,
aviation activity can also be a significant source of primary particu-
late matter, with recent research indicating that emission of high
number of ultrafine particles can be particularly problematic [13–
15]. Concerning the climate effects, it is estimated that the non-CO2

terms—mainlyNOx and contrail cirrus formation—represent 66%of
effective radiative forcing from aviation in 2018 [1], and the climate
impact of those components can be strongly dependent on the altitude

[16–18], geographical location [19], and instantaneous atmospheric
condition at the site of emission [20–22].
Gross aviation emissions are expected to continue to increase in the

foreseeable future, with fuel burn projected to increase by 2.4–3.8
times from 2015 to 2045, despite future improvements in aircraft
technology and operational efficiency [23,24], posing a threat to the
fulfillment of international climate goals in this century [25]. This
growth varies geographically, with Asia growing at twice the rate of
Europe and North America [26]. Despite the significant reduction in
air traffic that started in 2020 due to the COVID-19 pandemic [27],
the aviation industry expects to resume its previously forecasted
growth after a few years [28]. Recognizing the challenges of more
revolutionary aircraft propulsion technologies contributing mean-
ingfully to the reduction of emissions [29], and in order to meet its
aspirational goal of carbon neutral growth after 2020 and 50%
reduction in carbon emissions by 2050 relative to 2005, the
International Civil Aviation Organization (ICAO) is relying on a
combination of emissions offset schemes and widespread adoption
of sustainable aviation fuels [30,31]. As both aviation and other
sectors change the intensity, location, andmake-up of their emissions
over the timescale of decades, the setting for air quality and climate
impacts changes alongwith the sensitivity of impacts to each specific
activity [32–34]. The evolving and interconnected nature of this
problem requires continuous reanalysis of environmental impacts
and up-to-date spatially resolved aviation emissions. As the emis-
sions are often just an intermediate step in a study—being used
as input to atmospheric, climate, public health, and economic
models—there is usually a large time lag between emissions data
and assessments of their impact [4,35,36]. Tracking progress relative
to aviation’s environmental goals demands methods of producing
global emission inventories with short reporting delays, capability of
continuous monitoring, and with transparent sourcing of data.
Bottom-up emissions estimates can be obtained by summing

emissions calculated for every individual flight known to have
occurred, which is a necessary complexity to establish the spatial
distribution of emissions and obtain the specific contribution of each
sector, country, or aircraft type. UnlikeCO2, SO2, andH2O, emission
of NOx, CO, hydrocarbons (HC), black carbon, and organic carbon
depend not just on the type and amount of fuel burned, but also on the
engine’s operating conditions, requiring simulation of individual
flights. Various bottom-up aviation inventories have been compiled
over the years by different institutions, using slightly different data
sources and methodologies, by calculating emissions for every air-
craft type and flight distance or specific origin–destination pair for a
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list of all flight movements being considered [37]. A global list of
movements is usually obtained from historical flight schedule data
sold by private companies that compile them from proprietary infor-
mation, largely from airlines. Besides potentially missing data for
some operators, these sources do not typically capture the portion of
civil aviation consisting of general aviation, charter flights, and
business flights. To complement these, some studies also use primary
radar, air traffic control, or movement data obtained from aviation
authorities or airspace control authorities. Alternatively, top-down
estimates of emissions can be made from estimates of global aviation
fuel production, without distinguishing between individual flights or
segments of the industry [1]. Such top-down estimates have been
shown to yield larger emissions than bottom-up inventories, consis-
tent with the additional inclusion of fuel for military, charter, and
general aviation [38,39]. Table S1 in the SupplementalMaterial (SM)
presents an overview of various aviation emissions inventories and
their main sources of data.
Automatic Dependent Surveillance–Broadcast (ADS-B) is a

telemetry technology used in modern aircraft that automatically
transmits unencrypted aircraft identification and state at time inter-
vals ranging from less than a second to a few seconds [40]. The
affordability of ADS-B receivers enables monitoring of air traffic by
individuals and has led to the creation of online networks of receivers
serving data to both commercial and free online services. Moderni-
zation of air traffic control is leading its use to becomemandatory for
commercial aviation and other flights under instrumented flight rules
in various parts of the world [41–43]. The growing availability of
telemetry data recorded byADS-B trackers hasmotivated their use in
estimating aircraft emissions for subsets of regions, aircraft types, or
chemical species. Liu et al. used such a dataset of flight movements to
estimate global CO2 emissions from aviation by considering a con-
stant value of emissions per kilometer flown, based on a previous
bottom-up estimate using flight schedule data [44]. Aircraft position
data reported throughADS-B have also been used to provide actually
flown trajectories to a flight model to estimate emissions [45–48].
Studies incorporating trajectories recorded by ADS-B have so far
been limited to estimating emissions for specific sets of flights for
which there is complete tracker coverage, unlike previous inventories
based on flight schedule data, which cover all regions of the world.
Additionally, ADS-B data have also been used to derive aircraft
properties, generating a flight performance model independent of
manufacturer-supplied data, which can then be used to estimate
emissions for arbitrary flight paths [49].
In this paper, we present bottom-up estimates of global civil

aviation emissions using three sources of flight movements: schedule
data for the year 2018 from a market intelligence company (OAG),
and activity data derived fromADS-B for the period 2017–2020 both
from a commercial service (Flightradar24, data starting on July
2017) and from a noncommercial crowd-sourced platform (Open-
Sky). An open-source module named openAVEM is developed to
calculate full-flight emissions including non-CO2 components and
allocate them into a 3-D grid for every month analyzed. Through the
comparison of the resulting emissions, we establish the viability of
this method to generate a comprehensive global spatially resolved
inventory of civil aviation emissions, using more openly available
and traceable data. Changes in emission totals and their spatial
distribution over time are discussed in the context of technological
improvements and inherent technological tradeoffs in aircraft engine
design, andwith regard to the resulting air quality and climate change
impacts. This is the first study, to the authors’ best knowledge, to
produce spatially resolved global estimates of aviation emissions
based on ADS-B data, and the first to provide an openly available,
spatially resolved, and recent inventory of aviation fuel burn, CO2,
and other emissions (commonly referred to as “non-CO2” emis-
sions), which are the drivers of aviation’s atmospheric impacts [6].
In addition, we report, for the first time, the implications of ICAO’s
new nonvolatile particulate matter (nvPM) measurement data for
global aircraft emissions estimates for both landing and takeoff
(LTO) and non-LTO portions of flights. Finally, this model is used
to provide the first comprehensive, bottom-up, global emissions
quantification of the COVID-19 pandemic restrictions for the

aviation sector in 2020. The resulting datasets are made openly
available, as described in the Appendix.

II. Methodology

The framework for creating a bottom-up aviation emissions inventory
is largely similar to the approach used by the Aviation Emissions
Inventory Code (AEIC) described by Simone et al. [50], as well as other
such bottom-up models [37–39,51–54]. The software module devel-
oped in this study to calculate emissions (named “Open Aviation
EmissionsModel” or, in short, openAVEM) is taskedwith lists of flights
defined by origin–destination pairs for each aircraft type, sourced either
from ADS-B or flight schedule data. Input data containing relevant
parameters for each airport, aircraft, and engine are loaded into open-
AVEM,which then simulates each flight. Landing and takeoff (LTO) are
modeled by a time-in-mode approach, in which emissions are propor-
tional to the estimated time spent in each aircraft mode of operation,
whereas the non-LTOportion is simulated using an aircraft performance
model. From the engine’s properties and the thrust, fuel burn, and
ambient conditions along each flight, emissions of pollutants are
calculated. Finally, the emissions of all flights are summed into a 3-D
grid with a resolution of 0.5° latitude × 0.625° longitude × 500 ft
altitude. Additionally, the sensitivity of results to changes in various
model input parameters is considered by running openAVEM with
different configurations.

A. Origin–Destination Pairs

The list of flights for which emissions are calculated is obtained
from three different sources described in this section. For all three
sources of flight data, flights are aggregated into a count of monthly
flights for each aircraft-type–origin–destination combination.
First, 2018 historic schedule data fromOAGare used, consisting of

both passenger and cargo scheduled flights based largely on data
provided by airlines. Global passenger service data are comprehen-
sive, but three of the largest cargo companies are not included in this
dataset: FedEx, UPS, and some of the airlines owned by DHL. A list
of individual flights is built from the schedule data, which are con-
densed by removing duplicate entries due to code-sharing agree-
ments, and multileg flights are separated into individual segments.
The two other sources of flight movement used consist of two sets of
ADS-B telemetry data: one provided by Flightradar24 (https://www
.flightradar24.com), a commercial service, and another obtained
from OpenSky, a nonprofit organization that manages tracker data
from a collaborative network of volunteers. Data provided by Fligh-
tradar24 starts in July 2017 and extends to the end of 2020. Data
obtained from OpenSky extends from the start of 2017 to the end
of 2020. We note that, despite expanding in coverage over time,
OpenSky still provides reduced global coverage compared with the
other two sources (further discussed in Sec. D). The Flightradar24
data were prepared using the company’s proprietary ADS-B and
multilateration network, additional data sources, and processing
procedures.
The OpenSky ADS-B data were compiled into a list of flights by

Strohmeier et al. [55]. Originally in the latter dataset, flights in which
the initial and final trajectories recorded ended at an altitude not
higher than 2500 m had those trajectories extrapolated to ground
level, and the nearest airport was assigned as the origin or destination
of the flight if it lied within 10 km of the extrapolated landing. To
account for emissions of flights partially recorded in the data, those
conditions are relaxed: origin and destination airports are assigned to
all flights regardless of the first or last altitude seen, and airports
within a radius of 500 km of the extrapolated landing are considered
valid for assignment (Sec. S2 of the SM). This reprocessing is done
for OpenSky because we are mostly interested in the magnitude of
emissions for this source of data, since its incomplete spatial coverage
already precludes accurate spatial distribution at a global scale.
Therefore, the main results and discussion on emissions per region
of the world are focused on OAG and Flightradar24. If OpenSky
coverage continues to increase over time, the need for such compro-
mise between magnitude and spatial distribution will diminish.
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Latitude and longitude coordinates and elevation for each airport
given by either International Air Transport Association (IATA) or
ICAO code are obtained from the OpenFlights database [56]. The
number of runways and maximum runway lengths for each airport
are obtained from OurAirports [57]. In the analysis of results,
regional grouping of departing airports and of emissions is done
according to the geoscheme used by the United Nations Statistics
Division.

B. Airport, Aircraft, and Engine Data

Aircraft performance is modeled with Base of Aircraft Data
(BADA) 3.15 [58]. The mapping of IATA aircraft type codes present
in schedule data to ICAO type codes used by the emissions model is
given in Table S2 of the SM. To exclude military flights captured in
ADS-B data, which is outside the scope of this study, a list of aircraft
types considered to be military is removed from the input data
(Tables S3 and S4 of the SM).
Fuelmass flow rates; emission indices (EI; defined asmass emitted

per mass of fuel burned) ofNOx, CO, HC, and nvPM; and additional
engine information are taken primarily from certification data in the
ICAO Engine Emission Databank [59]. Given that this database
covers only turbofans with a rated thrust greater than 26.7 kN, it is
complemented with piston engine data from the Swiss Federal Office
of Civil Aviation [60], and data for older engines and some turbo-
props as given by the U.S. Environmental Protection Agency [61] or
used by Stettler et al. [62].
Because neither ADS-B nor OAG data available to us allow the

identification of specific engine models used in each individual air-
craft, reference engine models are assigned to each aircraft type,
according to Supplemental Tables S5–S8. This approach has been
used by other global bottom-up emission inventories [39,50,53].
Additionally, to calculate emissions of narrowbody and widebody
aircraft with multiple engine suppliers, we assign one model for each
engine family and calculate emissions for all flights using each of
those engines. The resulting emissions are then combined in a
weighted sum using the aircraft-type-specific market share of each
engine manufacturer (Supplemental Table S5). Within an engine
family for an aircraft, there are typically multiple versions due to
variants with different rated thrusts and to different design revisions.
In general, the newest engine versions available are used for model-
ing, on the assumption that the survival rate of newer versions of each
aircraft type will be higher than older versions, and that old engines
might be retired to comply with tightening emissions regulations.
The uncertainty in global emission estimates due to the lack of
knowledge of the prevalence of specific engine versions is discussed
further in Sec. III.B and in Sec. S8.3 of the SM.

C. Flight Model

The landing and takeoff portion of flights are modeled using a
time-in-mode approach, in which engines are considered to run at a
constant thrust for a given period of time for every phase of LTO. LTO
cycles are separated into the phases of taxi-out, taxi-out acceleration,
hold, takeoff, initial climb, climbout, approach, landing, reverse
thrust, taxi-in acceleration, and taxi-in, according to the model pro-
posed by Stettler et al. [62], which is based on studies conducted in
the United Kingdom on airports of various sizes [63]. The use of this
model instead of the simpler four-phase cycle adopted by ICAO’s
standard on engine emissions [64] has the intention of better captur-
ing more modern LTO conditions, considering that the cycle sug-
gested by ICAO remains unchanged since the first edition of the
standard in 1981.
Auxiliary PowerUnit (APU) emissions aremodeledwith times-in-

mode and emission indices by aircraft class according to the
“advanced approach” defined in ICAO’s Airport Air Quality Manual
[65]. Where data are available, the generic emission indices are
substituted by known model-specific values [66]. The assignment
of APU models to aircraft types is listed in Supplemental Table S9.
The climb, cruise, and descent portion of flights are simulated using

the BADA 3 model following a geodesic starting from 3000 ft above
the origin airport and ending 3000 ft above the destination airport.

BADA formulates aircraft performance in terms of the total energy
balance, considering the aircraft as a point of (varying) mass subjected
to drag, lift, and thrust [58]. BADA includes aircraft aerodynamic
coefficients, operational parameters such as a climb speed schedule,
and other properties necessary to obtain fuel mass flow rates for
different flying conditions. Wind speed is applied through all non-
LTOphasesusingyear-specificmonthly averagewindvectors from the
MERRA-2 reanalysis product in their native 0.5° × 0.625° grid with
72 hybrid-eta vertical levels [67]. Performance during each flight is
affected by the wind pushing the aircraft one direction or another, but
the geodesic flight trajectory is maintained. No optimization of the
flight path is made by considering the wind.
Climb is simulated in steps of 1000 ft until cruise altitude, which, for

flights of at least 200 NM in length, is set for each aircraft type from
the most common cruise altitude observed in the first 70 days of 2020
by Flightradar24. Values of 7000 ft below the type’s maximum oper-
ating altitude are adopted in caseof insufficientADS-Bdata (Sec. S6of
the SM). The cruise altitude for shorter flights is limited to maximum
values taken as the average cruise flight level at 50–100, 100–150, and
150–200 NM flight length brackets for either turbojets or turboprops
reported by Kim et al. based on aggregated radar data over North
America [68]. Cruise is simulated at constant altitude in ground track
steps of 50 NM. Descent is simulated in steps of 1000 ft.

D. Fuel Burn and Emissions Model

For each aircraft-type–origin–destination combination, the LTO
and non-LTO phases of flight are simulated, resulting in flight seg-
ments with an associated fuel flow rate and duration. During LTO,
fuel flow rate at a given thrust is piecewise linearly interpolated from
available engine data. In the non-LTO phases of flight, fuel flow is
precalculated inBADAas a function of thrust and speed, such that the
energy and mass balance are kept while the aircraft (with its specific
aerodynamic and kinetic properties) keeps a modeled schedule of
speed and climb or descent rates [58]. Emissions ofNOx, CO, andHC
are calculated for each segment using theBoeing Fuel FlowMethod 2
[69] with the same additional considerations for edge cases used by
Kim et al. [68]. This method establishes how to interpolate the
emission indices between the thrust levels used for emissions certif-
ication (the points at which emissions are measured), and adjusts it
from sea level to atmospheric conditions at altitude. NOx emissions
are expressed asNO2 equivalent, and HC emissions are expressed as
CH4 equivalent. Nonvolatile particulate matter mass (nvPMm) and
number (nvPMN) emission indices at the engine certification thrust
levels are taken from measured data (corrected for system
losses) when available in the ICAO database; otherwise they are
estimated from smoke number using the FOA 4.0 method [65,70].
When smoke number data are also absent, such as for turboprop
and piston engines, constant nvPM mass emission indices of 0 and
30 mg∕kg are adopted for LTO and non-LTO, respectively, and
nvPM particle numbers are disregarded, on the basis of the method
used and values suggested by the U.S. Federal Aviation Adminis-
tration’s (FAA) emissions model, AEDT [71]. The lack of available
data for those types of engines will therefore lead to an underestimate
of nvPM emissions. For the non-LTO portion of flights, nvPM
emissions are scaled using the same method adopted by AEDT
[71], which is based on the work by Peck et al. [72]. Constant EIs
of 3.155 kg∕kg and 1.237 kg∕kg are used forCO2 andH2O, respec-
tively, the same values adopted by AEDT [71].
Initial aircraft mass for each flight is estimated following the

method used by Eyers et al., which adds fuel for reserve, diversions,
and time in a holding pattern according to a classification of short- or
long-haul flight [39]. Payload mass is calculated as a fraction of
maximum payload capacity on the basis of annual weight load factor
statistics [73], with January and February 2020 using the 2019 factor,
as described in Sec. S7 of the SM. Takeoff mass is calculated as the
sum of aircraft empty mass, estimated fuel to cruise the entire flight
distance, fuel reserves, and payload.
To account for the larger actual flight distance relative to the geodesic

simplification, emissions for the non-LTO portion of flights are multi-
plied by a lateral inefficiency factor based on a trajectory analysis by
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Seymour et al. of ADS-B telemetry data [53]. This scaling factor is
equivalent to adding 3.87% plus 40.5 NM to the great circle distance.
Considering that this correction is based solely on distance flown, it
might overestimate fuel burn for cases in which longer trajectories are
purposely flown to take advantage of favorable wind conditions, as
longer paths could actually result in lower fuel consumption in that
scenario [74]. While this factor adjusts the magnitude of emissions, it
does not capture the true spread of their spatial distribution, with the
added emissions being applied along the great circle line.
The sum of emissions calculated from the Flightradar24 flight

movement data available for the second half of 2017 is scaled by a
factor of 1.93 when estimating total emissions for that entire year.
This is done on the basis of 51.6% of fuel burn calculated for 2018
occurring in the months of July through December, and the
assumption that the month-by-month distribution of emissions is
similar across both years.

E. Model Sensitivity, Uncertainty, and Limitations

The accuracy of the emissions inventories produced is a function of
the accuracy of the underlying models used in the calculations. The
aircraft performance model used, BADA, derives each aircraft’s
properties from manufacturer supplied data and in-flight measure-
ments, with comparison of the resulting model’s fuel flow and
vertical speed with flight data being reported [75]. Emission rates
of NOx, HC, CO, nvPMm, and nvPMN are based on measured data
used to certify engine models [59]. Engine and airframe degradation
are not considered in this study.
Results are compared both to similarly produced emissions inven-

tories and to top-down estimates of fuel consumption. Factors that
contribute to uncertainty include measurement errors and sample
variability in determining engine emission indices, assumed specific
engine model and version used by each individual aircraft, uncer-
tainty in the models of estimating emissions at different thrust levels
and atmospheric conditions relative to ground reference conditions,
and estimation of takeoff mass for each flight.
The lateral inefficiency parameter corrects the amount of emissions

for differences between the actual flown trajectory and the modeled
trajectory, which adopts a constant cruise altitude for each aircraft type
and horizontal trajectories that follow the shortest path between origin
and destination. However, the actual spatial distribution of those
emissions might be different from the geodesic trajectory used in the
model. Potential effects of reduced air traffic in 2020 on cruise altitude
and on lateral inefficiency are not evaluated in this study.
We quantify the sensitivity of emissions output towind, LTO time-

in-mode and thrust levels, aircraft-engine mapping, APU modeling,
nvPMcalculationmethods,mass load factor, cruise flight level, flight
simulation step size, and lateral inefficiency model by performing
simulations with alternative input parameters. Sensitivity results are
discussed throughout the Results section, with additional details
presented in Sec. S8 of the SM. Noncommercial or unscheduled
flights that do not have their telemetry captured—because of lack of

transmitter, being outside tracker coverage, or because anonymity
was requested to the tracking platforms—are not captured in either
OAG or ADS-B dataset, and thus do not have their emissions
counted. Finally, we note that emissions from tires, brakes, ground
support equipment, road transport, and other airport activities are not
considered in this study.

III. Results

A. Annual Fuel and Emission Masses

Using OAG flight schedule data, we find 280 Tg of fuel burn
globally in 2018 (Table 1), which is 1.9% lower and 9.1% higher than
the estimates by Graver et al. [54] and Seymour et al. [53], respec-
tively, who also used schedule data from OAG for the same year.
Within the analyzed period of 2017–2020, the annual sum of emis-
sions is highest for 2019, with 297 Tg of fuel burn resulting from
flights appearing in the ADS-B data from Flightradar24. The esti-
mates of aviationCO2 emissions using this source of ADS-B data are
equivalent to 2.4–2.6% of all anthropogenic CO2 emissions—
excluding land-use change—for 2017–2019; this reduces to 1.4%
for 2020, indicating the increased effect of COVID-19-related restric-
tions on aviation emissions compared with other sectors [76]. Calcu-
lated fuel burn in 2018 is 12.9% (OAG), 10.4% (Flightradar24), and
53.8% (OpenSky) lower than the worldwide jet kerosene consump-
tion reported by the International EnergyAgency (IEA, 2020), which
consists of the sum of fuel delivered by producers and is not neces-
sarily restricted to civil aviation. Few estimates are available of
military aviation emissions, with previous studies estimating a mili-
tary share of global aviation fuel burn of 18% in 1992 [78], 11% in
2002 [39], and a similar 10–15% range for the United States between
1990 and 2000 [79]. We note that the underestimate using OpenSky
data is mainly driven by its more limited coverage, and will be
discussed in the following sections. Fuel burn from international
flights in 2018 is 14.7% (OAG) and 18.8% (Flightradar24) higher
than the estimate for 2015 by Fleming and de Lépinay [23],
with similar fractions of international to total (domestic plus
international) fuel burn: 65.5% (OAG) and 65.9% (Flightradar24)
versus 65% in Fleming and de Lépinay [23].
The horizontal andvertical distributions of average fuel burn rates in

2019 for the Flightradar24 dataset are shown in Fig. 1, and maps of
each pollutant and each flight movement dataset are provided in Sec
. S9 of the SM. We find that 92 and 65% of fuel burn shown in Fig. 1
occurs north of the equator and north of 30°N, respectively. Addition-
ally, 72%of fuel burn occurs at altitudes higher than9 km, representing
the cruise portion of jet-powered flights. The regions with the highest
share of global fuel burn occurring over them are Northern America
(21%) and Eastern Asia (14%), with 23% of fuel burn occurring over
the oceans between all continental regions (Sec. S9 of the SM).
Across all months, between 8.2 and 10.0% of fuel burn and 7.8 and

9.2% of NOx are emitted during the LTO portion of flights, with the
highest percentages occurring during 2020 (Sec. S10 of the SM). The

Table 1 Annual global fuel burn and emissions from civil aviation estimated from different sources of
flight movement data

Species

OAG Flightradar24 OpenSky

2018 2017a 2018 2019 2020 2017 2018 2019 2020

Fuel, Tg 280 277 288 297 157 130 149 171 95

CO2, Tg 885 873 910 937 496 410 469 538 298

H2O, Tg 347 342 357 367 194 161 184 211 117

SOx, Gg
b 168 166 173 178 94 78 89 102 57

NOx, Tg
c 4.32 4.26 4.47 4.62 2.44 2.08 2.38 2.71 1.49

HC, Gg 34.7 39.3 40.6 42.6 27.3 16.3 18.9 22.6 15.4
CO, Gg 624 721 753 814 569 168 312 370 234

nvPMm, Gg 9.69 9.34 9.57 9.68 4.79 4.29 4.83 5.53 2.83

nvPMN , 10
26 3.43 3.27 3.40 3.47 1.73 1.44 1.66 1.92 0.99

aFlightradar24 2017 values are scaled from results for the months of July–December.
bSOx = oxides of sulfur, as mass of S, considering a fuel sulfur content of 600 ppm.
cNOx = oxides of nitrogen, as mass of NO2.
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fraction of fuel burn from LTO we obtain is similar to estimates from
previous studies of 8.5% for the year 2015 [6] and 9.1% for 2005 [50].
If we substitute the time-in-mode and thrust values applied here for the
LTO cycle suggested by ICAO [64], the fraction of fuel burn occurring
during LTO ranges from 10.8 to 13.5% (Sec. S8.2 of the SM), high-
lighting the uncertainty in the estimation of this portion of emissions.
Considering that pushback control and reduced takeoff thrust are
strategies to reduce LTO emissions that are currently being pursued
[80,81], an updated model of LTO cycles could in future work be
valuable in representing their emissions at a global scale. We find that
although only 6.9% of fuel burn and 3.2% of NOx emissions during
LTO are due to APUs (2019 estimate using Flightradar24), APUs are
responsible for 34% of nvPMm and 25% of nvPMN LTO emissions.
The three alternative APU time-in-mode models evaluated lead to fuel
burn between 16 and 145% higher along with a 6–8% higher average
nvPMm and nvPMN EIs, while adopting different sources for the
emission indices lead to between –4 and�14% nvPMm and nvPMN

EIs (Sec. S8.4 of the SM). Fewer resources are openly available to
estimate accurate emission indices and running times of APUs com-
pared with aircraft main engines, but our results suggest that they are a
significant contributor to low-altitude nvPM emissions.

B. Temporal Trends

Average daily fuel burn in the period between 2017 and 2020 is
presented in Fig. 2, reflecting the decades-long and ongoing growth

of aviation emissions, as well as the reductions due to COVID-19
restrictions. Comparing the annual fuel burn between our 2018
estimate using OAG and a 2005 inventory that also uses OAG [50],
we find a globally averaged increase of 55% between the two years
(Sec. S9 of the SM). This varies regionally: for example, there is a
below-average increase in the fuel burned over Northern America
(2%), Northern Europe (25%), and Western Europe (36%), whereas
the opposite holds for Eastern Asia (131%), Southern Asia (137%),
andWestern Asia (177%). The spatial nonuniformity of this increase
should be taken into account when assessing aviation’s climate or air
quality impacts, as the sensitivity of impacts can vary significantly
depending on the location of emissions [11,12,19]. In addition, it
further highlights the need for spatially resolved and up-to-date
inventories. In terms of seasonal trends, lower and higher air traffic
during boreal winter and summer, respectively, lead to fuel burn rates
up to –5.7% (January) and �7.2% (August) relative to the annual
averages in 2018 and 2019.
The 4.62 Tg of NOx released by aviation globally in 2019—as

estimated from the Flightradar24 dataset—represents an increase of
222 and 59% relative to values reported for 1992 [69] and 2005 [83],
respectively. This is driven both by more fuel being burned and by
higher emission indices: the annual global average NOx EI of
15.5 g∕kg is 3.3% higher than the value of 15.0 g∕kg used by
Grobler et al. [6] for the year 2015 from the AEDT inventory (Fig. 3).
The observed decades-long trend of increasing NOx EI is consistent
with increases in engine overall pressure ratios and in turbine inlet

Fig. 1 Average fuel burn rates in 2019 from Flightradar24 data summed vertically (left), and averaged longitudinally (right). The thin line indicates the
3000 ft altitude (LTO threshold).

Fig. 2 Global fuel burn in the period 2017–2020 calculated fromOpenSky (partial spatial coverage), OAG, and Flightradar24. Previous estimates from

institutions/modelsa are also shown. (aThe estimates from literature are shown next to the name of the institution that performed the study or name of the
model used: NASA [78,82], FAST [38], AERO2k [39], SAGE [83], AEIC [50], REACT4C [35], EASA [52], ICCT [54], EPA [84], and AEDT [6,51]. The
purple line represents jet kerosene consumption statistics from the IEA [77].)
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temperatures, which are pursued mainly with the goal of reducing
fuel consumption [85,86]. On the other hand, higher gas temper-
atures, along with improved combustor designs, result in increased
combustion efficiency and reduced emissions of HC and CO [3]. We
find the average HC EIs for the year 2018 to be 141 mg∕kg (Fligh-
tradar24) and 124 mg∕kg (OAG), which are, in this order, 10 and
21% lower than the 2015 value for the AEDT inventory [6] and 73
and 76% lower compared with the AEDT inventory for 2006 [51].
The average CO EIs in 2018 of 2.61 g∕kg (Flightradar24) and
2.23 g∕kg (OAG) are closer to AEDT values for previous years:
�5 and –10% relative to 2015 [6], and –28 and –38% relative to
2006, respectively [51]. Monthly fleet average EIs of CO and HC
calculated from Flightradar24 data increased up to a maximum in
June 2020 of �68 and �46%, respectively, relative to the 2019
annual averages as a consequence of the changes in traffic due to
the COVID-19 pandemic (Sec. S11 of the SM).
Historically, adoption of a constant EI or the use of empirical

correlations to the smoke number measurements made during engine
certification have yielded a wide range of estimates of particulate
matter emissions [36,87]. A standard procedure to measure nvPM
EIs during engine certification was adopted in 2017 [64], with the first
batch of test results being added the ICAO’s Engine Emissions Data-
bank in December 2020 [59], which we include in our model. Con-
sidering all three sources of flight movement data, we find that the
global annual fleet averaged EIs for 2017–2019 for turbofan engines
with certification nvPM measurements—which account for 69–75%
of fuel burn given our engine aircraft assignments—are between 33.5
and 36.3 mg∕kg and 1.26 ⋅ 1015 and 1.38 ⋅ 1015 particles∕kg, and for
turbofans with only smoke number data to be between 35.1 and

37.3 mg∕kg and 9.03 ⋅ 1014 and 1.04 ⋅ 1015 particles∕kg. This result,
along with overall lower average EI�nvPMm� than previous estimates
shown in Fig. 3, is consistent with the expected trend of reduced nvPM
for newer engines. We also note that, by assigning a single engine to
each aircraft type,we likely underrepresent older, less common, engine
versions, which likely results in an underestimate of nvPM emissions.

Overall, our resulting annual nvPM EIs for 2017–2019 averaged
across all aircraft types are 32.5–34.6 mg∕kg and 1.11 ⋅ 1015–
1.22 ⋅ 1015 particles∕kg. Compared with a previous estimate of 2005
emissions byZhanget al. [36], our results are 34–39%lower inmass and
83–102%higher inparticle count, drivenbyacombinationof changes in
average engine emission characteristics and methods used to calculate
the emission estimates. Notably, the AEDT method employed here
corrects nvPMm for altitude, but not nvPMN , leading to higher particle
counts in the non-LTO phases of flight [71]. Compared with estimates
from Agarwal et al. [70] for 2015, our results have average nvPM EIs
during LTO, excluding APUs, between 41 and 52% higher in mass and
12–15% lower in number. Using the same SCOPE11 method as
Ref. [70], these differences to their 2015 LTO estimate are between
48 and 58% higher in mass and 1–4% lower in number. Our full-flight
estimates are also 30–38% higher (mass) and 317–361% higher
(number) than the AERO2k inventory for the year 2002 [39].
The EI�nvPMN� obtained here is within the range of 1 ⋅ 1014 to 1 ⋅
1016 particles∕kg found for typical cruise conditions by both ground
[70,88,89] and in-flight measurement campaigns [90–93]. The large
range of reported experimental values reflects the influence of different
engine models, engine wear levels, thrust levels, atmospheric condi-
tions, and measuring methods. Finally, our results are sensitive to the
chosen nvPM estimation method. Not considering the new nvPM
certification measurements and using only the FOA4 method with
smoke numbers results in a 3% increase in LTO nvPMm and a 3%
decrease in nvPMN , the older FOA3method leads to a 22% decrease in
LTO nvPMm, whereas the alternative FOX method results in nvPMm

values that are 2.0 and 2.8 times our baseline for LTO and full-flight,
respectively (Sec. S8.5 of the SM).
The amount of HC, CO, nvPMm, nvPMN , and, to a lesser extent,

NOx emissions is found be very sensitive to the choice of specific
enginemodel and version as the reference engine in themodel of each
aircraft type, with outlier engine versions leading to tens of times
more emissions compared to other versions (Sec. S8.3 of the SM).
The effect that outliers and the uncertainty in engine allocation have

Fig. 3 Emission indices ofNOx, HC, CO, andnvPMm in the period 2017–2020 calculated:OpenSky (partial spatial coverage), OAG, and Flightradar24.
Previous estimates from institutions/modelsa are also shown. (aPrevious estimates are shownnext to the name of the institution that performed the study or
name of the model used: NASA [78,82], FAST [38], AERO2k [39], SAGE [83], AEIC [50], REACT4C [35], EASA [52], AEDT [6,51], and AEM [36].)
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on global emissions is lessened due to the number of aircraft types
contributing to the global sum of emissions, and the incorporation in
ourmodel of the contribution to emissions from each engine family in
the case of aircraft that have multiple engine suppliers.

C. Reduction of Emissions in 2020

Fuel burn in themonth of January increased by 3.0%between 2018
and 2019, and 3.7% between 2019 and 2020, as calculated from
Flightradar24 data. That growth abruptly stopped due to the COVID-
19 pandemic, with fuel burn in the month of April changing by
–74.2% between 2019 and 2020. As Fig. 4 shows, the timing of
the reduction in activity varied by aircraft segment. In 2019, wide-
bodies, narrowbodies, regional jets, and business jets were respon-
sible for 51.4, 41.9, 4.3, and 1.2% of fuel burn, respectively. During
May 2020, the distribution was 67.0, 26.2, 3.4, and 1.9%, indicating
that larger aircraft and business jets were less affected by the reduc-
tion in activity during this specific period. One of the possible driving
factors for this is the difficulty faced in 2020 by air cargo services to
meet demand with reduced passenger hold capacity available, lead-
ing to increased utilization of cargo aircraft [94].
Significant reductions in aviation emissions due to the pandemic

occurred in all regions of the world in March 2020, following a
decrease of 64% of fuel burn in February 2020 from flights taking
off from China relative to February 2019 (Fig. 5). The proportional
reduction and recovery in emissions per country varied in part due to
different usual ratios of domestic and international flights, with
countries that have proportionally more domestic flights, such as
the United States, China, and Russia, reducing emissions less,
because international routes were more impacted by pandemic-
related restrictions [95]. Domestic flights were responsible for 35%
of global fuel burn in the second half of 2019 and for 49% in the
second half of 2020 (Sec. S12 of the SM). Overall shorter flights led
to a larger share of emissions occurring during LTO: 10.0% of fuel
burn, comparedwith 8.7% in 2019 (Sec. S10 of the SM). The changes
in active fleet composition and routes flown also caused higher
average EIs of HC and CO and lower average EI of nvPM during
this period (Sec. S11 of the SM). Comparing the calculated global
emission totals for 2020 against 2019 values scaled by �2.3%, to
match the expected annual fuel consumption growth forecast by
IATA in December 2019 [96], we find that actual fuel burn in 2020
was 48% lower, with 463 Tg lessCO2 and 2.29 Tg lessNOx emitted.
The changing conditions of the aviation industry in 2020 contrib-

ute to the uncertainty in estimating emissions, as the per flight
deviations from the constant (annual, fleet-wide) payload mass frac-
tion adopted are expected to be generally larger. In this period, load
factors were particularly low for passenger services and particularly
high for cargo services [73,94], whereas our model does not make
distinctions between the two types of flight. Changing the mass load
factor in our model by �0.077 from a baseline of 0.628 leads to a

change of �1.1% in global fuel burn mass (Sec. S8.6 of the SM).
Lower takeoff weights and the regionally nonuniform sharp reduc-
tions in air traffic in 2020 could also bring about changes in the
pattern of flown trajectories, making the cruise altitudes and lateral
inefficiency correction factors adopted here (based on prepandemic
data) be less representative of actual flight paths. The lateral ineffi-
ciency correction applied results in a 6.5% increase of fuel burn
relative to emissions from great circle trajectories (Sec. S8.9 of the
SM). This latter limitation can in future studies be overcome by using
ADS-B position data to provide a more accurate estimate of lateral
inefficiency during this period.

D. Viability of ADS-B and Open Data for Global Emission Estimates

Despite not all civil aircraft possessing ADS-B transmitters and
tracker coverage not being globally complete, fuel burn in 2018
calculated for flights recorded by Flightradar24 is 2.8% larger than
that calculated for flights in the OAG schedules (Table 1). Several
factors cause differences in the two estimates of emissions, with their
geographical distribution shown in Fig. 6. In regions where telemetry
tracker coverage is higher—such as Europe, North America, Aus-
tralia, and Japan in the case of Flightradar24—emissions estimates
are higher due to unscheduled flights, including general aviation,
charter, and private jet flights, which are not recorded in the data
sources traditionally used to generate global emissions inventories,
such as OAG. This ability to record unscheduled flights is exempli-
fied by a previous study that demonstrated the use of an ADS-B
receiver network to track a number of government- and private-
operated flights [97]. The omission of the freight carriers FedEx,
UPS, and DHL in the OAG data for 2018 is apparent by the large
differences in fuel burn around their hubs inMemphis and Louisville.
Excluding fuel from flights of these operators, the global fuel burn in
2018 calculated from Flightradar24 is still 0.5% larger than the value
calculated from OAG schedules. Information from OAG on the type
of service of each flight allows emissions from cargo flights to be
calculated separately, and complementing those with data from
Flightradar24 on the missing airlines it is possible to make a more
complete estimate of emissions from cargo flights than using either
source: 8.1% of fuel burn and 8.2% of NOx from global aviation in
2018 came from cargo flights (Sec. S13 of the SM).
Estimates of emissions based on flight movement data fromOpen-

Sky were generally lower than those using Flightradar24, mainly
driven by more limited geographical coverage and lack of multi-
lateration, which is needed to track aircraft without ADS-B. Annual
global fuel burn masses calculated using OpenSky were 52% (2018),
57% (2019), and 60% (2020) the values calculated using Flightra-
dar24 (Table 1). But even in regions where coverage is nearly
complete and ADS-B mandates are being implemented, such as
Europe and North America, fuel burn estimated from OpenSky is
still typically between 60 and 80% of the values estimated from
Flightradar24 (Sec. S14 of the SM). This results from, in addition

Fig. 4 Changes in monthly global civil aviation fuel burn calculated
from Flightradar24 flight movement data per class of aircraft in 2017–
2020.

Fig. 5 Changes in monthly fuel burn calculated from Flightradar24
flight movement data per region of departure in 2020.
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to ADS-B tracker coverage, lack of multilateration capabilities to
track aircraft without ADS-B and from absent data associating an
aircraft type to each transponder’s unique identifier that is trans-
mitted. In the period of February through December 2020, between
25 and 46% of monthly flights recorded by OpenSky did not have an
aircraft type assigned (Sec. S2 of the SM).
Despite these limitations, OpenSky or its underlying network of

volunteer trackers could be used to estimate local or regional aviation
emissions, and the open nature of this source of data also facilitates
research incorporating reported aircraft positions over time to accu-
rately represent flight trajectories [46,98]. Future research could use
per flight trajectories as tracked by ADS-B directly in the flight
simulation model, as opposed to considering great circle distances
and assuming a lateral inefficiency factor, to improve accuracy of
global emission estimates. Transparency, reproducibility, and ease of
update of aviation emissions inventories could be further improved
by additionally incorporating an openly available aircraft perfor-
mance model derived from ADS-B [49].

IV. Conclusions

Coverage of networks like Flightradar24 andOpenSky is expected
to increase due to mandates of ADS-B out capability in various
airspaces and new availability of satellite receivers. We show that,
already in 2018, globally more aviation emissions and 2.8% more
fuel burn can be accounted for by using a network of ADS-B and
multilateration trackers than by using schedule data from a market
intelligence company. The different properties of flight schedule data
and ADS-B data create the potential for them to be used complemen-
tarily, as exemplified by our estimate of emissions from cargo flights.
The ability to include nonscheduled flights, such as military or
privately operated, in emission inventories contributes to their com-
pleteness. Using this new source of data, we produce the first openly
available spatially resolved 3-D inventory of global aviation emis-
sions for the period of 2017–2020, finding that 937 Tg of CO2,
4.62 Tg ofNOx, 42.6 Gg of hydrocarbons, 814 Gg of CO, and 3.47 ⋅
1026 nvPM with a mass of 9.68 Gg were released in 2019 directly
from the operation of civil aircraft. The inventory contains only
nominal values, and future work could improve on it by providing
a spread of estimates based on modeling the uncertainties present in
the calculation of aviation emissions.
The trend of growth in aviation emissions, demonstrated by our

finding that fuel burn increased by 55% between 2005 and 2018, is
expected to continue in the coming decades. And as changes in
emissions from other sectors continue to change the sensitivity of
local and global environmental impacts to local aviation emissions,
ADS-B data can be useful in enabling more up-to-date emissions
estimates, with the added benefit of increasing transparency in the

calculation process. The improved agility in this method makes it
easier to quantify the effects of current events on emissions, such as
the 48% reduction in fuel burn in observe in 2020 relative to the fuel
that was expected to be used before the COVID-19 pandemic.
For comprehensive aviation environmental impacts analyses, both

CO2 and non-CO2 emissions are required, and more emissions
reportingmay be anticipated from the aviation industry in the coming
years. For example, this is expected for CO2 emissions with the
adoption of market-based instruments such as ICAO’s carbon off-
setting scheme, called CORSIA. Scientific understanding is improv-
ing concerning aviation’s non-CO2 impacts on the climate, in part
driven by NOx emissions, but as our results indicate, the global
average emission index of this pollutant is increasing over time,
indicating that the growth of NOx emissions could outpace CO2

emissions. Because this trend is driven by engine design choices
with the aim of reducing fuel consumption, inventories such as those
produced here can be useful in investigating the atmospheric impacts
of the tradeoff between CO2 and NOx emissions. This aspect of
aviation’s emissions will likely continue to be in focus even as the
industry pledges carbon neutrality, since one of the main pathways
currently being considered to achieve that goal is the adoption of
sustainable aviation fuels, which is a measure that does not address
NOx emissions. In addition, the increasing awareness of the human
health impacts associated with particulate matter of different sizes
(including ultrafine particles, UFPs) is resulting in increased atten-
tion on these species emitted by aircraft. The combination of a
spatially resolved emissions estimation tool with ADS-B data
sources, such as that used in this study, can produce the required
emissions data for complete and timely assessments of civil avia-
tion’s climate and air quality impacts, and contribute toward the
transparent monitoring of aviation’s progress toward its sustainabil-
ity goals.

Appendix: Code and Gridded Emissions

The emissions inventory produced is available under the following
data repository DOI: https://doi.org/10.4121/15015390 and the
openAVEM code is available under DOI https://doi.org/10.4121/
15062478.
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