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Abstract
Clouds produced by aircraft (known as contrails) contribute over half of the positive radiative
forcing from aviation, but the size of this warming effect is highly uncertain. Their radiative effect
is highly dependent on the microphysical properties and meteorological background state, varying
strongly over the contrail lifecycle. In-situ observations have demonstrated an impact of aircraft
and fuel type on contrail properties close to the aircraft, but there are few observational constraints
at these longer timescales, despite these having a strong impact in high-resolution and global
models. This work provides an observational quantification of these contrail controlling factors,
matching air traffic data to satellite observations of contrails to isolate the role of the aircraft type
in contrail properties and evolution. Investigating over 64 000 cases, a relationship between aircraft
type and contrail formation is observed, with more efficient aircraft forming longer-lived
satellite-detectable contrails more frequently, which could lead to a larger climate impact. This
increase in contrail formation and lifetime is primarily driven by an increase in flight altitude.
Business jets are also found to produce longer-lived satellite-detectable contrails despite their lower
fuel flow, as they fly at higher altitudes. The increase in satellite-detected contrails behind more
efficient aircraft suggests a trade-off between aircraft greenhouse gas emissions and the aviation
climate impact through contrail production, due to differences in aircraft operation.

1. Introduction

Contrails, the clouds formed behind aircraft, contrib-
ute a large but highly uncertain fraction of the warm-
ing from aviation (Bock and Burkhardt 2019, Lee et al
2021). Forming with low optical depths (Iwabuchi
et al 2012), they can live for hours to up to a day
(Haywood et al 2009) and have a strong overall warm-
ing effect (Kärcher 2018). The overall climate for-
cing is dominated by the small fraction of aircraft
that form longer-lived contrails (Burkhardt et al 2018,
Teoh et al 2020). This makes aircraft-scale constraints
essential to evaluate the models used to assess the cli-
mate impact of aviation (Schumann 2012), to design

contrail mitigation strategies (Teoh et al 2020, e.g.)
and to target deployment of sustainable aviation fuel
(Burkhardt et al 2018, Teoh et al 2022).

Contrails form through themixing of warmmoist
aircraft exhaust air with surroundings colder than
the homogeneous nucleation threshold temperature.
Contrail formation is predicted by the Schmidt–
Appleman criterion (SAC), which for a given air-
craft overall efficiency (η), fuel type and environ-
mental relative humidity (RH) defines a threshold
temperature (TSAC), below which contrails can form
(Schumann 1996). If the environment is supersatur-
ated with respect to ice (RHi>100%), the ice crys-
tals in the contrail can grow and the contrail persists.
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Those that live for longer periods of time are known
as long-lived contrails and are sometimes referred
to as persistent contrails or contrail cirrus (when in
clusters).

While there is a strong impact of background
humidity on persistent contrail formation, the impact
of the generating aircraft is more uncertain. Increases
in the emitted non-volatile particulatematter (nvPM)
number concentration are expected to produce con-
trails with a larger ice crystal number concentration
(Ni), but with consequently smaller crystals, increas-
ing contrail lifetime and radiative impact (Bier et al
2017, Kärcher 2018). Parametrised models support
this, showing strong impacts of nvPM on contrail
forcing (Bier and Burkhardt 2022, Teoh et al 2022).
However, high resolution simulations indicate a smal-
ler role for the generating aircraft, with ice crystal loss
in the contrail’s vortex stage significantly reducing
aircraft type induced variability in persistent con-
trailNi (Unterstrasser andGörsch 2014,Unterstrasser
2016).

Variations in nvPM emissions are not the only
potential impact of aircraft type on contrail forma-
tion. Aircraft efficiency is related to contrail form-
ation through variations in TSAC, with more effi-
cient aircraft having a higher TSAC (typically by a few
degrees; Schumann 1996),making contrail formation
more likely. Contrails that form further below TSAC

reach higher peak supersaturations during the ini-
tial contrail formation phase, activating a larger num-
ber of ice crystals (Kärcher et al 2015). Model stud-
ies suggest this larger Ni increases contrail lifetime
and optical depth (Burkhardt et al 2018). However,
although chase-plane studies have shown a role of air-
craft (Jeßberger et al 2013) and fuel (Voigt et al 2021)
type on fresh contrails, the impact on the develop-
ment and lifetime on persistent contrails has not been
quantified from observations.

The similar appearance of persistent contrails to
natural cirrus makes them difficult to isolate and
link to the generating aircraft in observations. This
typically limits insitu studies of contrails from spe-
cific aircraft to the first 10–15 min of their lifecycle,
although some observations exist at longer timescales
(Schumann et al 2017). Satellites have the capabil-
ity to identify contrails over large regions (Mannstein
et al 1999, Iwabuchi et al 2012, Duda et al 2013, 2019,
Vázquez-Navarro et al 2015, Meijer et al 2022), but
few studies track the evolution of contrails through
their observable lifetime (Duda et al 2001, Haywood
et al 2009, Vázquez-Navarro et al 2015, Chevallier et al
2023). Satellites cannot detect contrails throughout
their whole lifetime (Gierens and Vázquez-Navarro
2018), but the observable lifetime can provide an
approximate indication of the radiative impact of
a contrail, all else being equal (Driver et al ).
However, without a link to the generating aircraft,

these studies do not provide the aircraft-scale con-
straints essential for constraining models of persist-
ent contrail formation and guiding future mitigation
strategies.

This study addresses this gap, producing aircraft-
scale constraints on the controlling factors of
contrails. Contrails observed in imagery from
the advanced baseline imager (ABI) onboard the
Geostationary Operational Environmental Satellite
(GOES-16) satellite are matched to the aircraft that
formed them. Using an automatic identification
algorithm, contrail-aircraft matches are identified
over the western North Atlantic and tracked during
the fraction of their lifetime when they are detect-
able from satellite. Characterising the development
of independent contrail segments, the impact of air-
craft type and the initial meteorological conditions
are assessed, demonstrating a strong impact of both
factors, providing a new database for constraining
contrail simulations, and highlighting pathways to a
reduction in the climate impact of aviation.

2. Methods

2.1. Data
Data from the ABI (Schmit et al 2017) on GOES-
16 (every five minutes) is used to identify contrails
over the Western North Atlantic. The eastern half of
the continental US scan is used (columns 1300-2500)
(figure 3), approximately the region 85◦ W–60◦ W,
15◦ N–50◦ N, due to reduced air-traffic simplifying
thematching of aircraft to satellite-detected contrails.
Only infra-red bands are used (band 9–6.95µm, band
13–10.35µmand band 15–12.3µm), with a 2 km res-
olution at nadir.

Reanalysis winds, humidity and temperature were
use to advect aircraft locations and characterise their
formation conditions (e.g. TSAC, RHi). This data was
obtained from the ERA5 reanalysis at 0.25◦ by 0.25◦

resolution on pressure levels (Hersbach et al 2020).
Aircraft position reports were obtained from the

Federal Aviation Administration’s traffic flow man-
agement system (TFMS), for aircraft intersecting
the New York flight information region (FIR). This
provides aircraft position (longitude, latitude, alti-
tude) updates, aircraft type information and flight
number.

Representative overall efficiency (η) and non-
volatile particulate matter (nvPM) for each air-
craft type (and engine type where available) at
cruise in the study region from the Teoh et al
(2024) dataset, weighted by flight distance. As the
TFMS output does not report aircraft tail num-
ber, engine type is matched to specific aircraft
using the airline (identified from the flight num-
ber). Comparisons to the Teoh et al (2024) dataset
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shows this is more than 90% accurate for identify-
ing engine type for the six aircraft types withmultiple
engine types (A320, A321, A333, B744, B788, B789).
‘Business jets’ are smaller jet aircraft, ICAO codes
starting (C6 - Cessna Citation; CL—Bombardier
Challenger; F2, F9, FA—Dassault Falcon; GL—
Grumman Gulfstream/Bombardier Global Express,
LJ—Learjet).

2.2. Contrail identification
Following (Mannstein et al 1999), algorithms for
identifying contrails in satellite data (e.g. Iwabuchi
et al 2012, Duda et al 2013, 2019) typically rely on
three properties of contrails: contrails are linear, cold,
and composed of small ice crystals. Mannstein et al
(1999) used a set of convolutional filters on the 10µm
brightness temperature (identifying linear cold fea-
tures) and the 10µm–12µm brightness temperature
difference (using the wavelength dependence of ice
crystal emissivity to identify small ice crystals).

Recent studies have demonstrated the potential
for using convolutional neural networks (CNNs) for
identifying contrails in satellite imagery (Meijer et al
2022, Ng et al 2023). These use a dataset of hand-
identified contrails to optimise a network of con-
volutional filters. A variety of designs of CNN are
available. In this work, we use a Res-UNet (Zhang
et al 2018), as it has shown good performance
in image-segmentation tasks and similar networks
(Ronneberger et al 2015) have already been applied
to this problem (Meijer et al 2022).

A training dataset of potential contrails was
identified using the 10–12µm BTD imagery. 40
images, one every 6 h between the 10th and 20th
of January 2018 was checked by hand. The images
were split into 128 by 128 pixel tiles and this
training data was augmented using rotation and
reflection transforms. 20% of the training data was
held back as the test dataset (and not used for
training), leaving a total of almost 53 000 tiles for
training.

For each tile, the CCN only identifies contrails in
the central 64 by 64 pixel region (figure 1(a)). This
means that the convolutions can be used without
extra padding, minimising the impact of edge effects.
When a tile is at the edge of the image, valid data
is reflected at the boundary (affecting approximately
35% of tiles).

The model was trained using a batch size of 128,
using a weighted binary cross-entropy loss (10%–
90% towards contrail locations) to cope with the
imbalanced training dataset (there are many more
contrail free-locations). Dropout (30%) was used to
reduce over-fitting during training. Verification on
the held back data produced an intersection over
union of 35%. While this is lower than would be
required for other tasks, an inspection of the results

Figure 1. An example identification case. (a) Shows the
10.8µm–13µm BTD. All the data in the visible region is
used for the model, which identifies contrails in the central
region (outlined by the red box). In cases where the
identification region is at the edge of the GOES image (the
dashed red line in this case), the outer region is generated
by reflecting the data within the region. (b) The hand
identified contrails within the identification region. (c) The
contrails identified by the CNN (confidence in the range
0–1).

indicates that the CNN is identifying many contrails
missed by the human-produced dataset, similar to
Meijer et al (2022). As this CNN is not aiming to pro-
duce a complete and perfect dataset of contrails, it is
sufficient for this study, with the remaining false pos-
itives removed through stringent post-processing.

2.3. Post-processing contrails
As with previous studies, the CNN has a consider-
able false positive rate. While this is partly due to
the CNN identifying contrails missed by the hand-
identification stage, some of these false identifica-
tion are linear cloud features, natural cirrus and sur-
face features (notably rivers). Further post-processing
is applied to increase confidence in the contrail
identification.

A binary contrail mask is created for each ABI
image (every 5min), with a 50%confidence threshold
in the CCN output identifying contrail pixels. The
mask is then split into four-connected ‘contrail
objects’ (COs). A CO that exists for only one image
(defined as not overlapping with a CO in either
the preceding or following image) is removed as
a likely false positive. The individual images COs
are linked between images to create time-dependent
objects by advecting them with the 175 hPa winds
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Figure 2. An example labelling of a contrail object (CO) over the Bahamas. Colours indicate the CNN confidence, from low
(white/blue) to high (red). Following the passage of flight N150QS (black dot), a potential contrail formation location (PCFL) is
identified by advecting historical aircraft locations using horizontal reanalysis winds. Shortly behind N150QS, a CO is identified
in satellite imagery and unambiguously matched to N150QS. The development of the CO is followed until it dissipates one hour
after formation. Each panel is separated by 10min.

(approximately the flight level for commercial jets),
resetting the CO location in each image to reduce
the cumulative impact of errors in reanalysis winds
(similar to Vázquez-Navarro et al 2015). This also
helps to remove the surface feature false positives
(figure 3(b)).

COs are then matched to aircraft from the TFMS
dataset, correcting for parallax. Potential contrail
formation locations (PCFLs) are identified for each
aircraft by advecting aircraft positions with ERA5
flight-level winds (allowing COs to be matched as
long as the formwithin 2 h of the aircraft passage). For
a CO to be assigned to a particular aircraft, it must:

• Appear behind the aircraft, with no component
appearing before the passage of the aircraft

• Have an aspect ratio of 3 or more and be aligned
with the PCFL within 30 degrees

• Have a centre less than 6 km from the PCFL

If multiple aircraft satisfy these criteria, the aircraft
with the closest position match between the CO and
PCFL is assigned to that CO. As the TFMS dataset is
not complete, there is a possibility of excluded flights
forming contrails which are observed andmatched to
other aircraft. The matching criteria limit this possib-
ility, as the excluded aircraft would have to fly at the
same direction and altitude as another aircraft within
the 10–15min it takes a contrail to be detected.

This method produces matches (figure 2)
between aircraft and COs. The COmaintains the air-
craft identity until it disappears (no longer overlaps
with an advected CO in the following image), which
then defines the end of the lifecycle of the CO. For
cases where a CO splits, the child COs maintain the
same aircraft identity. CO merges take the identity of
the larger original CO, but are usually removed by the
linearity requirements unless they are both from the

same aircraft. For the whole of 2018, this produces
over 120 000 COs in the study region.

Even with this matching to flight tracks, false pos-
itives remain (figure 3(b)); further filtering is required
to increase confidence in the aircraft-CO matches.
These COs must maintain a linear shape through-
out their observed lifetime and first become visible to
the CNN no more than 30 min behind the aircraft.
These more stringent requirements reduce the num-
ber of contrail objects to 9604 COs, where the aircraft
is linked to the observed contrail lifecycle.

Each CO is split into segments that are each one
minute of flight time long (around 10–14 km), which
are then used for analysis. 64 046 distinct contrail seg-
ments are analysed in this work

3. Results

3.1. Contrail identification
Contrails are identified in ABI imagery using a CNN
(Ronneberger et al 2015), producing an observed dis-
tribution of contrails (figure 3(a)) that is qualitatively
similar to previous studies (e.g. Meijer et al 2022).
Contrails are often observed over continental North
America and the North Atlantic (figure 3(a)), due to
the higher frequency of air traffic (Digby 2021) and
the ends of the North Atlantic Tracks. High-altitude
oceanic flight corridors are visible, both between the
United States and the Caribbean as well as around
the Bahamas and Bermuda. Large patches of contrails
are observed to the west of Florida, and north-east
of Cuba (figure 3(a)), both easily visible in satellite
imagery of individual days.

Coastlines, rivers and other thin, approximately
linear surface features are also identified as contrails
by the CNN due to their variations in emissivity (the
physical basis of the brightness temperature differ-
ence method). Satellite artefacts are also visible as
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Figure 3. (a) The probability of a contrail object (CO) during 2018. (b) as (a) but only for COs linked to a specific flight (note the
comparative lack of data outside the New York FIR). (c) The number of high-confidence flight-linked COs selected for tracking
and further analysis.

Figure 4. (a) Time to CO observation following the passage of the generating aircraft. COs with a time to observation longer than
30min are excluded from the analysis as the aircraft match is less certain. (b) Relationship between CO observable lifetime
(P(lifetime>1hour)) and nvPM emissions (one dot per aircraft/engine combination). Red dots are Type B variations. (c) As (b),
but the relationship between CO lifetime and overall efficiency. (d) The relationship between nvPM and overall efficiency,
averaged by aircraft type.

horizontal lines in figure 3(a). While these can be
removed using maps of surface features (e.g. Meijer
et al 2022), tracking the motion of contrails over time
(see Material and methods) to form contrail objects
(CO) and requiring these COs to appear only after
the passage of an aircraft and to be advected with the
high level winds removes most of the surface features
(figure 3(b)).

The surface features can stillmergewith aCOover
time, such that some features (such as the Hudson
river) remain in regions with high frequencies of air-
craft traffic. The remaining surface features are almost
completely removed when the linearity conditions
are imposed throughout the CO observable lifetime
(figure 3(c)). This restricts the CO population to only
COs that have a high confidence of being contrails,
both through their behaviour and strength of the their

match to an individual flight. The remaining COs are
primarily over ocean, due to the improved quality of
the CCN identification for cases with a simple back-
ground and the lower density of flights preventing
overlapping contrails.

3.2. Observation timescales
While the nature of the CNN detection uses some
non-local information, contrails do not transmit
information along their length. Each CO is there-
fore considered as a chain of independent contrail
‘segments’ throughout the remainder of this work.
While the matching criteria require a CO to appear
less than two hours behind an aircraft, the majority
(77%) of contrails segments in this region are vis-
ible in ABI imagery within 20min (figure 4(a)), with
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Figure 5. (a) Contrail segment occurrence by dT SAC and
aircraft type. Black lines are for all aircraft, the dashed black
line is dTSAC assuming contrails form at ice (rather than
liquid) supersaturation. Each line if formed from total
number of counts in dTSAC bins of 1 K, normalised by the
total number of counts. (b) Normalised histograms
showing the altitude of the generating aircraft for each
contrail segment by aircraft type. (c) Probability of a
contrail being observed at temperatures warmer than TSAC

as a function of overall efficiency. Each dot represents a
single aircraft-engine type combination.

only 4% becoming visible within the first 5min, giv-
ing a mean time to observation of 17min, disappear-
ing an average of 51min after the passage of the air-
craft. Discarding segments with a time to observation
of longer than 30min (due to the uncertainty of the
aircraft match) reduces these to 14min (to first obser-
vation) and 49 min (to disappearance).

The mean lifetime (period observable in satellite
data) is highly skewed by a small number of long-
lifetime contrails, so the probability of an observed
contrail lasting more than one hour is presented to
minimise the impact of these outliers (figure 4(b)).
Binning contrails by aircraft type (and engine type
where available) and selecting only those types with
more than 1000 segments, the parametrised partic-
ulate emissions of the aircraft (represented by the
nvPM—non-volatile particulate matter emissions,

from Teoh et al 2024) are found to be weakly neg-
atively (but significantly) correlated with persistent
contrail lifetimes. This is in contrast to recent mod-
elling studies, where aircraft with higher nvPM emis-
sions produced longer lived contrails with larger radi-
ative or energy forcings (Burkhardt et al 2018, Bier
and Burkhardt 2022, Teoh et al 2022).

In contrast, aircraft type overall efficiency (aver-
aged by type) is positively correlated to contrail life-
time, with more efficient aircraft producing longer
lived contrails (figure 4(c)). Although newer, more
efficient aircraft typically have lower nvPM emissions
(figure 4(d)), the expected reduction in contrail life-
time is not observed. Instead, the increase in con-
trail lifetime for thesemore efficient aircraft is domin-
ated by differences in meteorology at their operating
altitudes.

3.3. Meteorological factors
While the SAC defines the conditions for contrail
formation, a significant number of contrails are
observed to form above TSAC, with a positive dTSAC

(ambient temperature—TSAC difference; figure 5(a).
This could be due to the relatively coarse (approxim-
ately 25 km) resolution of the meteorological reana-
lysis used in the TSAC calculation neglecting the vari-
ability inherent in the temperature and humidity
fields (Sundqvist et al 1989, Burkhardt et al 2008,
Quaas 2012). Along with these random errors pro-
ducing positive dTSAC, low resolution models often
have temperature biases in the upper troposphere
and the supersaturated layers necessary for forming
persistent contrails are often thin (Spichtinger et al
2003, Rädel and Shine 2008, Gierens et al 2020), mak-
ing them difficult to represent (Agarwal et al 2022).
These factors may also produce positive dTSAC. Note
that if TSAC is calculated relative to ice supersatura-
tion (figure 5(a)—dashed line), all contrails are below
this threshold temperature, indicating that all the
observed contrails can at least transiently achieve the
ice supersaturation required for persistent contrails.
Small-scale fluctuations in humidity or aircraft char-
acteristics could locally produce the water saturation
necessary to form contrails, whichmay persist even in
slightly sub-saturated air (Li et al 2023).

The fraction of contrails with dTSAC > 0 (indic-
ating how close contrails are to the formation
threshold), depends on aircraft type. Two indicative
types shown in (figure 5(a)). The two types are wide-
body aircraft from the same manufacturer with sim-
ilar sizes, but very different fleet average ages (Type
A ≈ 25 years, Type B ≈ 5 years) and mean η (Type
A - 0.34, Type B - 0.40). The contrails observed
from more efficient Type B are typically at lower
(more negative) values of dTSAC. This is expected
(more efficient engines produce cooler exhaust and
hence a steeper mixing line and higher TSAC) and
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Figure 6. Contrail occurrence as a function of RHi for
different aircraft types. Dashed lines are using a
mismatched year for the RHi data but the same satellite
observed contrails, showing the average RHi distribution at
aircraft flight altitudes. The probability of RHi>100% for
each type is shown in the legend.

there is also some evidence that the TSAC is inac-
curate for high bypass engines, making the wrong
assumptions about η (Nieuwerth 2023). However, the
changes in TSAC from a 20% increase in η is around
2–4K (Schumann 1996). Variations in T SAC are also
produced through changes in pressure (1–2K) and
potential biases in humidity (up to 5K). These dTSAC

variations too small to explain the >10K differences
in dTSAC between aircraft types found in this study
(figure 5(a)). This relationship remains across many
different aircraft types (figure 5(c)), with as much as
50% of all contrails being apparently above TSAC for
some aircraft types.

This difference in dTSAC between aircraft types
is due to varying operating altitudes. Aircraft with
a lower (more negative) dTSAC are typically fly-
ing at higher altitudes (figure 5(b)). In the study
region, Type B cruises at a higher average alti-
tude (around FL400 = 40 000 ft) than Type A
(FL370). Business jets usually cruise at even higher
(>FL410, figure 5(b)) and colder altitudes. As tem-
peratures at these altitudes are typically cooler,
the contrails formed are usually even further
below TSAC.

3.4. Humidity variations
Supersaturation over ice (RHi>100%) is required for
the formation of persistent contrails. A higher mean
reanalysis RHi may indicate larger super-saturated
regions at a sub-gridscale (Sundqvist et al 1989) and
so might be expected to produce longer-lived con-
trails. For a given temperature, a higher RHi also
means a larger TSAC and hence more negative dTSAC.
With RHi variability generating correlated changes in
contrail lifetime and dTSAC, it is not clear that the

Figure 7. Probabilities of contrail segment lifetimes
exceeding 30 (black), 60 (red) and 90 min(blue) as a
function of the initial dT SAC. Statistical uncertainties at the
5%–95% level are shown as errorbars.

initial dTSAC is itself generating a longer lifetime con-
trail through increased Ni.

However, although the aircraft fly at a range of
altitudes, there is little difference in the RHi at con-
trail formation for the different types (figure 6). For
all types, there is a peak in RHi for observed contrails
at saturation (100%). This is expected, as the reana-
lysis data lowers any supersaturated RHi to 100% in
the presence of a cloud (ECMWF 2016). A consider-
able fraction of contrails are also observed below sat-
uration, similar to Li et al (2023). However, the lack
of a strong link between RHi and aircraft type (with
little variation in the probability of RHi>100%) sug-
gests RHi differences are not responsible for the vari-
ations in contrail lifetime and occurrence, although
a altitude-dependent bias in RHi may mean that the
RHi impact is unobserved in this work.

These contrails are all long-lived contrails (per-
sisting longer then 10min after the passage of the
aircraft), which require a super-saturated environ-
ment to avoid dissipation. The occurrence of persist-
ent contrails in highly sub-saturated environments
highlights the limitations of reanalysis RHi for con-
trail prediction (Rädel and Shine 2008, Gierens et al
2020, Agarwal et al 2022). However, the RHi distribu-
tion is very different from the average RHi in this loc-
ation (estimated using RHi from a mismatched year,
figure 6—dashed lines) indicating that the reanalysis
product still has some skill at predicting the RHi.

3.5. Meteorology and contrail lifetime
Although there is not a clear link between contrail
lifetime and RHi, contrail lifetime is linked to the
initial contrail formation conditions through dTSAC

(figure 7). Colder contrails (those forming further
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below dTSAC) have a longer lifetime, approximately
doubling the chance of a contrail segment living
longer than an hour if the contrail forms at 20 K
below TSAC, compared to one forming close to TSAC

(figure 7, blue dots). This is consistent with con-
trails forming closer toTSAC having fewer, larger crys-
tals (Kärcher et al 2015) and the faster growth of
ice crystals in warmer conditions producing higher
sedimentation rates, reducing contrail lifetimes (Bier
et al 2017). Where a lower dTSAC indicates contrails
forming close to the tropopause, the increased size
of supersaturated regions may also play a role by
allowing a contrail to last longer at high humidity
(Burkhardt et al 2008).

This dTSAC link to contrail lifetime dominates
the link between aircraft type and contrail lifetime
(figures 4(b) and (c)) to such an extent that no
clear link is found to lifetime for either overall effi-
ciency or nvPM emissions when binning by dTSAC

(not shown). While this does not preclude a link
and impact on contrail properties and forcing, fur-
ther studies are required to assess this effect in
observations.

3.6. Fleet-wide contrails
The contrails studied in this work are a small subset
of all contrails formed in the atmosphere. Stringent
filtering to match aircraft to contrails limits this
further to contrails that form large linear, satellite-
identifiable features. The linearity criterion also biases
the previous results to oceanic regions with less air
traffic to reduce overlap between contrails. These
sampling biases may be partly responsible for the
difference in contrail development between different
aircraft.

Using the advected flightpaths to identify poten-
tial aircraft-modified clouds (e.g. Tesche et al 2016,
Duda et al 2019, Marjani et al 2022, Chevallier
et al 2023) avoids the requirement for tracking COs
and potential selection biases associated with the fil-
tering and tracking processes. Although the CNN
produces a considerable number of false positives
(figure 3(a)), these are significantly reduced over
the ocean. Subtracting the probability of intersection
with flights from a different year accounts for ran-
dom intersections and further reduces the impact of
these false positives. The increased reliance on advec-
ted winds (rather than tracking the COs themselves)
magnifies potential biases from errors in the reana-
lysis winds, which may in turn create biases in the
apparent contrail lifetime.

Even with these caveats, the probability of
an advected flightpath intersecting with a CNN-
identified contrail still varies significantly by aircraft
type (figure 8). Type B aircraft intersect with CNN-
identified contrails far more often than Type A or
business jets, supporting previous results that the
Type B produces satellite-detectable contrails more
frequently. As similar sized aircraft, both Type A and

Figure 8. Probability of advected aircraft locations
intersecting with contrails as identified by the CNN for
different aircraft types.

B quickly produce visible contrails (peaking at about
10–15min behind the aircraft). Business jets take
longer to produce visible contrails (peaking at about
20min behind the aircraft), potentially due to their
smaller fuel flow, engines, plume widths and contrail
optical depths.

The accuracy of the detectable contrail lifetime
derived from figure 8 depends on the accuracy of the
aircraft-altitude winds. However, business jets have a
similar peak magnitude in contrail detection probab-
ility to Type A, but with a significantly longer lifetime,
comparable to Type B. Even including potential false
positives from the CNN identification, this supports
the other results in this work, demonstrating that they
are not purely due to a selection bias from the CO fil-
tering criteria, but an actual consequence of the air-
craft and their flight patterns.

4. Discussion and conclusions

More efficient aircraft generate contrails with longer
satellite-detectable lifetimes (figure 4(c)) due to dif-
ferences in their operation and despite a reduc-
tion in nvPM emissions that would be expected
to reduce contrail lifetime (Burkhardt et al 2018,
Kärcher 2018). Flying at higher altitudes (figure 5(b)),
these more efficient aircraft form contrails further
below the Schmidt–Appleman threshold temperat-
ure (TSAC; figure 5(a)). While there is not a strong
link between aircraft type and the environmental RH
or supersaturation frequency (figure 6), contrail life-
times increase as dTSAC decreases, demonstrating an
impact of the contrail initial state on the properties
and lifetime of the contrail.

For the subset of contrails analysed in this work,
more efficient aircraft produce longer-lived con-
trails, but as a consequence of the environment
they fly in. While this disguises the hypothesised
impact of nvPM on contrail lifetime (Burkhardt et al

8
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2018, Kärcher 2018), figure 4 hints at an nvPM
impact on contrail lifetime for a single type. The
three red points in figure 4 are variants of Type
B, with similar overall efficiencies (η; figure 4(c)),
sizes (Unterstrasser and Görsch 2014) and flight
profiles. The reduction in nvPM emissions for the
Type B variants hints at a reduction in contrail life-
time (figure 4(b)). This highlights a potential path-
way for mitigating the climate impacts of aviation,
providing initial observational evidence to support
results from model studies (Burkhardt et al 2018,
Teoh et al 2022).

It should be noted that the aircraft in the region
used in this work typically fly in the troposphere
(⪅14 km in this region), rather than the drier stra-
tosphere (as common further north). This likely
increases the frequency of the persistent contrails
observed in this work due to the higher tropospheric
RH, particularly just below the tropopause. Further
studies are required to assess these results for other
regions particularly for locations such as the North
Atlantic Tracks, where stratospheric flights are more
common.

This study is also limited to contrails detectable in
satellite data. These contrails have to live long enough,
grow wide enough and achieve a high enough optical
depth (Kärcher et al 2009) for identification (approx
10min; figure 4(a)) and have a linear shape. While
most contrails keep a linear shape given their long
length and comparatively small width, this biases the
study towards larger supersaturated regions. In addi-
tion, if higher altitude contrails are significantly easier
to detect, this may also bias the results of this work.
However, as the BTD method depends on a contrast
in emissivity variations with wavelength, rather than
temperature, the impact of this bias is likely small, but
will be investigated in future work.

While the BTD method used to identify con-
trails has a long history (e.g. Mannstein et al 1999),
it may not identify all of the most climatically rel-
evant contrails, making the conversion to a net cli-
mate impact for each aircraft type not straightfor-
ward. As satellite detectable contrails have a larger
width and optical depth, changes in the detectable
lifetime might be expected to indicate a changed cli-
mate impact. However, we cannot directly observe the
radiative properties of the contrails over their whole
lifecycle. It is possible that the observed change in the
satellite-detectable contrail lifetime is offset by oppos-
ite changes in undetected contrails and so does not
produce a radiative impact.

Further work is required to assess this possibility,
but it would require significant variation in undetec-
ted contrails in the opposite direction to the beha-
viour of the satellite-detected contrails. However, as
Type B aircraft are producing much more common,
longer lived satellite-detected contrails (figure 8),
this is likely to lead to a larger climate impact. As
erroneous matches between aircraft and observed

contrails would be expected to reduce the signific-
ance of this variation with aircraft type, such that the
type-dependence of detected contrail lifetime could
be even larger than found in this work.

This work provides some initial evidence consist-
ent with a reduction in nvPM emissions leading to a
reduction in contrail lifetime for a single aircraft type
(figure 4(b), red dots), but that this is obscured by dif-
ferences in operation of different aircraft types.While
higher altitude flights can bemore fuel efficient, these
flights typically produce contrails with longer detect-
able lifetimes, consistent with a larger climate impact
(figures 5 and 7) and illustrating a tradeoff in the cli-
mate impact of aviation. This is particularly severe for
business jets, which fly at higher altitudes and so form
contrails at even lower values of dTSAC than the most
efficient commercial aircraft (figure 5(a)). Formed at
cold temperatures, with more ice crystals and poten-
tial longer lifetimes (figure 8), this gives them a lar-
ger climate impact per passenger than their green-
house gas emissions suggest. These potential trade-
offs between the climate effect of contrails and aircraft
fuel efficiency should be carefully considered in order
to meet future aviation climate targets.
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