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Abstract. Estimates of aviation effective radiative forcing (ERF) indicate that contrail cirrus is currently its
largest contributor, although with a substantial associated uncertainty of ~ 70 %. Here, we implement the con-
trail parameterisation developed for the Community Atmosphere Model (CAM) in the UK Met Office Unified
Model (UM), allowing us to compare, for the first time, the impact of key features of the host climate model
on contrail cirrus ERF. We find that differences in background humidity between the models result in the UM-
simulated contrail fractions being 2 to 3 times larger than in CAM. Additionally, the models show contrasting
responses in overall global cloud fraction, with contrails increasing the total cloud fraction in the UM and de-
creasing it in CAM. Differences in the complexity of the cloud microphysics schemes lead to significant differ-
ences in simulated changes to cloud ice water content due to aviation. After compensating for the unrealistically
low contrail optical depth in the UM, we estimate the 2018 contrail cirrus ERF to be 40.8 mW m~2 in the UM,
compared to 60.1 mW m~2 in CAM. These values highlight the substantial uncertainty in contrail cirrus ERF
due to differences in microphysics and radiation schemes between the two models. We also find a factor-of-8
uncertainty in contrail cirrus ERF due to existing uncertainty in contrail cirrus optical depth. Future research
should focus on better representing microphysical and radiative contrail characteristics in climate models and on
improved observational constraints.

Published by Copernicus Publications on behalf of the European Geosciences Union.

a|ollJe yoJessay



474 W. Zhang et al.: Impact of host climate model on contrail cirrus effective radiative forcing estimates

1 Introduction

The aviation sector has been growing rapidly over the last
6 decades, except for a temporary decrease in traffic caused
by the measures to limit the spread of the COVID-19 pan-
demic (ICAO, 2024a). The steady growth of civil aviation
has resulted in an average increase in carbon dioxide (CO)
emissions of 2 % yr_1 between 1970 and 2012, further ac-
celerating to 5 % yr—! from 2013 to 2018 (Lee et al., 2021).
According to the International Civil Aviation Organization
(ICAO) monthly monitor, passenger air traffic on most routes
had reached the pre-pandemic revenue passenger kilometre
(RPK) level by the end of 2023 (ICAO, 2024b). Furthermore,
predictions based on various economic and future aircraft
emission scenarios estimate that aviation fuel usage and as-
sociated CO; emissions could experience 2-3-fold increases
by 2050 (Dray et al., 2022).

As recently reviewed by Lee et al. (2021), global aviation
in 2018 contributed 3.5 % to the total anthropogenic effective
radiative forcing (ERF). While a third of the aviation ERF
is estimated to be caused by CO; emissions, the majority
(i.e. two-thirds) is associated with non-CO; effects, includ-
ing aviation-induced cloudiness (contrails and contrail cir-
rus) and emissions of nitrogen oxides (NO, ), water vapour,
and aerosols (in particular, soot, and sulfate). Of the known
aviation climate forcing contributors, contrails and contrail
cirrus (i.e. spreading contrails that are no longer line-shaped)
are estimated to be the largest, responsible for almost twice
as much as the COy contribution (Burkhardt and Kircher,
2011). Contrails are line-shaped high clouds that form as
a result of the mixing between the warm and moist jet en-
gine exhaust and the cool ambient air under liquid water sat-
uration conditions in the young plume behind the aircraft
(Schumann, 1996). Schmidt (1941) and Appleman (1953)
described the contrail formation process based on the ther-
modynamic theory. At present, water vapour primarily con-
denses on particles emitted by today’s kerosene combusting
engines. However, these emitted particles are not necessary
at the contrail formation stage as particles from the ambi-
ent air could be entrained into the exhaust plume and act as
condensation nuclei. When the ambient air is supersaturated
with respect to ice, contrails can persist and may last from
minutes up to several hours (Minnis et al., 1998). Persistent
contrails may evolve into extended cirrus clouds (i.e. contrail
cirrus) due to spreading and shearing (Kércher, 2018).

Like natural cirrus, contrail cirrus clouds change the ra-
diative balance of Earth in two ways. First, their ice crystals
can scatter shortwave radiation back to space, leading to a re-
duction in solar radiation reaching the Earth’s surface (short-
wave cooling effect). Second, contrails absorb infrared (long-
wave) radiation from Earth and re-emit it at lower tempera-
tures (longwave warming effect). For contrails, the longwave
warming effect dominates on average, causing a net positive
(warming) radiative forcing (RF) (Burkhardt and Kércher,
2011; Rap et al., 2010a; Chen and Gettelman, 2013). Con-
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trail cirrus can also have an impact on natural clouds as their
presence changes the water budget of the surrounding atmo-
sphere. This may partially offset the direct climate impact of
contrail cirrus (Burkhardt and Kércher, 2011) and therefore
reduce the contrail cirrus climate efficacy (Bickel, 2023).
The global climate impact from aviation, including con-
trails and contrail cirrus, has been reviewed over the past
decades. Initial assessments (e.g. Minnis et al.,1999; Lee et
al., 2009) only considered the effect of linear contrails. Sim-
ulating and quantifying the effect of ageing and spreading
contrails is challenging for models as this requires simulat-
ing the whole contrail cirrus life cycle, including complex
cloud microphysical processes, spreading, and the interac-
tion with background cloudiness (Burkhardt and Kircher,
2009). A best estimate for contrail cirrus ERF (including the
natural cloud feedback) was only available in the latest two
Intergovernmental Panel on Climate Change (IPCC) Assess-
ment Reports (ARs), i.e. Boucher et al. (2013) and Lee et
al. (2021). In the IPCC Fifth AR, the ERF of contrail cirrus
was estimated for 2011 as 50 mW m~2 (5 %—95 % likelihood
range of [20, 150]) (Boucher et al., 2013). This was derived
from scaling and averaging two studies, i.e. Schumann and
Graf (2013) and Burkhardt and Kércher (2011). More re-
cently, Lee et al. (2021) provided estimates of contrail cir-
rus ERF of 57 mW m~2 (5 %95 % likelihood range of [17,
98]) for 2018, calculated by scaling and averaging updated
contrail cirrus RF and ERF estimates (Bock and Burkhardt,
2016; Burkhardt and Kircher, 2011; Chen and Gettelman,
2013; Bickel et al., 2020; Schumann et al., 2015). Therefore,
in the IPCC Sixth AR, the uncertainty in the contrail cirrus
ERF has been reduced compared with the IPCC Fifth AR to
70 % due to the development of process-based approaches
simulating contrail cirrus in recent years. However, this un-
certainty remains large, with low confidence in the current
best estimates of contrail cirrus ERF, reflecting the incom-
plete knowledge of key factors, such as the contrail spread-
ing rate, optical depth, and radiative transfer processes (Lee
et al., 2021). The 70 % uncertainty results from the com-
bined process uncertainties, simulated in a small number of
available studies (Lee et al., 2021). There are three main
sources of this uncertainty: (i) upper-tropospheric humidity
and clouds, which largely originates from the high variabil-
ity in the temporal and spatial scales of upper-tropospheric
ice supersaturation; (ii) the treatment of contrail cirrus and
the interactions with natural clouds, in particular the contrail
ice crystal microphysical properties, contrail cirrus life cycle,
and natural cloud adjustments; (iii) the radiative transfer re-
sponse to contrail cirrus, which is largely due to differences
in the radiation schemes across climate models, background
cloud fields and their vertical overlap with contrail cirrus, ho-
mogeneity assumptions of the contrail cirrus field, and the
presence of very small ice crystals and unknown ice crystal
habits. In addition to this 70 % quantified uncertainty, there
is also the unquantified uncertainty due to the impact of con-
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trails forming within natural clouds or the change in radiative
transfer due to soot aerosols in contrail cirrus ice crystals.

The aviation industry has been under increasing pressure
in recent years to substantially reduce its climate effect. Con-
trail cirrus is currently the largest aviation short-lived climate
forcer and is therefore an important target for mitigation,
which would make an immediate impact on the Earth’s ra-
diation budget. The decreases in the contrail occurrence and
contrail cirrus ERF due to the reduction in air traffic resulting
from pandemic restrictions in early 2020 have been demon-
strated in several modelling and observation-based studies
(Quaas et al., 2021; Digby et al., 2021; Schumann et al.,
2021; Gettelman et al., 2021). A number of mitigation op-
tions have been explored to reach the aviation industry’s
commitment of achieving net-zero CO, emissions by 2050,
including technical improvements, operational management,
and the use of alternative fuels (IATA, 2025). However, the
large uncertainties in and poor scientific understanding of the
contrail climate forcing could undermine the effectiveness
of these mitigation strategies and create unintended conse-
quences of increasing the overall climate forcing.

To date, there have only been two global climate models
able to simulate contrail cirrus, i.e. ECHAM (Burkhardt and
Karcher, 2009; Burkhardt and Kircher, 2011) and the NCAR
(National Center for Atmospheric Research) Community At-
mosphere Model (CAM) (Chen et al., 2012; Chen and Gettel-
man, 2013). These models include different physical param-
eterisations for cloud microphysics in general and contrail
cirrus parameterisations in particular, with ECHAM simulat-
ing a separate contrail cirrus cloud class and CAM integrat-
ing contrail ice with other ice clouds. This limits our ability
to constrain the contrail cirrus ERF uncertainty.

In this study, we perform the first comparison of a contrail
cirrus scheme across two global climate models (GCMs),
each in its respective standard configuration. The main aim is
to investigate the impact of key host climate model character-
istics on contrail cirrus simulations by adapting the Chen et
al. (2012) contrail cirrus CAM parameterisation for the UK
Met Office Unified Model (UM) (Sellar et al., 2019). Using
the same contrail parameterisation in two different host cli-
mate models, we are able to directly compare contrail cirrus
estimates and therefore contribute to improving our under-
standing of main sources of uncertainty in simulated contrail
cirrus microphysical and optical properties, as well as the as-
sociated natural cloud responses.

This paper is organised as follows: Sect. 2 provides de-
scriptions of the UM and CAM models, the contrail param-
eterisation, and the model setups used for the contrail simu-
lations. Section 3 presents and analyses the simulated differ-
ences in ice supersaturation frequency, young-contrail prop-
erties, cloud and radiation responses, and ERF estimates be-
tween the two climate models. The summary and conclusions
are provided in Sect. 4.
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2 Methodology

2.1 The host climate models

In this study, contrail cirrus simulations were performed with
two atmospheric models: the UM and CAM. Despite their
different cloud microphysics and radiation schemes, both the
UM and CAM compare well with satellite observations in
terms of simulated cloud microphysical, macrophysical, and
optical properties (e.g. ice and liquid water path and specific
humidity) (Jiang et al., 2012; Medeiros et al., 2023; Vig-
nesh et al., 2020; Delanoé et al., 2011; Williams and Bodas-
Salcedo, 2017).

The UM is a numerical model of the atmosphere which
is used for both weather and climate applications. The UM
is coupled as the atmospheric component of past and cur-
rent generations of the UK climate models, i.e. the Hadley
Centre Coupled Model (HadCM), the Hadley Centre Global
Environmental Model (HadGEM), and the UK Earth System
Model (UKESM), which are part of the Climate Model Inter-
comparison Project (CMIP) and have provided input to the
IPCC ARs over the years. Cloud microphysics in the UM is
parameterised by the Wilson and Ballard (1999) one-moment
large-scale precipitation scheme, with extensive modifica-
tions. For instance, ice cloud parameterisations use the uni-
versal particle size distribution (PSD) of Field et al. (2007)
built on a large quantity of in situ-measured PSDs and mass—
diameter relations of Cotton et al. (2013). The cloud frac-
tion and condensate are addressed by the PC2 large-scale
cloud scheme of Wilson et al. (2008). The impact of con-
vective cloudiness is represented by source terms that cou-
ple the convection scheme to PC2, based on Tiedtke (1993)
and Wilson et al. (2008). In-cloud supersaturation is per-
mitted by the model and is diagnosed by the parameteri-
sation described in Furtado and Field (2017). The param-
eterisation assumes that the ice cloud fraction in each grid
box is partitioned into supersaturated and sub-saturated sub-
areas. The areas and relative humidity (RH) of these regions
are parameterised in terms of grid-box mean quantities from
an assumed sub-grid RH distribution. Additional complex-
ities are introduced to handle mixed-phase and supercool-
liquid-only areas. In this scheme, there is no requirement for
grid-scale RH over ice to be zero — i.e. depositional growth
of ice is handled prognostically, without assuming instanta-
neous saturation adjustment. Radiative transfer is calculated
with the Suite of Community RAdiative Transfer codes based
on Edwards and Slingo (SOCRATES) scheme (Edwards and
Slingo, 1996; Manners, 2025), using six shortwave and nine
longwave radiation bands. The radiation scheme treats cloud
ice crystals following Baran et al. (2016), assuming a maxi-
mum random overlap for the vertical cloud layers.

CAM (Bogenschutz et al., 2018) is the atmospheric com-
ponent of Community Earth System Model (CESM) (Dan-
abasoglu et al., 2020). CAM version 6 (CAM®6), which is
used here, employs a double-moment cloud microphysics
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scheme (Gettelman and Morrison, 2015; Gettelman, 2015)
and has been recently updated to include rimed ice (Gettel-
man et al., 2019). The scheme is coupled to an aerosol micro-
physics and chemistry model (MAM4; Liu et al., 2016) and
driven by a unified turbulence scheme for the boundary layer,
shallow convection, and large-scale condensation (Bogen-
schutz et al., 2013; Larson, 2017). The number concentration
of aerosols is connected to ice—warm-cloud microphysics,
accounting for ice and liquid activation of cloud crystals
and drops (Liu et al., 2016). In CAMG6 the convective cloud
scheme is based on the description of Zhang and McFar-
lane (1995) and Zhang et al. (1998). Ice supersaturation is al-
lowed as described by Gettelman et al. (2010, 2015). Satura-
tion adjustment and condensation is performed based on the
vapour pressure over liquid. Ice formation occurs only when
nucleation conditions are satisfied based on the available am-
bient aerosols and the ice nucleation scheme of Liu and Pen-
ner (2005). Once ice is formed, a vapour deposition process
onto ice occurs, as described by Gettelman et al. (2010), and
contrails uptake water in the same manner. The model radi-
ation code has been updated to the Rapid Radiative Transfer
Model for General Circulation Models (RRTMG) (Iacono et
al., 2008). RRTMG divides the solar spectrum into 14 bands
and the thermal infrared into 16 bands, with a varying num-
ber of quadrature points (g points) in each of the bands. The
cloud overlap is treated using the maximum random cloud
overlap assumption in RRTMG, similarly to the SOCRATES
radiative transfer scheme in the UM.

2.2 The contrail parameterisation

Previous studies have simulated the climate impact of con-
trails in the UM using a linear contrail scheme (Rap et al.,
2010a, b). In order to allow the UM to also simulate the
spreading of linear contrails into contrail cirrus and the as-
sociated impacts on natural cirrus clouds (Burkhardt and
Kircher, 2011), here we adapt the Chen et al. (2012) CAM
contrail cirrus parameterisation for the UM. This contrail pa-
rameterisation has been used in several studies on aviation
climate impacts (e.g. Chen and Gettelman, 2013; Gettelman
et al., 2021; Lee et al., 2021).

In this contrail cirrus parameterisation, contrails form
according to the Schmidt—-Appleman criterion (Schumann,
1996) and persist in ice-supersaturated regions. An em-
pirical formula giving the critical temperature (7¢, in de-
grees Celsius) for contrail formation, as described by Schu-
mann (1996), is

T, = — 46.46 +9.431n(G — 0.053)
+0.72[In(G — 0.053)]?, (1)

with G, in units of PaK~!, defined as

. Elg,0-¢pp

_ , 2
c0(1—n) @
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where Ely,0 is the emission index of water vapour in
kgn,o0 kgglél, ¢ is the specific heat of air at constant pres-
sure in J kg;r1 K~!, p is the atmospheric pressure in pascals
(Pa), ¢ is the ratio of molecular masses of water and air in
(kgn,0 mol’l) (kgair mol—1)~1, Q is the specific combustion
heat in J kgf;ll, and 7 is the propulsion efficiency of the jet
engine.

The critical relative humidity RH, for contrail formation
depends on G, T, and the ambient temperature 7 and is ex-
pressed, as in Ponater et al. (2002), as

G-(T —To) +eg (To)

RH(T) = )

, 3)

where el is the saturation pressure of water vapour with re-

spect to the liquid phase.

Contrails form when the ambient temperature is below the
critical temperature and the ambient relative humidity with
respect to liquid water is above the critical relative humidity.
Furthermore, a contrail persistence condition requires that
the ambient air be supersaturated with respect to ice. In addi-
tion to the water vapour emitted by aircraft engines, ambient
water vapour above ice saturation within the volume swept
by aircraft is also added to the formation of contrails. This
aircraft-swept volume is a product of the flight path distance
d in metres (m) and cross-sectional area C in square metres
(m?) (Chen et al., 2012). The contrail ice mass mixing ratio
is therefore calculated as

d-C .
M = tht + T ()C —Xéat) : (4)

where g is the aviation water vapour emission mixing ratio
(ratio of the mass of aircraft water vapour emission to the
mass of dry air) tendency in kgkg~!s™!, V is the volume
of the given grid cell in cubic metres (m?), x is the ambient
specific humidity (ratio of the mass of ambient water vapour
to the total mass of air) in kgkg™', and x! is the satura-
tion specific humidity with respect to ice under the ambient
temperature and pressure in kgkg~!. The contrail fraction
is calculated as the ratio of the contrail ice mass mixing ra-
tio and an empirical value for the in-cloud ice water content
(ICIWC):

M

AM=—
ICIWC/p,

®)
where p, is the density of air and ICIWC is calculated as a
function of temperature as

ICIWC(gm—3) = £(6:97+01037C0) 103 6)

The contrail parameterisation is described in detail in Chen et
al. (2012), where the contrail model simulation results have
been evaluated against observations.

In both host climate models (i.e. the UM and CAM), con-
trail cirrus and natural clouds compete for water vapour avail-
able for deposition and contrails feed back onto natural cirrus
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cloudiness due to contrail-induced changes in moisture and
temperature. If ice supersaturation persists, the contrail cloud
will take up ambient water vapour and grow. The subsequent
evolution of contrails is determined by the model state, and
the contrail cloud is treated no differently than any other ice
cloud in the models. The contrail ice mass and fraction are
added to the large-scale ice mass and cloud fraction as incre-
ments at the end of each time step.

Contrail ice number concentration is treated differently
when added to natural clouds due to the different cloud mi-
crophysics schemes in the two models. For CAM, this is
a double-moment scheme (Gettelman and Morrison, 2015;
Gettelman, 2015), where contrails are described by their frac-
tion, ice water mixing ratio, and ice crystal number concen-
tration. In contrast, the UM has a one-moment cloud mi-
crophysics scheme (Wilson and Ballard, 1999), where con-
trails are described by their fraction and ice water mixing
ratio only. This means that in the UM, the same prescribed
ice number concentration is applied to both natural cirrus
and contrails. The effects of the UM one-moment scheme
on contrail cirrus simulations are discussed in Sect. 3. By ex-
plicitly simulating ice crystal number concentration changes
in its double-moment cloud scheme, CAM is able to over-
come the contrail optical depth underestimation simulated by
one-moment schemes (Kéircher et al., 2010). This underesti-
mation remains an issue that needs to be accounted for in
the UM. Another difference between the two climate mod-
els consists in the fact that while there are separate ice and
snow categories in CAM, there is only one ice category in the
UM (containing both ice and snow), represented by a single
generic ice distribution based on a large dataset (Field et al.,
2007).

In terms of air traffic inventory, we use the Aviation En-
vironmental Design Tool (AEDT) dataset for both our UM
and our CAM simulations, including monthly mean distance
flown and water vapour emission from air traffic for the year
2006 (Wilkerson et al., 2010). The initialised ice particles
within contrails in CAM are assumed to be spherical and
have a radius of 3.75um based on contrails aged for 20—
30 min (Schroder et al., 2000; Schumann et al., 2017). In the
UM, given its one-moment cloud scheme, the same PSD has
to be specified for both contrail ice and natural cloud ice.
The cross-sectional area C of the initial volume of contrails
is assumed to be 100 m x 100 m for both CAM and UM sim-
ulations, similarly to Gettelman et al. (2021), the most re-
cent CAM contrail study. We note that using the same cross-
sectional area across different spatial resolutions of the two
models is expected to have only a negligible effect on young-
contrail properties. This is because the total contrail volume
in a grid box depends not just on the cross-sectional area but
also on the grid-box-aggregated distance flown, which en-
sures consistency across varying spatial resolutions.
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2.3 Simulation setup

The models used in this study are configured in their respec-
tive standard setups, which are expected to be employed in
future assessments of contrail cirrus simulations, similarly
to evaluations conducted for other atmospheric agents. The
spatial resolution of the UM follows its CMIP6 setup (Sel-
lar et al., 2019), while CAM6 maintains the same horizontal
resolution as its CMIP6 version (Danabasoglu et al., 2020),
with an adjusted vertical resolution in the specified dynam-
ics (nudging) configuration to align with MERRA-2 mete-
orology vertical layers. The nudging and time step settings
used here reflect the default model configurations. Previous
studies have quantified the impact of different configura-
tions within a GCM, such as the impact of the microphysics
scheme (Bock and Burkhardt, 2016) or the model resolution
(Chen et al., 2012; Chen and Gettelman, 2013) on contrail
cirrus ERF estimates. The model configurations of the UM
and CAM used in this study are described in detail below.

The CAM simulations in this study were run using CAM6
at 1.25° longitude x 0.9° latitude horizontal resolution, 56
vertical levels (~ 40 hPa/~ 1000 m in the upper troposphere
and lower stratosphere (UTLS)) from the surface to about
45km, and a model time step of 30 min. The UM simu-
lations use the Global Atmosphere 8.0 configuration (Wal-
ters et al., 2019) at UM version 12.0; a model time step
of 20min; and an N96L85 resolution, equating to a 1.9°
longitude x 2.5° latitude horizontal resolution and 85 lev-
els (~18hPa/~500m in the UTLS) in the vertical with a
~ 85 km top.

We run 20 ensemble member simulations for each of
the two models, with the imposed perturbations resulting
in slightly different atmospheric evolution for each ensem-
ble member to represent model uncertainty. For CAM, small
random perturbations were imposed onto the initial temper-
ature fields. In the UM, ensemble parameters from different
physical parameterisations were perturbed with the random-
parameter method following Bowler et al. (2008) and Mc-
Cabe et al. (2016). All members in the CAM simulation are
initialised on 1 January 2006 and run for 1 year. The UM
was run for 1 year and 4 months, from 1 September 2005 to
31 December 2006, and the first 4 months was discarded and
considered to be a spin-up period. We use Student’s ¢ test
across the ensembles to test the significance of the results.

To allow both models to capture the relatively small con-
trail perturbations (compared to the model internal variabil-
ity in clouds and radiation) and to enhance the signal-to-noise
ratio, the u and v winds field were nudged to a prescribed cli-
matology, thus maintaining the simulated model atmosphere
in a “similar” weather state across all members and conse-
quently reducing the model internal variability. Winds in the
UM were nudged towards the ERAS reanalysis (Hersbach et
al., 2020) on a 6-hourly basis. CAM6 was run in a nudging
configuration using the NASA MERRA-2 reanalysis (Gelaro
et al., 2017) winds with a relaxation timescale of 24 h, which
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is close to the simulation setups in Gettelman et al. (2021),
to produce a cloud climatology similar to that of the free-
running CAM. We note that contrail spreading would be af-
fected by the model wind fields, which in our UM and CAM
simulations are nudged to ERA5 and MERRA-2 reanaly-
sis, respectively. Therefore, differences in the wind fields be-
tween these two reanalyses will contribute to variations in the
simulated contrail spreading across the two models.

3 Results

3.1 Ice supersaturation and contrail formation criteria in
the UM and CAM6

The ice supersaturation generated by the host climate model
is key for determining both the microphysical properties and
the lifetime of the simulated contrail cirrus. Previous evalu-
ation studies show good agreement between simulated UM
and CAM ice supersaturation and observations (Chen et al.,
2012; Irvine and Shine, 2015). The models’ humidity has
also been validated against observations and intercompared
with other CMIPS5 climate models (Jiang et al., 2012).

To evaluate the differences in the UM and CAM back-
ground meteorology, we analyse the frequency of back-
ground ice supersaturation simulated by the two models be-
tween the 100 and 400 hPa pressure levels in the control
simulations (i.e. without aviation contrails) based on single
deterministic runs (Fig. la and b). The ice supersaturation
frequency pattern is similar in both models, with relatively
high frequencies over middle and high latitudes below the
tropopause and over the tropics in the UTLS. There is a hemi-
spheric asymmetry in ice supersaturation frequency (larger
in the Southern Hemisphere) shown in both the UM and
the CAM simulations. The maxima in upper-tropospheric
ice supersaturation in the UM expand higher up in the mid-
latitudes compared to the CAM simulations, leading to the
relatively high ice supersaturation frequency in the UM com-
pared to CAM throughout much of the UTLS. In regions
with intense air traffic (coloured contour lines in Fig. 1), the
higher ice supersaturation frequency in the UM compared to
CAM creates the potential for more persistent contrails in
the UM. Both the UM and CAM capture the general pat-
tern of ice supersaturation found in ERAS (Fig. 1c). How-
ever, there are notable overestimations of ice supersaturation
across much of the UTLS in both models compared to ERAS,
which is known to have a dry bias in the UTLS (Kunz et al.,
2014; Wolf et al., 2025). In high-latitude regions below the
tropopause, the UM and CAM show ice supersaturation fre-
quencies up to 50 % higher than those in ERAS. In the tropi-
cal tropopause layer, CAM simulates ice supersaturation fre-
quencies closer to ERAS, while the UM still exhibits higher
supersaturation frequencies.

Figure 2 shows the geographical distribution of averaged
background ice supersaturation between the 200 and 300 hPa
pressure levels (i.e. around the flight cruising levels) in the
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UM and CAM. The frequency of ice supersaturation in both
the UM and CAM has a similar distribution pattern. There are
however some important differences (illustrated in Fig. 2¢),
with the UM exhibiting higher and more widespread max-
ima than CAM, especially in regions of large air traffic den-
sity in the Northern Hemisphere, e.g. Europe and the con-
tinental USA, which again can potentially facilitate persis-
tent contrail formation. Over East Asia, which is another air
traffic hotspot, the ice supersaturation frequency between the
UM and CAMBS6 is similar. The seasonal cycle of ice super-
saturation frequency difference between the UM and CAM
varies spatially as shown in Fig. 2d, e, f, and g. The UM
in general has higher ice supersaturation frequency except
for June—July—August over Europe and the continental USA.
Over East Asia, the UM has lower ice supersaturation fre-
quency apart from March—April-May. This seasonal cycle
indicates a potential seasonal cycle of the differences in con-
trail cirrus estimates between the two models.

The satisfaction frequencies of the Schmidt—Appleman
criterion in the two models, averaged between the 200 and
300 hPa pressure levels, are illustrated in Fig. 3. The over-
all distribution patterns between the two models are simi-
lar (Fig. 3a and b), with both showing relatively high fre-
quencies in middle and high latitudes. However, the UM has
a higher frequency in some regions with intense air traffic
(e.g. Europe, East Asia, North Atlantic), indicating a greater
likelihood of contrail formation (Fig. 3c). Combined with its
generally higher ice supersaturation frequency, this increases
the probability of young-contrail formation and persistence
in the UM. There is also seasonal variation in the differ-
ences in Schmidt—Appleman criterion satisfaction between
the two models (Fig. 3d, e, f, and g). Over East Asia and
most of Europe, the UM generally shows higher frequency
during all seasons, except in western Europe during June—
July—August and September—October—November. Over the
continental USA, the UM generally exhibits higher frequen-
cies in December—January—February but lower frequencies
during the rest of the year.

3.2 Simulated young contrails

The fraction and ice mass mixing ratio of young contrails,
i.e. the contrail in the first model time step of its life cycle,
are diagnosed by the contrail parameterisation during each
model time step. Subsequently, those contrails are added at
the end of the time step as increments to the natural cloud
fraction and ice mass mixing ratio. The geographical distri-
butions of the annual mean contrail cover fraction and ice wa-
ter path of young contrails in the UM and CAM are shown
in Fig. 4. The contrail cover fraction geographical distribu-
tion is calculated based on the random overlap assumption
over vertical layers. There are many similarities in the pat-
terns of the fraction and ice water path of young contrails
simulated by the two models, since both employ the same air
traffic inventory. Contrails appear mostly over the Northern
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Figure 1. Annual zonal mean frequency of background ice supersaturation simulated by (a) the UM, (b) CAM, and (c) ERAS for the full
year of 2006. The ice supersaturation frequency is calculated on a 1 h basis. The coloured contour lines represent the annual zonal means of
the flight distance (in m s~1) in the AEDT air traffic inventory.
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Figure 2. Maps of the annual mean background ice supersaturation frequency averaged between the 200 and 300 hPa pressure levels for
2006, generated by (a) the UM and (b) CAM. Panel (c¢) shows the difference in ice supersaturation frequency between the UM and CAM
(UM minus CAM). Panels (d)—(g) show the seasonal mean of the ice supersaturation difference between the UM and CAM for 2006 in
December—February (DJF), March-May (MAM), June—August (JJA), and September—November (SON), respectively. The green contour
lines show where the mean flight distance in the AEDT air traffic inventory is over 50 m of aggregated flight distance per second.
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(a) Schmidt-Appleman Criterion Satisfaction Frequency (UM) (b) Schmidt-Appleman Criterion Satisfaction Frequency (CAM)

Figure 3. Maps of the annual mean Schmidt—Appleman criterion satisfaction frequency averaged between the 200 and 300 hPa pressure
levels for 2006, simulated in (a) the UM and (b) CAM. Panel (c) shows the difference between the UM and CAM (UM minus CAM).
Panels (d)—(g) show the seasonal mean of difference between the UM and CAM for 2006 in December—February (DJF), March-May
(MAM), June—August (JJA), and September—November (SON), respectively. The green contour lines show where the mean flight distance
in the AEDT air traffic inventory is larger than 50 m of aggregated flight distance per second.

Hemisphere, with maxima over the continental USA and Eu-
rope and substantial quantities over the North Atlantic cor-
ridor and East Asia. However, the magnitude of both the
fraction and ice water path of young contrails in the UM is
substantially larger than in CAM, as summarised in Table 1.
We estimate a global average young-contrail cover fraction
of 0.00012 % in CAM and 0.00027 % in the UM. Over the
high-air-traffic European region, defined here as 35-60°N
latitude and 10° W-25° E longitude, the young-contrail cover
fraction averages are 0.0015 % and 0.0048 % in CAM and the
UM, respectively. There are also large differences in the sim-
ulated young-contrail ice water path. As shown in Eq. (4), the
young-contrail fraction and ice water mass mixing ratio are
proportional to the time step length. To ensure comparability
of the young-contrail quantities, the CAM values were nor-
malised to 30 min by a factor of 2/3 to account for the differ-
ent model time step lengths (i.e. 20 min in the UM and 30 min

Atmos. Chem. Phys., 25, 473-489, 2025

in CAM). The normalisation was applied after the random
overlap in our study, and we found that the sequence of nor-
malisation and random overlap only had a negligible effect
on the young-contrail cover fraction. This normalisation may
slightly underestimate CAM values, as it does not account
for contrails lasting between 20 and 30 min. The larger frac-
tion and ice water path values of young contrails simulated
in the UM are due to the larger frequency of ice supersatura-
tion and Schmidt—Appleman criterion satisfaction in the UM
compared to CAM (Figs. 1, 2, and 3).

Young-contrail cover fractions of the UM and CAM have
similar monthly variations, with minima and maxima in bo-
real summer and winter, respectively (Fig. 4e). This monthly
variation is consistent with Chen et al. (2012) and other
modelling and satellite observation-based studies (Bock and
Burkhardt, 2016). The minima of the contrail cover frac-
tion in boreal summer primarily result from the larger upper-
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Figure 4. The annual mean young-contrail cover fraction (using the random overlap assumption) from (a) the UM and (b) CAM and the
contrail ice water path from (c) the UM and (d) CAM using the AEDT air traffic inventory for 2006. Panel (e) shows the UM and CAM
global seasonal mean young-contrail cover fraction. The results of CAM are normalised to 20 min by a factor of 0.67 to account for the
different model time step lengths (i.e. 20 min in the UM and 30 min in CAM).

Table 1. Young-contrail diagnostics simulated by the UM and CAM
using the AEDT air traffic inventory for 2006. The results of CAM
are normalised to 20 min by a factor of 0.67 to account for the dif-
ferent model time step lengths (20 min in the UM, 30 min in CAM).

Model  Young-contrail cover Young-contrail ice water
fraction (%) path (kg mfz)
Europe Global Europe Global
mean mean mean mean

UM 0.0048 0.00027 | 1.79x 1078 131 x 1079
CAM  0.0023 0.00012 | 0.77x 1078 0.66 x 1079

tropospheric temperatures in the main regions of intense air
traffic (i.e. Northern Hemisphere), which inhibit the forma-
tion of contrails. The young-contrail cover fractions of the
two models are similar to one another during boreal summer,
while during the other seasons the UM estimates are 2 to 3
times larger than those from CAM. The different magnitude
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of the seasonal cycle in the young-contrail cover fraction is
consistent with the seasonal cycle of ice supersaturation fre-
quency difference mentioned in Sect. 3.1. During the boreal
summer, the global means of the young-contrail cover frac-
tion simulated by the two models are more similar, largely
due to the lower ice supersaturation in the UM over some of
the regions with intense air traffic (e.g. Europe and the USA).

However, our simulated young-contrail cover fraction val-
ues are larger than the corresponding Chen et al. (2012) esti-
mates, where the contrail parameterisation was implemented
into the earlier CAMS version of the model (compared to
CAMBG6 version used in this study). Chen et al. (2012) re-
ported a large dependence of the simulated young-contrail
cover fraction on the number of vertical levels in the UTLS
used in CAM, with differences of up to a factor of 10 be-
tween simulations using 1000 and 80 m vertical thickness
in the UTLS. To account for this dependence, we com-
pare the annual global mean young-contrail cover fraction
of 0.00018 % (unnormalised, since the time steps for both
CAMS5 and CAM6 are identical) from our CAM6 simulations
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with 56 levels overall and ~ 1000 m vertical level thickness
in the UTLS with the corresponding value of 0.000061 % es-
timated in CAMS with 30 vertical levels in total but a similar
vertical interval in the UTLS (Chen et al., 2012). Our CAM6-
simulated value is therefore ~ 3 times larger than the CAMS
value reported in Chen et al. (2012), indicating the effect of
the different model physics and simulated ice supersatura-
tion frequencies in the two CAM versions. In addition, the
finer UM vertical resolution in the UTLS also contributes to
a larger young-contrail cover fraction (Chen et al., 2012).

We note that the young-contrail fraction presented here
for both the UM and CAM only corresponds to persistent
contrails created within one model time step and is therefore
not directly comparable with the contrail fraction reported by
other models. For instance, the ECHAMS5-simulated contrail
cirrus fraction of 0.74 % for contrail cirrus with an optical
depth threshold of at least 0.05 also includes contrails older
than one model time step (Bock and Burkhardt, 2016).

3.3 Simulated contrail impact on overall cloud fields

The UM and CAM employ distinct cloud and radiation
schemes as mentioned in Sect. 2.1. To investigate the re-
sponse of the two models’ cloud schemes to the presence
of contrail cirrus, we analyse the averaged differences be-
tween the 20 perturbed runs (with contrails) and the con-
trol ensemble runs (without contrails) for each model. We
also assess the statistical significance of these differences us-
ing Student’s ¢ test, considering the change significant when
the magnitude of local perturbations exceeds 2 standard de-
viations of the 20 ensemble members (i.e. 95 % confidence
level).

Figure 5 shows the geographical distribution of the
changes in the total cloud (i.e. natural + contrail) fraction
due to the presence of contrails and their feedback on nat-
ural clouds. In the UM, the presence of contrails leads to a
statistically significant increase in annual global mean total
cloud fraction of about 0.004 %, with larger relative increases
over European regions with large air traffic density, where the
change amounts to up to 0.4 %. This overall cloud fraction
response in the UM is consistent with other model studies
(Bock and Burkhardt, 2016; Quaas et al., 2021). For exam-
ple, the contrail cirrus simulations with the ECHAM model
reported an overall relative increase in the total cloud fraction
(natural cirrus + contrails) with a partly compensating effect
due to the relative decrease in natural cirrus cover (Burkhardt
and Kircher, 2011; Bickel et al., 2020). In contrast, our CAM
simulations indicate a strong relative reduction in the overall
cloud fraction: —0.06 % globally and —0.7 % over Europe.
From the vertical cross section in CAM, the relative decrease
in the cloud fraction is mainly situated around and below the
contrail formation areas (Fig. 5d). This relative reduction in
cloud fraction in CAM has also been reported in Gettelman
et al. (2021), where it was linked to the reduction in rela-
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tive humidity caused by the local temperature increase from
added contrail ice mass.

The simulated impact of contrails on the overall cloud ice
water content in the UM is substantially smaller compared to
the CAM simulations (Fig. 6). In terms of the cloud ice water
path, the simulated response in the UM (Fig. 6a) only shows
some slight increases due to the presence of contrails over
Europe; over other regions, the changes are not significant
due to small signal-to-noise ratios. There are decreases in the
cloud ice mass mixing ratio around the contrail formation
levels, likely driven by contrail longwave heating impacts
(Fig. 6¢), which are overcompensated for by increased cloud
ice mass above and below the contrail formation levels. The
small response in overall cloud ice content in the UM is very
likely caused by the limitations of the one-moment cloud mi-
crophysics scheme used in the UM, where young contrails
are assumed to have the same PSD as natural cirrus when
added to the natural ice clouds. Also, all ice clouds, includ-
ing contrails, are represented by a single ice category, with
a PSD that spans the range from small crystals to large ag-
gregates. Therefore, the contrail ice particles in the UM have
much larger sizes and smaller number concentrations than
those in CAM, which increases the sedimentation and subli-
mation rates of contrail ice particles. We note that sedimen-
tation processes do not act as a sink term for the cloud frac-
tion in the UM, as long as some ice mass remains in the grid
box. Therefore, while contrail cirrus ice mass may sediment
and sublimate relatively quickly, the contrail cirrus fraction
is able to persist for longer (Fig. 5a and c). In the CAM sim-
ulations, the simulated response in the cloud ice water path
consists in larger increases over more of the dense air traf-
fic regions, e.g. over the European regions, North Atlantic,
and USA (Fig. 6b). This results from increases in the cloud
ice mass mixing ratio both at and below contrail formation
levels, likely due to the falling of contrail ice (Fig. 6d).

3.4 Scaling the contrail cirrus radiative response in the
UM

A key limitation of this contrail cirrus scheme in the UM
comes from the inability of its one-moment cloud micro-
physics scheme to represent, for a given contrail ice mass,
realistic contrail microphysical characteristics and associ-
ated radiative effects. To address this, we adopt a method
to enhance the contrail radiative response by implement-
ing a scaling factor in the model radiation scheme for the
young-contrail ice mass initialised by the contrail parameter-
isation. The choice of this scaling factor is based on com-
paring the simulated UM contrail cirrus optical depth (the
optical depth calculated by the changes in the total cloud op-
tical depth including both contrails and natural clouds caused
by contrails) with other existing contrail cirrus optical depth
estimates. These include both our simulation results from
CAM and the published results from ECHAM (Burkhardt
and Kircher, 2011; Bock and Burkhardt, 2016). To obtain
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the most suitable scaling factor for each optical depth refer-
ence value, we used a trial-and-error method based on sev-
eral simulations spanning scaling factors between 1000 and
20000. We used the European region (35—60° N latitude and
10° W=-25°E longitude) as a benchmark due to its high air
traffic density and therefore larger statistical significance. As
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a result, the scaling factors may not be representative of ar-
eas with lower air traffic density, where obtaining statistically
significant results is more challenging. The range of scaling
factors needed to match the range of European mean contrail
cirrus optical depth reference values (i.e. 0.01-0.08) is shown
in Table 2.

Atmos. Chem. Phys., 25, 473-489, 2025



484 W. Zhang et al.: Impact of host climate model on contrail cirrus effective radiative forcing estimates

Table 2. Annual global mean contrail cirrus ERFs simulated in the UM when aligning its annual European mean contrail cirrus optical depth
with that of three different reference models. The annual mean contrail cirrus optical depths over Europe and the scaling factors used for

calibrating optical depth are also included in the table.

Reference model Annual mean contrail cirrus  Scaling factor ~ Global ERF of

optical depth over Europe UM (mW m~2)
CAMG (simulated in this study) 0.018 4900 25.7
ECHAM4 (Burkhardt and Kércher, 2011) 0.01-0.03 2700-8100 11.1-46.0
ECHAMS (Bock and Burkhardt, 2016) 0.05-0.08 13 000-19000 76.6-91.0

To further compare the differences between the UM and
CAM contrail cirrus simulations, in the remainder of the pa-
per, we adopt the scaling factor (i.e. 4900) corresponding to
the European mean contrail cirrus optical depth simulated in
CAM (i.e. 0.018) — we refer to this as the scaled-UM simula-
tion. We note that this scaling is only applied in the model’s
radiation scheme (where the overall cloud ice mass used to
determine the cloud radiative effect therefore includes the en-
hanced contrail ice mass) and does not affect the actual prog-
nostic ice mass carried through the rest of the model (e.g.
dynamics or microphysics).

3.5 Simulated contrail cirrus effective radiative forcing

We estimate the contrail cirrus ERF, including the radiative
effects of the natural cloud feedback, by contrasting simula-
tions with and without contrails. Figure 8 shows the simu-
lated annual mean contrail cirrus ERF in our scaled-UM and
CAM simulations using the AEDT air traffic inventory for
2006. The pattern of contrail cirrus ERF in the scaled-UM
simulation is consistent with the cloud fraction (Fig. 5a) and
cloud ice mass (Fig. 7a) change, with strong positive values
over Europe and the USA. In CAM, the contrail cirrus ERF
is consistent with the increase in cloud ice mass (Fig. 6b) but
not with the decrease in the cloud fraction (Fig. 5b). There is
a larger increase in the total cloud fraction in the cloud mi-
crophysics scheme in the scaled-UM run (not shown) com-
pared to the unscaled-UM run (Fig. 5a). But the change in
the cloud ice water path in the scaled-UM run (not shown)
remains similar to that of the unscaled-UM run (Fig. 6a).
The annual global mean contrail cirrus ERF is 25.7 mW m~2
in the scaled-UM run and 52.5mW m~2 in the CAM sim-
ulations for 2006. The factor-of-2 difference between these
values may partly be caused by the fact that our scaling ap-
proach only affected the contrails in the first time step of their
life cycle. Besides this, it might also be due to the different
radiative transfer schemes and different cloud microphysical
process rates in the UM and CAM.

By considering the range of UM scaling factors in Table 2
covering existing model estimates for European contrail cir-
rus optical depth, we estimate a range of UM-simulated con-
trail cirrus ERFs between 11.1 and 91.0 mW m~2 for 2006.

We also estimate contrail cirrus ERF for the year 2018
with both the UM and CAM for comparison with the cor-
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responding values reported in the latest IPCC AR (i.e. Lee
et al., 2021). For our 2018 simulations, we apply the 2006—
2018 air traffic volume scaling factor of 1.58, based on the
growth in total aircraft distance travelled reported in Lee et
al. (2021), to the AEDT inventory and re-run the scaled-
UM and CAM simulations with the scaled AEDT inven-
tory. Our 2018 contrail cirrus ERF estimates are 40.8 and
60.1 MW m~2 from the scaled-UM and CAM simulations,
respectively (Fig. 9), both within the Lee et al. (2021) 5 %-—
95 % likelihood range of 17-98 mW m~? for contrail cirrus
ERF.

4 Summary and conclusions

In this study, we have implemented the Chen et al. (2012)
contrail cirrus parameterisation from CAM in the UM. This
allows us to simulate, for the first time, contrail cirrus for-
mation and associated cloud and radiative feedbacks in the
UM. Additionally, by analysing contrail cirrus simulations
with the same contrail scheme in two different host climate
models, we investigated the role of key model characteristics
in contrail cirrus ERF uncertainty.

We found that differences in the simulated ice supersatu-
ration frequency in the UM and CAM lead to a larger young-
contrail ice water path and young-contrail fraction in the UM
compared to CAM (by a factor of 2 to 3). This highlights the
critical impact of the climate models’ ability to accurately
represent ice supersaturation in young-contrail simulations.

Our simulations indicate that the inclusion of contrails re-
sults in an increased total cloud fraction (natural clouds +
contrails) in the UM but a decreased total cloud fraction in
CAM due to differences in the representation of microphysi-
cal processes. Also, while there is an increase in the cloud ice
water path in both models, this is much more pronounced in
CAM. Our analysis indicates that this may be caused by the
limitations of the one-moment cloud microphysics scheme
and the single ice category in the UM. This results in unre-
alistically large sizes for contrail ice particles that affect the
microphysical process rates and the life cycle of contrails in
the UM. This highlights the importance of accounting for the
difference in ice particle sizes between contrails and natu-
ral clouds and therefore the need for host climate models to
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Figure 9. Annual mean contrail cirrus ERF from (a) the scaled-UM run and (b) CAM using the scaled AEDT air traffic inventory for 2018.
Dotted areas indicate statistically significant changes at the 95 % confidence level.

use double-moment cloud microphysics schemes (Bock and
Burkhardt, 2016).

To compensate for the incorrect representation of the con-
trail cirrus radiative effect in the UM, caused by the limi-
tations of the one-moment cloud microphysics scheme, we
scale up the contrail ice mass in the UM radiation scheme to
match other existing European mean contrail cirrus optical
depth estimates. Using this method, when matching different
existing European mean contrail optical depth estimates, we
obtain a range of 11.1-91.0 mW m~2 contrail cirrus ERF for
2006 in the UM. When scaling to match the Europe mean
contrail cirrus optical depth simulated in CAM, the UM esti-
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mates for the contrail cirrus ERF are 25.7mW m~2 for the
year 2006 and 40.8 mW m~2 for the year 2018, while the
corresponding CAM estimates are 52.5 mW m~2 for the year
2006 and 60.1 mW m~2 for the year 2018. Both of the UM
and CAM contrail cirrus ERF estimates for the year 2018 are
within the uncertainty range reported in Lee et al. (2021).

In conclusion, we found substantial differences between
the representation of contrail cirrus formation, persistence,
and radiative effects in two different climate models. Our
simulations indicate the following: (i) a factor of 2-3 uncer-
tainty in the young-contrail cover fraction due to differences
in the ice supersaturation frequency, (ii) contrasting (increase
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versus decrease) responses in the total cloud fraction due to
contrails, (iii) a factor-of-2 uncertainty in contrail cirrus ERF
due to the scaling approach used in the UM and the dif-
ferences in the model microphysics and radiation schemes,
and (iv) a factor-of-8 uncertainty in contrail cirrus ERF due
to current uncertainty in simulated and/or observed regional
contrail cirrus optical depths.

Another source of uncertainty arises from the differ-
ences in configurations (e.g. spatial and temporal resolutions,
nudging) between the UM and CAM. In this study, both these
widely used climate models are employed in their standard
configurations, which are also likely to be used in future con-
trail studies.

Future work on contrail cirrus modelling in the UM should
therefore focus on implementing not only (i) a contrail
scheme coupled to the recently implemented double-moment
cloud microphysics scheme (Field et al., 2023), but also
(i1) a prognostic contrail scheme (e.g. Burkhardt and Kircher,
2009) to allow for the detailed representation of the young-
contrail evolution to contrail cirrus. Another key areas for
future work consist in additional climate models to better as-
sess the uncertainties in model physics and observation stud-
ies to better constrain the contrail cirrus radiative effects.

Code and data availability. The UM code and its configuration
files are subject to Crown copyright. A licence for the UM can
be requested from the UK Met Office. CAM6.3, used in this
study, is available from https://github.com/ESCOMP/CAM/tree/
cam6_3_027 (UCAR-NCAR, 2025). The simulation output re-
quired to reproduce the main figures in this article is available at
https://doi.org/10.5281/zenodo.14186981 (Zhang, 2024).

Author contributions. WZ: implementation of the contrail pa-
rameterisation in the UM, UM and CAM modelling, data analysis,
writing (original draft preparation and editing), and conceptualisa-
tion. KVW and CJM: implementation of the contrail parameterisa-
tion in the UM, support with UM modelling, and writing (review
and editing). WEF, CC, AG, and DRM: support with CAM mod-
elling and writing (review and editing). KF and PRF: support with
UM modelling. PMF: writing (review and editing). AR: implemen-
tation of the contrail parameterisation in the UM, writing (review
and editing), and conceptualisation.

Competing interests. The contact author has declared that none
of the authors has any competing interests.

Disclaimer. Publisher’s note: Copernicus Publications remains
neutral with regard to jurisdictional claims made in the text, pub-
lished maps, institutional affiliations, or any other geographical rep-
resentation in this paper. While Copernicus Publications makes ev-
ery effort to include appropriate place names, the final responsibility
lies with the authors.

Atmos. Chem. Phys., 25, 473—-489, 2025

Acknowledgements. Weiyu Zhang is supported by the Leeds—
York—Hull Natural Environment Research Council (NERC)
Panorama Doctoral Training Partnership (DTP) under grant
NE/S007458/1 with the UK Met Office CASE partnership. Alexan-
dru Rap and Piers Forster acknowledge support from an EPSRC
TOZCA grant (EP/V000772/1). Wuhu Feng was supported by the
NCAS Long Term Science programme (NE/R015244/1). We ac-
knowledge use of the Monsoon2 system for UM simulations, a col-
laborative facility supplied under the Joint Weather and Climate
Research Programme, a strategic partnership between the Met Of-
fice and NERC. CAM simulations were undertaken on ARC4, part
of the high-performance computing facilities at the University of
Leeds. We would like to thank Mohit Dalvi, José Rodriguez, James
Manners, Harold Dyson, Andrew Clark, and last but not least John
Rostron for support with and discussions on the UM.

Financial support. This research has been supported by the Nat-
ural Environment Research Council (grant no. NE/S007458/1), the
Engineering and Physical Sciences Research Council (EPSRC; To-
wards Zero Carbon Aviation, TOZCA; grant no. EP/V000772/1),
and the National Centre for Atmospheric Science (NCAS, Long
Term Science programme, grant no. NE/R015244/1).

Review statement. This paper was edited by Yi Huang and re-
viewed by two anonymous referees.

References

Appleman, H.: The formation of exhaust condensation trails by jet
aircraft, B. Am. Meteorol. Soc., 34, 14-20, 1953.

Baran, A. J., Hill, P., Walters, D., Hardiman, S. C., Furtado,
K., Field, P. R., and Manners, J.: The Impact of Two Cou-
pled Cirrus Microphysics—Radiation Parameterizations on the
Temperature and Specific Humidity Biases in the Tropical
Tropopause Layer in a Climate Model, J. Climate, 29, 5299—
5316, https://doi.org/10.1175/JCLI-D-15-0821.1, 2016.

Bickel, M.: Climate impact of contrail cirrus, Dissertation, LMU
Munich, https://doi.org/10.57676/mzmg-r403, 2023.

Bickel, M., Ponater, M., Bock, L., Burkhardt, U., and Reineke,
S.: Estimating the Effective Radiative Forcing of Contrail Cir-
rus, J. Climate, 33, 1991-2005, https://doi.org/10.1175/jcli-d-19-
0467.1, 2020.

Bock, L. and Burkhardt, U.: Reassessing properties and
radiative forcing of contrail cirrus wusing a climate
model, J. Geophys. Res.-Atmos., 121, 9717-9736,
https://doi.org/10.1002/2016JD025112, 2016.

Bogenschutz, P. A., Gettelman, A., Morrison, H., Larson, V.
E., Craig, C., and Schanen, D. P: Higher-Order Turbu-
lence Closure and Its Impact on Climate Simulations in the
Community Atmosphere Model, J. Climate, 26, 9655-9676,
https://doi.org/10.1175/JCLI-D-13-00075.1, 2013.

Bogenschutz, P. A., Gettelman, A., Hannay, C., Larson, V. E.,
Neale, R. B., Craig, C., and Chen, C.-C.: The path to CAM6:
coupled simulations with CAMS5.4 and CAMS.5, Geosci. Model
Dev., 11, 235-255, https://doi.org/10.5194/gmd-11-235-2018,
2018.

https://doi.org/10.5194/acp-25-473-2025


https://github.com/ESCOMP/CAM/tree/cam6_3_027
https://github.com/ESCOMP/CAM/tree/cam6_3_027
https://doi.org/10.5281/zenodo.14186981
https://doi.org/10.1175/JCLI-D-15-0821.1
https://doi.org/10.57676/mzmg-r403
https://doi.org/10.1175/jcli-d-19-0467.1
https://doi.org/10.1175/jcli-d-19-0467.1
https://doi.org/10.1002/2016JD025112
https://doi.org/10.1175/JCLI-D-13-00075.1
https://doi.org/10.5194/gmd-11-235-2018

W. Zhang et al.: Impact of host climate model on contrail cirrus effective radiative forcing estimates 487

Boucher, O., Randall, D., Artaxo, P., Bretherton, C., Feingold, G.,
Forster, P., Kerminen, V.-M., Kondo, Y., Liao, H., and Lohmann,
U.: Clouds and aerosols, in: Climate change 2013: The physi-
cal science basis. Contribution of working group I to the fifth
assessment report of the intergovernmental panel on climate
change, edited by: Stocker, T. F., Qin, D., Plattner, G.-K., Tig-
nor, M., Allen, S. K., Boschung, J., Nauels, A., Xia, Y., Bex,
V., and Midgley, P. M., Cambridge University Press, 571-657,
https://doi.org/10.1017/CB09781107415324.016, 2013.

Bowler, N. E., Arribas, A., Mylne, K. R., Robertson, K. B.,
and Beare, S. E.: The MOGREPS short-range ensemble pre-
diction system, Q. J. Roy. Meteor. Soc., 134, 703-722,
https://doi.org/10.1002/qj.234, 2008.

Burkhardt, U. and Kircher, B.: Process-based simulation of contrail
cirrus in a global climate model, J. Geophys. Res.-Atmos., 114,
D16201, https://doi.org/10.1029/2008JD011491, 2009.

Burkhardt, U. and Kércher, B.: Global radiative forc-
ing from contrail cirrus, Nat. Clim. Change, 1, 54-58,
https://doi.org/10.1038/nclimate 1068, 2011.

Chen, C.-C. and Gettelman, A.: Simulated radiative forcing from
contrails and contrail cirrus, Atmos. Chem. Phys., 13, 12525
12536, https://doi.org/10.5194/acp-13-12525-2013, 2013.

Chen, C. C., Gettelman, A., Craig, C., Minnis, P., and Duda, D. P.:
Global contrail coverage simulated by CAMS with the inventory
of 2006 global aircraft emissions, J. Adv. Model. Earth Syst., 4,
MO04003, https://doi.org/10.1029/2011MS000105, 2012.

Cotton, R. J., Field, P. R., Ulanowski, Z., Kaye, P. H., Hirst, E.,
Greenaway, R. S., Crawford, 1., Crosier, J., and Dorsey, J.: The
effective density of small ice particles obtained from in situ air-
craft observations of mid-latitude cirrus, Q. J. Roy. Meteor. Soc.,
139, 1923-1934, https://doi.org/10.1002/qj.2058, 2013.

Danabasoglu, G., Lamarque, J.-F., Bacmeister, J., Bailey, D. A.,
DuVivier, A. K., Edwards, J., Emmons, L. K., Fasullo, J., Gar-
cia, R., Gettelman, A., Hannay, C., Holland, M. M., Large,
W. G., Lauritzen, P. H., Lawrence, D. M., Lenaerts, J. T. M.,
Lindsay, K., Lipscomb, W. H., Mills, M. J., Neale, R., Ole-
son, K. W., Otto-Bliesner, B., Phillips, A. S., Sacks, W., Tilmes,
S., van Kampenhout, L., Vertenstein, M., Bertini, A., Dennis,
J., Deser, C., Fischer, C., Fox-Kemper, B., Kay, J. E., Kinni-
son, D., Kushner, P. J., Larson, V. E., Long, M. C., Mickelson,
S., Moore, J. K., Nienhouse, E., Polvani, L., Rasch, P. J., and
Strand, W. G.: The Community Earth System Model Version 2
(CESM2), J. Adv. Model. Earth Syst., 12, e2019MS001916,
https://doi.org/10.1029/2019MS001916, 2020.

Delanog, J., Hogan, R. J., Forbes, R. M., Bodas-Salcedo, A.,
and Stein, T. H. M.: Evaluation of ice cloud representation
in the ECMWF and UK Met Office models using CloudSat
and CALIPSO data, Q. J. Roy. Meteor. Soc., 137, 2064-2078,
https://doi.org/10.1002/qj.882, 2011.

Digby, R. A. R., Gillett, N. P., Monahan, A. H., and Cole, J. N. S.:
An Observational Constraint on Aviation-Induced Cirrus From
the COVID-19-Induced Flight Disruption, Geophys. Res. Lett.,
48, e2021GL095882, https://doi.org/10.1029/2021GL095882,
2021.

Dray, L., Schifer, A. W., Grobler, C., Falter, C., Allroggen, F.,
Stettler, M. E. J., and Barrett, S. R. H.: Cost and emissions
pathways towards net-zero climate impacts in aviation, Nat.
Clim. Change, 12, 956-962, https://doi.org/10.1038/s41558-
022-01485-4, 2022.

https://doi.org/10.5194/acp-25-473-2025

Edwards, J. M. and Slingo, A.: Studies with a flexible new
radiation code. I: Choosing a configuration for a large-
scale model, Q. J. Roy. Meteor. Soc., 122, 689-719,
https://doi.org/10.1002/qj.49712253107, 1996.

Field, P. R., Heymsfield, A. J., and Bansemer, A.: Snow
Size Distribution Parameterization for Midlatitude and
Tropical Ice Clouds, J. Atmos. Sci., 64, 4346-4365,
https://doi.org/10.1175/2007JAS2344.1, 2007.

Field, P. R., Hill, A., Shipway, B., Furtado, K., Wilkinson, J., Mil-
tenberger, A., Gordon, H., Grosvenor, D. P., Stevens, R., and
Van Weverberg, K.: Implementation of a double moment cloud
microphysics scheme in the UK met office regional numerical
weather prediction model, Q. J. Roy. Meteor. Soc., 149, 703—
739, https://doi.org/10.1002/qj.4414, 2023.

Furtado, K. and Field, P.. The Role of Ice Microphysics
Parametrizations in Determining the Prevalence of Supercooled
Liquid Water in High-Resolution Simulations of a Southern
Ocean Midlatitude Cyclone, J. Atmos. Sci., 74, 2001-2021,
https://doi.org/10.1175/JAS-D-16-0165.1, 2017.

Gelaro, R., McCarty, W., Sudrez, M. J., Todling, R., Molod, A.,
Takacs, L., Randles, C. A., Darmenov, A., Bosilovich, M. G., Re-
ichle, R., Wargan, K., Coy, L., Cullather, R., Draper, C., Akella,
S., Buchard, V., Conaty, A., da Silva, A. M., Gu, W., Kim, G.-
K., Koster, R., Lucchesi, R., Merkova, D., Nielsen, J. E., Par-
tyka, G., Pawson, S., Putman, W., Rienecker, M., Schubert, S. D.,
Sienkiewicz, M., and Zhao, B.: The Modern-Era Retrospective
Analysis for Research and Applications, Version 2 (MERRA-2),
J. Climate, 30, 5419-5454, https://doi.org/10.1175/JCLI-D-16-
0758.1, 2017.

Gettelman, A.: Putting the clouds back in aerosol-cloud
interactions, Atmos. Chem. Phys., 15, 12397-12411,
https://doi.org/10.5194/acp-15-12397-2015, 2015.

Gettelman, A. and Morrison, H.: Advanced Two-Moment Bulk Mi-
crophysics for Global Models. Part I: Off-Line Tests and Com-
parison with Other Schemes, J. Clim. Appl. Meteorol., 28, 1268—
1287, https://doi.org/10.1175/JCLI-D-14-00102.1, 2015.

Gettelman, A., Liu, X., Ghan, S. J., Morrison, H., Park, S., Con-
ley, A. J., Klein, S. A., Boyle, J., Mitchell, D. L., and Li,
J.-L. E.: Global simulations of ice nucleation and ice super-
saturation with an improved cloud scheme in the Community
Atmosphere Model, J. Geophys. Res.-Atmos., 115, D18216,
https://doi.org/10.1029/2009JD013797, 2010.

Gettelman, A., Morrison, H., Santos, S., Bogenschutz, P,
and Caldwell, P. M.: Advanced Two-Moment Bulk Micro-
physics for Global Models. Part II: Global Model Solutions
and Aerosol-Cloud Interactions, J. Climate, 28, 1288-1307,
https://doi.org/10.1175/JCLI-D-14-00103.1, 2015.

Gettelman, A., Morrison, H., Thayer-Calder, K., and Zarzycki, C.
M.: The Impact of Rimed Ice Hydrometeors on Global and
Regional Climate, J. Adv. Model. Earth Syst., 11, 1543-1562,
https://doi.org/10.1029/2018MS001488, 2019.

Gettelman, A., Chen, C.-C., and Bardeen, C. G.: The cli-
mate impact of COVID-19-induced contrail changes, Atmos.
Chem. Phys., 21, 9405-9416, https://doi.org/10.5194/acp-21-
9405-2021, 2021.

Hersbach, H., Bell, B., Berrisford, P., Hirahara, S., Horanyi, A.,
Muiioz-Sabater, J., Nicolas, J., Peubey, C., Radu, R., Schepers,
D., Simmons, A., Soci, C., Abdalla, S., Abellan, X., Balsamo,
G., Bechtold, P., Biavati, G., Bidlot, J., Bonavita, M., De Chiara,

Atmos. Chem. Phys., 25, 473-489, 2025


https://doi.org/10.1017/CBO9781107415324.016
https://doi.org/10.1002/qj.234
https://doi.org/10.1029/2008JD011491
https://doi.org/10.1038/nclimate1068
https://doi.org/10.5194/acp-13-12525-2013
https://doi.org/10.1029/2011MS000105
https://doi.org/10.1002/qj.2058
https://doi.org/10.1029/2019MS001916
https://doi.org/10.1002/qj.882
https://doi.org/10.1029/2021GL095882
https://doi.org/10.1038/s41558-022-01485-4
https://doi.org/10.1038/s41558-022-01485-4
https://doi.org/10.1002/qj.49712253107
https://doi.org/10.1175/2007JAS2344.1
https://doi.org/10.1002/qj.4414
https://doi.org/10.1175/JAS-D-16-0165.1
https://doi.org/10.1175/JCLI-D-16-0758.1
https://doi.org/10.1175/JCLI-D-16-0758.1
https://doi.org/10.5194/acp-15-12397-2015
https://doi.org/10.1175/JCLI-D-14-00102.1
https://doi.org/10.1029/2009JD013797
https://doi.org/10.1175/JCLI-D-14-00103.1
https://doi.org/10.1029/2018MS001488
https://doi.org/10.5194/acp-21-9405-2021
https://doi.org/10.5194/acp-21-9405-2021

488 W. Zhang et al.: Impact of host climate model on contrail cirrus effective radiative forcing estimates

G., Dahlgren, P., Dee, D., Diamantakis, M., Dragani, R., Flem-
ming, J., Forbes, R., Fuentes, M., Geer, A., Haimberger, L.,
Healy, S., Hogan, R. J., Hélm, E., Janiskova, M., Keeley, S.,
Laloyaux, P., Lopez, P., Lupu, C., Radnoti, G., de Rosnay, P.,
Rozum, I., Vamborg, F., Villaume, S., and Thépaut, J.-N.: The
ERAS global reanalysis, Q. J. Roy. Meteor. Soc., 146, 1999-
2049, https://doi.org/10.1002/qj.3803, 2020.

Iacono, M. J., Delamere, J. S., Mlawer, E. J., Shephard, M.
W., Clough, S. A., and Collins, W. D.: Radiative forcing by
long-lived greenhouse gases: Calculations with the AER radia-
tive transfer models, J. Geophys. Res.-Atmos., 113, D13103,
https://doi.org/10.1029/2008JD009944, 2008.

IATA: Waypoint 2050, International Air Transport Associa-
tion (IATA), https://aviationbenefits.org/media/167187/w2050_
full.pdf, last access: 14 January 2025.

ICAO: Effects of Novel Coronavirus (COVID-19) on Civil
Aviation: Economic Impact Analysis, International Civil Avi-
ation Organization (ICAO), https://www.icao.int/sustainability/
Documents/COVID-19/ICAO_Coronavirus_Econ_Impact.pdf,
last access: 29 May 2024a.

ICAO: Passenger air traffic
levels, International Civil Aviation Organiza-
tion (ICAO), https://www.icao.int/Newsroom/Pages/
Passenger-air-traffic- surpasses-pre-pandemic-levels.aspx,
last access: 29 May 2024b.

Irvine, E. A. and Shine, K. P.: Ice supersaturation and the potential
for contrail formation in a changing climate, Earth Syst. Dynam.,
6, 555-568, https://doi.org/10.5194/esd-6-555-2015, 2015.

Jiang, J. H., Su, H., Zhai, C., Perun, V. S., Del Genio, A.,
Nazarenko, L. S., Donner, L. J., Horowitz, L., Seman, C., Cole,
J., Gettelman, A., Ringer, M. A., Rotstayn, L., Jeffrey, S., Wu,
T., Brient, F., Dufresne, J.-L., Kawai, H., Koshiro, T., Watan-
abe, M., LEcuyer, T. S., Volodin, E. M., Iversen, T., Drange, H.,
Mesquita, M. D. S., Read, W. G., Waters, J. W., Tian, B., Teix-
eira, J., and Stephens, G. L.: Evaluation of cloud and water vapor
simulations in CMIP5 climate models using NASA “A-Train”
satellite observations, J. Geophys. Res.-Atmos., 117, D14105,
https://doi.org/10.1029/2011JD017237, 2012.

Kércher, B.: Formation and radiative forcing of contrail cirrus, Nat.
Commun., 9, 1824, https://doi.org/10.1038/s41467-018-04068-
0, 2018.

Kércher, B., Burkhardt, U., Ponater, M., and Fromming,
C.: Importance of representing optical depth variabil-
ity for estimates of global line-shaped contrail radiative
forcing, P. Natl. Acad. Sci. USA, 107, 19181-19184,
https://doi.org/10.1073/pnas.1005555107, 2010.

Kunz, A., Spelten, N., Konopka, P., Miiller, R., Forbes, R. M.,
and Wernli, H.: Comparison of Fast In situ Stratospheric Hy-
grometer (FISH) measurements of water vapor in the up-
per troposphere and lower stratosphere (UTLS) with ECMWF
(re)analysis data, Atmos. Chem. Phys., 14, 10803-10822,
https://doi.org/10.5194/acp-14-10803-2014, 2014.

Larson, V. E.: CLUBB-SILHS: A parameterization of sub-
grid variability in the atmosphere, arXiv [preprint],
https://doi.org/10.48550/ARXIV.1711.03675, 10 November
2017.

Lee, D. S, Pitari, G., Grewe, V., Gierens, K., Penner, J. E., Pet-
zold, A., Prather, M. J., Schumann, U., Bais, A., Berntsen, T,
Iachetti, D., Lim, L. L., and Sausen, R.: Transport impacts on

surpasses  pre-pandemic

Atmos. Chem. Phys., 25, 473—-489, 2025

atmosphere and climate: Aviation, Atmos. Environ., 44, 4678—
4734, https://doi.org/10.1016/j.atmosenv.2009.06.005, 2009.

Lee, D. S., Fahey, D. W., Skowron, A., Allen, M. R., Burkhardt, U.,
Chen, Q., Doherty, S. J., Freeman, S., Forster, P. M., Fuglestvedt,
J., Gettelman, A., De Le6n, R. R., Lim, L. L., Lund, M. T., Millar,
R. J., Owen, B., Penner, J. E., Pitari, G., Prather, M. J., Sausen,
R., and Wilcox, L. J.: The contribution of global aviation to an-
thropogenic climate forcing for 2000 to 2018, Atmos. Environ.,
244, 117834, https://doi.org/10.1016/j.atmosenv.2020.117834,
2021.

Liu, X. and Penner, J. E.: Ice nucleation parameteriza-
tion for global models, Meteorol. Z., 14, 499-514,
https://doi.org/10.1127/0941-2948/2005/0059, 2005.

Liu, X., Ma, P.-L., Wang, H., Tilmes, S., Singh, B., Easter, R. C.,
Ghan, S. J., and Rasch, P. J.: Description and evaluation of a
new four-mode version of the Modal Aerosol Module (MAM4)
within version 5.3 of the Community Atmosphere Model,
Geosci. Model Dev., 9, 505-522, https://doi.org/10.5194/gmd-9-
505-2016, 2016.

Manners, J., Edwards, J. M., Hill, P., and Thelen, J.-C.: SOCRATES
(Suite Of Community RAdiative Transfer codes based on Ed-
wards and Slingo), Technical Guide, Met Office, UK, https:
/lcode.metoffice.gov.uk/trac/socrates, last access: 14 January
2025.

McCabe, A., Swinbank, R., Tennant, W., and Lock, A.: Rep-
resenting model uncertainty in the Met Office convection-
permitting ensemble prediction system and its impact on
fog forecasting, Q. J. Roy. Meteor. Soc., 142, 2897-2910,
https://doi.org/10.1002/qj.2876, 2016.

Medeiros, B., Shaw, J., Kay, J. E., and Davis, I.: Assessing
Clouds Using Satellite Observations Through Three Genera-
tions of Global Atmosphere Models, Earth Space Sci., 10,
€2023EA002918, https://doi.org/10.1029/2023EA002918, 2023.

Minnis, P., Young, D. F., Nguyen, L., Garber, D. P, Smith, W.
L., and Palikonda, R.: Transformation of contrails into cir-
rus during SUCCESS, Geophys. Res. Lett., 25, 1157-1160,
doi.org/10.1029/97GL03314, 1998.

Minnis, P., Schumann, U., Doelling, D. R., Gierens, K. M.,
and Fahey, D. W.: Global distribution of contrail ra-
diative forcing, Geophys. Res. Lett.,, 26, 1853-1856,
https://doi.org/10.1029/1999GL900358, 1999.

Ponater, M., Marquart, S., and Sausen, R.: Contrails in a com-
prehensive global climate model: Parameterization and radiative
forcing results, J. Geophys. Res.-Atmos., 107, ACL 2-1-ACL 2-
15, https://doi.org/10.1029/2001JD000429, 2002.

Quaas, J., Gryspeerdt, E., Vautard, R., and Boucher, O.: Climate
impact of aircraft-induced cirrus assessed from satellite obser-
vations before and during COVID-19, Environ. Res. Lett., 16,
064051, https://doi.org/10.1088/1748-9326/abf686, 2021.

Rap, A., Forster, P. M., Haywood, J. M., Jones, A., and Boucher,
O.: Estimating the climate impact of linear contrails using the
UK Met Office climate model, Geophys. Res. Lett., 37, L20703,
https://doi.org/10.1029/2010GL045161, 2010a.

Rap, A., Forster, P. M., Jones, A., Boucher, O., Haywood, J. M.,
Bellouin, N., and De Leon, R. R.: Parameterization of contrails
in the UK Met Office Climate Model, J. Geophys. Res.-Atmos.,
115, D10205, https://doi.org/10.1029/2009JD012443, 2010b.

Schmidt, E.: Die entstehung von eisnebel aus den auspuffgasen von
flugmotoren, Schriften der Deutschen Akademie der Luftfahrt-

https://doi.org/10.5194/acp-25-473-2025


https://doi.org/10.1002/qj.3803
https://doi.org/10.1029/2008JD009944
https://aviationbenefits.org/media/167187/w2050_full.pdf
https://aviationbenefits.org/media/167187/w2050_full.pdf
https://www.icao.int/sustainability/Documents/COVID-19/ICAO_Coronavirus_Econ_Impact.pdf
https://www.icao.int/sustainability/Documents/COVID-19/ICAO_Coronavirus_Econ_Impact.pdf
https://www.icao.int/Newsroom/Pages/Passenger-air-traffic-surpasses-pre-pandemic-levels.aspx
https://www.icao.int/Newsroom/Pages/Passenger-air-traffic-surpasses-pre-pandemic-levels.aspx
https://doi.org/10.5194/esd-6-555-2015
https://doi.org/10.1029/2011JD017237
https://doi.org/10.1038/s41467-018-04068-0
https://doi.org/10.1038/s41467-018-04068-0
https://doi.org/10.1073/pnas.1005555107
https://doi.org/10.5194/acp-14-10803-2014
https://doi.org/10.48550/ARXIV.1711.03675
https://doi.org/10.1016/j.atmosenv.2009.06.005
https://doi.org/10.1016/j.atmosenv.2020.117834
https://doi.org/10.1127/0941-2948/2005/0059
https://doi.org/10.5194/gmd-9-505-2016
https://doi.org/10.5194/gmd-9-505-2016
https://code.metoffice.gov.uk/trac/socrates
https://code.metoffice.gov.uk/trac/socrates
https://doi.org/10.1002/qj.2876
https://doi.org/10.1029/2023EA002918
https://doi.org/10.1029/1999GL900358
https://doi.org/10.1029/2001JD000429
https://doi.org/10.1088/1748-9326/abf686
https://doi.org/10.1029/2010GL045161
https://doi.org/10.1029/2009JD012443

W. Zhang et al.: Impact of host climate model on contrail cirrus effective radiative forcing estimates 489

forschung, Verlag R. Oldenbourg, Miinchen, Heft 44, 5, 1-15,
1941.

Schroder, F., Kircher, B., Duroure, C., Strom, J., Petzold,
A., Gayet, J.-F., Strauss, B., Wendling, P., and Borrmann,
S.: On the Transition of Contrails into Cirrus Clouds,
J. Atmos. Sci., 57, 464-480, https://doi.org/10.1175/1520-
0469(2000)057<0464:0TTOCI>2.0.CO;2, 2000.

Schumann, U.: On conditions for contrail formation from aircraft
exhausts, Meteorol. Z., 5, 4-23, 1996.

Schumann, U. and Graf, K.: Aviation-induced cirrus and radiation
changes at diurnal timescales, J. Geophys. Res.-Atmos., 118,
2404-2421, https://doi.org/10.1002/jgrd.50184, 2013.

Schumann, U., Penner, J. E., Chen, Y., Zhou, C., and Graf,
K.: Dehydration effects from contrails in a coupled contrail-
climate model, Atmos. Chem. Phys.,, 15, 11179-11199,
https://doi.org/10.5194/acp-15-11179-2015, 2015.

Schumann, U., Baumann, R., Baumgardner, D., Bedka, S. T., Duda,
D. P, Freudenthaler, V., Gayet, J.-F., Heymsfield, A. J., Min-
nis, P., Quante, M., Raschke, E., Schlager, H., Vdzquez-Navarro,
M., Voigt, C., and Wang, Z.: Properties of individual contrails:
a compilation of observations and some comparisons, Atmos.
Chem. Phys., 17, 403—438, https://doi.org/10.5194/acp-17-403-
2017, 2017.

Schumann, U., Bugliaro, L., Doérnbrack, A., Baumann, R., and
Voigt, C.: Aviation Contrail Cirrus and Radiative Forcing Over
Europe During 6 Months of COVID-19, Geophys. Res. Lett., 48,
€2021GL092771, https://doi.org/10.1029/2021GL092771, 2021.

Sellar, A. A., Jones, C. G., Mulcahy, J. P., Tang, Y., Yool, A.,
Wiltshire, A., O’Connor, F. M., Stringer, M., Hill, R., Palmieri,
J., Woodward, S., de Mora, L., Kuhlbrodt, T., Rumbold, S.
T., Kelley, D. L., Ellis, R., Johnson, C. E., Walton, J., Abra-
ham, N. L., Andrews, M. B., Andrews, T., Archibald, A. T,
Berthou, S., Burke, E., Blockley, E., Carslaw, K., Dalvi, M., Ed-
wards, J., Folberth, G. A., Gedney, N., Griffiths, P. T., Harper,
A. B., Hendry, M. A., Hewitt, A. J., Johnson, B., Jones, A.,
Jones, C. D., Keeble, J., Liddicoat, S., Morgenstern, O., Parker,
R. J., Predoi, V., Robertson, E., Siahaan, A., Smith, R. S.,
Swaminathan, R., Woodhouse, M. T., Zeng, G., and Zerroukat,
M.: UKESM1: Description and Evaluation of the U.K. Earth
System Model, J. Adv. Model. Earth Syst., 11, 4513-4558,
https://doi.org/10.1029/2019MS001739, 2019.

Tiedtke, M.: Representation of Clouds in Large-Scale Models, Mon.
Weather Rev., 121, 3040-3061, https://doi.org/10.1175/1520-
0493(1993)121<3040:ROCILS>2.0.CO;2, 1993.

University Corporation for Atmospheric Research — National Cen-
ter for Atmospheric Research (UCAR-NCAR): CAM: The
Community Atmosphere Model, GitHub [code], https://github.
com/ESCOMP/CAM/tree/cam6_3_027, last access: 14 January
2025.

Vignesh, P. P, Jiang, J. H., Kishore, P., Su, H., Smay, T., Brighton,
N., and Velicogna, I.: Assessment of CMIP6 Cloud Fraction
and Comparison with Satellite Observations, Earth Space Sci.,
7, €2019EA000975, https://doi.org/10.1029/2019EA000975,
2020.

https://doi.org/10.5194/acp-25-473-2025

Walters, D., Baran, A. J., Boutle, 1., Brooks, M., Earnshaw, P., Ed-
wards, J., Furtado, K., Hill, P, Lock, A., Manners, J., Morcrette,
C., Mulcahy, J., Sanchez, C., Smith, C., Stratton, R., Tennant,
W., Tomassini, L., Van Weverberg, K., Vosper, S., Willett, M.,
Browse, J., Bushell, A., Carslaw, K., Dalvi, M., Essery, R., Ged-
ney, N., Hardiman, S., Johnson, B., Johnson, C., Jones, A., Jones,
C., Mann, G., Milton, S., Rumbold, H., Sellar, A., Ujiie, M.,
Whitall, M., Williams, K., and Zerroukat, M.: The Met Office
Unified Model Global Atmosphere 7.0/7.1 and JULES Global
Land 7.0 configurations, Geosci. Model Dev., 12, 1909-1963,
https://doi.org/10.5194/gmd-12-1909-2019, 2019.

Wilkerson, J. T., Jacobson, M. Z., Malwitz, A., Balasubrama-
nian, S., Wayson, R., Fleming, G., Naiman, A. D., and Lele,
S. K.: Analysis of emission data from global commercial avi-
ation: 2004 and 2006, Atmos. Chem. Phys., 10, 6391-6408,
https://doi.org/10.5194/acp-10-6391-2010, 2010.

Williams, K. D. and Bodas-Salcedo, A.: A multi-diagnostic ap-
proach to cloud evaluation, Geosci. Model Dev., 10, 2547-2566,
https://doi.org/10.5194/gmd-10-2547-2017, 2017.

Wilson, D. R. and Ballard, S. P.: A microphysically based
precipitation scheme for the UK meteorological office uni-
fied model, Q. J. Roy. Meteor. Soc., 125, 1607-1636,
https://doi.org/10.1002/qj.49712555707, 1999.

Wilson, D. R., Bushell, A. C., Kerr-Munslow, A. M., Price, J. D.,
and Morcrette, C. J.: PC2: A prognostic cloud fraction and con-
densation scheme. I: Scheme description, Q. J. Roy. Meteor.
Soc., 134, 2093-2107, https://doi.org/10.1002/qj.333, 2008.

Wolf, K., Bellouin, N., Boucher, O., Rohs, S., and Li, Y.: Correc-
tion of ERAS temperature and relative humidity biases by bi-
variate quantile mapping for contrail formation analysis, Atmos.
Chem. Phys., 25, 157-181, https://doi.org/10.5194/acp-25-157-
2025, 2025.

Zhang, G. J. and McFarlane, N. A.: Sensitivity of climate simula-
tions to the parameterization of cumulus convection in the Cana-
dian climate centre general circulation model, Atmos. Ocean,
33, 407-446, https://doi.org/10.1080/07055900.1995.9649539,
1995.

Zhang, G. J., Kiehl, J. T., and Rasch, P. J.: Response
of Climate Simulation to a New Convective Parame-
terization in the National Center for Atmospheric Re-
search Community Climate Model (CCM3), J. Cli-
mate, 11, 2097-2115, https://doi.org/10.1175/1520-
0442(1998)011<2097:ROCSTA>2.0.CO;2, 1998.

Zhang, W.: Impact of host climate model on contrail cir-
rus effective radiative forcing estimates, Zenodo [data set],
https://doi.org/10.5281/zenodo.14186981, 2024.

Atmos. Chem. Phys., 25, 473-489, 2025


https://doi.org/10.1175/1520-0469(2000)057<0464:OTTOCI>2.0.CO;2
https://doi.org/10.1175/1520-0469(2000)057<0464:OTTOCI>2.0.CO;2
https://doi.org/10.1002/jgrd.50184
https://doi.org/10.5194/acp-15-11179-2015
https://doi.org/10.5194/acp-17-403-2017
https://doi.org/10.5194/acp-17-403-2017
https://doi.org/10.1029/2021GL092771
https://doi.org/10.1029/2019MS001739
https://doi.org/10.1175/1520-0493(1993)121<3040:ROCILS>2.0.CO;2
https://doi.org/10.1175/1520-0493(1993)121<3040:ROCILS>2.0.CO;2
https://github.com/ESCOMP/CAM/tree/cam6_3_027
https://github.com/ESCOMP/CAM/tree/cam6_3_027
https://doi.org/10.1029/2019EA000975
https://doi.org/10.5194/gmd-12-1909-2019
https://doi.org/10.5194/acp-10-6391-2010
https://doi.org/10.5194/gmd-10-2547-2017
https://doi.org/10.1002/qj.49712555707
https://doi.org/10.1002/qj.333
https://doi.org/10.5194/acp-25-157-2025
https://doi.org/10.5194/acp-25-157-2025
https://doi.org/10.1080/07055900.1995.9649539
https://doi.org/10.1175/1520-0442(1998)011<2097:ROCSTA>2.0.CO;2
https://doi.org/10.1175/1520-0442(1998)011<2097:ROCSTA>2.0.CO;2
https://doi.org/10.5281/zenodo.14186981

	Abstract
	Introduction
	Methodology
	The host climate models
	The contrail parameterisation
	Simulation setup

	Results
	Ice supersaturation and contrail formation criteria in the UM and CAM6
	Simulated young contrails
	Simulated contrail impact on overall cloud fields
	Scaling the contrail cirrus radiative response in the UM
	Simulated contrail cirrus effective radiative forcing

	Summary and conclusions
	Code and data availability
	Author contributions
	Competing interests
	Disclaimer
	Acknowledgements
	Financial support
	Review statement
	References

