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Abstract. The impact of aviation on climate change due to CO2 emissions is well established and is far
less uncertain than the one due to non-CO3 effects. Among these effects, the formation and evolution
of contrails into cirrus-type clouds remains highly uncertain. An overlooked source of uncertainty
arises from the climate model sensitivity to the adjustable parameters used to represent the effects
of subgrid-scale processes. The limited number of climate models that explicitly represents contrails
makes it challenging to evaluate the model sensitivity of contrail radiative forcing to these parameters.
In order to better characterize the contrail radiative forcing and its evolution, it is necessary to develop
their representation within a wide range of existing climate models. In this study, we develop and
evaluate a new parameterization of contrail cirrus for the ARPEGE-Climat atmospheric model. The
model representation of the ice-supersaturated regions in which contrails persist, as well as the
contrail microphysical properties, is consistent with in-situ and satellite observations. The ERA5
atmospheric reanalysis is then used to nudge ARPEGE-Climat with the novel parameterization. The
nudged simulation results are used to estimate the global mean contrail radiative forcing for the year
2019. Our findings suggest that the global mean contrail coverage is 1.1%. This value is located
within the range of 0.6-1.2% based on previous studies. Furthermore, the global annual mean contrail
radiative forcing is estimated to be 45.6 [30-66] mW-m~2. This value falls within the lower range of
current best estimates for 2018, 111 [33-189] mW-m~2.
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1. Introduction 1999). The LW warming results from the absorp-
tion of the upward IR radiation by the ice crystals
of the contrail-cirrus and the SW cooling from the
reflection of the visible light by the same ice parti-
cles. At the global scale the IW warming is larger
than the SW cooling resulting in a positive net radia-
tive effect and a subsequent warming of the Earth-
atmosphere system. The review by Lee et al. (2021)

The formation of contrails has been shown to in-
duce positive longwave (LW) and negative shortwave
(SW) instantaneous radiative forcing components at
the top of the atmosphere (TOA) (Meerkotter et al.,
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gives a best-estimate for the year 2018 of the instan-
taneous contrail radiative forcing (RF hereafter in this
article) of 111 mW-m™~2 with a 5-95% confidence in-
terval of [33-189] mW-m~2 (Lee et al., 2021). These
values are based on calculations derived from a lim-
ited number of studies that used global climate mod-
els with a contrail parameterization (Burkhardt and
Kircher, 2011; Chen and Gettelman, 2013; Bock and
Burkhardt, 2016) or coupled with a contrail model
to estimate the contrail radiative forcing (Schumann
et al., 2015). The approaches used in these cli-
mate models, or in related work (Rap et al., 2010),
for the modeling of contrail formation are based on
the Schmidt-Appleman criterion (described in the
following section) and an associated critical relative
humidity threshold. Various approaches to model
the contrail cloud fraction are used, ranging from
an extension of the existing climate model cloud
scheme (Rap et al.,, 2010; Ponater et al., 2002) to
prognostic approach with the introduction of a new
class of cloud for the contrail cirrus (Burkhardt and
Kércher, 2011). A wide variety of approaches for
modelling contrail cirrus properties, such as ice wa-
ter content and ice crystal concentration, has been
explored, ranging from parametrized formulations
(Rap et al.,, 2010) to the concept of a separate con-
trail cirrus cloud class with its own microphysical
processes (Bock and Burkhardt, 2016). In a recent
update, Bier and Burkhardt (2022) recalculated the
contrail radiative forcing for the year 2006 using the
ECHAMS5 (Roeckner et al., 2003) climate model. Their
findings revealed a radiative forcing of 44 [31-49]
mW-m~2 (based on soot number emissions sensibil-
ity analysis), a value that is 20% lower than their pre-
vious estimate used in Lee et al. (2021). The study
of Gettelman et al. (2021) give an additional eval-
uation using the CESM2 (Danabasoglu et al., 2020)
climate model, yielding a contrail effective radiative
forcing (ERF) for the year 2019 of 62 + 59 mW-m™2
(two standard deviations). This value is in agree-
ment with Lee et al. (2021), who reported a contrail
ERF of 57.4 mW-m? (with a 5-95% confidence inter-
val of [17-98] mW-m~2) for the year 2018. In a recent
publication, Teoh, Engberg, Schumann, et al. (2024)
conducted simulations of the global contrail climate
forcing for the period between 2019 and 2021. To this
end, they used the CoCip model (Schumann et al.,
2015) to simulate the properties and lifecycle of con-
trails along actual flight trajectories derived from Au-

tomatic Dependent Surveillance-Broadcast (ADSB)
telemetry (Teoh, Engberg, Shapiro, et al., 2024) and
using reanalysis weather data. Their estimated con-
trail radiative forcing (respectively, the contrail effec-
tive radiative forcing) for the year 2019 is 62.1 mW-m?
(respectively, 20.1 mW-m?). It is also important to
note that the estimate from Lee et al. (2021) includes
both persistent linear contrails and contrail cirrus.
However, the radiative forcing due to contrail cirrus
is the largest component (Kércher, 2018). For in-
stance, the study conducted by Boucher et al. (2013)
evaluated the radiative forcing from persistent lin-
ear contrails and contrail cirrus in 2011, conclud-
ing that the respective values were 10 mW-m~2 and
40 mW-m™2, respectively. Overall, this large range of
RF evaluations indicates that the complexity of con-
trail physics, including crystal habit, optical depth,
spreading rate, and feedback processes is difficult
to account for in global models (Kdrcher, 2018; Lee
et al.,, 2021). In addition, the possible biases and
errors in temperature, humidity and cloud cover at
high altitudes of the global models add further uncer-
tainty in those RF evaluations. As indicated in various
IPPC (Intergovernmental Panel on Climate Change)
reports (Stocker et al., 2013), this results in a consid-
erable degree of uncertainty and a low level of confi-
dence in the evaluation of climate forcing by contrail-
cirrus. Therefore, a critical goal for incorporating
non-CO; effects into global climate policy is improv-
ing the global knowledge of contrail cirrus and their
radiative forcing, and quantifying all sources of un-
certainty.

In the present study, we develop a new contrail cir-
rus parameterization in ARPEGE-Climat version 6.3
(hereafter ARPEGE) (Roehrig et al., 2020), the atmo-
spheric component of CNRM-CMS6.1 (Voldoire et al.,
2019) climate model. Our objectives are to provide
the research community with an additional General
Circulation Model (GCM) tool for estimating the im-
pact of contrails on the Earth’s radiative budget and
climate, and to gain a better understanding of how
the main physical processes that influence contrail
cirrus radiative forcing interact with each other.

Section 2 provides a concise overview of the lat-
est version of ARPEGE, highlighting the new develop-
ments incorporated in the model. The contrail cirrus
parameterization was developed with consideration
of the constraints due to the ARPEGE existing physics
package. In this section, we present the statistical
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approach adopted for the Schmidt-Appleman cri-
terion for contrail formation, and the development
made to the existing cloud scheme of ARPEGE to al-
low for ice supersaturated regions, where contrails
persist. Finally, we present the new contrail param-
eterization that is activated in ice supersaturated re-
gions. Two prognostic variables are introduced: the
cumulative contrail length and the contrail cirrus
coverage. To be consistent with the preexisting cloud
scheme the contrail ice water content and crystal ef-
fective radius are diagnosed.

Section 3 presents the results obtained with the
new parameterization. The representation of the ice
supersaturated region using the new cloud scheme
is compared with observational datasets. Subse-
quently, the contrail properties of coverage, effec-
tive radius, optical thickness and radiative forcing
are compared with observational datasets and results
from previous studies.

Section 4 presents a sensitivity analysis of the sim-
ulated contrail coverage and contrail RF in response
to variations in the main parameters of the contrail
cirrus parameterization.

Finally, a summary of the main results and
prospects for future work are discussed in the
Section 5.

2. Model and baseline experiment

The ARPEGE version used in this study has a spa-
tial resolution of approximately 150 km, compris-
ing 91 vertical levels ranging from 6 m to 82 km
(or 0.01 hPa).

The experiments under investigation in this study
are AMIP-type (Atmospheric Model Intercompari-
son Project) simulations, in which the atmospheric
model is forced by observed sea surface tempera-
tures and sea ice concentrations. The emission data
used to represent aviation’s climate forcing were gen-
erated from the Global Aviation emissions Inventory
based on ADS-B (GAIA) (Teoh, Engberg, Shapiro,
etal., 2024).

The dataset includes monthly totals of the global
flight distance flown, fuel consumption, and various
pollutants from 2019 to 2021. The dataset has a hor-
izontal resolution of 0.5° x 0.5° and a 1000 ft ver-
tical spacing, extending up to 14 km. All the data
were interpolated on the ARPEGE grid. The present
study focuses on the pre-Covid 19 period so all the

simulations presented in the study are forced by
the aviation emission inventory for the year 2019.
The (instantaneous) RF presented in the study is
calculated from a single simulation with two radia-
tive transfer calls, one with and one without con-
trails. To facilitate a comparison between our re-
sults and those of the study of Teoh, Engberg, Schu-
mann, et al. (2024), which employs the state-of-the-
art contrail cirrus prediction tool CoCiP coupled to
the fifth generation ECMWF (European Centre for
Medium-Range Weather Forecasts) atmospheric re-
analysis (ERA5), a spectral nudging method is used
to keep the model trajectory (in terms of large scale
circulation and temperature) close to ERA5 in one
simulation. This method is described in Radu et al.
(2008). The nudging is applied to winds and temper-
ature, given by the ERA5 reanalysis data (Hersbach
et al., 2020), every 6 and 24 hours respectively. The
humidity is not nudged which represents a limita-
tion for the comparison with the study of Teoh, En-
gberg, Schumann, et al. (2024) which use a correc-
tion for the relative humidity in the ERA5 reanalysis.
It should be noted that spectral nudging is not ap-
plied to horizontal scales smaller than 300 km and is
fully applied to scales larger than 600 km, which is
the typical spatial scale resolved by ARPEGE. A linear
transition is used in-between these two scales. Ad-
ditionally, the nudging is maximal between the top
of the model and 700 hPa and nil below 850 hPa
(with a linear transition between 700 and 850 hPa).
The assessment of the new parameterization is con-
ducted through the use of both the free experiment
(CONTFREE hereafter) and nudged model experi-
ments (CONTNUDGED hereafter). The CONTFREE
and the CONTNUDGED experiments, presented in
Section 3, are based on a 10-year simulation (2010-
2019) to derive significant statistics for comparison
with observations or previous studies. The compari-
son with the study of Teoh, Engberg, Schumann, et al.
(ibid.) for the year 2019 is done using the last year of
each experiment. The sensitivity analysis (Section 4)
is restricted to one-year (2019) nudged simulations.

2.1. Contrail cirrus parameterization

The formation and persistence of contrail cirrus are
conditioned by both the Schmidt-Appleman crite-
rion (Schumann, 1996) and supersaturation with
respect to ice. To consider the Schmidt-Appleman
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Figure 1. Cloud fraction computation in (left) the existing and (center and right) the new cloud schemes
in ARPEGE (David Saint-Martin, personal communication). The black curve represents the probability
distribution function of the sub-grid specific humidity (Y -axis). The yellow and blue areas represent the
cloud fraction computed in the existing and new cloud scheme, respectively. See the main text for a

detailed description of the cloud scheme.

criterion and to account for ice supersaturation, de-
velopments have been made in ARPEGE. Given the
local nature of the Schmidt-Appleman criterion and
the grid cell size in ARPEGE, we have adopted a
probabilistic approach to satisfy these conditions.
These developments are presented in the following
sections.

2.1.1. Ice supersaturation

The microphysics of ARPEGE-Climat is relatively
simple and is based on the prognostic treatment
of the specific mass of four microphysical species
(cloud liquid water, cloud ice, rain, and snow)
(Roehrig et al., 2020). A statistical cloud scheme (Ri-
card and Royer, 1993) provides cloud coverage and
mean cloud water condensate within a grid-box for
large scale clouds. In the original version of ARPEGE,

a cloud-free and ice-supersaturated fraction of a grid
box is not permitted. To accommodate this possibil-
ity, the cloud scheme has been modified. This modi-
fication also allows for the additional contrail cover-
age. The existing cloud scheme is based on a Gauss-
ian distribution of the sub-grid scale humidity, g, to
predict the cloud fraction of the grid box (Roehrig et
al.,, 2020). The left column of Figure 1 illustrates the
operational framework of the pre-existing scheme.
Supersaturation is not permitted, the value of the
cloud cover, a*, is determined by integrating the
distribution function for g > gsa¢ (vellow area), with
gsat representing the saturation specific humidity
with respect to ice. In the new scheme (see the A to
F scenario on Figure 1), a prognostic variable, x, is
introduced to indicate the presence or absence of ice
crystals in the grid box. Consequently, in the absence
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of ice crystals (x = 0) no supplementary cloud cover
is generated in the absence of local supersaturation:
q < k- qs where k represents the magnitude of the
strong supersaturation required to form a cloud in
the absence of preexisting ice crystals. The parame-
ter k is a function of temperature, following an em-
pirical approximation derived in Koop et al. (2000).
To illustrate the difference between the original and
the new schemes, in scenario B (weak supersatura-
tion and no ice crystals, x = 0), the new cloud scheme
calculates a cloud cover, a, equal to zero (in contrast
to the existing cloud scheme, where the cloud cover-
age a* would have been positive). In this case (B), the
contrail cirrus parameterization is activated whereas
in all other cases, the cloud scheme works similarly
to the original one. It should be noted that the new
scheme is only activated for temperatures below
235K (Kéarcher and Lohmann, 2002).

2.1.2. The Schmidt-Appleman criterion

Contrails are formed when the warm and moist
exhaust from jet engines mixes with the cool ambient
air under conditions of liquid water saturation. The
process of contrail formation was first described by
Schmidt (1941) and Appleman (1953) using thermo-
dynamic theory, leading to the formulation of a for-
mation criterion (Schumann, 1996). In the context
of GCM, we sought to adapt this local theory of the
Schmidt-Appelman criterion. Considering the hor-
izontal subgrid-scale variability in humidity and/or
temperature in a grid box, as allowed by the statisti-
cal cloud scheme, we define the probability of fulfill-
ing the Schmidt-Appleman criterion across the grid
box. As illustrated in Figure 2, we defined the con-
ditional probability, with respect to ice supersatura-
tion, of satisfying the Schmidt-Appelman criterion
(i.e., the creation of a contrail), PSA, using grid box
average quantities and following the equations:

Psa=1 if T<Tic

PSA = a if TLC <T<Tim (1)
a+b

Pga=0 if T> Tim

where Tic is the ambient temperature below which
the mixing line may cross the saturation curve, and
Tim is the temperature at which the mixing is tangent
to the saturation curve under the specified ambient
conditions. The parameters a, and b, represent the
distance, at a given temperature, between the mixing
line and the saturation with respect to liquid water

Pa:u(

iq

P,saf

e

0.5

=
o
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o
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Figure 2. Definition of the probability of sat-
isfying the Schmidt-Appleman criterion. The
red line represents the saturation curve with
respect to water in the water vapour pressure
versus temperature diagram. The blue line rep-
resents the saturation curve with respect to ice
in the water vapor pressure versus temperature
diagram. The black dashed line corresponds to
the mixing line, as described by Equation (8) in
Schumann (1996). The black curve illustrates
the temperature-dependent evolution of the
probability to satisfy the Schmidt-Appleman
criterion. Tim, Tic, a, and b are defined in the
text.

and ice, respectively. The values of Tic, Tim, and
Pgsa can be calculated as detailed in Appendix 1 in
the Supporting Information. These values depend
on fuel parameters, propulsion efficiency, ambient
pressure and temperature. Psa is the probability to
form contrails in already supersaturated regions. It
is used in the contrail parameterization to calculate
the temporal evolution of contrail lengths and their
coverage, with the ice supersaturated region being
weighted by Pgp (Section 2.2).

2.2. Contrail formation and dissipation

Our contrail cirrus parameterization is based on
the introduction of two new prognostic variables in
ARPEGE: the cumulative contrail length in a grid cell,
L, and the fraction of a grid cell covered by contrail
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cirrus a;. These quantities are transported and dif-
fused through the dynamical core of AREPGE, which
is based on a semi-Lagrangian scheme (Roehrig et
al.,, 2020). These quantities are only computed in
cloud-free ice supersaturated regions (scenario B,
Figure 1) if the Schmidt-Appleman criterion is met.
The growth and decay of these regions is governed
by the statistical cloud scheme. It is therefore note-
worthy that the interaction of ice supersaturated re-
gion and subgrid scale turbulence is fully taken into
account by the definition of the variance of the sta-
tistical distribution. This variance is related to the
mixing length, the temperature eddy diffusivity coef-
ficient and the turbulent kinetic energy (ibid.).

The contrail coverage within a grid box is a result
of the horizontal diffusion and the vertical sedimen-
tation of an effective, and cumulative, linear con-
trails. To initiate this process, the cumulative con-
trail length is computed according to the following

equation:
dL

T VN Psa(Prssr — dc) 2
with v, the mean plane velocity (900 km-h™!), N, the
number of aircraft in the grid box, Pgp, the proba-
bility of satisfying the Schmidt-Appleman criterion,
and Pissr, the probability of the grid box being sat-
urated with respect to ice (surface of the grid box
that is saturated in the atmospheric model). The
number of aircraft N is calculated by dividing the
fuel consumption per gridbox, as provided in the
inventory, by a mean consumption of 0.8 kg-s™!. The
first term of Equation (2), vN, defines the cumula-
tive distance flown per unit of time by the planes in
the box. The last term of Equation (2), Pissg — dc,
corresponds to the available supersaturated region,
free of preexisting contrails, in which contrail for-
mation and growth occur. The resulting cumulative
contrail length, which is the product of these two
terms, is weighted by the probability of meeting the
Schmidt-Appleman Criterion in the supersaturated
region (PSA).

During the extension phase, that is to say, when
Pissr(t +dt) = Pissr(t), the contrail coverage is gov-
erned by the following equation:

dac b()h() ’ hc (
—= = UNPsp(Pissr — +Lb —<(1-
a Y sa(Prssr — dc) v, v,

ac )
Prssr

(3)

with Vj,, the gridbox volume, b', the contrail hori-

zontal expansion rate, by and hy the initial contrail

width and geometrical thickness, respectively, and
h¢, the mean contrail cirrus geometrical thickness.
The initial contrail width and geometrical thickness,
b and hg, are both set to a value of 200 m. The first
term on the right-hand side of Equation (3) is the
product of these two geometrical constants multi-
plied by the cumulative contrail length. This term
represents the extension of the newly formed con-
trail. The second term of Equation (3) represents
the extension of existing contrails on the horizontal
transverse axis in the presence of vertical wind shear.
The mean contrail cirrus geometrical thickness A, is
set to a value of 400 m which corresponds to contrail
thickness at the end of the vortex phase (Iwabuchi
et al.,, 2012). The horizontal expansion rate is cal-
culated in accordance with the following equation
b = c\/(0uldz)? + (0v/dz)? (Burkhardt and Kircher,
2009). The spreading constant c, represents the an-
gle of the vertical wind shear vector with the flight
direction and is set to ¢ = 2/7t =~ 0.63, as obtained in
the case of randomly distributed wind shear vectors
in comparison to the flight direction (Unterstraller,
2008). The initial contrail width and geometrical
thickness, by and hy, are both set to a value of 200 m.
With the exception of the initialization period, the
first term of Equation (3) quickly becomes negligible
in comparison to the second one. At each time step,
the following system of equations is solved.

dL L

— = UNPsp(Prssgr — ac) — —

dt Ty

da boh
¢ = UNPss(Pissg — ac) —— (4)

t Vi

+Lb’£ (1 o e )
m Prssr

The term L/11, represents the decrease in contrail
length due to sedimentation and dilution according
to a time scale 7; = 2h, based on contrail lifetime
(Gierens and Vazquez-Navarro, 2018). In addition to
contrail formation and horizontal spread, we param-
eterize the ice crystal sedimentation which reduces
contrail expansion at flight level and can enhance the
contrail coverage in the atmospheric layers below. To
this end, at each time step, and each grid cell, a pro-
portion of the contrail cloud fraction is transferred
between grid cells following the equation:

c=1- a. +

Az | %t AL al ' (Psse—al)  (5)
1 1
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with V, the terminal velocity of ice crystals, dt, the
time step (900 s), Az; the thickness of layer i, and
al (respectively a'~!) the contrail coverage at layer
i (respectively i —1). The terminal velocity, V, is
set to a value of 25 cm-s™!, which is between the
mean fall speed in a 2-hours old contrail and the
terminal velocity for ice crystals larger than 100 pm
(Schumann et al., 2015).

During the dissipation phase, when the supersat-
urated region shrinks (€ < Pigsp (¢ +d?) < Pissr(?)), we
assume that contrails sublimate within a time range
much shorter than one model time step (15 min) out-
side of the supersaturated region. In other words, the
proportion of contrail cirrus cloud is reduced in pro-
portion to the decrease in ISSR. So we introduce the
parameter a = Pigsp(f+d?)/Pssr(?), and compute
the new values ac(t + dt) = aac(t), and L(t +dr) =
aL(t). Subsequently, the system of Equation (4) is
solved.

Finally, during the sublimation phase, when
(Pssr(t +d1?) <€), contrails disappear with a charac-
teristic lifetime, 7 = 30 min, following the equations:

dL L
dr T2

6
da.  ac ©
dr Tz.

The contrail cloud fraction, a., is added to a, as
a new cloud fraction for the principal radiative code
call. This approach enables the consideration of the
local feedbacks of the contrails to the climate sys-
tem. A subsequent radiative code call is performed,
using a (i.e. without the contrail perturbation) exclu-
sively. The difference between the two calls allows
for the calculation of the instantaneous contrail ra-
diative forcing.

For the radiative calculations the contrail ice wa-
ter content ¢, is diagnosed at each time step and
is proportional to the ice water content g, predicted
by the existing cloud scheme under these conditions
(Equation (7)). As with the contrail coverage, the con-
trail ice water content g, is added to g, to obtain
a new ice water content for the principal radiative
code call. A subsequent radiative code call is per-
formed, using g, exclusively. The size of the contrail
ice crystal is computed using the same bulk formu-
lation as for natural cirrus (Sun, 2001; Sun and Rikus,
1999). The optical properties of the contrails, used in
the radiative transfer calculations, are also calculated

using the same method as for natural cirrus (Fu,
1996). This represents a limitation of the present
approach that will be addressed in future work.

= g @)
dcc = ch-

Our approach can be regarded as a straightfor-
ward and versatile parameterization, readily adapt-
able to any statistical cloud scheme with minimal ef-
fort. In this sense, our approach aligns with that pro-
posed by Rap et al. (2010). However, the present pa-
rameterization treats the criterion for contrail forma-
tion in an original way and does not require calibra-
tion. Despite its simplicity, it gives results in rather
good agreement with available observations and pre-
viously reported model results, as discussed in the
subsequent section.

3. Model evaluation
3.1. Ice supersaturated region

Figure 3a,b shows the zonal mean of the frequency
of ice supersaturation in ARPEGE and the AIRS (At-
mospheric Infrared Sounder) satellite observations,
as presented in Lamquin et al. (2012). The zonal
means show a reasonable agreement in amplitude
and spatial distribution with maxima at low latitude
above the 200 hPa level and at high altitude below
the 250 hPa level. Figure 3c shows the difference
between CONTFREE experiment and AIRS. A posi-
tive bias, in the range 5 to 15% is localized at pres-
sure levels between 200-250 hPa and in mid-latitude
regions, where traffic is expected to be the densest.
In contrast, lower values are observed at the high-
est latitudes for higher pressure levels. The positive
bias is linked to the tropopause level produced by
ARPEGE which is higher than that observed by AIRS
due to cold bias in the model. This is confirmed
by the CONTNUDGED simulation that suppress the
temperature bias and give ISSR frequency above the
250 hPa level (Figure 3d) in good agreement with the
AIRS data.

Figure 4a,b shows the spatial distribution of the
frequency of ice supersaturation in the upper tropo-
sphere in ARPEGE and the AIRS observations at the
tropopause level.

The simulated spatial distribution of supersatura-
tion frequency is in a good agreement with the ob-
served counterpart. The frequency of ice supersatu-
ration follows the tropopause with a local maximum
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Figure 3. Annual and zonal mean of the occurrence frequency of ice supersaturation (a) for scaled AIRS
satellite measurements (Lamquin et al., 2012) and (b) for the CONTFREE experiment. (c) The absolute
difference of the annual and zomal mean of the occurrence frequency of ice supersaturation between
the CONTFREE experiment and AIRS. (d) The absolute difference of the annual and zonal mean of the
occurrence frequency of ice supersaturation between the CONTNUDGED and CONTFREE experiments.
The black line, the black dashed line and the pointed dashed line represent the zonal mean tropopause
for CONTFREE, CONTNUDGED and AIRS, respectively.

related to the storm tracks and jet streams in the frequency of ice supersaturation (Figure 4c), espe-
mid-latitudes at 200-250 hPa as observed in Lamquin cially in the tropical regions, although it is possible
et al. (2012) and Bock and Burkhardt (2016). The that the AIRS measurements in these regions may
CONTFREE simulation slightly overestimates the also result in an underestimation due to cloudiness.
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Figure 4. Annual mean of the occurrence frequency of ice supersaturation between 200-250 hPa in
(a) scaled AIRS satellite measurements (Lamquin et al., 2012) and (b) in CONTFREE. (c) The absolute
difference of the annual mean of the occurrence frequency of ice supersaturation between the CONT-
FREE experiment and AIRS. (d) The absolute difference of the annual mean of the occurrence frequency
of ice supersaturation between the CONTNUDGED and CONTFREE experiments.

As consistent with the diagnostics made with the
zonal averages, the CONTNUDGED simulation re-
duces the differences with the AIRS data. The nudg-
ing reduces the temperature bias and exerts also
an influence on the transport of humidity, thereby
modulating relative humidity in regions of interest
(Figure S1b in the Supporting Information). The
frequency of ice supersaturation is still larger than
AIRS measurements over the North Pole, which is
consistent with the too high tropopause. In addi-
tion, the new cloud scheme seems to underestimate
the ice supersaturation extension over the Antarc-
tic continent, with the exception of the western re-
gion. However, it is important to note that Infra-Red
measurements taken over very cold icy regions are

subject to significant uncertainties. Figure 4d shows
the difference in the occurrence frequency of ice
supersaturation between the CONTNUDGED and
CONTFREE experiments. There is a notable increase
in the occurrence of ice supersaturation over the
North Atlantic and West Pacific oceans. This feature
is particularly prevalent over South-East Asia, which
has become a hub for air traffic. This is explained by
an increase in specific humidity (Figure Sla in the
Supporting Information). Figure 3d shows that the
increase in ISSR frequency in the tropical region oc-
curs between 225 hPa and 275 hPa, which coincides
with the majority of air traffic.

Since the radiative forcing due to contrails-cirrus
is larger in flight corridors, the model validation in
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Figure 5. Average probability density function
of relative humidity with respect to ice for the
North Atlantic flight corridor (40°N to 60°N
and 65°W to 5°W) for the years 2010 to 2019.
The MOZAIC-IAGOS data are represented by
the black curve, the NOSUPERSAT experiment
is represented by the red curve, the CONT-
FREE experiment is represented by the solid
blue curve blue, and the CONTNUDGED is
represented by the dashed blue curve. The
analysis is based on the MOZAIC-IAGOS data
set, which is limited to pressure levels above
350 hPa and to ambient temperatures below
233 K to avoid potential sensor contamination
by supercooled liquid water droplets (Petzold
et al., 2020). MOZAIC-IAGOS observations are
recorded every 4 seconds. To match the spa-
tial resolution of ARPEGE (about 150 km), a
moving average with a period of 600 seconds is
applied. The ARPEGE dataset comprises daily
data for the year 2019, limited to between 350
and 150 hPa which is the pressure level above
which there are no flights in the inventory.

those regions is a priority. Figure 5 shows the prob-
ability density function (PDF) of relative humidity
(with respect to ice) for the North Atlantic flight cor-
ridor, as observed in the MOZAIC-IAGOS dataset
(Marenco et al., 1998), and simulated by ARPEGE.
In each simulation, the mode at approximately 10%,
corresponding to the measurement of the low water
vapor content in the lower stratosphere by MOZAIC-
IAGOS (Petzold et al., 2020), is well captured. How-
ever, it is slightly more pronounced than in MOZAIC-
IAGOS but for a lower value of relative humidity,
indicating an excessively dry lower stratosphere. The
introduction of ice supersaturation into the model

Table 1. Seasonal ISSR frequency from
MOZAIC, AIRS and ECHAM4 versus ARPEGE

Data/seasons DJF MAM JJA SON
ECHAM4, 230 hPa 0.19 0.21 0.18 0.19
ECHAM4, 275 hPa 0.18 0.18 0.17 0.17
MOZAIC, 230 hPa 0.27 0.19 0.18 0.24

MOZAIC, corrected 0.26 0.18 0.17 0.23
AIRS, 250-300 hPa 0.22 031 0.22 0.17

CONTEFREE, 225 hPa 0.25 0.26 0.29 0.30

CONTNUDGED, 225 hPa 0.25 0.27 0.26 0.30

ISSR frequency is computed for mid-latitudes (30°N-
60°N and 95°W-35°E). The values for ECHAM4, MOZAIC
and AIRS are taken from Burkhardt, Kércher, et al.
(2008).

allows relative humidity to exceed the value of 100%.
The model tends to overestimate the frequency of
occurrence of weak supersaturation. When com-
pared with the observed one, the model probability
density function has a steeper slope around 120%
of relative humidity leading to an underestimation
of strong supersaturation. It is important to note
that the number of measurements is low for values
above 140% and is subject to significant uncertainty
(ibid.). The CONTNUDGED experiment produces
a relative humidity distribution that is comparable
with that of the preceding simulation, albeit with
slightly elevated values for both relative humidity
and frequency. This agrees with the previous dis-
cussion. Finally, the Table 1 gives a comparison of
ISSR frequency for mid-latitudes between MOZAIC,
AIRS, ECHAM4, and ARPEGE. There is a considerable
degree of variability between the two observational
datasets. Our parametrization yields consitent re-
sults, with values falling within the upper range of
observations. However, the seasonal cycle is shifted,
with the maximum frequency occurring in fall in-
stead of winter. The CONTNUDGED experiment
yields comparable results for this land-ocean mixed
region, with the exception of the summer season,
where the frequency is lower for the CONTNUDGED
experiment.

3.2. High cloud coverage

Following the introduction of the cloud scheme mod-
ification and the contrail cirrus parameterization, it is
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CALIPSO-GOCCP data are

represented by the black curve, the NOSUPERSAT experiment is represented by the red curve, the
CONTFREE experiment is represented by the solid blue curve, and the CONTNUDGED experiment is
represented by the dashed blue curve. The whiskers represent the interannual variability of CALIPSO-
GOCCP data as the standard deviation of annual mean values (black squares). The red shading represents
the interannual variability of the NOSUPERSAT experiment as the 1st to 3rd quartile interval. (b) Annual
mean bias in high cloud fraction between the CONTFREE experiment and CALIPSO-GOCCP.

necessary to evaluate their impact on the model rep-
resentation of high-level clouds. Accordingly, a com-
parison is made between the experiment using the
pre-existing version of ARPEGE (NOSUPERSAT ex-
periment), the CONTFREE and the CONTNUDGED
experiments, which include the new cloud scheme
with the contrail parameterization, and observations
from CALIPSO-GOCCP (Chepfer et al.,, 2010). To
this end, the CFMIP Observation Simulator Pack-
age (COSP) satellite simulator (Bodas-Salcedo et al.,
2011) is used to compare the simulated cloud cover
above 440 hPa to CALIPSO-GOCCP data designed to
evaluate GCM cloudiness. Figure 6a shows that the
high cloud cover is reduced by the new scheme. As
anticipated, the introduction of ice supersaturation
results in a reduction in cloud cover, especially at
high latitudes. It is likely that the introduction of ice
supersaturation contributes to the reduction in the
positive bias of total cloud cover over ice-covered re-
gions (not shown here), possibly related to the ab-
sence of the supersaturation process, as discussed
in Roehrig et al. (2020). Ultimately, the high cloud
fraction is more accurately simulated in the CONT-
FREE experiment than in the NOSUPERSAT experi-
ment. The total high cloud coverage simulated by
CONTFREE experiment is 6% lower than the one sim-
ulated by the NOSUPERSAT experiment (17% rela-
tive decrease). The decrease in high cloud coverage
leads to a minimal bias in mid-latitude regions and

beyond (Figure 6b). However, positive biases per-
sist in the tropics, particularly over Indonesia. These
changes result in an increase in net outgoing long-
wave radiation of 1.2 W-m? and a corresponding in-
crease of 1.4 W-m? in net incoming shortwave radia-
tion, thereby reducing the top-of-atmosphere radia-
tive balance from 1.7 W-m? to 1.6 W-m?. The nudg-
ing technique, which corrects a cold bias of about 4
degrees at tropopause altitude, primarily affects the
high cloud coverage in the tropics resulting in an ad-
ditional 2% reduction in total cloud coverage com-
pared to the CONTFREE experiment.

3.3. Contrail properties

3.3.1. Contrail coverage

The model representation of contrails is first eval-
uated based on annual mean coverage derived from
the year 2019 air traffic data (Figure 7). As antici-
pated, the contrail coverage pattern follows that of
the most dense air traffic. The highest levels of con-
trail coverage are observed over Western Europe, the
United States, and the North Atlantic. For the CONT-
FREE experiment (Figure 7a) the annual global mean
is 1.0%. For the CONTNUDGED experiment (Fig-
ure 7b), the annual global mean is 1.1%, which is
larger than the value of 0.66% obtained by Teoh, En-
gberg, Schumann, et al. (2024) for the same year. The
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Figure 7. Annual mean of global contrail cirrus coverage for the 2019 air traffic (a) for the CONTFREE
experiment and (b) for the CONTNUDGED experiment.

small difference between the two simulations can be
attributed to the rise in relative humidity resulting
from the cold bias correction. The increased wa-
ter vapour at saturation leads to a higher condensa-
tion rate. Over the region of South-East Asia (10°S—
20°N/87.5°E-130°E), there is a notable rise in ISSR fre-
quency (Figure 4d), which leads to a significant in-
crease in contrail coverage of 42% (Figure S2 in the
Supporting Information), compared with an increase
of 9% over Europe (35°S—-60°N/12°W-20°E). These

values of global contrail cirrus coverage are consis-
tent with the value of 1.1% from Bock and Burkhardt
(2016), for 2006 air traffic. However, it is impor-
tant to note that there was an increase in air traffic
between 2006 and 2019, roughly about 50% (Lee et
al,, 2021). Consequently, our results represent inter-
mediate values between these two aforementioned
evaluations. Compared to the results of Teoh, Eng-
berg, Schumann, et al. (2024), the seasonal cycle of
contrail cirrus coverage (Figure S3 in the Supporting
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Figure 8. Annual mean of contrail length and contrail width distribution over the selected region be-
tween latitude 35°N to 60°N and longitudes from 12°W to 20°E. The CONTFREE experiment is repre-
sented in blue and the CONTNUDGED experiment is represented in grey. Mean values are given for the

CONTEFREE experiment.

Information) for the year 2019 is also well repre-
sented with a local minimum during July and a maxi-
mum during winter, in comparison to the findings of.

The parameterization enables to diagnose the
lengths of the simulated contrail in each grid box
by dividing the cumulative contrail length, L, by the
number of planes in the grid box (V). This approxi-
mation of the individual contrail length can be com-
pared to observational datasets. The distribution
of contrail length over Western Europe is illustrated
in Figure 8a. This region was selected due to the
existence of numerous observational datasets avail-
able for comparison (Iwabuchi et al., 2012; Vazquez-
Navarro et al., 2015; Dekoutsidis et al., 2023). For
the CONTFREE experiment, the mean contrail length
is 351 km (standard deviation of 200 km). For the
sake comparison, the value of 351 km is approxi-
mately the distance flown by a plane travelling at
250 m/s over 25 minutes, which is physically consis-
tent. Furthermore, this is in a good agreement (9%
relative difference) with the observed value of 321 km
(standard deviation of 312 km) for old contrails, as
reported by Iwabuchi et al. (2012). As Iwabuchi et
al. (ibid.) demonstrated in their study, a significant
portion of the contrail length falls within the range of
50 km to 200 km. In comparison, the simulated dis-
tribution for the CONTFREE experiment is more cen-
tered over the mean value. However, the identifica-
tion of contrails through satellite observation is pred-
icated on geometrical considerations. The detection

of non-linear contrails is challenging (Minnis et al.,
2005). This has the potential to skew the results to-
wards contrails that are less mature and smaller in
size. The distribution also shows a good represen-
tation of long contrails (>500 km). The maximum
contrail length simulated over the specified region
is around 2000 km which is typical of contrail cir-
rus length scale (Kédrcher, 2018). The mean contrail
length computed for the CONTFREE experiment is
three times longer than that calculated by Vazquez-
Navarro et al. (2015) who calculated a mean contrail
length of 130 km using data from the Spinning En-
hanced Visible and Infrared Imager (SEVIRI) and an
automated contrail tracking algorithm. As it will be
demonstrated in the subsequent section, the contrail
observed in their study are smaller but thicker. The
nudging tends to slightly increase the simulated con-
trail length.

A contrail width can be also calculated from the
two prognostic variables L and a.. The contrail width
is defined as follows: W = a.S/L, where S is the grid-
box area. The distribution of contrail width is il-
lustrated in Figure 8b. The mean contrail width is
4.4 km, which is between the values of 2.5 km for
young contrails and 5.1 km for mature contrail, as re-
ported by Iwabuchi et al. (2012). In addition, the dis-
tribution, which exhibits a maximum for small width
values, is also well represented. The mean contrail
width value interval, for line-shaped contrails, de-
rived by Duda et al. (2013) is 3.75 km and 5.23 km.
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Figure 9. Annual mean of vertical profiles of contrail ice water content and ice crystal effective radius
over the selected region between latitude 30°N to 70°N. The CONTFREE experiment is represented by
the solid blue curve and the CONTNUDGED experiment is represented by the dashed blue curve. The
blue shading, respectively grey shading, indicates the 10th to 90th percentile interval for the CONTFREE
experiment, for the CONTNUDGED experiment. The vertical dashed line indicates the mean effective
radius obtained by Bedka et al. (2013) for line-shaped contrails. The black box indicates the interval of
ice water content obtained by Schroder et al. (2000), between 200 hPa and 300 hPa, for line-shape

contrails.

These values are represented in our distribution,
though they are not frequent. The mean contrail
width value of 7.8 km, observed by Vazquez-Navarro
et al. (2015), who obtained a distribution centered
around this value, is hardly observed in our simula-
tion, as in Burkhardt and Kéarcher (2009). The CON-
TNUDGED experiment results in the production of
a contrail with a reduced width, which is a conse-
quence of the longer contrail length. As demon-
strated in a previous section, the contrail coverage is
larger in the CONTNUDGED experiment than in the
CONTFREE experiment.

3.3.2. Contrail optical properties

For the radiative scheme (Fu, 1996) used within
the ARPEGE model, the contrail effective radius and
the contrail ice water content are important to calcu-
late the optical properties using bulk formulations.
Figure 9a shows the vertical profile of the contrail ice

crystals effective radius in the mid-latitudes (30°N-
70°N) between 150 hPa and 450 hPa. The CONT-
FREE experiment yields a vertical profile that is in
good agreement with the one derived by Bock and
Burkhardt (2016). However, the effective radius is
larger in our simulation which is in line with the
mean value of 17.9 um of the effective radius ob-
served by Bedka et al. (2013). The nudging has a
negligible impact on the effective radius. The ver-
tical profile of contrail ice water content is given in
Figure 9b. The CONTFREE experiment shows a con-
sistent pattern with the ice water content increas-
ing with decreasing altitude, reflecting the drying
of the atmosphere with altitude. Between 200 hPa
and 300 hPa, the mean ice water content values
are comparable to those measured for rather young
contrails by Schrdder et al. (2000). The nudging in-
creases the ice water content for low levels contrail
cirrus. However, the extent of cloud cover over these
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levels is negligible (see Figure S10 in the Supporting
Information), which suggests that the trend may not
be significant. It is also important to note that the
observations of the ice water content for long lived
contrails are scarce and do not allow a robust model
assessment.

Finally, Figure 10 shows the distribution of contrail
optical thickness over Western Europe. The mean
value optical thickness for the CONTFREE experi-
ment, for the year 2019, is 0.18, with a median value
of 0.12. This median value is smaller than the me-
dian value of 0.24 computed in Vazquez-Navarro et
al. (2015) but is in better agreement with the value
of 0.14 (mean value of 0.19) retrieved in Iwabuchi et
al. (2012) for the detected contrails, as well as the
median value of 0.13 from Voigt et al. (2011), which
was determined using in-situ measurements. Our
mean value is also consistent with the one simu-
lated in Bock and Burkhardt (2016) when consid-
ering contrails cirrus of all ages. In addition, the
distribution is in a good agreement with those re-
trieved from satellite observations (Iwabuchi et al.,
2012; Vazquez-Navarro et al., 2015), although the op-
tical thickness range between 0.5-1.0 is underrepre-
sented in the simulation. It should be noted that
these simulated values are the ones used by the radi-
ation scheme. However, it corresponds to corrected
values (using a coefficient of 0.71) that are intended
to account for horizontal and vertical inhomogene-
ity. In the absence of correction, the median value
of contrail optical thickness value is 0.25 which is
in excellent agreement with the value reported by
Vazquez-Navarro et al. (2015), and the mean value
of 0.24 for old contrails, reported by Iwabuchi et al.
(2012). For the CONTNUDGED experiment, the opti-
cal thickness distribution shows a shift towards a me-
dian value of 0.13, attributable to the relatively minor
changes in ice water content.

3.4. Contrail radiative forcing

Figure 11 shows the net radiative forcing at the top
of the atmosphere due to contrails for the year 2019
air traffic. The long-wave and the short-wave com-
ponents are represented in Figures S4 and S5 in the
Supporting Information. The estimated contrail cir-
rus radiative forcing for the CONTFREE experiment
is 37.3 mW-m~2, for the year 2019. The standard
deviation, based on the inter-annual variability, is

Optical thickness (mean = 0.18)
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@ CONTNUDGED
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T

Figure 10. Contrail optical thickness distribu-
tion for the year 2019 over the selected region
between latitude 35°N to 60°N and longitudes
from 12°W to 20°E for the CONTFREE exper-
iment (blue) and the CONTNUDGED experi-
ment (grey). Note that 3 hourly data are used
for this distribution.

0.6 mW-m~2, for the period 2010-2019 (Figure S6
in the Supporting Information). The inter-annual
variability is lower than the seasonal variability (Fig-
ure S7 in the Supporting Information). This conclu-
sion is also reached by Wilhelm et al. (2021) through
analysis of the distribution of instantaneous radia-
tive forcing for cases where persistent contrails are
diagnosed by MOZAIC-IAGOS. The estimated con-
trail cirrus radiative forcing for the CONTNUDGED
experiment is 45.6 mW-m~2 (1.3 mW-m~2 standard
deviation, based on the inter-annual variability), for
the year 2019. This is lower than the last estimate of
111.4 mW-m~? given by Lee et al. (2021), for the year
2018. However, it is important to keep in mind the
large uncertainty associated with the Lee et al. (ibid.)
estimate, i.e. [33-189] W-m~2 (5-95% confidence in-
terval). Our estimate based on the CONTFREE ex-
periment is very close to the value of 34.8 mW-m ™2
computed by Teoh, Engberg, Schumann, et al. (2024)
without the relative humidity correction (applied to
the ERA5 reanalysis). However, our estimate based
on the CONTNUDGED experiment is lower than the
value of 61.1 mW-m~2 computed by Teoh, Engberg,
Schumann, et al. (ibid.) with the relative humid-
ity correction. Furthermore, if we linearly extrap-
olate the contrail radiative forcing of 43.7 mW-m™2
computed in Bier and Burkhardt (2022) for 2006 us-
ing a growth rate of 4%/year, the result is a contrail
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Figure 11. Annual mean of contrail cirrus radiative forcing at the top of the atmosphere for the 2019 air
traffic (a) for the CONTFREE experiment and (b) for the CONTNUDGED experiment.

radiative forcing of 68.2 mW-m~2 for 2019 which is
still of the same order of magnitude. The seasonal
cycle of contrail radiative forcing is accurately rep-
resented (Figure S8 in the Supporting Information)
consitent with the contrail coverage seasonal cycle.
The minimum in contrail RF for the year 2019 occurs
in July in the CONTNUDGED experiment as com-
puted by Teoh, Engberg, Schumann, et al. (2024).

Table 2 summarizes radiative forcing on several
regions of interest as defined by Teoh, Engberg,

Shapiro, et al. (2024). The model tendency to have
a higher contrail RF over Europe than over the
United States, which is itself higher than over Asia
is consistent with the findings of Teoh, Engberg,
Shapiro, et al. (ibid.). However, the values obtained
in the CONTNUDGED experiment are between 25%
and 50% lower than those reported in their study.
The next section give insights on the sensitivity to
some of the parameters of used in our contrail
parameterization.
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Table 2. Regional contrail cirrus radiative forcing for 2019

Contrail radiative forcing (mW-m™2)  Global USA Europe South East Asia
CONTNUDGED experiment 456 248 466 68.0
Teoh, Engberg, Schumann, et al. (2024)  62.1 414 876 90.4

4. Sensitivity analysis

Prior research has demonstrated that a considerable
degree of sensitivity in simulated contrail radiative
forcing can be attributed to adjustable parameters
used in the model parameterization (Wolf et al., 2023;
Teoh, Engberg, Schumann, et al., 2024). We have ex-
amined the sensitivity of our results to uncertainty
in three key parameters: the contrail horizontal ex-
pansion rate (b’ from Equation (4)), the vertical limit
speed of the contrail ice crystals (V from Equa-
tion (5)), and the contrail lifetime (7, from Equa-
tion (4)). In addition, we evaluate the impact of an
alternative method for computing contrail cirrus op-
tical properties. The sensitivity analysis is done us-
ing the nudged simulation, thereby eliminating the
influence from the climate variability on the anal-
ysis. First, the constant representing the angle of
the vertical wind shear vector with the flight direc-
tion was increased from 0.63 to 1, which would be
the value if the two vectors were always perpen-
dicular. Subsequently, the contrail radiative forc-
ing was calculated using two different limits for the
downward vertical limit speed of ice crystals sedi-
mentation in our parameterization. Two simulations
were conducted, one with a vertical limit speed of
ice crystals sedimentation of V = 20 cm-s~! and an-
other with a vertical limit speed of ice crystals sed-
imentation of V = 30 cm-s™!. Furthermore, the
contrail lifetime was varied by +1 h, which is ap-
proximately the range of lifetime variation between
strongly cooling and warming contrails, as calcu-
lated in Teoh, Engberg, Shapiro, et al. (2024). Fi-
nally, a simulation was conducted based on the com-
putation of the ice cloud optical properties pre-
sented in Ebert and Curry (1992). In comparison to
the theoretical work of Fu (1996), the optical prop-
erties are derived using in-situ measurements and
consider simpler crystal habits (column and sphere)
and narrower spectral bands. A summary of all
changes in contrail properties can be found in the Ta-
ble 3.

The change in the spreading constant from 0.63 to
1 results in a annual mean contrail coverage of 1.53%,
which is 39% larger than the baseline simulation. The
change in contrail radiative forcing associated with
this increase in the spreading constant is 46% (from
45.6 to 66.4 mW-m~2). However, the change does
not impact the ratio between the LW and SW com-
ponents, the LW component is about twice the SW
one. The change is global but more pronounced at
mid-latitudes, where a significant portion of air traf-
fic occurs. There is no evidence that the phenome-
non is amplified over the North Atlantic corridor and
the United States which is prone to strong vertical
wind shear due to the presence of the jet stream (Fig-
ure S9a in the Supplement Information). The change
from a vertical limit speed of V =25 cm-s™' to V =
20 cm-s~!, and subsequently to V = 30 cm-s~!, re-
spectively increases and subsequently decreases the
annual global mean contrail coverage by 17%, re-
spectively 14%. This change, related to the represen-
tation of the sedimentation, does not change the be-
havior of the vertical profile of contrail cirrus cover-
age, it only affects the magnitude (Figure S10 in the
Supporting Information). In this case, the changes
affect the contrail coverage in a more uniform man-
ner than the spreading constant (Figure S1lb,c in
the Supporting Information). Similarly, the contrail
radiative forcing increased by 15%, respectively de-
creased by 13%. In both cases, it provides a rationale
for the direct correlation between contrail coverage
and contrail radiative forcing. Similarly, changes in
contrail lifetime 7, yield comparable outcomes. A de-
crease in contrail lifetime results in a 40.1% decrease
in contrail coverage and a 46.6% decrease in contrail
radiative forcing. Conversely, increase in contrail life-
time results in a 21.9% increase in contrail coverage
and a 23.9% increase in contrail radiative forcing. Fi-
nally, when the optical properties are calculated in
a different way, the contrail coverage is observed to
decline by 18% while the contrail radiative forcing
is seen to increase by 28%. This phenomenon can
be attributed to the thickening of simulated contrail
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Table 3. Summary of contrail simulation sensitivity analysis

Cases Coverage (%) Contrail RF (mW-m™2) IW SW
CONTNUDGED (c=0.63,7=2.2h, V=25cm-s™}) 1.1 45.6 89.7 —-44.0
c=1 1.53 66.4 1230 -63.3
T=12h 0.76 30.1 59.5 -294
7=32h 1.32 56.3 111 =545
V=20cm-s! 1.29 52.6 104 -52.1
V=30cm-s! 0.94 39.9 778 =379
CONTNUDGED + Ebert and Curry (1992) 0.9 58.2 106 —48.0

Best estimate for 2018 (Lee et al., 2021)

- 111 (33-189)

cirrus. For instance, the mean and the median values
of contrail cirrus optical thickness increase to 0.34
and 0.23, respectively, over Europe (Figure S12 in the
Supporting Information). Finally, combining all the
sensitivities to those parameters, we obtain a value
of 45.6 [30, 66] mW-m 2 for the 2019 global contrail
instantaneous radiative forcing.

5. Discussion and conclusion

The cloud scheme of ARPEGE-Climat was modi-
fied to allow for the representation of ice super-
saturation regions. In addition, an original con-
trail cirrus parameterization, fully consistent with
the revised cloud scheme and the global scale of
the climate model, is implemented and evaluated in
ARPEGE-Climat. The spatial representation of ice-
supersaturated regions is in good agreement in com-
parison with observations, particularly at flight lev-
els. The frequency of ice supersaturated region is in
the high range of satellite observations and in-situ
measurements. The contrail-cirrus parameterization
simulates the contrail formation, extent and proper-
ties. It is activated in regions where the Schmidt-
Appleman criterion is fulfilled and where the air is ice
supersaturated. In this study we have restricted our
analysis to the evaluation of the instantaneous radia-
tive forcing by contrail cirrus without considering the
feedback of the presence of contrails on the back-
ground atmosphere of the climate model. Although
in the CONTNUDGED experiment the analyses used
to nudge the model should to some extent, reflect the
presence of contrails formed by the air traffic.

The experiments (CONTFREE/CONTNUDGED)
were forced by the inventory of 2019 air traffic, as

computed by Teoh, Engberg, Schumann, et al. (2024).
The results exhibit a good agreement between the
model predictions and observed data for both con-
trail length and width. Furthermore, the contrail
cirrus optical properties are consistent with observa-
tions of line-shaped contrails and in-situ measure-
ments. The CONTNUDGED experiment, which uses
the ERAS reanalysis for the purpose of correcting the
cold bias at high altitudes, allows a comparison with
the study conducted by of Teoh, Engberg, Shapiro,
etal. (2024), who used the same inventory. The CON-
TNUDGED experiment yields contrail-cirrus radia-
tive forcing for the year 2019 of 45.6 [30, 66] mW-m 2,
which is in line with previous published estimates us-
ing state-of-the-art contrail cirrus simulation models
and global climate models. The lower bound of our
estimate is found to be marginally lower than the
one computed by Lee et al. (2021). The CONTFREE
experiment yields contrail-cirrus radiative forcing
for the year 2019 of 37.3 mW-m~2. This illustrates
the importance of the atmospheric mean state in
estimating contrail cirrus radiative forcing.

The sensitivity analysis on some of the contrail
model parameters results in a contrail radiative forc-
ing that falls within the interval of confidence com-
puted by Lee et al. (ibid.). In addition, this sensitiv-
ity analysis demonstrates that the selection of the pa-
rameter exerts a considerable influence, comparable
to that of the representation of the atmosphere, in the
estimation of contrail cirrus radiative forcing. The
largest sensitivity is observed for the spreading con-
stant in the expression for contrail horizontal contrail
expansion due to vertical shear. The vertical shear
is driven by multiple parameters in the model and
only accounts for the resolved large-scale dynamics.
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In the atmosphere the dilution/diffusion of the con-
trails is effectively driven by the mesoscale dynam-
ics that is not resolved in global models (Paoli et al.,
2017). This is certainly one issue that will be difficult
to address in the future and that will maintain large
uncertainties in the RF evaluations.

Future work will strive to gain a deeper compre-
hension of and to quantify the parametric uncer-
tainty in contrail radiative forcing estimate using our
climate model. To this end, a Perturbed Parameter
Ensemble (PPE) will be constructed. This approach
is both intensive and more objective than traditional
methods for calibrating a physical parameterization
in a climate model, as evidenced by the use of perfor-
mance metrics regarding observations (Bellprat et al.,
2012; Hauser et al., 2012; Hourdin, Williamson, et al.,
2021). For example, this will facilitate estimation of
the contrail radiative forcing while constraining high
cloud coverage to align with COSP observations. Fur-
thermore, PPEs allow a comprehensive exploration
of model parametric uncertainty (Piani et al., 2005;
Sanderson et al., 2008; Hourdin, Ferster, et al., 2023).

Finally, the representation of contrail cirrus
should progress with the introduction of a better
representation of ice cloud microphysics. Improve-
ments can be made by making the ice water content
as a prognostic variable and establishing a dedicated
contrail cirrus class. Since it will impact the overall
parameterizations of the clouds in the model it is a
longer-term undertaking that will improve the future
projections of the impact of contrail cirrus on the
climate by considering alternative fuels, traffic evo-
lutions and global warming scenarios. In addition,
future work will also focus on the magnitude of the
feedback of the contrail cirrus on the equilibrium of
the climate model and its impact on radiative forcing
evaluations.
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