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Abstract. Contrail cirrus, ice clouds produced by aircraft passing through cold, supersaturated air, may account for over half
of radiative forcing caused by aviation. Because shortwave and longwave radiative effects of upper-tropospheric ice clouds
are opposite in sign, the net contrail radiative forcing remains poorly constrained with an uncertainty of 70%. Previously, an
uncertainty of 35% was attributed to the choice of radiative transfer code based on a model intercomparison. In this work, we
reassess the diversity in contrail instantaneous radiative forcing in a modern set of radiative transfer codes using both idealized
calculations and a realistic contrail outbreak. We find that forcing estimates are most sensitive to the ice optical property param-
eterization, and homogenizing the ice optics halves disagreement. Among codes with identical ice optical properties, diversity
is largest when forcing is small because codes may disagree on the sign; conversely, diversity is smallest when the magnitude
of the forcing is large. When averaged over a realistic simulation of contrail properties, larger daytime diversity contrasts good
nighttime (longwave-only) agreement, with space- and time-averaged contrail radiative forcing agreement within 22%, and
11% when ice optics are homogenized. These results shows that while accounting for microphysical uncertainties remains im-
portant, the identification of the most radiatively-impactful contrails as targets for mitigation strategies is robust to the choice
of radiative transfer code. Finally, in a calculation analogous to a previous benchmark, the uncertainty due to radiative transfer

code is assessed at 12%, leading to an overall uncertainty of 60% in global contrail radiative forcing.

1 Introduction

High, thin cirrus clouds cover a significant portion of Earth’s area (about 30%; Gasparini et al., 2018), and because of their
low opacity, they typically radiatively warm Earth’s climate (Chen et al., 2000; Liou, 1986). In addition to natural cirrus,
aviation induces condensation trails, or contrails: clouds that form in moist, cold regions due to the passage of an airplane.
Both contrails and natural cirrus increase the absorption of thermal radiation (at long wavelengths, or longwave radiation)
and the scattering of solar (shortwave) radiation, altering Earth’s energy balance. The direct radiative effect of contrails can be
measured through their instantaneous radiative forcing (IRF). The sign of the net forcing is set by the balance between opposite
effects at different parts of the electromagnetic spectrum. Longwave IRF is typically positive, while shortwave radiative effects

increase the amount of radiation escaping to space and result in a negative IRF. The magnitude of both shortwave and longwave
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forcing depends on the properties of the cloud, including its temperature, its optical thickness, and how it scatters or absorbs
light across the electromagnetic spectrum (its optical properties).

Like natural cirrus, though contrails may exert either a positive or negative forcing depending on their properties and the
position of the sun, best estimates indicate a positive net IRF of about 111.4 mW/m? (Lee et al., 2021; Wang et al., 2023).
However, the overall uncertainty surrounding contrail radiative forcing is 70% (Lee et al., 2021). This means that the yearly
contrail IRF may be anywhere between half to 150% of the IRF of cumulative CO5 emissions due to aviation from 1940 to
2018, which are generally well-quantified (within about 10%; Lee et al., 2021). As Earth’s energy imbalance grows (Mauritsen
et al., 2025) and efforts are made to decrease the environmental impacts of aviation via practices such as contrail avoidance
(Teoh et al., 2020; Smith et al., 2026), it is important to not only quantify the radiative effects of contrails but to understand the
sources of its large uncertainty.

Uncertainty in contrail IRF arises from many factors and can be categorized as uncertainty in the contrail radiative response
as well as uncertainty in the contrail formation process (A and B uncertainties, respectively; Lee et al., 2021). Within category
A, the uncertainty attributed to the choice of radiative transfer code is previously assessed at 35% (Lee et al., 2021); this
estimate is based on the maximum disagreement between radiation code estimates in both longwave and shortwave IRF in
an idealized single-atmosphere benchmark experiment (Myhre et al., 2009). Uncertainty is assessed in the longwave and
shortwave separately because when net IRF is near zero, radiative transfer codes may disagree at which cloud properties the
balance between longwave and shortwave shifts (Liou, 1986; Baran, 2012), such that small differences between codes can
result in a large level of uncertainty.

Differences in IRF estimates due to the choice of radiation code can arise from approximations made for practical use in
modeling contexts. These modeling choices include the spectral and geometric discretizations, or in other words, how codes
sample the longwave and shortwave wavelengths and how many integration angles or streams are used. Additionally, radiation
codes make assumptions about cloud optical properties, including what ice particle habit or mix of ice particle habits makes up
the cloud (e.g., Baran, 2012), what particle size distribution leads to a given ice effective radius (Zhang et al., 1999), and how
that effective radius is defined. However, how each of these choices contributes to the uncertainty in cirrus radiative effects in
modern radiation codes remains unstudied.

The goal of this work is to consolidate contrail cirrus IRF diversity in a set of commonly-used radiation codes, described
in Section 2. Here we define “diversity” as the maximum spread relative to the mean of all the calculations, because while we
use different radiation codes in our analysis, they do not span the full range of possible uncertainty. We first repeat the Myhre
et al. (2009) benchmark experiment (Section 3.1), showing that diversity can be minimized if identical (harmonized) ice optical
properties are used by each code. Next, we characterize the sensitivity of these harmonized calculations to cloud properties and
solar zenith angle (Section 3.2). Finally, we show that when IRF is averaged over realistic contrail lifetimes and associated sets
of properties, a compensation of disagreements leads to a smaller overall uncertainty (Section 4). We discuss the implications

of these results for the overall uncertainty in contrail IRF in Section 5.
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2 Radiative Forcing and Code Diversity

The instantaneous radiative forcing (IRF) of a contrail or cirrus cloud is defined as the difference between net radiative flux at

the top of the atmosphere (TOA) between the same atmospheric profile without (clear-sky) and with (cloudy-sky) the cloud:
AF = [F[,(TOA) - F4(TOA)| - [F},,(TOA) — F},(TOA)].

Under this definition of net flux, the shortwave component is negative and the longwave component is positive. The net forcing
is the sum of the shortwave and longwave components: AF,,.; = AFsyw + AFpyy.

High-accuracy forcing calculations requires integration over many angles and wavelengths. However, this quickly becomes
very computationally expensive, so most codes used for Earth systems modeling seek to reduce the dimensionality of the
problem (e.g., Lacis and Oinas, 1991; Fu and Liou, 1992; Hogan and Bozzo, 2018; Pincus et al., 2019). Differences in the
approach lead to different estimates of IRF (Pincus et al., 2020; Hogan and Matricardi, 2020).

We quantify this diversity as
D max[AF(7,0)] — min[AF(7,0)]

mean[AF(7,0)] ’

where the maximum, minimum, and mean are taken over the set of radiation code estimates. The mean is additionally floored

6]

by IRF = 1 W/m?, to avoid artificial amplification of the diversity via division by a small mean IRF. Because we report contrail
IRF without scaling by cloud fraction, this floor is of the order of magnitude of the minimum AF values (O(10~%) W/m?;
Figs. 3 — 4). An alternate approach to avoiding this artificial amplification is considering the longwave and shortwave diversity

separately, as in Myhre et al. (2009); this metric is discussed in Section 5.
2.1 Radiation Codes

We compare four popular radiation codes: the Atmospheric Radiative Transfer Simulator ARTS (Buehler et al., 2025); libRad-
tran (Emde et al., 2016; Mayer and Kylling, 2005); the ECMWF Radiation Scheme ecRad (Hogan and Bozzo, 2016, 2018);
and the Python interface of RRTMGP (Pincus et al., 2019). The codes serve different purposes in radiative transfer modeling.
With fine spectral and angular resolution, such as those used by line-by-line codes like ARTS, calculations can be considered
arbitrarily accurate (Pincus et al., 2020). Because of this, line-by-line codes are used for high-fidelity reference calculations
but are impractical for large-scale modeling due to high computational expense. On the other hand, fast but less accurate pa-
rameterizations (correlated-% distributions such as RRTMGP and ecRad) are intended for use in climate or weather modeling.
These codes average and sort spectral information, performing radiative transfer calculations at g-points rather than individual
frequencies. Because of this averaging, the number of g-points used in a correlated-k distribution does not necessarily reflect
the density of the spectral sampling in terms of information used for the calculation of absorption or scattering. However, the
computational efficiency of the correlated-k approach scales with the number of g-points. We briefly describe the four codes
and how they differ in the solution of the radiative transfer problem in Table 1.

In all four codes, clouds are described by their ice water content IWC) and their particle size. In the case of ARTS, the latter

takes the form of a modified-gamma particle size distribution (PSD) (Petty and Huang, 2011). The shape of this distribution



90

95

100

105

110

https://doi.org/10.5194/egusphere-2026-6723
Preprint. Discussion started: 12 November 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

is determined by three parameters: Ny, the intercept parameter, set by the mass of the particle; A, the slope parameter; and g,
the shape parameter. In our case, we fix = 1 (Wolf et al., 2023) and use A to control the PSD to obtain the effective radius,
which describes the particle size in the other three radiation codes.

The definition of effective radius we adopt is:
3IWC

Taff = —,
eff 4 Pice A
where p;ce = 917 kg/m? and the reference IWC = 1 kg/m®. A (in units of m~1) is the total projected area of the particles per

unit volume of air:

™
A=-M
4 2,

where M5 is the second moment of the PSD. This definition of r.g matches the definition of effective radius used by other
radiation codes (e.g., Hogan and Bozzo, 2016, 2018) and is chosen for more direct comparison between harmonized and
unharmonized estimates.

In some cases, it is more intuitive to describe the cloud by its opacity rather than its ice water content. We adopt the cloud
optical depth 7 at 0.55 pm. To obtain a given optical depth (7 = 0.3 in the Myhre experiment, for instance), effective radius is
fixed while ice water content is varied, and the reference value is calculated by ARTS.

Finally, though it is not a radiation code by itself, we compare the Contrail Cirrus Prediction (CoCiP) Radiative Forcing
Parameterization (Schumann, 2012; Schumann et al., 2012) due to its popular use in contrail modeling. Because the param-
eterization provides forcing estimates based on an empirical fit to libRadtran reference calculations, its ice optical properties
cannot be harmonized with the other codes. The inputs of the IRF estimate are the contrail ice particle effective radius, TOA
solar and thermal fluxes, the contrail temperature, the contrail optical depth, and the ice particle habit. ARTS TOA fluxes and
gridbox-average optical thickness at 0.55 pm are used to define the contrail. This ensures that both the CoCiP parameterization

and the offline radiation codes perform the same calculation.
2.1.1 Harmonization

In order to isolate diversity from the radiation code itself, we harmonize the ice optics, or prescribe identical ice optical
properties in each code. Rather than prescribing spectrally-uniform properties (Myhre et al., 2009), we use ARTS to generate
single scattering albedo, asymmetry parameter, absorption coefficient, and scattering phase functions for PSDs centered at a
wide range of effective radii to create optical property lookup tables for each radiation code. The ARTS ice optical properties
follow Yang et al. (2013), with updates according to Bi and Yang (2017) (Eriksson and Barlakas, 2024).

The spectral discretization of these properties matches the one requested by ecRad, with about 200 spectral points across
both longwave and shortwave wavenumbers. Because cloud optical properties do not vary strongly with wavenumber, this
spectral discretization is sufficient, and increasing it does not significantly change IRF (not shown). In harmonized radiation
codes, then, differences in forcing estimates can arise only from differences in the spectral or angular discretization of the

code, the gas optics scheme, or other implementation details (e.g., how the code treats model layers and their interfaces). The
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dominant effect is spectral discretization, as two-stream codes are optimized to reproduce multi-angular calculations with great

accuracy under certain conditions (Ho and Pincus, 2024).
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Figure 1. The scattering phase function at a wavelength of 0.55 pum for moderately-rough hexagonal columns (black), moderately-rough
droxtals (light green), 8-column, moderately-rough aggregates (dark green), and Mie spheres (grey). The particle size distribution is chosen

so that the effective radius is 15 pm.

To test the sensitivity of the uncertainty in IRF to the scattering phase function, we perform harmonization across four
different particle shapes chosen to span common habits observed and modeled in thin ice clouds (Heymsfield et al., 2017;
Ebert and Curry, 1992): hollow, moderately-rough hexagonal columns; moderately-rough droxtals; 8-column moderately-
rough aggregates; and Mie spheres. The phase functions at roe = 15 um and wavelength 0.55 um for these four particle
shapes are shown in Figure 1. Among the four habits, aggregates have the largest shortwave effect, as they scatter to space

more strongly than the other shapes, while spheres side-scatter least and so exert a smaller shortwave forcing.

3 Idealized Contrails

Our idealized contrail radiative forcing benchmark follows Myhre et al. (2009). We begin with an International Standard
Atmosphere with a surface temperature of 288 K (generated by the function standard_atmosphere from the Python

package typhon, version 0.9.0). Greenhouse gas concentrations are fixed at present-day levels. In the longwave, the surface
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is non-reflecting with an albedo of 0.01, and the shortwave surface albedo is fixed at 0.2. The contrail fills the full model level
between 10 and 11 km of altitude (cloud fraction f = 1), where the temperature is about 217 K. The contrail optical thickness
is 7 = 0.3, as in Myhre et al. (2009). The effective radius of the ice particles is 15 pm, a typical value for persistent contrails
(Schumann et al., 2017; Li et al., 2023), and the ice optical properties are described in Section 2.1.1. In the radiative benchmark

experiment, we show the IRF at solar zenith angles of 30°, 60°, and 75° for a default hexagonal column ice particle habit.
3.1 The Contrail Radiative Benchmark

In Figure 2, we present the results of the radiative benchmark experiment following Myhre et al. (2009). For each code,
Figure 2 shows the IRF resulting from harmonization as well as for different code settings to explore the contribution of
different configurations to overall diversity. One setting is changed at a time: either the default ice optics parameterization is
used (“unharmonized”), or the harmonized ice optics are used but other code options are changed. The changes that produce a
significant departure from the harmonized IRF are shown. In all, diversity due to radiative transfer code is much smaller when
codes are harmonized (the same settings and ice parameterization is used) than when settings are varied.

Unharmonized differences in IRF are larger in magnitude than those reported by Myhre et al. (2009), while harmonizing
optical properties significantly reduces code diversity. At a 30° solar zenith angle (Fig. 2¢), using two streams rather than ten
in ARTS (yellow) significantly increases the estimated net forcing, while using just 240 frequencies rather than the full 50,000
(“sparse") decreases the forcing (though the estimate remains within those provided by other codes). This relationship does not
hold at the higher solar zenith angles, with unharmonized versions of ARTS matching the reference calculation fairly well at
60° in the shortwave (leading to a larger net effect; Fig. 2d, e). At § = 75°, the discrepancy grows, with the 2-stream version
of ARTS providing the largest positive, outlying net forcing estimate (Fig. 2f, g).

Unharmonized RRTMGP (green) provides the smallest IRF of all the codes, as the default RRTMGP ice optics parame-
terization assumes a strongly back-scattering phase function. Turning off longwave scattering (“no Iw. scatt.") decreases the
longwave forcing estimate by about 3 W/m? in all of the unharmonized codes when compared to the harmonized codes. Chang-
ing how ecRad (blue) processes cloud optical properties (band-averaging, which is less accurate than the default per-g-point
calculation; Hogan (2022)) causes an over-estimation of IRF magnitude in the longwave (Fig. 2a) that translates to a small
under-estimation in the net (Fig. 2c, e, g), an effect that is consistent across solar zenith angle.

Finally, the CoCiP radiative forcing parameterization (purple), which is fit to libRadtran reference calculations (Schumann
et al., 2012) but not harmonized, falls well within the distribution of unharmonized codes across solar zenith angle, though it

is biased towards a more negative shortwave IRF when the sun is closer to zenith.
3.2 Sensitivity of Diversity to Cloud Properties

Next, we test how the agreement between radiation codes depends on cloud properties: contrail optical depth 7, effective radius
Teff iCe particle habit, and a wider range of solar zenith angles. All ice optical properties are harmonized, and the background

atmosphere and position of the cloud remain as in the Myhre experiment.
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Figure 2. a) Instantaneous longwave, b, d, f) shortwave, and c, e, g) net radiative forcing (W/m?) by a contrail with optical depth 7 = 0.3
made up of hexagonal columns of effective radius rqg = 15um. Calculations are performed at solar zenith angles b, ¢) 30°, d, ) 60°, and f,
g) 75°. Four radiation codes are used: ARTS (yellow), RRTMGP (green), ecRad (blue), libRadtran (purple), and the CoCiP radiative forcing
parameterization is also shown (brown). Above the divider, they are harmonized, while below the divider different code settings (described

in the text) are used.

The top row of Figure 3 shows the mean IRF across the four harmonized radiation codes, while the bottom row shows the
diversity between the codes (Eqn. 1). The effective radius is 15 pm and optical depth ranges from very optically thin (7 = 0.05)
to very optically thick (7 = 1.5), spanning observed values (Schumann et al., 2017).
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Figure 3. a-d) The mean instantaneous net contrail radiative forcing (W/m?) and e-h) diversity (Eqn. 1) between four radiation codes across
contrail optical thickness and solar zenith angle. a, e) assume the contrail ice particles are hexagonal columns, b, f) assume droxtals, ¢, g)

assume aggregates, and d, h) spheres, all with 7og = 15 pm.

Figure 3 illustrates that both the sign of the forcing and the code diversity are driven by scattering properties. Longwave-
only IRF (final column, Fig. 3a-d) is largely determined by cloud optical thickness, with the forcing magnitude varying little
(within 2 W/m?) across particle habit. The exception is AFy of contrails made up of aggregate particles (Fig. 3c), which
is up to 12 W/m? smaller at 7 = 1.5 than other habits. This difference arises from our definition of effective radius which,
when fixed at 15 pm, requires a smaller IWC to produce the same 7 as the other particles. Nonetheless, even when accounting
for this longwave difference, the sign of the forcing is driven by shortwave scattering. Spheres side-scatter the least and so
have the most positive effect across a range of solar zenith angle (Fig. 3d, h; Fig. 1). Conversely, aggregates exhibit the most
side scattering, closely followed by hexagonal columns (Fig. 1), explaining the negative forcing at higher solar zenith angles
(Fig. 3c-d, g-f).

Diversity is largest where A F,,.; is near-zero, as the codes disagree where in the (7,6) parameter space shortwave forcing
outweighs longwave forcing. This is distinct from the amplification of D via division by small mean[A F']: note that in addition
to the imposed lower bound on the denominator of D (Eqn. 1), diversity is small where forcing is small because the cloud is
optically thin (Fig. 3e-h).

Figure 4 shows the same metrics for a fixed effective radius of 30 um. For a larger particle size, fewer particles are necessary
to achieve the same optical depth and so scattering becomes less important to the net forcing; this is reflected in the more
positive mean forcing across all 7 and 6 (Fig. 4a-d). Similarly, D is smaller as the balance between positive and negative effects
is more decisively dominated by the longwave (Fig. 4e-h). The exception are contrails made up of 30 um aggregate particles,
which exert a more positive forcing than the corresponding 15 pm contrails, and codes disagree on the optical thickness where

the forcing switches sign from negative to positive.
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Figure 4. Same as Fig. 3, but with effective radius rog = 30 um.

4 Contrail Outbreak

We have shown that disagreement between radiation codes depends on the properties of the scene: the effective radius of the
PSD, the optical thickness of the cloud, the ice habit, and the position of the sun. This raises the question: is the diversity
systematic or random? In other words, will codes agree more or less strongly over a realistic set of contrail properties and solar
zenith angles?

To answer these questions, we generate a more realistic set of contrail properties with CoCiP (using Python package
pycontrails v0.63.1; Schumann, 2012). Because our aim is not to quantify the contrail radiative forcing but rather to
generate a set of contrails with realistic properties over changing solar zenith angles and meteorological conditions, we use
CoCiP’s sample flight paths over the continental US to drive the creation of the clouds (Fig. 5a). The sample flights (avail-
able at https://apidocs.contrails.org/_static/fleet_sample.csv), which originally span about 4 hours from 8PM-midnight on 10
February 2023, are shifted to the summer 2019 solstice date and repeated to cover a 24-hour period. A single particle habit
(hollow hexagonal columns) is enforced for more direct comparison with our harmonized radiation codes. We use radiation
and meteorological variables from the ERAS reanalysis dataset (Hersbach et al., 2023) on the summer solstice (21 June 2019)
in 2019 in order to sample the largest distribution of solar zenith angles, and assume otherwise clear skies over the study area.
The ice supersaturated regions (ISSRs) necessary to the formation of contrails, diagnosed by CoCiP from the meteorological
reanalysis data, are shown in Fig. 5b.

CoCiP provides contrail properties at flight waypoints. In order to re-calculate the radiative forcing with radiation codes off-
line, we re-grid the output onto the 1-degree ERAS grid and an hourly time grid. The ice water content in a gridbox is given by
the contrail-volume-weighted-mean of the individual contrails’ ice water content, and the effective radius is similarly weighted
by both the contrails’ volume and the IWC. Finally, because the data underlying the harmonized hexagonal column ice optics
is limited to effective radii between 9 and 90 microns, we discard any contrails outside of this range ahead of averaging. This

is a common limitation to ice optics parameterizations used in Earth systems models (Bock and Burkhardt, 2016).
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Figure 5. a) The flight paths colored by take-off time and b) the frequency of ice supersaturated regions over the 2019 summer solstice.
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Figure 6. Total net instantaneous contrail radiative forcing (W/m?) over a 24-hour summer solstice for a simulated contrail outbreak. Contrail

properties are derived from CoCiP and then used by codes with original ice optical property parameterizations (a) CoCiP; b) RRTMGP; ¢)
ecRad; and d) libRadtran) and harmonized properties (e) ARTS; f) RRTMGP; g) ecRad; and h) libRadtran). The diversity among unharmo-

nized (i) and harmonized (j) codes is quantified.

The total net IRF over the 24-hour CoCiP run is shown in Figure 6. Both unharmonized (Fig. 6a-d) and harmonized (Fig. 6e-

h) versions of the radiation codes largely agree on the sign and magnitude of the spatial distribution of the contrail IRF, though

unharmonized ecRad (Fig. 6¢) and libRadtran (Fig. 6d) estimate a less negative forcing. Conversely, the CoCiP radiative forcing

parameterization displays good agreement with harmonized codes despite its fit to a different ice optics parameterization
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(Fig. 6a). Quantitatively, harmonization decreases diversity (Fig. 6i-j). As in Section 3.2, D is largest when codes disagree on
the sign of the forcing, and consequently diversity is often largest in regions where the net magnitude of AF' is small.

Next we analyze how the diversity between IRF estimates evolves with cloud properties and solar zenith angle across time
in Figure 7. The domain-averaged effective radius (Fig. 7a, red) and contrail optical depth (Fig. 7a, grey) are roughly anti-
correlated. The domain-averaged solar zenith angle is shown in Fig. 7c along with the time (Central Daylight Time zone).

The domain-averaged contrail IRF calculated by each code is shown in Fig. 7b. The CoCiP radiative forcing parameterization
estimates a larger IRF at night compared to the other codes, and unharmonized ecRad and libRadtran estimate more positive
forcing during the day compared to the other codes. This latter pattern can be interpreted with Fig. 2, which shows that
unharmonized ecRad and libRadtran tend to calculate a larger-magnitude shortwave forcing compared to their harmonized
versions at low solar zenith angles. The CoCiP parameterization calculates a smaller-magnitude longwave forcing compared
to the harmonized codes for the set of parameters used in Fig. 2.

The total, domain- and time-averaged AF" is shown within harmonized (black) and unharmonized (grey) codes, along with
clouds indicating the maximum spread among codes. The mean forcing differs by about 2 W/m?, at about 17 W/m? within the
harmonized codes and 19 W/m? within the unharmonized codes. The harmonized codes agree within 11.1%, with a maximum
spread of 1.88 W/m?, while the unharmonized codes exhibit a larger diversity at 21.8%, or a maximum difference of 4.1 W/m?2.
Both of these values are small compared to the diversity in harmonized codes in the idealized benchmarks (Fig. 3e), where
the mean diversity is 62.5% across all combinations of parameters. Only 9 combinations of parameters yield diversity smaller
than 11.1% in unharmonized codes (Fig. 3e, small optical thickness and either high solar zenith angle or longwave-only);
about two-thirds of cases in the harmonized test (Fig. 3) display higher uncertainty than the unharmonized time- and domain-
averaged diversity here. Therefore, we can conclude that the worst-case disagreement between codes in a realistic use case will
be smaller than in individual benchmarks (about 10-20%), as disagreements compensate when averaging over space and time.
We note, however, that this measure is sensitive to the time window over which the average is calculated, as the diversity will
depend on the distribution of solar zenith angle over the averaging period. Averaging over the 24 hours of the summer solstice
provides the widest range of solar zenith angle and longest daylight, and so a measure of the worst-case uncertainty due to

scattering properties.

5 Summary and Conclusions

In this work, we evaluate the sensitivity of contrail cirrus radiative forcing to the choice of the code used to calculated the
contrail and contrail-free radiative fluxes. We compare four widely-used radiative transfer codes, including a line-by-line
code (ARTS), an intermediate-complexity code (libRadtran), two parameterizations used in Earth systems models (ecRad
and RRTMGP), and the contrail radiative forcing parameterization used by the popular contrail prediction model CoCiP. We
test the radiative transfer code diversity across a range of cloud properties in single-atmosphere cases and in a 24-hour run of

CoCiP applied to realistic flight trajectories and real atmospheric conditions over the United States.
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Figure 7. a) The domain-mean contrail properties over a contrail outbreak simulated by CoCiP with synthetic flights shifted to the summer

solstice in 2019: effective radius (red) and gridbox-mean optical depth (grey). b) Domain-mean instantaneous contrail radiative forcing, using

both harmonized (solid lines) and unharmonized (dashed lines) radiation codes. The temporal and spatial average among harmonized (black)

and unharmonized (grey) codes is additionally shown, with shading spanning the maximum and minimum values predicted by the codes. ¢)

The solar zenith angle at each Central Daylight Time.

We find that both the magnitude and sign of the contrail radiative forcing depend most strongly on ice optical properties.

After “harmonizing”, or imposing an identical ice optical parameterization across codes, diversity between codes is driven by
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spectral discretization, with additional differences stemming from different angular resolution or other code implementation
details. In the Myhre et al. (2009) benchmark, diversity in AFy is about 30% and the maximum shortwave diversity across
the three solar zenith angles is 27%. In contrast, the longwave diversity is 5.6% in our harmonized codes and 22% in the
unharmonized codes. In the shortwave, the maximum diversity among harmonized codes is 12%, while it reaches 55% in
unharmonized codes. In the net, the largest diversity appears when the absolute magnitude of the forcing is small and the codes
disagree on its sign. Because of the small net forcing values, this reaches 4000% in the Myhre et al. (2009) benchmark, 90% in
our harmonized codes, and 2000% in our unharmonized codes. For this reason, the 35% uncertainty value reported in Myhre
et al. (2009) and Lee et al. (2021) is the maximum diversity of longwave and shortwave IRF, rather than net IRF.

The type-A uncertainty (uncertainty due to contrail radiative response) in global contrail cirrus radiative forcing reported in
Lee et al. (2021) is calculated as the root sum of the square of four sub-categories of uncertainty, among them the uncertainty
due to the model’s radiative transfer scheme (Al). If uncertainty Al is updated with our re-assessment of 12% in modern,
harmonized radiation codes in the radiative benchmark calculation (analogous to Myhre et al., 2009), type-A uncertainty
decreases from 55% to about 45%. The overall uncertainty in contrail radiative forcing decreases from 70% to about 60%. (We
follow Lee et al. (2021) in rounding our estimates up.)

Errors compensate when forcing is integrated over space or time, such that in a realistic use case, we attribute a diversity of
about 11% stemming from the choice of radiation code, a similar value to the maximum benchmark value of 12% described
above. If we consider the ice optical parameterization as a part of the radiation code, the diversity between codes rises to about
22%, with a maximum spread of about 4 W/m?.

Together, these results separate uncertainty stemming from ice optical properties from uncertainty due to the radiative trans-
fer code itself. Additionally, we show that the largest differences due to radiative transfer code are associated with the smallest-
magnitude AF, indicating IRF estimates are less sensitive to the choice of radiative transfer code where impacts are larger.
In the context of contrail mitigation, this implies that identification of contrails to target for measures such as avoidance is
insensitive to the choice of radiation code.

Here, the radiative forcing is calculated only in otherwise clear skies. Including natural cloud layers may increase disagree-
ment between codes, as upwelling radiation would be mediated by the scattering properties of surrounding clouds. In addition
to vertical overlap, contrails may form in the same model layer as natural cirrus, or embed in existing cirrus (Petzold et al.,
2025; Seelig et al., 2025). Both of these phenomena may increase diversity due to differences in the mixing of optical properties
of the two different cloud types, which is the topic of future work. Finally, in this work we focus on 1-D radiative transfer, but
3-D effects (horizontal photon transfer between individual atmospheric columns) can significantly change the contrail radiative
forcing estimate, including changing its sign in some cases (Gounou and Hogan, 2007; Carles et al., 2025). This implies that

3-D effects would similarly increase uncertainty due to the choice of radiative transfer solver.

Code and data availability. Data, scripts, and code used for creating figures are available at 10.5281/zenodo.23601819 (Czarnecki et al.,
2026).
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