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Abstract High-level ice clouds exert a net warming on the climate system because their greenhouse effect
outweighs their albedo effect. Focusing on in-situ cirrus, their formation involves the conversion of upper-
tropospheric water vapor into ice crystals. Anthropogenic perturbations to the upper-tropospheric water
budget—such as aviation-induced cloudiness or the proposed cirrus cloud thinning concept—also trigger
atmospheric adjustments that contribute to the total effective radiative forcing. This study presents an idealized
climate-model pulse experiment in which water exceeding saturation within cloud-free, ice-supersaturated
regions is instantaneously condensed to form cirrus clouds. In contrast to sustained perturbations, this transient
modification of cirrus cloud cover enables the direct isolation and examination of atmospheric adjustments. We
further introduce a novel ensemble-based framework that suppresses the statistical impact of atmospheric
variability, allowing for a robust assessment of the comparatively weak atmospheric response. Cirrus cloud
formation initially increases high-level cirrus cloud cover, followed by a decay as ice crystals sediment and
sublimate. This process induces an immediate reduction in upper-atmospheric specific and relative humidity,
with recovery occurring on substantially longer timescales. The combined cloud and humidity responses
generate an initially positive radiative perturbation that transitions to a negative signal after a couple of hours.
Notably, relative humidity requires up to four days to return to its equilibrium value. Adjustments in high-level
cloud fraction and top-of-atmosphere longwave radiation exhibit non-linear behavior. Together, these findings
elucidate how the radiative effects of cirrus clouds—whether natural or anthropogenic—are partially
counteracted by atmospheric adjustments, with important implications for the climate efficacy of cirrus-related
forcings.

Plain Language Summary Cirrus clouds, a type of high-level ice clouds, warm the climate overall
because their heat-trapping effect is stronger than their ability to reflect sunlight. Their coverage depends on
how quickly they form—mainly when vapor freezes in cold, moist air—and how fast they dissipate as ice
crystals fall into warmer layers of the atmosphere or mix with surrounding air. Human activities can disrupt
these processes: aviation unintentionally create cirrus through condensation trails, while some proposed
methods aim to deliberately thin these clouds. However, the magnitude of these effects remains highly
uncertain. This study examines an idealized case where all water vapor above saturation in cloud-free, cold
regions (temperatures below —38°C) condense into ice. We determine how the upper-atmospheric water budget
responds to this pulse perturbation. Initially, cirrus cloud cover increases, producing a warming effect. Over
time, the clouds thin as ice crystals fall and sublimate. As a result, the radiative perturbation turns from positive
to negative after a few hours. Humidity is fully restored four days after the perturbation. Furthermore some
adjustment mechanisms depend on the intensity and the geographical distribution of the initial perturbation.
Understanding these processes is crucial for better estimating the climate impact of cirrus cloud perturbations.

1. Introduction

Cirrus clouds are high-level clouds composed of ice crystals. Unlike low-level liquid clouds, cirrus clouds exert a
positive cloud radiative effect on a global scale (Hong & Liu, 2015). Their thin, wispy structure makes them less
efficient at scattering solar radiation than liquid clouds, while they produce a significant greenhouse effect due to
the temperature contrast between the Upper Troposphere (UT) and the Earth's surface. Cirrus clouds thus affect
the Earth's radiative budget, which itself controls the Earth's surface temperature, so changes in cirrus coverage or
optical properties are relevant to Radiative Forcing (RF) of climate change and climate feedbacks (Forster
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et al., 2021; Sherwood et al., 2015). Despite their extensive global coverage, accurately quantifying the contri-
bution to the Earth's radiative budget of cirrus clouds remains a challenge, due to complex formation pathways,
variability in microphysical properties, and uncertainties in their response to changes in environmental conditions
(Ceppi et al., 2017; Chen et al., 2000; Schlimme et al., 2005; Wilson Kemsley et al., 2025; Zelinka et al., 2020,
2022).

Human activities directly affect cirrus cloudiness through changes in the UT aerosol and water budget
(Kircher, 2017). In particular, aviation is responsible for the formation of condensation trails (contrails) that may
evolve into contrail cirrus. Increasing air traffic is therefore thought to have led to an increase in cirrus cloud cover
(Boucher, 1999; Duda et al., 2019; Quaas et al., 2021). Furthermore, Cirrus Cloud Thinning (CCT) has been
proposed as a solar radiation modification method intended to deliberately reduce high-level cloud cover and
optical depth, and thereby lessen their warming contribution (Gasparini & Lohmann, 2016; Mitchell & Finne-
gan, 2009; Penner et al., 2015).

Perturbations to cirrus cloud cover or optical properties modify the radiative equilibrium of the climate system at
the Top Of the Atmosphere (TOA) (Forster et al., 2021; Sherwood et al., 2015). The radiative effect induced by a
perturbation is classically quantified using RF. The nature of the forcing agent determines the extent to which an
instantaneous RF ultimately affects Global Surface Air Temperature (GSAT), the standard metric to measure
warming in the climate system. The climate response can be decomposed as: (a) atmospheric adjustments that
occur independently of any change in GSAT, and (b) feedbacks that arise through changes in GSAT (Sherwood
etal., 2015). Atmospheric adjustments can substantially modify the water content, cloud microphysics, and/or the
atmospheric circulation, so that they may end up strongly attenuating or enhancing the initial RF. Without robust
estimates of these atmospheric adjustments, the climate impact of both unintentional aviation-driven cirrus
formation and deliberate CCT cannot be reliably constrained.

Quantifying adjustments requires filtering out the internal variability of the atmosphere, especially in terms of
cloudiness. Amplifying the perturbation is one possible strategy to increase the signal-to-noise ratio when esti-
mating the climate response to a forcing in a climate model. It is imperfect as it assumes linearity between the
forcing and the atmospheric response. The extent to which adjustments depend on the intensity of the RF is still an
open question for many perturbations. For contrail cirrus, a model study found that atmospheric adjustments
reduce the instantaneous RF by more than a factor two (Bickel et al., 2020). However, to obtain statistically
significant results, the authors had to artificially amplify air traffic projections for 2050 by a factor of 12, which
corresponds to about 36 times present-day air traffic. More recently, a model study by Schumann and Sei-
fert (2025) demonstrated that the RF from contrail cirrus, estimated from two parallel experiments, becomes
indistinguishable from atmospheric variability after only a few days. A common feature of these previous studies
is their reliance on sustained perturbations, in which the imposed RF and the climate system response are
superimposed, complicating the separation of atmospheric adjustments from the evolving model trajectory. In
addition, the inherently chaotic nature of the climate system causes unperturbed and perturbed simulations to
diverge over time, further hindering a robust attribution of the response.

This study differs from previous studies in two fundamental ways. First, we apply a pulse perturbation rather than
a sustained perturbation to isolate and quantify atmospheric adjustments. Second, we adopt an alternative strategy
to increase the signal-to-noise ratio in dedicated cirrus perturbation experiments by generating an ensemble of
simulation pairs—control and perturbed—to quantify in a statistically robust way the atmospheric adjustments
following the pulse perturbation. That perturbation consists in instantaneously forming cirrus clouds in cloud-
free, Ice-SuperSaturated Regions (ISSRs). ISSRs are air masses where water vapor exists in a thermodynami-
cally metastable state as its partial pressure exceeds the saturation pressure with respect to ice (Gierens
et al., 2020; Lamquin et al., 2012; Sanogo et al., 2024). These regions not only provide favorable conditions for
the formation of natural cirrus clouds (Gierens, 2012), but also allow linear contrails to form, grow, and spread,
eventually evolving into contrail cirrus (Kércher, 2018; Wolf et al., 2023). This experimental design allows us to
identify and quantify the global atmospheric adjustments that occur as the properties of ISSRs relax back toward
those of the unperturbed state.

This article is organized as follows. Section 2 introduces the notions of climate adjustments, feedbacks and ef-
ficacy in response to a given RF. Section 3 first describes the climate model ICOLMDZ, which is a combination
of the IPSL General Circulation Model (GCM) LMDZ and the dynamical core DYNAMICO, used to simulate
ISSRs and cirrus cloud formation, outlines the methods for implementing the cirrus cloud perturbation using an
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ensemble of perturbed and unperturbed simulations, and describes the method used to reduce a cold temperature
bias in ICOLMDZ. Section 4 presents the unperturbed ISSR climatology, describes the mechanisms of atmo-
spheric adjustments to cirrus formation and their impact on the atmospheric state, and quantifies the degree of
linearity of the adjustments to the intensity of the initial perturbation. Finally, Section 5 concludes the study.

2. Adjustments and Feedbacks

In this section, we briefly review the current theoretical framework of the forcing-response-feedback paradigm
that underpins climate change modeling, following the approach outlined by Sherwood et al. (2015) and Forster
et al. (2021). In response to an external forcing d&(f), the climate system evolves toward a new radiative
equilibrium by changing the net rate of energy loss at TOA dR () such that

N() = d&(t) — dR(Y), (1

where N denotes the net radiative imbalance at TOA (with downward radiation counted positive). The new
equilibrium is characterized by

N =dé—dR =0, @)

where the overlines denote the quantities in their new stationary state. The climate system primarily adjusts dR
toward a new equilibrium by changing the global surface temperature, quantified here as the change in GSAT dT.
By taking the total differential of the response-driven loss term with respect to 7, Sherwood et al. (2015) obtain

_ [0R <R X\ — _
dR = 2=+ S O 0% T = _qdT, 3
(aT L OX, aT) * ®)

where the index i runs over the complete set of variables that depends on a GSAT change X. When summed, these
contributions form the feedback parameter a, up to sign. By combining (2) and (3), one derives

dT = Ad€, )

where the climate sensitivity is defined as A = —1/a. It is common to introduce the concept of efficacy when
comparing the climate sensitivity to a given forcing mechanism to that of CO, forcing, historically defined for a
doubling of CO, concentrations (Hansen et al., 1984, 2005). Formally, we write

dT = rﬂcoz d? (5)

The value of the efficacy r is sensitive to the characteristics of the forcing mechanism and to the spatial distri-
butions of both the forcing itself and the climate system's response (Rugenstein et al., 2016). The external forcing
dé&(1) in (2) includes both the RF of the forcing agent and any response of the atmosphere that does not depend on
the subsequent change in surface temperature. These atmospheric changes that are not mediated by the surface
temperature change are called adjustments. Following the expansion of the GSAT of Equation 2 by Quaas
et al. (2024), we write the external forcing d&(r) as

2
dE@D) = dF() + Y d A () + / 92 0.0 aT(.0.9). ©)

adj

where the integration is performed over the solid angle d’Q = d¢p d6 cos 0, with 0 the latitude and ¢ the
longitude, dF(t) is the RF, d.A,q refers to atmospheric adjustments adj, d7(z,6,¢) is the local surface air
temperature change, with 6 the latitude and ¢ the longitude, and f,4; represents the dynamical adjustment pa-
rameters which depend on dT(¢,0,¢) with dT = 0, and is defined analogously to . In (6), we exclude ad-
justments that do not affect Earth radiation budget as discussed in Quaas et al. (2024). The external forcing
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Table 1
Published Estimates of Contrail Cirrus Efficacy and Related Metrics
Study Method Contrail Related quantity Efficacy
Ponater et al. (2005) 30-year coupled simulations with 20 X 2,050 aviation Linear A = 0.43KW 'm? v = 0.59
Rap et al. (2010) 40-year coupled simulations with 100 X 2,000 aviation Linear 2 =03KW 1m? ke = 0.31
Bickel et al. (2020) 25-year fixed-SST experiment Contrail cirrus k =037 = 0.15 N/A
Lee et al. (2021) Synthesis study N/A Combined value of 0.42 (see text)
Ponater et al. (2021) Further analysis of Bickel et al. (2020) simulations N/A k =042 + 0.24 N/A
Bickel et al. (2025) 40-year coupled simulations, with 12 X 2,050 aviation Contrail cirrus k = 0.55 £ 0.32 mwrr = 0.21, r =0.38

Note. The table highlights differences in methods, contrail implementations, reported quantities and the related efficacy, if applicable. 1 is the climate sensitivity (defined
in (4)), k is the ERF to RF ratio, rzp is the RF-based efficacy (defined in (7)), and r is the ERF-based efficacy (defined in (5)). k values for Bickel et al. (2020), Ponater
et al. (2021), and Bickel et al. (2025) are reported with one standard deviation uncertainty range.

defined in (6) is called Effective Radiative Forcing (ERF) and it includes all the atmospheric adjustments
(Boucher et al., 2013; Myhre et al., 2013).

In practice it may be difficult to provide an exact estimate of the ERF as defined in (6), since there is a blurred
boundary between adjustments and feedbacks. Adjustments occur on time scales ranging from a few minutes for
ice crystal formation in linear contrails, for instance, to a season for changes in snow melt caused by soot
deposition. Surface temperature response typically occurs on time scales of years to centuries as it involves both
the surface and deep oceans. If the RF evolves in time (as it is currently the case), there is always a superposition
between adjustments from recent changes in the forcing and feedbacks from the past history of the forcing. Given
the complexity involved with the separation of adjustments and feedbacks, estimated ERF values are always an
approximation as reviewed in Forster et al. (2021).

The efficacy r (5) is expected to be closer to unity than rgg,which is defined from F(#) without adjustments. Both
quantities are related by

F £

r= EEVRF. (7)

As discussed by Ponater et al. (2021), approximating rgr by £/F is inappropriate because (a) £92/F2 is not
exactly one (within a 10% range, Richardson et al. (2019)) and (b) r may be far from one for some forcing
mechanisms (Marvel et al., 2015; Shine et al., 2012). However the relevance of rzr becomes less because climate
models now increasingly estimate the ERF instead of the RF.

For contrail cirrus, Lee et al. (2021) report g = 0.42 as the average of three studies. However, these values are
not commensurate: Ponater et al. (2005) and Rap et al. (2010) estimate rrg Whereas Bickel et al. (2020) report an
ERF/RF ratio. Averaging three consistent 7z estimates (Bickel et al., 2025; Ponater et al., 2005; Rap et al., 2010)
yields a combined value of 0.37 (see Table 1 for details). The relatively low efficacy likely reflects the spatial
distribution of contrail forcing and its vertical structure, which may weakly couple the forcing to surface tem-
perature compared with other agents (Rugenstein et al., 2016; Shindell & Faluvegi, 2009).

No estimates of CCT ERF/RF ratio or efficacy currently exist. Although several studies have quantified RF using
climate models (Gasparini et al., 2020; Liu & Shi, 2021; Storelvmo & Herger, 2014), the radiative signal is often
indistinguishable from zero (Gasparini & Lohmann, 2016). The cooling from reduced ice crystal number con-
centration is largely offset by concurrent decreases in ice crystal size, and atmospheric adjustments tend to
counteract the intended cooling, with results strongly dependent on poorly constrained ice microphysics Tully
et al. (2022).
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3. Experimental Setup
3.1. Climate Model and ISSRs Parametrization

We use a version of the ICOLMDZ similar to the one used by Borella et al. (2025). In this study, ICOLMDZ
combines version 6A of the atmospheric GCM LMDZ (Boucher et al., 2020; Hourdin et al., 2020; Madeleine
et al., 2020) with the DYNAMICO dynamical core (Dubos et al., 2015). The new dynamical core uses an
icosahedral grid to avoid numerical instabilities occurring at the poles when solving geophysical fluid dynamics
equation on a regular latitude and longitude grid. Finally, the radiative transfer model used in LMDZ6A is a
version of RRTM for the LW radiation (Mlawer et al., 1997) and on another parametrization for SW radiation
(Fouquart & Bonnel, 1980).

In this study, the model configuration has 95 vertical layers of varying thickness. At the tropopause level, the
vertical grid spacing is about 500 m. The horizontal grid in DYNAMICO corresponds to dividing the edges of an
icosahedron into 40 equal segments, resulting in a model grid spacing of roughly Ax = 250 km. The dynamical
core operates with a timestep of 450 s, while the physical processes in LMDZ use a 15-min timestep. The radiation
timestep is also fixed to 15 min to capture the radiative impact of fast changes in atmospheric variables. Output
data is saved every 30 min as a time-averaged value.

The original version of LMDZ6A cannot simulate cloud-free, ISSRs in the upper atmosphere, as ice cloud
formation is triggered at saturation. Here, we use a new cloud parametrization that allows supersaturation of the
water vapor with respect to ice, as described in Borella et al. (2025). This parametrization of cirrus cloud is
activated only for air temperatures below 235 K for which homogeneous freezing of solution droplets dominates.
As a consequence, ISSRs form mostly between 300 hPa and 200 hPa in mid-latitudes.

Each grid cell is partitioned into a cloudy fraction, y4, and a cloud-free fraction. The cloud-free fraction is further
subdivided into subsaturated and supersaturated fractions, denoted y,,, and y;g,. respectively.

chd+}(sub +Xissr=1' (8)

The cloud fraction is denoted by the subscript cld and the cloud-free fraction is split into a water-vapor subsa-
turated cloud-free fraction, denoted sub, and a water-vapor supersaturated cloud-free fraction, denoted issr. The
total water content in the cell, g, is split accordingly among the gridbox averages ¢ 4, gsup> and G-

A cloud-free parcel is sub-saturated when the water vapor specific humidity ¢ is lower than the ice saturation
specific humidity g, ;..(7), which is calculated as the saturation vapor pressure over a flat ice surface at tem-
perature 7. If g > g, ;..(T), the air parcel is ice super-saturated. If the humidity rises above g > ¥ Gy ice(T)
where y, is a dimensionless quantity, homogeneous freezing occurs, and the vapor in the ISSR condenses into ice.
7,s can be approximated by a function of temperature only (Koop et al., 2000; Ren & Mackenzie, 2005). The in-
cloud water content gy = ¢g¢/Xciq 1S split into in-cloud water vapor g,,, and in-cloud ice water content gy,qs
such that

qcld = qvap + 6c0nd . (9)

The separation between vapor and ice in the cloud is dictated by the rate of sublimation of ice crystals and that of
condensation of vapor into ice, absorbing and releasing latent heat, respectively. Finally, if the specific humidity
within the cloud drops below g, ;c.(7). the cloud can dissipate and the corresponding grid fraction becomes
subsaturated clear sky. In-cloud relative humidity is not prescribed to 100% so g, can be different

from CIsal,ice(T)-

The parametrization uses a one-moment microphysical scheme for which the microphysical cloud properties are
determined only from the prognostic ice water content. It implies that the ice crystal number concentration is not
tracked by the model and is prescribed for each process. Ice crystal sedimentation is governed by an auto-
conversion rate described by Madeleine et al. (2020) as

dg, 10 _
%ﬂd = /_) a_Z(p Wi QCond) ’ (10)
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Figure 1. Schematic of the generation of the N-pair ensemble. We start from a common set of initial conditions (ICs) and
perturb the SST field. After a decorrelation period of 11 days, the new atmospheric ICs are independent and serve to generate
pairs of control and perturbed simulations. The difference between these two simulations provides anomalies. The
perturbation time is spread over the first day, spaced by 3 hours, thus spanning eight different initializations for the
perturbation. See main text for details.

where p is the air density, w;,, = y;, W is the fall velocity, y;, is a tuning factor, and wy, = 3.29 (p ﬁcond)o‘lé

(Heymsfield & Donner, 1990). The extension to a two-moment microphysical scheme will be the subject of future
work, and requires to consider the various sources and sinks of ice crystals (Proske et al., 2023).

The same set of parameters presented by Borella et al. (2025) is used in this study, since they concluded that
simulations using ICOLMDZ with this configuration show good agreement against ISSR observations at local
and global scales. A fine-tuning of the parametrization will be subject of future works.

3.2. Ensemble Design and Perturbation Implementation

Determining the ERF associated with a high-level cloud perturbation in a GCM is challenging. This difficulty
arises because the radiative impact of cirrus induced by aviation or CCT is small compared to the variability in net
radiative flux (with variations in cloudiness contributing the most to this variability). One solution is to amplify
the signal drastically, but that makes interpreting the results difficult because forcing and adjustments are not a
linear function of the water budget perturbation, as noted by Bickel et al. (2020, 2025). Another solution is to
reduce the statistical impact of atmospheric variability.

We do so by constructing an ensemble of N simulation pairs, as illustrated in Figure 1. For each pair, we apply a
small random Gaussian perturbation of 0.1 K to the sea surface temperature (SST) field of the initial conditions
(ICs) in each gridbox, followed by a 11-day decorrelation period to decorrelate the simulations from each other
(see Figure S2 in Supporting Information S1). The imposed SST field is fixed to a climatological average. This
perturbation of the ICs aims to position the model onto different trajectories to sample different situations.
Perturbing the SST field rather than the vertical temperature profile has the advantage of keeping the whole
climate system consistent and numerically stable. This approach also allows to generate an arbitrary number of
simulation pairs to improve statistics. In this study, the statistical significance of our results is quantified using a
two-tailed Student's #-test with a critical probability of p = 5% to exclude responses statistically indistinguishable
from zero, unless where stated otherwise. This enables us to extract clear and statistically significant signals from
the background atmospheric variability.

In each pair of simulations, the perturbed simulation is subject to a global cirrus cloud perturbation, while the
control simulation remains unperturbed. Since the time of day of the imposed perturbation may affect the
magnitude of the RF and its adjustments, we sample different times of day by offsetting the perturbation time by
three hours between successive ensemble members. Taken together, the ensemble members span 24/3 = 8
different times of day for the imposed perturbations. In the following, results are obtained by averaging all
ensemble members together, and are presented in terms of absolute difference relative to the perturbation time. In
this study, we consider two periods of the year: the perturbation occurs either on 11th January, or on 11th July in
order to study seasonal variability.
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Table 2
Summary of Simulations, Including Their Description, Nudging Configuration, Ensemble Size (N), and Initialization Dates
Name Description Nudging N Init. date
Unnudged Unnudged simulation None 10 11th Jul
Nudged Simulation nudged toward ERAS Soft nudging of T and Py 10 11th Jul
Control Control simulation Soft nudging of T and Py 50 10th Jan
11th Jul
Locally perturbed Simulation with a pulse perturbation Soft nudging of T and Py 50 11th Jan
restricted to [30°N, 60°N] 11th Jul
Globally perturbed Simulation with a pulse, global perturbation Soft nudging of T and P; 50 11th Jan
11th Jul
Global, f = 0.5 Simulation with a global conversion of 50% of the ISSRs Soft nudging of T and Py 50 11th Jan
Global, f = 0.1 Simulation with a global conversion of 10% of the ISSRs Soft nudging of T and P; 50 11th Jan
Global, f = 0.05 Simulation with a global conversion of 5% of the ISSRs Soft nudging of T and Py 150 11th Jan
Global, f = 0.01 Simulation with a global conversion of 1% of the ISSRs Soft nudging of T and Py 150 11th Jan

Note. All listed simulations are run for 10 days. T stands for the air temperature and P, for the surface pressure.

The perturbation to the cirrus cloud properties applied in this study consists of a pulse (i.e., one-off instantaneous)
global conversion of all cloud-free, ISSRs into cirrus clouds. The initial objective of this idealized experiment was
to analyze the subsequent adjustments occurring over a duration of ten days, though our analysis of adjustment
timescales will show that four days is enough. At a given timestep and only once, we perturb the system, by
converting water vapor in the ISSR into cloud total water content such that

deld *= Yeld + Gissr » (1 1)

where these three quantities are grid-box averages. Thus, the supersaturated cloud-free fraction becomes zero and
the grid-box fractions are adjusted accordingly

Xeld = 1 — Xclr s Xissr =0. (12)

The humidity added to the cloud fraction is split between the vapor and ice phases. The humidity which is below
saturation is kept in vapor phase

anp = qvap + GsaXissr > (13)

where g,,, is the gridbox-averaged water vapor specific humidity. The condensed water is added to the ice water
content so that our perturbation conserves total water. Despite the large perturbation to the upper-atmospheric
water budget caused by the conversion of all ISSRs into cirrus clouds, the radiative response is not expected
to be much larger than timestep-to-timestep variations in the radiative budget, which is why the approach is based
on an ensemble of simulations.

As discussed in Section 2, adjustments imply the absence of changes in global surface air temperature changes.
This condition is met in our method because we focus on the very short-term behavior of the system, during which
GSAT remains effectively constant.

The pulse perturbation is applied over different regions of the atmosphere in this study. In Sections 4.2 and 4.4, the
perturbations are global while, in Section 4.3, we discuss the difference between simulations with regional and
global perturbations. Indeed, in the case of contrail cirrus, the increase of high-level cloudiness is confined in the
northern mid-latitudes, [30°N, 60°N], where most of the air traffic occurs (Dannet et al., 2024; Teoh et al., 2024),
which we represent by a perturbation restricted to a 30°N — 60°N latitude range. The set of simulations is
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summarized in Table 2. The simulation ensembles labeled “Unnudged” and “Nudged” are used in Section 3.3 to
demonstrate the effects of the nudging setup.

3.3. Nudging Setup

Many GCMs suffer from a persistent cold bias in the upper atmosphere (Gettelman et al., 2010; Hourdin
et al., 2020). It is also the case in our control simulations where the temperature at 200 hPa is locally up to 3 K
colder than in the ERAS reanalysis (Hersbach et al., 2020). This cold bias matters because the saturation vapor
pressure is highly sensitive to air temperature. At the tropopause level, a 3 K cold bias in temperature reduces
saturation vapor pressure by 30% according to the Clausius-Clapeyron relation. Consequently, the bias may
reduce the amount of ice water content generated by the perturbation.

In this study, this bias is corrected using an online bias correction technique, or soft nudging (Kharin & Sci-
nocca, 2012; Krinner et al., 2020). Soft nudging uses a standard nudged run to diagnose a time varying tendency,
then replays only the multi year, diurnally and seasonally varying mean of that tendency in the actual experiments.
The rationale for using the soft nudging is to preserve the physics of adjustments—such as the release of latent
heat—which would be hindered by a standard temperature nudging approach. The soft nudging relies on a two-
step procedure, involving both the air temperature and surface pressure. Nudging the surface pressure is necessary
because the commonly used state variable quantifying temperature in GCMs is the potential temperature, which is
conserved during dry air adiabatic processes (Baumgartner et al., 2020). In what follows, we focus on the
treatment of temperature, as surface pressure follows the same procedure.

We use the standard nudging procedure where the temperature field T(7,7) is modified using a Newtonian
relaxation toward the ERAS values Tggas (7,7) at any point 7 of the atmosphere and time ¢ (Jeuken et al., 1996).
Formally,

aTC ) T(7,1) = Tgras (75 1)

T

= FTG 1) — (14)

where the operator  represents the time evolution from the climate model and 7 is the relaxation time. The second
term on the right-hand side is the nudging rate, which brings T toward Tgras. We choose to run the simulation
over n = 10 years and the relaxation time is set to z = 1 day.

The soft nudging consists in reinjecting the time-average of the relaxation term AT (7,t) while preserving its
diurnal and seasonal variations. Formally,

TG, » ATt
G )=FT(?,Z)— G ). (15)
ot T
We first define the multi-year average of the relation term
I 1&
AT 1) =—- Y AT, (7.1), (16)
nig

where AT, (7,1) = T(F,t) — Tgras(7,7) with the index y running over years. The average correction AT(7, 1) is
defined for t = [1,N,-365] where N; = 192 is the number of dynamical timesteps in a day and 365 is the
number of days in a year as the 366th day of leap years is discarded. However, the nudging rate AT(7,f) remains
noisy, as can be seen in Figure 2. Rather than performing a multi-decadal simulation that would be computa-
tionally costly, we smooth out the nudging rate AT(7,¢) in a way that preserve the diurnal and seasonal cycles.
This is done by averaging over a time windows of =Ny, = +20 days following a normal Gaussian distribution
centered in zero with standard deviation of o4, = 5 days. The value of the static corrections applied to the

control and perturbed simulations become thus
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Temperature nudging rate at 200 hPa - 49°N, 2.3°E

Naays
= 0 —— BT, t)/7 ATG.= Y. o()ATG.1+j-Ny). (17)
N Y R T O B e T )7 =Ry
:i ! where w(j) are the Gaussian weights such that ij( j) = L. As the data set
Eo_g represents a 10-year climatology and does not correspond to a specific year,
Z, the temporal index is defined cyclically for data access, such that 1st January
follows 31st December. The temperature nudging rate are successfully

1 5 10 15 20 25 30

Days of the month smoothed as shown in orange in Figure 2 with a clear diurnal cycle.

The averaged and smoothed temperature and surface pressure nudging rate

Figure 2. Nudging rate, in mK 5™, from a 10-year simulation nudged toward are then used in reference and perturbed simulations. In Figure 3, we present
ERAS reanalysis for January for the gridbox above Paris at 200 hPa. The . . P ’ & ’ P ]

nudging rate averaged over 10 years is shown in blue, while the nudging rate the vertical temperature profile of both the reference and soft-nudged simu-

further smoothed following (17) is shown in orange. lations compared to ERAS reanalysis, extracted from an ensemble of ten

simulations of ten days initialized on 10th July. The standard deviation is

computed among the simulations of each ensemble. Figure 3a shows that the cold bias is successfully reduced

between the pressure range of 450 hPa and 150 hPa, relevant for contrail and CCT studies. This is confirmed by

Figures 3b and 3c that show the temperature histograms at 200 hPa and 250 hPa, respectively.

As this temperature correction could have modified the distribution of ISSRs and the radiative balance of the
climate system, we have checked the climatology of the simulations with soft nudging. Comparisons against
CERES (Loeb et al., 2009), CALIPSO (Chepfer et al., 2010), and IAGOS (Petzold et al., 2015) show that the TOA
radiative budget, cirrus cloud cover, and ISSRs remain well simulated without the need for a retuning (see Figure
S1 in Supporting Information S1).

Temperature dis‘lcribution at 200 hPa

o0 0.15 !
(‘(l) 2 ! ] Unnudged (b)
i [ Nudged
100 : [ ERAS
£0.10 ; d
= !
150 a
0.05
200
&)
& Q00 200 210 220 230 240
5250 Temperature (K)
Z Temperature distribution at 250 hPa
& 300 [ Unnudged i <C)
0.100 [ Nudged i
[ ERAS
350 #0.075
—— Unnudged - ERA5 g 0.050
400 Unnudged +1¢
—— Nudged - ERAS 0.025
Nudged £1o
L W
420 -2 0 2 0-000 200 220 240
Temperature Difference (K) Temperature (K)

Figure 3. Correction of the air temperature vertical profile using soft-nudging in temperature and surface pressure using
nudging rate AT (7,£)/x defined in (17). (a) Deviation of the temperature profiles averaged over a 10 days period from the
unnudged simulation (blue) and the nudged simulation (green) ensembles, both initialized on 10th July, compared to ERAS data
averaged over July 2007. The envelope represents one standard deviation computed over the ensemble of simulation pairs with
N = 10. (b) Histogram of the temperature at 200 hPa. (c) Histogram of the temperature at 250 hPa. The dashed vertical lines in
panels (b, c) represent the mean values.
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Figure 4. Ensemble-mean of key variables of the simulated climate over one day before the perturbation on 10th January. The
model variables are averaged over one day and over N = 50 simulations. Distribution of (a) the supersaturated cloud-free
fraction at the tropopause, (b) the high-level fractional cloud cover, (e) the net outgoing LW radiation at TOA, in W m~2, and
(f) the net downward SW radiation at TOA, in W m™2. Zonally averaged cross-section of (c) the supersaturated cloud-free
fraction and (d) the cloud fraction.

4. Results
4.1. Climate System Before the Perturbation

Figures 4 and 5 show the climatological distributions of the high-level fractional cloud cover (cloud
fraction above p < 440 hPa), the cloud-free, supersaturated fraction, and the SW and LW radiation at TOA as an
ensemble-mean averaged over one day before the perturbation occurs on 10th January and on 10th July,
respectively.

4.2. Sequence and Mechanisms of the Cirrus Cloud Perturbation

Distributions and time evolution of model variables are analyzed in details using the simulations initialized on
10th January, discussed in Section 4.2.1, and Jul. 10th, discussed in Section 4.2.2. Results are presented in a way
that follows the sequence of the mechanisms involved in the cirrus cloud perturbation and adjustments. The
perturbation initially increases ice water path (IWP), thereby inducing a RF and leading to the adjustment of
upper-atmospheric humidity. Over time, the additional ice crystals sediment, which dehydrates the UT but hu-
midity is then replenished by transport from lower levels, with the model variables progressively returning to their
unperturbed statistics. These anomalies represent the adjustments we aim to characterize. We note that the 2D
fractional cloud cover is estimated from model-level cloud fractions using the maximum-random overlap
assumption. In what follows, the term upper atmosphere refers to atmospheric layers where the pressure is below
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Figure 5. As Figure 4 but for simulations initialized on 10th July.

440 hPa. This includes the stratosphere but it is of no consequence on the model variables studied in this Section
because there are few ISSRs in the stratosphere.

4.2.1. Simulations Initialized on 10th January

As expected, the perturbation introduced in the simulation leads to a substantial increase in high-level fractional
cloud cover one hour after the perturbation, as illustrated in Figure 6. An absolute local increase of up to 66% is
seen in Figure 6a. Figure 6b shows that ice cloud formation is concentrated around the tropopause and down to
300 hPa below the tropopause level. The ice cloud anomaly extends to vertical levels below the typical altitude
range of the ISSR distribution (Figure 4c) which is explained by a rapid sedimentation of ice crystal within
one hour after the perturbation. A consequent amount of ice is formed as seen in Figure 6¢ where the anomaly of
the upper atmospheric IWP locally reaches up to 33 g m~2, which corresponds to a 300% increase. Newly formed
ice crystals are seen over the same pressure range than cloud fraction anomaly as seen in Figure 6d.

After only few hours, the high-level fractional cloud cover strongly decreases and switches to a negative anomaly
compared to the control simulation after about five hours, as shown in Figure 7a. It corresponds to a previous
effective cirrus cloud lifetime estimate of 6 hours in the tropical tropopause region (Gasparini et al., 2017). It is
also interesting that the timescale of the high-level cloud cover anomaly approximately matches the mean contrail
lifetime of 4.5 hours estimated by Kéarcher and Corcos (2025) in their model. This can be explained by cirrus cloud
and contrail cirrus being governed by similar physical processes. Nevertheless our pulse experiment also shows
that the subsequent negative anomaly persists for up to four days. As shown in Figure 7b, this phenomenon occurs
over the whole latitude range from 100 hPa above the tropopause level up to 300 hPa below in northern mid-
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Figure 6. Distribution of the newly formed ice clouds and the associated ice content averaged 1 hour after the perturbation:
Distribution of (a) the high-level fractional cloud cover and (c) the IWP, in gm™2, in the upper atmosphere anomalies.
Latitude-pressure distribution of the zonally averaged (b) cloud fraction and (d) ice water content, in kgkg™', anomalies. Data
are extracted from an ensemble of N = 50 simulation pairs initialized on 10th January. The green, solid lines on the latitude-
pressure plots represent the averaged value of the tropopause level. Regions that do not pass a two-tailed Student's r-test at 5%
level are indicated with hatching. Note the logarithmic scale on the color bar. Thus, relatively small anomalies may be
statistically significant.

latitudes. The strongest decrease of about 1% is located in the UTLS, around the tropopause. The high-level cloud
cover anomaly induces a radiative imbalance, discussed in more details in Sections 4.3 and 4.4.

Upper-atmospheric IWP exhibits a similar behavior, except that the anomaly disappears after 2.5 days in the polar
latitudes of the North Hemisphere as shown in Figure 7c. The perturbation condensed a large amount of water
which leads to a big autoconversion rate grows with the amount of ice according to (10). Figure 7d indicates that it
only takes a couple of hours for ice water content to decrease at the tropopause level, whereas the ice water content
anomaly is still positive at 400 hPa 8 hours after the perturbation. This time lag may be interpreted as an evidence
of ice-crystal sedimentation.

Figures 7e and 7f show that the air temperature is increased by tens of millikelvins after the perturbation occurs.
The source of this warming is partially explained by the release of latent heat. After the perturbation, the ice water
content anomaly reaches 2.9 mg kg™ in Figure 7d, which corresponds to approximately 6 mK of air temperature
warming at the tropopause level. In addition, the perturbation induces warming below the tropopause and cooling
above it, forming a temperature dipole, as already noted by Bickel et al. (2020). This response is expected to arise
from absorption and emission of LW radiation by newly formed ice crystals: absorption dominating below the
tropopause, with emission dominating above. However, Figures 7b and 7f suggest that the temperature response
lags the cloud response.

Finally, the perturbation is responsible for a long-term drop of water vapor and Relative Humidity with respect to
ice, RH;, shown in Figure 8. It occurs directly after the perturbation and quickly reaches lower altitudes as shown
in Figure 8a. It occurs over the same pressure range as the ice cloud formation (see Figure 6b). In Figure 8a, the
positive anomaly around 500 hPa in specific humidity turns negative after a couple of hours. We hypothesized
that the initial increase is due to sublimation of the ice crystals formed above and sedimented to this level. This is
followed by further sedimentation of the ice and the downward propagation of the negative anomaly in specific
humidity due to the initial perturbation through mixing.
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Figure 7. Time evolution of the zonally averaged anomalies of (a) cloud fraction anomaly at the tropopause level, (c) IWP, in
gm™2, in the upper atmosphere, and (e) air temperature, in mK, at the tropopause level. Time evolution of vertical profile
anomalies averaged over northern mid-latitudes, [30°N, 60°N], of (b) the cloud fraction and (d) the ice water content, in
mgkg™!, and (f) the air temperature, in mK. Data extracted from an ensemble of N = 50 simulation pairs initialized on 11th
January. Regions that do not pass a two-tailed Student's 7-test at 5% level are indicated with hatching. Note the logarithmic scale
on the color bar. Thus, relatively small anomalies may be statistically significant.

4.2.2. Simulations Initialized on 11th July

The results in this section are the same as those presented in Section 4.2, beside the fact that the experiments are
initialized on 11th July. In what follows, we emphasize the major differences between these two seasons. In
general, the physics of the adjustments is the same, but they are confined to a narrower pressure range below the
tropopause.

After 1 hour, the high-level fractional cloud cover and the IWP in the upper atmosphere are increased by a similar
amount compared to the simulation initialized on 11th January, as shown in Figures 9a and 9c. The IWP dis-
tribution in 9¢ presents some weaker increase regions primarily along 15°S. This weaker increase of both high-
level fractional cloud cover and IWP is also located around 20°S in Figures 6b and 6d, respectively. In July
(Figures 9b and 9d), this weaker increase is mirrored to 20°N. Figures 9b and 9d shows that, in the Northern
Hemisphere, the atmospheric variability screens the signal for pressures larger than 500 hPa. Thus, the response in
IWP and high-level fractional cloud cover is confined at higher altitude compared to those in Figures 6b and 6d.
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Figure 8. Time evolution of (a) the specific humidity, in mgkg™', and (c) RH;, in %, anomaly vertical profiles averaged over
northern mid-latitudes. Time evolution of the zonally averaged (b) supersaturated cloud-free fraction and (d) RH;, in %,
anomaly at the tropopause level. Data extracted from an ensemble of N = 50 simulation pairs initialized on 11th January.
Regions that do not pass a two-tailed Student's r-test at 5% level are indicated with hatching. Note the logarithmic scale on the
color bar. Thus, relatively small anomalies may be statistically significant.

Figure 10d confirms that the pressure range over which ice crystals are formed by the perturbation is restricted to
[100,500] hPa. It leads to a broader range of pressure for the high-level fractional cloud cover as it is positive up to
550hPa in Figure 10b. At 400 hPa, the increase in ice water content persists for approximately half a day and is
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Figure 9. As Figure 6 but for simulations initialized on 11th July.
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Figure 10. As Figure 7 but for simulations initialized on 11th July.

followed by a decrease relative to the control simulation, which lasts up to 2 days in northern mid-latitudes. Close
to the poles, the relative drops in high-level fractional cloud cover persist up to 4 days, as shown in Figure 10a.
Overall, no major differences with January simulations are seen in Figures 10a and 10c. The air temperature
response is 1.6 time greater in magnitude in northern mid-latitudes below the tropopause level in Figure 10f
compared to Figure 7f. The temperature increase persists for twice longer in Norther mid-latitudes in July
compared to January (Figure 10f). An air temperature decrease appears during one day after the perturbation
around 25°N in Figure 10e. An air temperature decrease of similar magnitude is seen around 25°S in Figure 7e.

Figure 11a shows that ice crystals formed at the tropopause sublimate around 350 hPa in the northern mid-
latitudes. By contrast, the positive RHi anomaly in Figure 11c does not extend to such high altitudes and re-
mains comparatively weak in magnitude. The drop in specific humidity reaches lower altitude with time, up to
500 hPa after more than a day. This, again, is interpreted as the sign of ice-crystal sedimentation. In general, the
drop in specific humidity and RH; goes down to 450 hPa in Figures 11a and 11c and it lasts up to 4 days in
latitudes close to the poles. Figure 11b shows an increase of supersaturated cloud-free fraction after less than a day
around 75°S, similarly to Figure 8b which shows the same pattern at 70°N. The RH; decrease after the pertur-
bation is the strongest in the South Hemisphere in Figure 11d where the zonal average of RH; is decreased by
—39% (absolute) in the Northern polar latitudes. In comparison, a decrease of the same magnitude is seen in
Figure 8d at 60°N.

JUVIN-QUARROZ ET AL.

15 of 24

9202 ‘96686912

85U8017 SUOWILIOD BAE81D 3(edl|dde 3y} Aq peusenob ale sopive YO ‘8SN JO S9N o} ARIq1T 3UIIUO A8]IA UO (SUORIPUCO-pUR-SULBILI0O™A8| 1M AR 1[U[UO//SA1IY) SUORIPUOD PUe SW | 8U} 89S *[9202/70/0€] Uo ArIdiTaulluO A8]1M ‘80UB|OXT 218D pUe UesH Jojaimiisul euoteN ‘301N Aq SE29v0arsz0z/620T OT/Iopuoo A8 im Areiqiieutjuosandnfey/sdny wouy pepeojumoq ‘g



. Y d N |
MM\I
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres

10.1029/2025JD046235

(a ) (%ypersaturated Cloud-free ( b )
R R TR
REMRS
60
= 30K
o S
9 0 B8
; S S
= —L5-l07h 2 R
Sk —7.1-1072 & 30 (e
S 33 10—] 8
o T S 60 3
= — K .::sg
m : —90
-1 0 1 2 3 4 -1
904
60
) -
g = 30
=, o,
Q
L bS] 0 3
= = 2
g 50
a K 8

o
R
040!
SR

4R

RS
QIR

oo
Ko
X

%
KK
9
028302028

|
O
S

KB

KR

Figure 11. As Figure 8 but for simulations initialized on 11th July.

4.3. Geographical Distribution of the Perturbation

In this section, we discuss the impact of the geographical distribution of the perturbation on the instantaneous RF
and the atmospheric adjustments. Different formation mechanisms might give rise to different adjustment
strengths. For instance, natural cirrus formation mechanisms are different in the tropical and extra-tropical regions
(Heymsfield et al., 2017). In what follows, we use the same setup described in Section 3.1, but the ISSR
perturbation is confined to northern mid-latitudes (“Locally perturbed” in Table 2). The number of simulation
pairs in the ensemble is N = 50.

We compare the globally averaged anomalies of the northern mid-latitude conversion to the results from the
global conversion. We hypothesize that the strength of the adjustments is independent on the region where the
perturbation is applied. If the response does not depend on the geographical distribution of the initial perturbation,
then both anomalies should be proportional to the fraction of global surface area that is within northern mid-
latitudes, namely fs : = (sin(n/3) — sin(n/6))/2 ~ 0.18.

The instantaneous LW and SW RF at TOA are reported in Table 3. The perturbation restricted to northern mid-
latitudes produces larger instantaneous LW RF than the global perturbation multiplied by the surface factor. That
is not the case for SW instantaneous RF where the values are equal within variability intervals. In general, the
uncertainty on the SW radiative effects is larger than the one on the LW radiative effects, causing major issue

Table 3
Instantaneous RF for Northern Mid-Latitudes Perturbation in the Second Column and Globally Perturbed Simulation in the
Third Column, With One Standard Deviation Uncertainty Range

Instantaneous RF [W/m?] [30°N, 60°N] [90°S,90°N] £ X [90°S,90°N]
Down. net LW 2.00 £ 0.14 9.72 £ 0.26 1.78 + 0.05
Down. net SW —0.51 +0.22 —3.27 + 047 —0.60 % 0.09
Down. net LW + SW 1.49 + 026 6.45 + 0.65 1.18 +£0.10

Note. The fourth column corresponds to the third one multiply by the surface factor f¢ ~ 0.18 (see main text for details).
Data extracted from an ensemble of N = 50 simulation pairs initialized on 11th January.
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Figure 12. Comparison between a global ISSR conversion (blue) and a conversion restricted to northern mid-latitudes
(orange). In green, we plot the anomalies from the global conversion multiplied by the surface factor fg ~ 0.18 (see the main
text for details). The bottom part of the panels shows the difference between the orange and the green curves with the error bars
showing the +1 standard deviation interval computed over the N = 50 simulation pairs of the ensemble. Data points that do not
pass the two-tailed r-test at 5% level are in gray, while significant differences are in black. (a) Downward net LW radiation, in
W m~2, at TOA, (b) Downward net SW radiation, in W m=2, at TOA, (c) High-level fractional cloud cover (d) RH;, in %, at the
tropopause level. Data are extracted from an ensemble of N = 50 simulation pairs initialized on 11th January.

when studying weaker perturbations because the signal becomes smaller than the noise. The difference between
total net LW + SW RF is proportionally larger when the perturbation is restricted to Northern mid-latitudes. The
difference between the first and the third column in Table 3 is clearly finite as it amounts to 0.31 (0.23, 0.39)
where the 95% confidence interval is calculated by a two-tailed r-test. The total instantaneous RF is thus
incompatible with the geographically independent hypothesis.

Figure 12 shows how anomalies compare over 2 days after the perturbation. From the second timestep onward,
both SW and LW radiation anomalies from the northern mid-latitude conversion and those from global con-
version are proportional to the surface factor fg, as shown in Figures 12a and 12b. This is also the case for other
model variables such as the supersaturated cloud-free fraction and the upper-atmospheric IWP.

In contrast, we report two model variables for which the response is not proportional to the surface factor fg in the
first hours after the pulse in Figures 12c and 12d. High-level fractional cloud cover anomaly is slightly larger in
the global perturbation, but it remains smaller than a percent difference. Unlike the LW radiative anomaly, the
high-level fractional cloud cover anomaly changes sign two hours later in the global perturbation simulation
compared to the northern mid-latitude simulations. Conversely the drop in RH; is stronger when performing a
global perturbation. This may indicate that the response of the climate system to a global perturbation is
dominated by the response of the tropical deep convection, overwhelming smaller extra-tropical humidity
changes. In addition, as the perturbation occurs ahead of the convective systems at mid-latitudes, the humidity
might not mix downward efficiently. A similar argument is presented by Schumann and Mayer (2017) and Bickel
et al. (2025) in their discussion of heat transfer associated with contrail formation. Consequently, the average RH;
drop at the tropopause level is larger in the global perturbation case.
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Figure 13. Effect of northern mid-latitude ISSR conversion in the North Hemisphere polar region, [60°N,90°N]. Time
evolution of (a) ice supersaturated cloud-free fraction and (b) RH;, in %, anomaly vertical profiles. Data extracted from an
ensemble of N = 50 simulation pairs initialized on 11th January. Regions that do not pass a two-tailed Student's r-test at 5%
level are indicated with hatching. Note the logarithmic scale on the color bar. Thus, relatively small anomalies may be
statistically significant.

Interestingly, the idealized perturbation of ISSR restricted to northern mid-latitudes is of the same order of
magnitude as the results of arecent model study by Bickel et al. (2020) where the forecast air traffic density for 2050
is enhanced by a factor 12. The partitioning between LW and SW differs from that of Bickel et al. (2020): the SW
radiative perturbation is weaker, but compatible within one standard deviation, ((—0.51 + 0.22) W m~2 versus
—0.65W m™2), while the LW perturbation is stronger ((2.00 £ 0.14)W m~2 versus 1.35W m™~2). This
discrepancy originates from both the fact that the two perturbations are not equally strong but also from radiative
uncertainties (Myhre et al., 2009) that may change the degree of compensation between SW an LW.

Nevertheless, our experiment differs from a sustained formation of contrails applied by Bickel et al. (2020). A
sustained RF can be viewed as a series of pulses performed at each physical timestep. The consequence is that the
perturbation is superimposed onto the adjustments, which may limit the intensity of the forcing and/or the ad-
justments, possibly in a non-linear way, which limits the usefulness of comparing the calculated RFs. In addition,
the parametrizations of sedimentation in both models are different. In our case, sedimentation is dictated by the ice
water content only, which means that a large value of IWP leads to a large sedimentation. In the model used by
Bickel et al. (2020), the ice crystal number concentration scales with the ice water content when the contrail is
formed, such that the mass of each crystal is similar for any given value of IWP. The sedimentation is therefore
only slightly impacted by a large value of IWP.

In the northern mid-latitude configuration described above, the effects of the perturbation are not confined be-
tween 30°N and 60°N. Figure 13 presents the time-evolution of two anomalies in the North Hemisphere polar
region, [60°N,90°N], outside of the initially perturbed region. Figure 13 shows that supersaturated cloud-free
fraction drops by less than a percent (absolute) right after the perturbation. After 6 hours, the anomaly
changes sign around the tropopause level and reaches less than a percent absolute increase. It is interesting and
somewhat counterintuitive to note that in the polar regions the anomaly in supersaturated cloud-free fraction turns
positive after half a day above 300 hPa while the specific humidity anomaly remains negative. This behavior is
also seen in Figures 8b and 11b. This may be due to the fact the negative anomaly in cirrus cloud propagates to the
polar regions. In the absence of homogeneous freezing, there is thus less condensation of supersaturated water
vapor, which lengthens the lifetime of ISSR and therefore their fractional coverage. In Figure 13b, we see that the
RH; reduction reaches —5% at the tropopause level after two hours. Then, the RH; anomaly is exponentially
suppressed, like in other regions.

4.4. Linearity of the Adjustments to the Initial RF

In this part, we study how the adjustments change with the size of the ISSR humidity conversion. To do so, instead
of performing a total conversion of the ISSR water vapor into cirrus clouds, we only convert a fraction f € [0, 1] of
the ISSR water vapor (11) thus becomes

9eld *= el +f Gissr - (18)
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Table 4
Instantaneous RF for Different Values of the Fraction f of ISSR Water Vapor That is Converted Into Cirrus Cloud With One
Standard Deviation Uncertainty Range

f Radiative perturbation Instantaneous RF [W m_z] Normalized RF [W m‘z]
1.0 LW 9.72 £ 0.26 9.72 £ 0.26
SwW —3.27 £ 047 —3.27 £ 047
0.5 LW 5.09 £0.17 10.2 £ 0.34
SW —1.69 £+ 0.26 —3.38 £ 0.52
0.1 LW 1.08 £ 0.06 10.8 £+ 0.60
SW —0.35 £ 0.19 —3.50 = 1.90
0.05 LW 0.54 £ 0.07 10.8 £ 1.40
SwW —0.16 £ 0.17 —3.20 £ 3.40
0.01 LW 0.11 £ 0.07 11.0 £ 7.00
SW —0.06 £ 0.16 —6.00 = 16.0

Note. Data extracted from an ensemble of N = 50 simulation pairs for f = 1.0,0.5,and 0.1, from N = 150 forf = 0.05, and
from N = 100 for f = 0.01. The third column reports the instantaneous RF and the last column the value normalized by the
intensity of perturbation f. Simulation are initialized on 11th January.

The other equations are modified accordingly to ensure the conservation of total water. The supersaturated cloud-
free fraction y;g, is reduced by same fraction f. The case f = 1 corresponds to the results presented in the previous
sections. Each value of f is associated with a set of anomalies labeled y f(t)‘ The number of experiments needed to
achieve statistical significance increases with a decreasing value of f, because smaller perturbations are more
difficult to extract from internal variability.

We report instantaneous RF values in Table 4. If instantaneous RF is linear with the intensity of the ISSR
perturbation, then it should scale with the factor f. For f = 0.5 and f = 0.1, the LW instantaneous RF exhibits
sublinear behavior, whereas the SW instantaneous RF remains linear. For smaller values of f, both LW and SW
instantaneous RF appear linear; however, it is difficult to determine whether this reflects true linearity or is instead
a consequence of larger uncertainties. Unlike Bickel et al. (2020), we do not see a saturation of the instantaneous
RF because the type of perturbation differs. In Bickel et al. (2020), cirrus cloud formation is prescribed at the
locations of air traffic. If the air traffic density is finite, contrails can be persist when formed in ISSRs, consuming
at least partly the local available humidty. At some point, increasing the traffic cannot create additional contrails
because humidity does not have time to be restored. In this study, we do not have such a strong saturation effect as
we directly convert on an unperturbed climate system the maximal amount of available ISSR humidity into ice
crystal (f = 1) and compare to a fraction of it (f #1).

In Figure 14, we compare the evolution of several anomalies over a period of one day after the perturbation by
plotting the difference between normalized anomalies, f # 1, and the reference case, f = 1. Namely,

YO/ =31 (0). 19)

If the adjustments are linear with respect to the factor f, then the differences should remain around zero. Figure 14
shows that radiative anomalies are mostly linear with the intensity of the initial perturbation. The LW and net
SW + LW anomalies display a linear behavior from the second timestep onward. On the other hand, the high-
level fractional cloud cover is strongly non-linear. It reveals that the cloud cover anomaly is proportionally
larger for smaller perturbation intensity. This behavior is the sign of a saturation effect: when only a fraction of the
ISSRs is converted into cirrus clouds, the remaining supersaturated cloud-free fraction acts as source of available
humidity for further ice crystal nucleation. Additional model variables are analyzed in Figure S3 of Supporting
Information S1.
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Figure 14. Difference between normalized anomalies of (a) high-level fractional cloud cover, (b) Downward LW,

(c) Downward SW, and (d) net SW + LW radiative fluxes at TOA for different fractions of ISSRs converted into clouds,

f = 0.51n green, f = 0.1 in blue, and f = 0.05 in orange, and the reference case, f = 1 according to (19). Error envelopes

indicate the 1 standard deviation interval computed among simulation pair ensembles. Data are extracted from an ensemble of
N = 50 simulation pairs initialized on 11th January, except for f = 0.05 where N = 150 to further reduce the statistical impact
of atmospheric variability. The time resolution of the x-axis is 1 hour, down form 30 min in the simulations. Compatibility with
the reference case is checked using a two-tailed r-test at 5% level.

5. Conclusion

This study identifies and quantifies atmospheric adjustments to in situ cirrus cloud formation, which is relevant to
the study of the climate impact of aviation contrails and CCT methods. Atmospheric adjustments are responses to
an RF that evolve without a corresponding change in GSAT. Quantifying adjustments is important because they
are potentially associated with a large radiative response that may weaken or amplify the initial RF. Unfortu-
nately, this quantification is difficult because adjustments can be masked by internal variability of the atmosphere
and are superimposed with other types of responses.

We have presented a statistically robust framework to investigate atmospheric adjustments triggered by a pulse
perturbation, using an ensemble of 50 pairs of 10-day simulations with ICOLMDZ whose atmospheric model
incorporates a new parametrization of ice supersaturation. The pulse consists of an instantaneous conversion of
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ISSRs into cirrus clouds, applied at eight different times of day on 11th January or 11th July. The cirrus formation
pulse modifies the distribution of specific humidity in the upper atmosphere, thereby influencing subsequent
cloud formation as humidity gradually rebuilds toward unperturbed values. By adopting a pulse perturbation
rather than a sustained perturbation, our approach enables a clean attribution of the temporal evolution of at-
mospheric adjustments.

ICOLMDZ, the climate model used in this study, shows a local, cold bias of up to 3 K at 200 hPa, which reduces
the saturation pressure by 30%, affecting the ISSR distribution. Bias correction is often done by applying nudging,
but studying adjustments precludes the use of standard nudging procedures, as the adjustment mechanisms would
be suppressed by Newtonian relaxation. To avoid this suppression, we implemented an online bias correction
technique, called soft nudging, to reduce the ICOLMDZ cold temperature bias compared to the ERAS reanalysis.

The initial increase in high-level fractional cloud cover following the perturbation reaches up to 66% locally in
January. The IWP in the upper atmosphere is increased locally by up to 33 g m~2, leading to a strong greenhouse
effect and larger cloud albedo. Then, the sedimentation and sublimation of ice crystals further drive humidity
redistribution, as evidenced by the decrease in specific humidity and the associated RH; decrease modeled in both
January and July. The radiative effects of the perturbation are exponentially attenuated within a couple of hours
after the perturbation. In our simulations, adjustments are strong enough to revert the sign of the initial RF. The
perturbation exerts a LW RF that is initially positive, but is counteracted by negative adjustments. Conversely, the
initial SW RF is negative, but is counteracted by positive adjustments. The net SW + LW RF therefore exhibits a
complex temporal behavior, which will be further characterized in future work.

The analysis of RH; anomaly has showed that the formation of cirrus clouds in the model significantly disrupts the
ice supersaturation conditions necessary for ISSR maintenance. The negative RH; anomalies persisting for
several days highlight the self-limiting nature of ice cloud formation: the act of forming ice clouds suppresses the
environment's ability to sustain them further. The sublimation of sedimented ice crystals at lower altitudes leads to
localized increases in water vapor and capture of latent heat, causing very small but statistically significant
temperature decreases of the order of tens of millikelvins. Meanwhile, the enhanced cloud cover at the tropopause
modifies radiative fluxes, cooling the air above the tropopause and warming it below.

We have assessed whether the atmospheric response is geographically uniform, that is, whether the normalized
response is independent of the spatial extent of the imposed perturbation when applied either globally or confined
to the northern mid-latitudes [30°N, 60°N]. We have found that the SW radiative response is largely invariant to
the location of the perturbation. Within the limited set of regions considered here, the instantaneous LW and
LW + SW RFs are proportionally stronger when the perturbation excludes the tropics; however, from the second
model timestep onward, the radiative response becomes effectively independent of perturbation geography. In
contrast, adjustments in high-level fractional cloud cover and upper-tropospheric RH; exhibit pronounced
geographic sensitivity, indicating that the tropics exert a dominant control on the overall atmospheric response
when included in the initial perturbation. While the applied perturbation is idealized, we show that the RF in our
experiment restricted to northern mid-latitudes is close to that computed in a recent study with air traffic density
for the year 2050 scaled up to 12 times (Bickel et al., 2020). It may indicate that a sufficiently strong amplification
of air traffic may locally consume most of the available ISSR by converting it into cirrus clouds, thereby
approximating the mechanism represented in our pulse perturbation. Under such conditions, the resulting local
adjustments could resemble, in magnitude and behavior, the global adjustments identified in our idealized
experiment.

Our method allows for smaller perturbations by varying the fraction of supersaturated cloud-free fraction con-
verted into cirrus clouds. We have assessed the linearity of the atmospheric response by perturbing a fraction f of
the ISSR humidity. Most model variables present a linear behavior with respect to f over the range of perturbation
amplitudes considered. However, the instantaneous LW and net LW + SW RFs exhibit a weak, but statistically
significant, tendency toward sublinear behavior: although the deviations are small in magnitude, the proportional
response appears slightly reduced for the largest perturbations (f = 1.0 and 0.5) relative to the smaller ones
(f = 0.1, 0.05, and 0.01). Statistical significance could be further improved by increasing the number of simu-
lation pairs in the ensemble for f = 0.05 and f = 0.01. From the second model timestep onward, the LW and net
SW + LW radiative response becomes effectively linear. In contrast, the high-level cloud fraction exhibits a
pronounced non-linear response: within a few hours of the perturbation, small values of f lead to
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disproportionately large increases in cloud cover. The LW response appears nearly linear because cloud optical
thickness decreases rapidly, which constrains any additional radiative impact at larger perturbation amplitudes.

Future work will aim to assess the feedbacks in atmosphere-ocean coupled climate simulations and to estimate the
GSAT change by implementing a contrail formation and evolution parametrization in ICOLMDZ. The ensemble
method is also expected to reduce atmospheric variability, thereby limiting the required scaling of air traffic
density. In addition, radiative adjustments could be investigated under more realistic scenarios, accounting for
synoptic meteorological conditions and the geographical and temporal variability of air traffic.
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downloaded and installed on a Linux computer by running the install 1mdz.sh script available at: https://
web.lmd.jussieu.fr/~lmdz/pub/install_lmdz.sh. We switch on the conversion of ISSRs into clouds in the
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