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Technical Note: assessing predicted cirrus ice properties between
two deterministic ice formation parameterizations
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Abstract. Determining the dominant ice fermation-mechanismrnucleation mode in cirrus is still an open research question
that impacts the ability to assess the climate impact of these clouds in numerical models. Homogeneous nucleation is generally

well understood. There-is-more-uncertainty-surroundine heteroeeneousnucleation-processes-dueto

More uncertainty surrounds

heterogeneous nucleation due to a weaker understanding of the complex physio-chemical properties (e.g. ice nucleation
efficiency and atmospheric abu

crucial in order to assess the effect these clouds have on the climate system. Kércher and Marcolli (2021) introduced a new
deterministic ice-formation-heterogeneous ice nucleation parameterization based on the differential activated fraction (AF),
arguing thatwhich describes the number of INPs that activate ice within a specified temperature or ice saturation ratio interval.

They argued that this new approach with explicit INP-budgetingthis—approach-eould-help-, which removes INPs from the
total population after they nucleate ice, could help to correct a potential over-prediction of the importance of heterogeneous

nucleation within cirrus when budgeting is not considered. We formulated a general circulation model (GCM)-compatible
version of the differential AF parameterization for simulating only deposition nucleation within in-situ cirrus and compared
it to the method currently employed in the ECHAM6.3-HAM?2.3 GCM that is based on cumulative AF;-with-implieit-, This

default cumulative AF approach does not use explicit INP-budgeting, but instead implicitly budgets for INPs that nucleated

ice using a differential ice crystal number concentration variable to calculate whether new ice formation should be added to
the pre-existing concentration. In a series of box model simulations that were based on the cirrus sub-model from ECHAM,

we found that the cumulative approach likely under-predicts heterogeneous nucleation in cirrus as it does not account for EINP
concentrationfluctuations-across-GEM-timestepsinterstitial INPs remaining from the previous GCM timestep. However, as
the cases that we simulated in the box model were rather extreme, we extended our analysis to compare the differential and
cumulative AF approaches in two simulations in ECHAM-HAM. We find that choosing between these two approaches impacts
ice nucleation competition within cirrus in our model
five-year simulations, the small and insignificant difference in the top-of-atmosphere radiative balance of 0.02 & 0.35 W™
means that the overall climate impact is negligible. We argue that while our GCM-compatible differential AF parameterization
is closer to first principles, the default approach based on cumulative AF is simpler and leads-to-mere-interpretability-of-the
chimate-modelresultsdue to the lack of additional tracers required. Finally, our new approach could be extended to assess the

. However, based on our
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impact of explicit versus implicit INP-budgeting on the ice crystal number concentration produced by immersion freezing of
mineral dust particles as this is also an important mechanism in cirrus.

1 Introduction

Historically, clouds introduced the largest uncertainties in the projections of climate. Today, however, significant improvements
in our understanding provide more confidence that cloud feedbacks will amplify climate warming in the future, for example
through reductions in tropical low cloud cover (Zelinka et al., 2017, 2020; Forster et al., 2021). While more is understood
about cloud feedbacks in response to a changing climate state (e.g. from the forcing associated with a quadrupling of atmo-
spheric CO; as simulated by CMIP6 experiments Eyring et al., 2016), there is less understanding of the present-day radiative

forcing from the interactions between clouds and aerosol particles that can act as cloud condensation nuclei (CCN) and INPs

{Heynetal;2017:-Sterelvmo;2017;: Bellenin-et-al52020)ice nucleating particles (INPs, Heyn et al., 2017; Storelvmo, 2017; Bellouin et ¢

. In fact, estimates of the present-day effective radiative forcing due to aerosol-cloud interactions, which includes rapid adjust-
ments (Sherwood et al., 2015), (e.g. a cloud glaciation effect due to elevated INP concentrations, Lohmann, 2002), are in the
range of -1.36 [-2.65 to -0.07] Wm ™2 for an average period of 2005 to 2015 relative to 1850 (Bellouin et al., 2020), or —1.0
[-1.7 to —0.3] Wm 2 for 2014 relative to 1750, based on CMIP6 experiments, as reported in the latest assessment report by
the Intergovernmental Panel on Chamte-Change-IPCC)(Forsteretal;202HClimate Change (IPCC, Forster et al., 2021).

The interactions of aerosols with liquid clouds are mesthy-well established (Twomey, 1959, 1977; Albrecht, 1989; Ackerman
et al., 2004; Small et al., 2009; Christensen et al., 2020), whereas the impacts of aerosols acting as INPs on mixed-phase and
ice clouds (i.e. cirrus) contain a higher level of uncertainty (Storelvmo, 2017; Bellouin et al., 2020). For cirrus, the subject
of this technical note, accurately simulating ice formation mechanisms is still an open research topic that impedes further
understanding of cirrus climate impacts, including assessing potential climate intervention strategies (Storelvmo et al., 2013;
Zhou and Penner, 2014; Penner et al., 2015; Gasparini and Lohmann, 2016; Krimer et al., 2016; Kircher, 2017; Storelvmo,
2017; Gasparini et al., 2020; Kramer et al., 2020; Karcher et al., 2022; Tully et al., 2022c).

Cirrus form from the nucleation of ice in the upper troposphere via homogeneous or heterogeneous nucleation. The preva-
lence of one mechanism-mode over the other in the atmosphere remains uncertain, leaving a large gap in understanding cirrus
radiative properties as these two ice formation mechanisms can lead to vastly different cloud properties (Lohmann et al., 2008;
Storelvmo, 2017; Kramer et al., 2020; Cziczo et al., 2013). Homogeneous nucleation occurs as the spontaneous freezing of
aqueous solution droplets (otherwise referred to as liquid aerosols) at conditions with a temperature below roughly 238 K and
a high supersaturation with respect to ice (Koop et al., 2000). Ice crystal growth following such an event is typically limited
as water vapor that is-sparsely-populated-has low concentrations in the upper troposphere is rapidly consumed (Ickes et al.,
2015), leading to numerous and small ice crystals that act to absorb outgoing longwave (LW) radiation and re-emit it at a
lower magnitude than the underlying surface. Heterogeneous nucleation occurs at a much lower ice supersaturation and at
warmer temperatures than homogeneous nucleation due to the presence of an INPsurface. Several modeling studies found that

a sufficient number of INPs can inhibit homogeneous nucleation through preferential formation of ice crystals followed by
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rapid deposition of water vapor onto their surfaces (Lohmann et al., 2008; Storelvmo et al., 2013; Storelvmo and Herger, 2014;
Storelvmo et al., 2014; Penner et al., 2015; Jensen et al., 2016). As the number of ice crystals in this case is rather limited by
the availability of INPs, which are atse-sparsely-populated-sparse in the upper troposphere (DeMott et al., 2003), they tend
to be larger in size than those formed purely by homogeneous nucleation. This leads to an optically thinner cloud that is less
effective at trapping LW radiation in an effect coined the "Negative Twomey effect" (Kércher and Lohmann, 2003). However,
under high dynamic forcing (e.g. high vertical velocity) or without a sufficient number of INPs, heterogeneous nucleation may
not be efficient enough to prevent high ice superaturations required for homogeneous nucleation.

The theory behind homogeneous nucleation is relatively well understood (Koop et al., 2000; Ickes et al., 2015), with new
evidence perhaps suggesting higher freezing onsets at cold temperatures for sulphuric acid droplets (Schneider et al., 2021).
However, heterogeneous nucleation in general is still a topic of substantial research (Cziczo and Froyd, 2014; Kanji et al.,
2017). Specifically, the ability of certain materials to act as an INP, e.g. ea-mineral dust (Murray et al., 2012)er-on-, which
is likely the most abundant INP species in the atmosphere especially downstream of source regions (Froyd etal., 2022), or
black carbon particles (Mahrt et al., 2018, 2020), as well as the characterization of their abundance in the atmosphere (Li et al.,
2022). Furthermore, heterogeneous nucleation can occur via several proeessesmechanisms. For example, from immersion
freezing within a solution droplet or by the deposition of water vapor onto the HINP-surface-surface of an INP (Vali et al., 2015;

Kanji et al., 2017; Heymsfield et al., 2017), the former of which is thought to be the most common heterogeneous nucleation

mechanism in cirrus (Kédrcher and Lohmann, 2003), though newer evidence points to the abundance of deposition nucleation
in the upper troposphere (Froyd et al., 2022).

itisrather-Generally, the factors discussed above lead to an overall poor predictability of how INPs influence heterogeneous

nucleation mechanisms in cirrus and contribute to uncertainties when simulating these mechanisms in numerical models. This
makes it difficult to simulate thi st Hs

s-the impact on ice nucleation competition

m&%mwmmdmmm

Due to their coarse resolution, GEMs-general circulation models (GCMs) rely on parameterizations of heterogeneeus
nucleation-mechanisms-that-are-both homogeneous and heterogeneous nucleation based on laboratory and field-based mea-
surements of ice formation. These parameterizations can follow either a stochastic (time-dependent) approach based on ice
nucleation rates or a deterministic (time-independent) approach. For example, homogeneous nucleation of agueous solutions
simplified assumptions of classical nucleation theory. A common method to-simulate-the-numberoficeerystals-thatform-from
a-heterogeneous—nucleation—event-for simulating deterministic ice nucleation mechanisms is based on the AF-of-avatable

HNPsactivated fraction (AF, or frozen fraction), i.e. the number of ice-active particles at specific temperature and/or ice
Vali, 2019; Kércher and Marcolli, 2021).

This quantity is derived from cloud or continuous flow chamber experiments of the number of frozen particles (Kircher and

saturation conditions out of a population of particles (Vali, 1971; Vali et al., 2015;

Marcolli, 2021). Vali (1971) and Vali (2019) defined two approaches for determining the number of INPs that become ice
active. The differential AF approach describes the number of INPs that are active within-a-ecertain-per temperature interval
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(assuming temperature decreases during a freezing experiment or as a theoretical air parcel rises within a model), whereas the

cumulative AF describes the total number of active INPs between the temperature at the onset of ice activity and a given (lower)

temperature;-whieh-, This latter quantity equates to the integral of the differential AF over the specified temperature range. As

(2021) highlight, care must be taken when determining which approach to use when calculating the number of ice crystals

that can form on INPs. This is especially true for numerical models that simulate the temporal evolution of the ice saturation
ratio, based on temperature, to calculate new ice crystal formation, like in ECHAM-HAM (Section 2.1). For example, if a
model WWIWW&Mmm the total available-pepulation-after-each-ice-formation
e—population after they nucleate ice (i.e. explicit
INP-budgeting™), then using the cumulative AF approach ;-whieh-is-based-on-the-total-(integrated) number-of-active INPs;-may
overpredict the number of heterogeneously nucleated ice crystals (see the example in Section 2.1.2) as it is based on the total
number of INPs that could activate between the freezing onset temperature and a given temperature (Vali, 1971, 2019).
Kircher and Marcolli (2021) introduced a new parameterization to simulate the number of ice particles resulting from a
heterogeneous-nucleation-eventthatisheterogeneous nucleation based on the differential AF (Vali; 1974-2019)-whenemploying
an-approach (Vali, 1971, 2019) while employing INP-budgeting appreach-(Section 2.1). This-method-They demonstrated that

it is able to counteract the potential over-prediction of heterogeneous nucleation in cirrus. Meanwhile, Muench and Lohmann
(2020) reformulated the ice nucleation mechanisms for cirrus in the ECHAM-HAM GCM (Stevens et al., 2013; Neubauer
et al., 2019; Tegen et al., 2019) to also include an AF-based approach that is, instead, based on cumulative AF. Note, this

new approach in ECHAM-HAM is not the same as the cumulative AF approach described by Kércher and Marcolli (2021);
as-. Muench and Lohmann (2020) introduced implicit INP-budgeting by using a differential ice crystal number concentra-
tion (ICNC) variable that-(Section 2.1.1), which accounts for the issue stated by Kércher and Marcolli (2021) that using the
cumulative AF approach may overpredict the number of ice-active INPs (see the example in Section 2.1.2).

As the differential AF method introduced by Kircher and Marcolli (2021) was applied in a process model, it does not
capture the complexities of the cirrus formation environment like in a GCM. Therefore, a technical analysis is needed for the
implications of using a new approach to simulate deterministic ice nucleation preeesses-via AF. In this technical note, we
present a comparative analysis of cirrus ICNC between a GCM-compatible differential AF parameterization based on Kércher

and Marcolli (2021) and the default AF approach used in ECHAM-HAM (Muench and Lohmann, 2020). Note, our analysis

mechanisms, namely immersion freezing, is discussed below. In Section 2 we describe the box model we developed based
on ECHAM-HAM to analyze these differencesf: i ton i
- In Section 3 we present the box model results and extend our analysis by presenting results for two simulations with the
ECHAM-HAM GCM, followed by a discussion. Finally, we include concluding remarks in Section 4.
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2 Methods

We formulated a box model to analyze deterministic, AF-based ice nucleation within cirrus clouds. The model is based on
the cirrus ice nucleation scheme in the ECHAM-HAM GCM by Kircher et al. (2006), Kuebbeler et al. (2014), and Muench
and Lohmann (2020). In this note, we utilize the box model to compare a GCM-compatible differential AF approach based
on Kiércher and Marcolli (2021) for heterogeneous nucleation to the AF approach by Muench and Lohmann (2020), hereafter
abbreviated as ML20.

2.1 Ice formation mechanisms

The cirrus model in ECHAM-HAM is called from the cloud microphysics scheme and calculates the number of new ice crystals

that form in in-situ cirrus. It uses a sub-stepping-approachsub-timestepping approach, i.e. within a single GCM timestep (i
there are several sub-timesteps () of the cirrus scheme to simulate the temporal evolution of the ice saturation ratio (S;) in an
adiabatically ascending air parcel during the formation stage of a cloud (Kuebbeler et al., 2014; Tully et al., 2022c). In this note,

we extracted only the cirrus sub-model code from ECHAM-HAM to formulate a box model of ice nucleation within cirrus, see
Section 2.2 and Section 2.3. In its full form, the cirrus sub-model calculates the competition of water vapor between deposition
onto pre-existing ice particles and phase transitions by homogeneous or heterogeneous nucleation precesses-mechanisms that
form new ice crystals (Tully et al., 2022c).

Muench and Lohmann (2020) introduced a new method to more easily distinguish between new ice formation mechanisms
by categorizing them by either threshold or continuous preeesses—

Thresheld-proeesses-mechanisms. Threshold mechanisms are based on the stochastic nature of nucleation rates, and include
homogeneous nucleation of liquid sulphate aerosols and immersion freezing by internally mixed (soluble) mineral dust par-
ticles. As its name suggests, as soon as the iee-saturation—ratioS; >reaches a critical value, the model assumes nucleation
rates are efficient enough such that all of the available aerosols that can potentially serve as INPs nucleate ice during a single
timestep-step of the cirrus sub-model. For immersion freezing of internally mixed mineral dust particles, it is assumed that
only 5% of the background concentration can act as INPs (Gasparini and Lohmann, 2016; Muench and Lohmann, 2020).
The continuous
(time-independent, Kércher and Marcolli, 2021), and are based on laboratory measurements of AF, which are determined by

temperature and S;. In the cirrus sub-model, continuous precesses-mechanisms include deposition nucleation onto externally

mixed (insoluble) mineral dust particles only, following laboratory-based measurements of AF by Mohler et al. (2006).

2.1.1 Default ML20 cumulative AF approach

Explicit INP budgeting is not considered for dust deposition nucleation in the default version of the cirrus sub-model in
ECHAM-HAM. Instead, budgeting is implied at each cirrus sub-timestep (j) through the differential ICNC (AICNC), followin
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ML20, that takes the form:

AARK ARSI AR AR A

AIONG = 63 No - IONC g

where ¢; is the AF based on Mohler et al. (2006), Ny is the initial INP population, and ICNC;_; is the ICNC from the previous

cirrus sub-model timestep. Negative AICNC values are set equal to zero. Therefore, the ICNC at each cirrus sub-model timeste
is only ever updated if the new ice formation exceeds the previously formed concentration. The advantage of this approach
over KM?21 is that it is simple (see Section 2.2). The activation of INPs

requiring that ICNC; > ICNC;_;.

during the lifetime of a cirrus is implicitly included b

2.1.2 KM21 differential AF approach

Kércher and Marcolli (2021), hereafter KM21, introduced a new method to describe freezing-processes-ice nucleation by the
number of activated particles. In their study, they argue that using laboratory-based cumulative AF (hereafter, ¢), when coupled
to INP budgeting, over-predicts the number of ice crystals originating from heterogeneous nucleation as ¢ is based on the total
INP population (Np). Instead, they formulated a “differential-AF—"—differential AF (7)) approach, which considers only the
number of particles that can activate as a result of incremental changes ef-in S; during a timestep j — 1 to j. The method is
based on the probability that the remaining INPs, following explicit INP-budgeting, in the current timestep j do not become
ice-active. Thus, 1 follows the form (Equation 6 of KM21):
_ A
1—¢j1
As a short conceptual example of their argument (see also KM21 Figure 1), starting from an initial INP population (Ng) of
100L ", in-the-the expected ICNC at ¢; = 0.1 is 10", Any approach needs to result in 10L~" at this AF. However, using
the cumulative AF approach as described in KM21, if in the first cirrus model timestep ¢;—; is—ealeulated-as—= 0.05 under
ambient temperature and S;-Fherefore, the resulting ICNC after the-first-timestep-this first step is 5L ™1, which equates to AN
= 5L~ INPs. With explicit INP budgeting, the resulting population after the first timestep is No-AN = 95L~!. In the second

Pj ,where A¢j=¢j—¢j—1,and 0<9<1 2)

timestep ¢;—o is calculated as 0.1. Using this value alone results in a AN = 9.5L~!, and thus a total ICNC after this step of
14.5L~1. However-as-¢-is-based-onNp;-the-total FENC-shoutd-be-This is larger than 10 L~ in-the-second-timestepICNC,
therefore the number of activated particles is over-predicted in this case as the INPs activated in the first timestep were ignored
during activation in the second timestep. Using the differential AF approach as presented in Equation 2, with ¢; = 0.1 and ¢;_
= 0.05, the resulting /; equates to roughly 0.05. When applying this to the number of available INPs (95L~!), AN =5L"1,
bringing the total ICNC after the second timestep instead to 10 L1, Although the resulting error between the ICNC values
after the second timestep in this short example are-is not large, not accounting for previously activated INPs in a correct manner
could drastically increase the amount of heterogeneous nucleation on mineral dust particles, leading to vastly different cirrus
properties.

The KM21 method in its current form only considers one cirrus formation cycle, which in ECHAM-HAM occurs as a sub-

loop within a single GCM timestep of 7.5 minutes. A typical cirrus clouds exists over several GCM timesteps. Between each
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timestep, not only can the number of available INPs in a given gridbox differ based on aerosol transport and vertical diffusion,
but also the temperature and S; conditions can change based on the dynamics of the model. Therefore, we made adjustments to

the KM21 approach presented above for climate model compatibility (KM21_GCM). The new approach is described in more

detail in Section 2.2.

2.2 Cirrus box model

As described previously, we formulated a box model based on the cirrus sub-model in ECHAM-HAM. It simulates the temporal
evolution of S; during the adiabatic ascent of a theoretical air parcel. Srevolves-through-the batance between-As the Si is directly
related to the updraft velocity -which-is-tused-as-an-input-parameter-to-the sub-modeland-a-fictitious-downdraft-that quantifie

the-(Tully et al., 2022¢), to quantify the effect of vapor deposition onto newly-formed-newly formed or pre-existing ice crystals

1"

termed the "effective updraft velocity"” and is used to calculate S;. If an environment has a high background INP concentration
that leads to numerous new ice crystals forming via heterogeneous nucleation, and/or if it contains a high concentration of
pre-existing ice crystals (e.g. from convective detrainment), then the vapor deposition onto these ice crystals may be sufficient
to prevent the development of high S; values suitable for homogeneous nucleation.

To emulate the GCM we define starting conditions for temperature, pressure, S;, and the updraft in order to simulate the
adiabatic ascent of an air parcel during the cirrus formation stage. To simulate deterministic, AF-based ice formation onto
externally mixed accumulation and coarse mode mineral dust particles (Stier et al., 2005; Zhang et al., 2012), we also defined
two "freezing modes", respectively, following Muench and Lohmann (2020). Full ice nucleation competition (Gasparini and
Lohmann, 2016; Tully et al., 2022c) was also tested by adding additional modes for homogeneous nucleation of liquid sulphate
aerosol, immersion freezing of internally mixed mineral dust particles, and pre-existing ice. However, the results for these latter

tests are not shown in this note as the competition between ice formation mechanisms as well as vapor deposition onto pre-
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existing ice crystals did not change the outcome of our box model compared to our dust deposition-only tests. The starting
conditions we tested for this study are described in Section 2.3.

The KM21 approach was introduced in Section 2.1. As this method is only valid for a single cirrus formation cycle, we
reformulated the parameterization in our box model for compatibility with multiple cirrus cycles in a GCM (KM21_GCM).
Specifically, in order to calculate the differential AF (v)) in the cirrus sub-model after the first GCM timestep (i > 1), following
Equation 2, the final AF (¢j—y,) from the cirrus cycle in the previous GCM timestep (i-1) is required, where n is the number of
cirrus sub-model timesteps. As a result, we implemented a ¢-tracer in our box model that accounts for S; oscillations to mimic
tracing across GCM timesteps. Following KM21, ¢-the tracer (¢ax) is set equal to the maximum AF value reached within a
cirrus formation cycle. If in the next cycle the S; is lower ;-then-¢-remains-at-the-higher-value-and-than the previous cycle, then
no new ice formation can occur until the S; --increases and by extension the-AF;-exeeeds-the-maximum-valuereached-in-the
previous-eyele—¢; exceeds . Note that outside of a cloud, ¢ is set equal to zero.

S; oscillations are not the only factor to consider across GCM timesteps. INP concentrations can also change. Therefore,
an-additiont tots-we also trace the initial INP concentration (Ngi=r)-was-also-implemented-N ;) in our
box model. P i i i y 3 i § ton
outside of the-cloud—Considering-these new tracersfor-In _subsequent timesteps we refer to this quantity as the previous

INP concentration (Ng;_1). Considering both the maximum AF (¢¢;_; j—,) and the previous INP concentration tracers, we
reformulated the KM21 calculation of differential AF (I, KM21_GCM) as the weighted average of ¢ and v from the INP

concentration (Ng;Nj ;) of the current GCM timestep (current cirrus formation cycle) as follows:

\IJJ' _ (bj i (NO,i - NO,};];)I — (N()J,l . ij) (3)

where 1); is the differential AF according to Equation 2. The previous AF (¢;_1) in this case is ¢;_1 j—n. Ngj_jtracer is also
set to zero outside of the cloud. Note as well that in the ECHAM-HAM GCM both Ny ;_; and are not transported.

GCM approach and compares it to our default ML20 approach. In summary, we classify different ice nucleation behaviors
based on the available INP concentration, following Equation 3. In subsequent GCM timesteps, following the first, we assume
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that some INPs were ice active in the previous GCM i

w&%e#ﬁﬂ%mt imestep, and are thus removed by subtracting the ICNC that formed previously

ing;_ on INPs (Ng ;). Out of these INPs;
+wasteftoverfrom-Ng ; we assume some fraction is made up of remaining ("leftover") interstitial INPs that did not activate ice

in the previous GCM timestep

particles that are new to the system. To obtain the leftover INP concentration, we also subtract ICNC;_y i<, from the INP
In the first instance of ice formation in the current cirrus cycle (current GCM timestep), the leftover INPs nucleate ice
according to the differential AF (1) and the newly available INPs nucleate ice according to the cumulative AF () as denoted

in the numerator of Equation 3.

eonditions-Not only does this approach consider changes in INP concentrations across GCM timesteps, but it also accounts for
changes in S;. For example, if in the current GCM timestep S; is drastically lower than that in the previous timestep, then no
new ice formation will occur on the leftover INPs. However, ice formation can proceed on the newly available INPs if the S; is

sufficient to produce ice according to the AF calculation following Mohler et al. (2006). If the S; increases in the current cirrus

cycle compared to the previous one, then ice formation may occur on both the leftover and newly available INPs. Note that
Equation 3 also accounts for decreases in INP concentration across GCM timesteps. In such a case the difference term on the

left-hand side of the numerator of Equation 3 is set to zero.

2.3 Experimental setup

There are several parameters that are available as input to our box model, including updraft, temperature, pressure, large-scale
Si, and INP concentration. For simplicity, we tested different combinations of large-scale S; and INP concentrations over three
cirrus formation cycles that emulate three GCM timesteps. Each combination defines a "trend" that could be expected in a
GCM over the three timesteps that we used to conduct our simulations. We tested four different trends for a total of 16 tests
with our cirrus box model to compare ML20 and KM21_GCM. The different combinations are summarized in Tab. 1. In these

tests, we only considered heterogeneous nucleation on mineral dust, following the AF approaches as described in Section 2.1



Table 1. Summary of the different trends for large-scale S; and aerosol concentration that are used as input to the cirrus box to compare

ICNC between ML20 and KM21_GCM.

Trend Large-scale S; | INP concentration (L. ~1)
Increasing 1.2,13,14 2000, 4000, 6000
Decreasing 1.4,13,1.2 6000, 4000, 2000

Intermediate drop 1.2,1.0,14 2000, 1000, 6000
Constant 1.2,1.2,1.2 2000, 2000, 2000

and Section 2.2. We assess each case by the error between the KM21_GCM approach and the ML20 approach, relative to
the latter. Finally, we conducted two simulations with the ECHAM-HAM GCM to compare ICNC fields and cloud properties
between ML20 and KM21_GCM.

3 Results and discussion

295 3.1 Cirrus box model simulations
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Figure 1. Heat map of maximum relative error between KM21_GCM and ML20 in the predicted ICNC from heterogeneous-only ice nucle-
ation for the 16 tests we conducted with different combinations of large-scale S; and INP concentration trends with the box model. Darker

red shading denotes a larger non-zero error. "Int. drop" stands for "intermediate drop".
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Of the 16 tests we conducted, six show agreement between ML20 and KM21_GCM in the predicted ICNC;-as-, For these

cases we define agreement as a 0% relative error between KM21_GCM and ML20 for each scenario as denoted by the red-white
shading in Fig. +-We-find-agreementfor-the-cases-thatthe Jarge-seale-S-and-HNP-concentration-trends-follow-the-same-pattern

errors-we—find-with-these-two-exeeptions—are—smal1. An additional three cases show only very small errors (< 1.0 %),

indicating that perhaps under most conditions the ML20 and KM21_ GCM approaches do not lead to substantially different
outcomes. Three additional cases show errors between 1.0 % and 10.0 %. The remaining four cases produce much larger errors

(> 17.0 %)- -, which we discuss in more detail below. Finalty;-there-is-also-agreementfor

e NP-concentration-trend—Note, in all cases with non-zero errererrors,

KM21_GCM predicts higher ICNC than ML20.

Agreement between the ML20 and KM21_GCM approaches in the predicted ICNC is expected. On the one hand, while
ML20 considers only the starting-initial INP concentration (Ny) and does not include explicit INP-budgeting, the ICNC is
updated only if the amount of new ice formation as a portion of Ny exceeds the ICNC from the previous sub-timestep in
the cirrus box model. As S; increases within the updraft and the number of INPs that can nucleate ice increases based on
higher S;-dependent AF, eventually all available INPs will become ice-active and AICNC will equate to zero, ceasing all new
ice formation, as the AF cannot exceed 1.0. On the other hand, KM21_GCM follows an explicit INP-budgeting approach.
Therefore, the number of newly-nucleated ice crystals is proportional to a smaller number of available INPs that, in turn, is
based on the number of newly formed ice crystals in each sub-timestep in the cirrus box model. In the case of decreasing S;
and aerosol concentration trends, the lower S; leads to lower AF values that prevent new ice formation after the first cycle
(GCM timestep). While these scenarios are valuable to understand consistency between ML20 and KM21_GCM, it is useful
to examine non-zero errors between the two approaches. Therefore, the rest of this section will focus on the cases where we
found disagreements between ML20 and KM21_GCM in the predicted ICNC. For brevity, only a few selected cases where
we found non-zero errors are presented in this note. The remainder of the tests we conducted are presented in Appendix A for
completeness.

The largest errors of 45.8 % and 44.3 % occur for the cases with a decreasing INP concentration trend, with an increasing and
intermediate drop in large-scale S;, respectively (Fig. 1). The predicted ICNC and S; profiles for these two cases are presented
in Fig. 32. Non-zero error between the predicted ICNC for KM21_GCM and ML20 occurs from the start of the second cirrus
cycle in the first case (Fig. 32a), and from the start of the third cirrus cycle in the second case (Fig. 32b), where KM21_GCM
inttially-predicts a higher ICNC than ML20. For the first case, this is due to the fact that KM21_GCM considers that some
portion of the new INP concentration comprises leftover INPs that did not have a chance to nucleate ice by the end of the
previous cirrus cycle. As the INP concentration decreases between each cycle, it is assumed that the available INPs are made
up of only those that were previously available, meaning no new INPs enter the system. This emulates removal processes
in the GCM (e.g. by vertical diffusion or precipitation scavenging). Therefore, our box model calculates ice formation only

following the differential AF approach (¢) in Equation 2. As the S; increases from roughly 1.28 from the end of the first cirrus
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Figure 2. Temporal evolution of predicted heterogeneous-only ICNC and S; for the cases with decreasing INP concentrations across three
GCM timesteps for (a) the increasing large-scale S; and (b) the intermediate drop in large-scale S;. Each line as noted in the legend refers to
the predicted ICNC following our ML20 approach (orange solid), our GCM compatible differential AF approach, KM21_GCM, based on
KM21 (green dashed), and the S; (blue solid) based on the large-scale S; provided as input to our cirrus box model, which evolves according

to the effective updraft velocity. Note the difference in scales between (a) and (b) for the predicted new ICNC on the left y-axis of both plots.

cycle to 1.3 at the start of the second cirrus cycle, there is a large increase initially in the predicted ICNC. The rate of change
of the predicted ICNC for our KM21_GCM approach decreases in subsequent sub-timesteps of the cirrus model as the S;
increases only incrementally. For ML20, despite-atargerAd-the implicit INP-budgeting approach prevents new ice formation
from occurring at the start of the second cirrus cycle, despite a larger AF, as the number of newly formed ice crystals that
could nucleate onto the fewer number of available INPs does not exceed the pre-existing ICNC. Therefore; no-INo new ice
formation occurs until the S; increases sufficiently after nearly 6 minutes. The error between the two approaches in this case
grows in the third cirrus cycle as no new ice formation occurs according to ML20 due to a lower availability of INPs, whereas
KM21_GCM predicts higher ICNC due to the increasing S; and the availability of leftover INPs. The box model works in
much the same way for the second case presented in Fig. 32b. The exception is that for the second cirrus cycle there is no new
ice formation predicted by KM21_GCM or ML20. The large-scale S; decreases drastically at the start of this cycle and never
grows sufficiently to produce an AF following Mohler et al. (2006) that exceeds the maximum AF from the first cirrus cycle
(for KM21_GCM), or preduee-produces enough ice to exceed the pre-existing concentration (for ML20). At the start of the
third cirrus cycle, the predicted ICNC for both KM21_GCM and ML20 follows the same behavior as the previous example
(Fig. 32a).

We also find relatively large non-zero errors between KM21_GCM and ML20 for the cases with decreasing and constant
large-scale S; trends and an intermediate drop in INP concentration (Fig. 1). The profiles of the predicted ICNC and S; for
both of these cases are presented in Fig. 223. We find similar behavior for both cases, with new ice formation predicted in the
first cirrus cycle and no new ice formation predicted in the second cycle due to the lower availability of INPs. Non-zero error
for both cases occurs only in the third cirrus cycle after a large increase in the INP concentration (1000 L~! to 6000 L' for

both dust modes). Following KM21_GCM, it is assumed that a significant fraction of the larger INP concentration consists of
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Figure 3. Temporal evolution of predicted heterogeneous-only ICNC and S; for the cases with the intermediate drop in INP concentration
for (a) the decreasing large-scale S; and (b) the constant large-scale S; across three GCM timesteps. The lines as noted in the legend are

consistent with the description under Fig. 32.

particles that are new to the system (e.g. from transport with the wind into a theoretical gridbox) and a smaller fraction that
did not yet have a chance to nucleate ice. Therefore the model calculates the weighted mean of the new INPs that nucleate ice
cumulatively (¢) and the leftover INPs that follow the differential AF () following Equation 3. However, this occurs only in
the second sub-timestep after the S; increases above 1.2 within the updraft. Fo-emulate-Following the procedure in the GCM,
ice formation is not calculated when the large-scale Si=4 < 1.2 as the Mohler et al. (2006) AF would be zero. Therefore, with
our KM21_GCM approach we consider the different ice nucleation behaviors of the available INPs only in the first instance
that ice formation can occur. In both cases new ice formation onto the newly available INPs is small as the S; is relatively
low. There is no new ice formation onto any leftover INPs following the differential AF approach because the S; decreases
significantly relative to the maximum achieved in the previous cirrus cycle.

The maximum (threshold) AF is also recalculated during the first instance of ice formation in the third cirrus cycle for both
cases presented in Fig. 22-3 to account for the larger availability of INPs. This new value is used for subsequent sub-timesteps.
For the case with a decreasing trend in large-scale S; (Fig. 223a), this eventually leads to a large amount of new ice formation
according to ¢ (Equation 2) as the S; increases incrementally within the updraft. Meanwhile, ML20 does not predict any
new ice formation during the third cirrus cycle in this case due to the relatively low S;-dependent AFs that produce new ice
formation that cannot exceed the pre-existing ICNC. This specific case arguably-shows the most notable difference between
KM21_GCM and ML20. While both approaches account for the number of INPs contained within ice crystals, with scaling
the available INP concentration for KM21_GCM and by taking away the pre-existing ICNC for ML20, we find that applying
each method in the cirrus sub-model can lead to large differences in the predicted ICNC, which could have implications on
cirrus climate impacts.

For the case with a constant trend in large-scale S; (Fig. 22?3b), the recalculated maximum AF following KM21_GCM leads

to new ice formation earlier during the third cirrus cycle than ML20.
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While three cases with matching
large-scale S; and INP concentration trends (beth-with-increasing, decreasing, and constant) showed agreement (Fig. 1), the
case where both quantities included an intermediate drop ) nc the-other for showed a small error of 03 %. Similarly, all cases
with a constant INP concentration trend-showed agreement expect for the case with an intermediate drop in large-scale S; -
(0.9 %, Fig. 1). As the error between-for these cases is relatively small, and for brevity within this note, we present the predicted
ICNC and S; profiles in Appendix A. However, in summary, we find that our box model behaves similarly for both cases, albeit
with different predicted ICNC values due to different INP concentrations. For both of these cases a small error occurs after a
large increase of the INP concentration in the third cirrus cycle, similar to the cases presented in Fig. 223. The number of new
ice crystals predicted by ML20 is less than that by KM21_GCM, consistent with the results shown previously. This is due to
the fact that ML20 considers only the new INP concentration, which forms a sufficient amount of new ice crystals to exceed
the pre-existing concentration.

Based on our box model results, the most significant difference between the ML20 and KM21_GCM approaches is the
consideration of the previous INP concentration. ML20 mimics the default deterministic, AF-based ;-approach by Muench and
Lohmann (2020) for deposition nucleation on externally mixed mineral dust particles in the ECHAM-HAM GCM. It does not
explicitly take the previous INP concentration into account, and instead computes a differential ICNC based on the difference
between the number of activated INPs and the pre-existing ICNC. Based on our box model results, it is likely that ML20 under-
predicts the number of heterogeneously formed ice crystals under cirrus conditions compared to our KM21_GCM approach as
it neglects the different ice nucleation behaviors of available INPs (refer to the video supplement). As the INP concentration
changes between GCM timesteps, it is reasonable to assume that some fraction of these INPs is made up of those that were
previously present within the model and did not nucleate ice (leftover INPs), and the other fraction is made up of newly available
INPs that have not yet been exposed to cirrus formation conditions. The KM21_GCM approach accounts for the leftover INPs
and allows them to nucleate ice according to the differential AF, which, if the S; decreases between GCM timesteps, will be
zero. The new approach also allows the new INPs to nucleate ice cumulatively in the first sub-timestep or first instance with

suitable ice formation conditions in the cirrus sub-model.

Some of the changes in large-scale S; and INP concentrations we tested in the box model were rather extreme in the-cases

KM21_GCM and ML20. However, our box model setup is limited as we assume a constant temperature and updraft velocity.

We also did not consider other processes such as ice sedimentation, transport, and mixing that would be simulated in a GCM.
t-additionFurthermore, the KM21 parameterization was developed for a single air parcel within a process model that depicts

ice formation within a single cirrus. It does not capture the complexities associated with changes in INP concentrations as well
as S; (among several other factors) across several hundreds of timesteps in a typical GCM simulation. Therefore, we present a
short analysis comparing our GCM compatible differential AF parameterization, KM21_GCM, to our default ML20 approach

for deterministic heterogeneous ice nucleation in EHCAM-HAM in Section 3.2.
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3.2 GCM simulations

We conducted two simulations with the ECHAMG6.3-HAM?2.3 GCM (Stevens et al., 2013; Neubauer et al., 2019; Tegen et al.,
2019) to compare the predicted ICNC between the ML20 and KM21_GCM approaches for deterministic heterogeneous ice
nucleation within cirrus. Each simulation was run for five years between 2008 and 2012 and follows the same setup as the
"Full_D19" simulation by Tully et al. (2022c), which also includes full ice nucleation competition between homogeneous
nucleation on liquid sulphate aerosols, immersion freezing on internally mixed mineral dust particles, deposition nucleation on
externally mixed mineral dust particles, and vapor deposition onto pre-existing ice crystals.

Fig. 4 presents five-year annual zonal mean ICNC tracers for ice originating from homogeneous (HOM) and heterogeneous
(HET) nucleation in the cirrus sub-model (Kéarcher et al., 2006; Kuebbeler et al., 2014; Muench and Lohmann, 2020) for ML20,
and the HOM and HET anemalies-differences between KM21_GCM and ML20. In this case the HET signal equates to the
number tracer for heterogeneously-nucleated ice on mineral dust particles (both internally and externally mixed) as this was the
only active INP species for cirrus in our GCM simulations. The stippling in Fig. 4 displays insignificant data points aceording
to-based on an independent t-test, following the false discovery rate method by Wilks (2016)that-aceounts—for-. This approach

accounts for high spatial correlation of neighboring grid-points —where the null-hypothesis cannot necessarily be rejected. Like
Tully et al. (2022¢), we calculate a 5 % significance based on the inter-annual variability of the five-year simulations. For the

remainder of this section, we base significance on this method.
In the reference case, ML20, HOM clearly produces more ice in cirrus than HET, consistent with findings by Tully et al.

(2022c¢). The HOM anematy-difference in Fig. 4b shows a mixed zonal signal by at most &= 100 L~1. This large change by
roughly the same order of magnitude as ML20 HOM indicates that the change in HET parameterizations between ML20
and KM21_GCM affects ice nucleation competition within cirrus. One would expect that areas of positive HOM anemalies
differences would correspond to areas of negative HET anemaliesdifferences, and vice versa. However, we find this is not
necessarily the case in Fig. 4d. It also appears that KM21_GCM produces less HET on average than ML20 in most areas,
which is inconsistent with our box model results. For those simulations KM21_GCM predicted higher ICNC values than ML20
(Section 3.1) due to large changes in large-scale S; or INP concentration across the three GCM timesteps we emulated. As this
is not the case in our GCM simulations, it likely means that either such large changes in large-scale S; and INP concentrations
across GCM timesteps do not occur frequently if at all in our model, or that other factors such as temperature and updraft
velocity influence our GCM results that we did not test in our box model.

In the tropics, just above the equator, we find that KM21_GCM produces less HET than ML20, which corresponds to an
increase in HOM around the same region. Less HET in this area means that S; growth is unimpeded with the updraft such
that high values suitable for HOM occur more readily to produce more ice crystals by this proeess—This—is—only—partially
refleeted-in-mode. It is unclear whether this is reflected in the zonal profiles of cloud fraction and relative humidity (RH)
anomaties-differences in Fig. 5;-where-th it tes i

. Throughout the tropics we find only small cloud fraction and RH differences of around + 1 %thatare-insignificant(; however,
these signals are insignificant as denoted by the stippling).
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Figure 4. Five-year annual zonal mean in-situ cirrus number tracers for ice originating from (a) homogeneous (HOM) and (c) heterogeneous
(HET) nucleation for the ML20 simulation. The second column presents the respective ice number tracer anomalies-differences between
KM21_GCM and ML20 for (b) HOM and (d) HET. The black line is the WMO-defined tropopause and the blue dashed line is the 238 K
contour. The stippling in the anematy-difference plots shows insignificant data points.

There are significant, positive cloud fraction and RH anemalies-differences between 1 and 10 % towards the mid-latitudes
and the poles in both hemispheres —(Fig. 5a). In the SH this corresponds to less frequent HET (Fig. 4d), which may allow
more frequent high RH values suitable for HOM (Fig. 4b). As HOM occurs as a stochastic proeess-mechanism in our cirrus
sub-model, the more numerous ice crystals forming in this way contribute to a higher fraction of cirrus. However, the HOM
stgrat-increase in HOM is not consistent throughout the SH and is insignificant. There is a much clearer signal in the northern
hemisphere (NH) mid-latitudes (roughly 45 °N - 60 °N) where both HOM and HET produce more ice in KM21_GCM than in
ML20. Fer-HET-this-While the positive HET ICNC difference is consistent with eur-some of our findings from our box model
results (Section 3.1) that showed that KM21_GCM produced i nistic i i

more likely that the GCM results confirm our box model results that show in most cases KM21-GEM-aceountsfor-different
icenucleation behaviorof available INPs—we found-that it often-allows for-hiche os-of ieeformation-in-cirras—_GCM and
ML20 agree or have a very small error (Fig. 1).

The increase in HOM in the NH in Fig. 4b may be a result of additional latent heat release from more HET that causes
air to rise and cool adiabatically, and caused by additional LW cloud-top cooling (Possner et al., 2017) from the higher cloud
fractions we find in this area (Fig. 5). However, as HOM and HET, cloud fraction, and RH show positive anemaliesdifferences,

this is likely a systematic signal we find in the model.
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Figure 5. Five-year annual zonal mean (a) cloud fraction and (b) relative humidity anemalies-differences between KM21_GCM and ML20.
The black line is the WMO-defined tropopause and the blue dashed line is the 238 K contour. The stippling in the anematy-difference plots

shows insignificant data points.

The-While the zonal mean HOM and HET ICNC tracer anemalies—in-differences for KM21_GCM (Fig. 4are-both-) are
both notable (by at least &= 10L~!) relative to our reference ML20 simulation, they are insignificant for the five years we

tested. Therefore, it is difficult to describe the exact effect of choosing one deterministic ice formation parameterization (ML20
or KM21_GCM) over the other.
Despite this finding, the maximum positive and significant anemaly-difference for cloud fraction is 3.6 %-—Nevertheless;these

changes—eorrespond-, which equates to only a small positive top-of-atmosphere (TOA) warming effect by around 0.02 +
0.35 Wm™? that is driven predominately by a weaker shortwave (SW) cloud radiative effect (CRE). Similarly, the global mean

net CRE difference between the two cases is indistinguishable from zero, 0.00 & 0.32 Wm 2. These radiative differences are

negligible relative to the estimated CRE from cirrus clouds of 5.7 Wm™? and 4.8 Wm ™2 by Gasparini and Lohmann (2016)
and Gasparini et al. (2020), respectively. Zonally the SW and LW CRE components are insignificant on a 95 % confidence

level, except for a small region in the tropics (not shown).

Insignificant differences between ML20 and KM21_GCM in our GCM simulations relative to our box model simulations
(Section 3) are not entirely unexpected. In the box model the changes in large-scale S; and INP concentrations between each
cirrus cycle were extreme in some cases, leading to large differences in the predicted ICNC. Such extreme changes are not
unlikely in a GCM, but may occur with a low frequency. In addition, we tested only heterogeneous nucleation in our box

model, whereas we included full nucleation competition in our GCM simulations, following Gasparini and Lohmann (2016)

17



and Tully et al. (2022c), that includes vapor deposition onto pre-existing ice crystal. This process was shown to have a large
impact on cirrus properties in ECHAM-HAM as it prevents S; values from rising to high values after a sufficient number of ice
crystals already formed (Kuebbeler et al., 2014; Gasparini and Lohmann, 2016).

475 Our GCM results do show that the choice of deterministic ice formation parameterization (ML20 versus KM21_GCM)
has an impact on ice nucleation competition within cirrus. However, the small and insignificant changes in cirrus properties
indicate that deposition nucleation onto externally mixed mineral dust particles does not contribute significantly to the total
ice number in in-situ cirrus. In fact, Tully et al. (2022c) showed that homogeneous nucleation dominates the ICNC with much
higher nucleation rates than all heterogeneous nucleation proeesses-mechanisms combined (immersion freezing and deposition

480 nucleation, see their Appendix). Therefore, we argue that while the KM21_GCM approach is closer to first principles by
accounting for different ice nucleation behavior of available INPs, the implicit budgeting approach by ML20 makes for a
much simpler parameterization within a GCM, and it does not require additional tracers. The simulated climate with these two

parameterizations is very similar in terms of TOA net radiation, despite significant differences between cirrus cloud fractions.

4 Conclusions

485 In this study we compared two approaches for simulating deterministic heterogeneous ice formationpreeesses: a GCM-compatible
version of the differential AF parameterization introduced by Kiarcher and Marcolli (2021), KM21_GCM, and the default ap-
proach in the ECHAM-HAM GCM based on cumulative AF by (Muench and Lohmann, 2020), ML20. In a series of simulations
using a box model, based on the cirrus sub-model of ECHAM-HAM (Kircher et al., 2006; Kuebbeler et al., 2014; Muench and
Lohmann, 2020), we found that ML20 under-predicts the number of ice particles originating from heterogeneous nucleation

490 relative to KM21_GCM in cases when the large-scale S; and INP concentration trends differed across the three cirrus cycles we
simulated. This is due to the fact that ML20 does not explicitly consider changes in INP concentrations across GCM timesteps,
nor does it consider the different ice nucleation behaviors of available INPs. KM21_GCM takes these factors into account, and
allows new INPs to nucleate ice according to the cumulative AF and leftover INPs to nucleate ice according to the differential
AF.

495 The-We tested rather extreme changes in the large-scale S; conditions and the-ehanges-in-INP concentrations between cirrus

cycles that-we—tested—with-in our box model were-rather-extreme-and-may not-oceurfrequentlyto examine the differences
between the ML20 and KM21 GCM approaches. However, our setup was limited as it did not capture all of the possible
conditions and processes that are simulated in a GCM - iti imph ing-and that

are relevant to assessing cirrus climate effects. Namely, we used a constant temperature and updraft velocity in our box model
500 that-do-notcapture-otherchangesnamely-intemperature-and-updraft-velocitythat-would-occur-across- GCM-timestepssetup.

In addition, we did not consider processes such as ice crystal sedimentation and mixing effects (e.g., entrainment). As a result,

we extended our analysis of ML20 and KM21_GCM with two additional tests with the ECHAM-HAM GCM. We found that

choosing between-one of the two deterministic ice formation approaches has an impact on ice nucleation competition within

cirrus. However, the signal-is-mostly-insignifieant-cirrus ICNC tracer differences for both homogeneous and heterogeneous
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nucleation were insignificant between these simulations for the five years that we tested (2008-2012);-and-is-inconsistent-with

the-. These results corroborate our findings from our box model simulations,
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two-approaches-is-small-and-insignifieantwhich showed that out of the 16 tests we conducted six showed agreement (0 % error)
and an additional three tests showed a small error between ML20 and KM21_GCM of 0.3 % (Fig. 1). This likely highlights

that the GCM was often in similar regimes over the five years of simulation as the tests in our box model that showed zero or
small errors.

It is important to note that our GCM simulations were also limited as we did not consider transport, vertical diffusion, or ice
sedimentation effects on our tracers for the previous INP concentration (Ng,i1) and the maximum AF of the previous cirrus

cycle ax). However, these processes likely would have a small impact on Ng;_1 and ¢,,.x, and therefore would likel

not lead to larger differences between KM21_GCM and ML20. An additional caveat to our GCM results is that we used the
P3 ice microphysics scheme (Morrison and Milbrandt, 2015; Dietlicher et al., 2018, 2019; Tully et al., 2022c¢), which does not
distinguish between different ice hydrometeors. Cloud ice and snow are both considered to make up the total ICNC in cirrus
in our study. In our model it is assumed that a snow crystal includes a single INP, whereas there are numerous INPs associated
with snow crystals as they are made of several ice crystals. Therefore, by not considering collision and coalescence processes,
our model may underestimate the number of previously formed ice crystals. This is unlikely to significantly impact our results

as ML20 and KM21_GCM did not show significant differences.
While the KM21_GCM approach with explicit INP-budgeting is closer to first principles when simulating deterministic ice

formation in an iterative way following the adiabatic ascent of an air parcel, it requires additional tracers in the climate model.
Not only does this require additional memory allocation, and thus greater CPU demand, but it also intreduces-more-room-for
petential-error—ttalse-complicates the parameterization for determining heterogeneous nucleation on externally mixed mineral
dust particles in our cirrus sub-model as we must consider changing conditions across GCM timesteps, which also means that
there is increased likelihood of unintended errors within the model code. Arguments are emerging that call for a simplification
of cloud microphysical processes within GCMs, especially in the case that the simplified model is "equifinal" to the more
complex version (i.e. the outcome is similar), (Beven, 2006; Proske et al., 2022). ML20 is a simpler parameterization for

deterministic ice nucleation than KM21_GCM as it does not require tracing the maximum AF achieved in a cirrus formation

cycle or the INP concentration across GCM timesteps. Given-the-insignificantlydifferent- GEM-—results-between-these-twe

approachesAs our results showed that differences in cloud properties as well as radiative effects were insignificant, we argue
that from the perspective of understanding the impact of cirrus on the climate, the simpler ML20 approach is suitableand-more

interpretable.

Appendix A: Box model simulations of deterministic ice formation
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Figure A1l. Temporal evolution of predicted heterogeneous-only ICNC and S; .. for four of the six cases that showed agreement between
KM21_GCM and ML20 for (a) increasing large-scale S;s.q and INP concentration trends, (b) decreasing large-scale S;gcca and INP con-
centration trends, and for constant INP concentration with (c) increasing large-scale Sisceqa and (d) decreasing large-scale Siseea. The lines as

noted in the legend are consistent with the description under Figure 2.
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Figure A2. Temporal evolution of predicted heterogeneous-only ICNC and S;cqa for two of the six cases that showed agreement between
KM21_GCM and ML20 for the constant INP concentration trend with (a) constant large-scale Sisca and (b) decreasing large-scale S;sced-

The lines as noted in the legend are consistent with the description under Figure 2.
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Figure A3. Temporal evolution of predicted heterogeneous-only ICNC and S;.q for three cases with an intermediate drop in large-scale
Siseed that had the smallest non-zero error (< 1 %) as shown in Figure 1 for (a) increasing, (b) an intermediate drop, and (c) constant INP

concentration. The lines as noted in the legend are consistent with the description under Figure 2.

21



New ICNC {excluding pre-existing) [/L]

a. Increasing large-scale S;,
Intermediate INP conc. drop

15

b. Decreasing large-scale S;,
Increasing INP conc.

7x%10?

6x10%

5x10%

('s) ones uoneimes o3|
New ICNC (excluding pre-existing) [/L]

c. Constant large-scale S;,

1.0

8x 102 /

New ICNC (excluding pre-existing) [/L]

'S) onel uojelnyes 23|

It

2 3
Climate Model Timesteps

ML20

=== KM21_GCM

Si

('s) ones uopeinyes a3

Figure A4. Temporal evolution of predicted heterogeneous-only ICNC and S; sceq for (a) increasing large-scale S sceq and an intermediate drop
in INP concentration, (b) decreasing large-scale Si.q and increasing INP concentration, and (c) constant large-scale S;scq and increasing

INP concentration. The lines as noted in the legend are consistent with the description under Figure 2.
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Code and data availability. The ECHAM-HAMMOZ model is freely available to the scientific community under the HAMMOZ Software
License Agreement, which defines the conditions under which the model can be used (https://redmine.hammoz.ethz.ch/projects/hammoz/
wiki/2_How_to_get_the_sources, last access: 19 October 2022). The specific version of the ECHAM-HAMMOZ GCM code used for this
study is archived on Zenodo (Tully et al., 2023a). Settings files for the two GCM simulations are also documented on Zenodo (Tully
et al., 2023b). More information on ECHAM-HAMMOZ can be found on the HAMMOZ website (https://redmine.hammoz.ethz.ch/projects/
hammoz, (last access: 19 October 2022). The box model that is based on the ECHAM-HAM code that was used to produce the heterogeneous
nucleation-only plots in this manuscript, as well as other post-processing and analysis scripts are archived on Zenodo (Tully et al., 2022b).

The processed GCM output data to produce the relevant plots in this manuscript are also available on Zenodo (Tully et al., 2022a)
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