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Figure S1. Time series of simulated domain averaged (a) activatable INP number concentration (Nyyp), (b) ice crystal
number concentration (N;), and (c) ice crystal formation rate (dN;/dt) while applying a time step length (6t) of 1 s (dash-
dotted line) and a vertical resolution (6z) of 5 m (dashed line). Simulations are all initialized with the same PSD for dust
and cloud parameters with the original values. Simulation results include different immersion freezing parameterizations:
INN (no symbols), INAS (cross), ABIFM (triangles), ABIFM* (circles). In all panels, the solid lines indicate simulation
results using the original time step and vertical resolution.
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Figure S2. The evolution of temperature for respective case studies. (A) Control run (CTRL) (initial temperature profile
without cloud cooling rate (CCR)). (B) CCR=0.3 (initial temperature profile with CCR=0.3 °C h™! over the whole domain).
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Figure S3. Time series of simulated domain-averaged activatable INP number concentration (Nyyp in L) for beginning
0.1 hours when changing the cloud-top entrainment rate (a) and cloud cooling rate (b). Simulations are initialized with
different aerosol PSDs (dust, organic, and SSA particles), immersion freezing parameterizations (INN, INAS, ABIFM,
ABIFM¥*) and cloud parameters (cloud cooling rate, cloud-top entrainment rate). Brown, green, and blue lines represent
the application of aerosol PSDs of dust, organic, and SSA particles, respectively. Simulation results represent different
immersion freezing parameterizations: INN (no symbols), INAS (cross), ABIFM (triangle), and ABIFM* (circle). In both
panels, the thin solid lines indicate results with the original, unperturbed cloud parameters (CTRL). The dashed lines
denote results with the cloud cooling rate (CCR) of 0.3 °C h"! (CCR = 0.3) and the dash-dotted lines show the results with
the cloud-top entrainment rate (w.) of 1 cm s (w, = 1.0).
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Figure S4: Temporal evolution of the domain-averaged ice crystal number concentration (N in L) for initial 1 hours in
response to different cloud system parameters. The nine panels are organized by aerosol type in rows (mineral dust, top;
organic, middle; and sea spray aerosol (SSA), bottom) and by sensitivity experiment in columns. The columns from left to
right represent simulations with an applied cloud cooling rate (CCR), an enhanced entrainment rate (w.), and an
increased ice crystal fall speed (vg), respectively. Within each panel, different line styles and colors represent the four
immersion freezing (IMF) parameterizations, with legends and styling identical to those used in Figure S3.
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Figure S5: Temporal evolution of the domain-averaged ice crystal formation rate (dN;/dt in L' h'?) for initial 1 hours. The
six panels are organized by aerosol types in rows (mineral dust, top; organic, middle; and sea spray aerosol (SSA), bottom)
and by sensitivity experiment in columns. The columns from left to right show the response to an applied cloud cooling rate
(CCR), and enhanced entrainment rate (w,). Legends and line styles for the four immersion freezing (IMF)
parameterizations are identical to those used in Figure S4.
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Figure S6. The predicted number concentration of INP using the same PSD for respective immersion freezing
parameterizations, INN (solid lines), INAS (dashed lines), ABIFM (dotted lines). The chosen activation time for ABIFM is
1 min following the recommendation given in Alpert et al. (2022). Black, blue, and green lines represent the application of
dust, organic, and SSA particles. Light blue represents ambient particles. Detailed information is summarized in Table 3.
The blue shading indicates the temperature range in the simulation domain. The immersion freezing parameterizations are
originally obtained from Demott et al. (2010), Demott et al. (2015), Niemand et al. (2012), China et al. (2017), Alpert et al.
(2022), and Alpert et al. (2016).
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Figure S7. Results of the sensitivity tests involved changing the aerosol number concentration (N,er X 10 and N, x 01).
(a, b, ¢) Time series of simulated domain averaged activatable INP number concentration (Nyyp), ice crystal number

concentration (N;), and ice crystal formation rate (dN;/dt) while changing the N,,, respectively. (d, e, f) Vertical profiles
of the change in number concentration of INP (ANyp), number concentration of ice crystal (AN;), and ice crystal
formation rate (A dN;/dt), respectively (averaged over entire 10 h of simulation time). Simulation results include
immersion freezing parameterizations: INN (no symbols), INAS (cross), ABIFM (triangles), ABIFM* (circles). Black solid

lines, red solid lines and red dashed lines represent CTRL, N, X 10, and N, x 01, respectively. The blue shaded area
denotes the cloud layer and the vertical orange lines in the center of x-axis highlight the value of 0. (g) Relation between
cloud properties (Nyyp, N; and dN;/dt) scaling factor and N ,., scaling factor. Black solid and red solid lines represent

simulation with INN and with INAS, ABIFM, ABIFM*, respectively. Notice that simulations are initialized with the same

PSD for dust particles only.
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