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Figure S1. Schematic of the simplified six-bin microphysics model. The secondary nucleation processes included are the breakup of small
and large graupel upon collision; the rime-splintering of either small or large graupel; or the shattering of large droplets upon freezing. Loss

of hydrometeor number occurs through coalescence of small and medium droplets and aggregation of ice crystals and small graupel.
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Figure S2. Effect of adjustments during the parameter perturbation simulations. Panel (a) shows the effect of the leading coefficient Fipr,
and panel (b) the minimum temperature of occurrence, within the breakup fragmentation generation function. Panel (¢) shows the effect of
the fragments generated by shattering per frozen droplet Fps, while panel (d) shows various temperature-dependent freezing probability

distributions. Parameter values increase from red to blue.
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Figure S3. Alternate sigmoidal functions for the fragments generated per frozen droplet. N(Egg ) in Table S1 below.
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Figure S4. Evolution of the total ice hydrometeor (summation of ice crystal, small and large graupel numbers) number for default simulations

with a range of N S\%D) from 0.001 L™ up to 100 L™?: (a) breakup upon collision and droplet shattering, (b) breakup upon collision and

rime splintering, (c) droplet shattering and rime splintering, and (d) all three processes active.
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Figure S5. Ice crystal number concentration enhancement, i.e., Nice(tend)/Ninp(tend), for the thermodynamics simulations at various

values of N }3\‘,’2 the total INP number in the parcel, and Tp, the initial temperature. Red indicates a larger enhancement per INP. All panels

show the enhancement when all secondary nucleation processes are active and with increasing updraft velocity u. from panel (a) to (b) to
(c) to (d).
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Figure S6. Ice crystal number concentration enhancement, i.e., Nice(tend)/Ninp(tena), for the thermodynamics simulations at various

values of NV }5\‘,’2, the total INP number in the parcel, and 7o, the initial temperature. These are shown for various combinations of two

secondary nucleation processes. Panels (a), (b), and (¢) show the enhancements at a low, stratiform-like u, of 0.5 m s71, and panels (d), (e),

and (f) show them at higher, convective ones of 3.5 m s7L
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Figure S7. Ice crystal number concentration enhancement, i.e., Nice(tend)/Ninp(tend), for the thermodynamics simulations at various
values of N ﬁf;g, the total INP number in the parcel, and u, the updraft velocity. These are shown for various combinations of two secondary
nucleation processes. Panels (a), (b), and (c) show the enhancements for a colder cloud base temperature of 258 K, and panels (d), (e), and

(f) show them at a warmer one of 272 K.



Table S1. Default parameter values from simulations and their sources

Parameter Value Source

Fragment number

Nps = Frspw g D% Frs =3 x 10® frag (kg rime) " Hallett and Mossop (1974)
Npr=Fpr(T — Fpr =280 Takahashi et al. (1995)
Toin) -2~ (T—Tmin) /5
Trin =252K
Rps = FpsDgpsr(t, T, D)psn(T) psh = 0.2N (258 K, 10 K) Droplet levitation
experiments
prr=1-exp [-ZD*t Kexp(A(273—T) —1)]
Bigg (1953)
Ngg”) = FpsD%psn(T) Dsh as above Droplet levitation
experiments
Fpg=25x10"11 Lawson et al. (2015)
frag (drop diam [pm])~*
Nggg) — apr(tT, D)psn(T) a=10; 8=-0.016 Droplet levitation
1+ exp[=B(D — )] .
v =500 experiments
Initial conditions
Nxo Ocm™3
To, Po, sw,0 272K, 680 hPa, 107 °%
740, Tr0> TRO 1,12,25 pym Mossop (1978, 1985)
70, Gg0, AGO 5, 50, 200 pm Zhang et al. (2014)
Reinking (1975)
Time scales
Tds Trs TR 5, 15,25 min Approximate solution
Ti, Tg, TG 7.5, 20, 17.5 min of growth equations
Droplet spectrum
kcon, Noon 0.308, 100 cm ™3 (Hegg et al., 1992)
Updraft u. 2ms! (Korolev and Field, 2007)
Time step At 3 sec
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