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Ice nucleation can play an important role in anvil lifecycle
Control
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Ice nucleation (driven by radiation-
generated turbulence) can be important 
in prolonging the anvil cloud lifetime. 

Hartmann et al., 2018, JAMES
Gasparini et al., 2019, JAMES

Hawker et al., 2021 a,b
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Figure 16. Schematic showing the key effects of the perturbations
to absolute INP number concentration at �38 �C (NINP

�38) and
INP parameterisation slope (�INP) on the deep convective cloud
simulated in this study. Output variables written along the x and
y axes in black indicate that they are primarily controlled by the
uncertain input variable on that axis, while grey writing indicates a
secondary or smaller effect of the uncertain input variable in ques-
tion.

tive cloud. A schematic of the main effects identified in this
study is shown in Fig. 16. Overall, we find that both �INP and
NINP

�38 play a role in determining the anvil cloud properties,
with the HM-eff being relatively unimportant in determining
the anvil cloud properties. Despite this, we find that the inter-
action of �INP with HM-eff is important for determining the
resultant amount of ice particle production by the Hallett–
Mossop process, which in turn has large effects on the cloud
development.

Anvil ICNC is strongly reduced at high-NINP
�38 val-

ues, with the reduction being more pronounced at shallow-
�INP values. Conversely, anvil ice crystal size is increased
at shallow-�INP values, with the enhancement being more
pronounced at high-NINP

�38 values. This is because the
lower the altitude of heterogeneous freezing, the more cloud
droplets are consumed by riming and depositional growth
and the lower the number of droplets that are available for ei-
ther homogeneous or cold temperature heterogeneous freez-
ing. A shallow �INP reduces the number of cloud droplets
reaching the top of the mixed-phase regime, and a high
NINP

�38 reduces the number of cloud droplets reaching the
homogeneous freezing regime. Consequently, the anvil con-
sists of a smaller number of large heterogeneously frozen
crystals in a high-NINP

�38 and shallow-�INP scenario. The
ice crystals transported from the heterogeneous freezing
regime to the anvil in this case are larger than those that
would be frozen heterogeneously at very cold temperatures
or homogeneously. Anvil cloud fraction within the time pe-
riod studies is enhanced at shallow-�INP values, and this en-

hancement is lower at high-NINP
�38 values. This is because

a shallow �INP induces an invigoration effect (inferred from
higher cloud updraught speeds) due to an increase in Hallett–
Mossop ice production and enhanced glaciation at mixed-
phase temperatures, leading to larger condensate mass diver-
gence in the upper troposphere and a more extensive anvil.
The anvil is smaller in a high-NINP

�38 scenario due to the re-
duced ICNC and increased ice crystal size discussed above,
which serves to reduce cloud lifetime.

Statistical emulation and variance-based sensitivity analy-
sis allow us to identify complex interdependencies between
input and output variables. We find that the interaction be-
tween �INP and NINP

�38 account for up to 30 % of the vari-
ation in values of anvil ICNC and anvil ice crystal size. The
emulator surfaces help us to see variation in the importance
of input parameters depending on the value of other uncer-
tain inputs that would not otherwise be apparent in one-at-
a-time tests. In particular, we identify several important in-
terdependencies between different freezing mechanisms. For
example, at high NINP

�38, �INP is important in determin-
ing the anvil ICNC and homogeneous freezing rates because
the shallower the �INP, the fewer cloud droplets available
to be frozen homogeneously or heterogeneously at the top
of the mixed-phase regime. However, at lower NINP

�38 val-
ues, �INP is nearly inconsequential to homogeneous freezing
rates and anvil ICNC because the NINP

�38 is low enough that
a shallow �INP does not substantially affect the number of
droplets reaching upper cloud levels. Furthermore, the dom-
inant effect of �INP on many cloud properties is in part at-
tributed to the fact that high-�INP values provide seed crystals
for the Hallett–Mossop process, vastly increasing the number
concentration of ice crystals between 5 and 7.5 km and sub-
sequently the cloud riming and deposition rates.

The amount of Hallett–Mossop ice particle production is
determined by both HM-eff and �INP, with a �INP above
⇠ �0.3 �C�1 causing a jump of about an order of magni-
tude in Hallett–Mossop ice particle production while the ef-
fect of HM-eff is linear. A regime shift to a cloud with ex-
tensive glaciation at warm temperatures, stronger convective
updraughts, larger condensate mass divergence in the upper
troposphere, and a more extensive anvil occurs for �INP val-
ues between �0.3 and �0.1 �C�1, with the exact value of
the transition depending on the NINP

�38 values (the transi-
tion occurs at steeper �INP values if the NINP

�38 is high).
This regime change is driven by a shallow �INP (particularly
when combined with a high NINP

�38) forming more ice crys-
tals in the Hallett–Mossop temperature regime and thus seed-
ing a stronger ice particle production by the Hallett–Mossop
process. We find a strong enhancement in Hallett–Mossop
ice particle production occurs at an INP number concentra-
tion anywhere between 10�4 to 1 L�1 depending on the HM-
eff. This indicates that the threshold INP number concentra-
tion needed to cause substantial SIP varies depending on the
strength of the SIP mechanism in question. Whether the in-
teraction of INP with other SIP mechanisms that operate over
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We modified cirrus freezing in SAM-P3 CRM to enable the 
competition between homogenous & heterogeneous freezing

Step 2: Modified Liu and Penner (2005) scheme that allows 
competition between homogeneous and heterogeneous freezing 
+ pre-existing ice crystals     
(Shi et al., 2015 –implemented in CAM6, E3SM GCMs)

Step1: Limit the mixed-phase parameterizations to mixed-phase

SAM-P3 doesn’t interactively simulate aerosols
⇒  need to set the number of ice nucleating particles 
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Ensemble of 2D RCE + a selection of 3D simulations

NC 2 INP/L 20 INP/L 200 INP/L 2000 INP/L
100 x x x x
300 x x x x
1000 x x x x

SSTs= 26, 30, 34, 38 °C

Main target: in-situ (cirrus) freezing at 
T<-38°C
mixed phase freezing is by construction 
not directly influenced changes in ice 
nucleating particles (INP)

Thin TTL cirrus

Thin anvils
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Enhanced ice nucleating particle number lead to more upper 
tropospheric cirrus and a decreased detrainment level

NC 2 INP/L 2000 INP/L
100 x x

SST= 26°C

Cloud fraction

Cloud fraction = 0.9 from 
the INP 2 simulation
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Enhanced ice nucleation dampens deep convection
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RCE simulations:
Increase in INP at T<-38°C: 
•  more thin high clouds
•  smaller high cloud COD
•  Large spread in CRE responses

Targeting cirrus (in-situ) freezing

Only small (insignificant?) 
changes in cloud feedbacks 
possible role of changes in 
convective aggregation

blaz.gasparini@univie.at.ac


