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We thank Dr Rangno for his comments (hereafter referred to as R2019). R2019 Does an excellent 

job of gathering together and discussing many original publications  related to the still unresolved 

problem of Secondary Ice Production (SIP), and we welcome this additional source of information 

to appear alongside Field et al. 2017 (F2017). 

It is clear that a SIP mechanism is acting in supercooled clouds. It is not clear what the mechanism 

is. There is a lack of understanding at the detailed process level about what is actually occurring. Is 

there one process or are there many processes that act in different conditions and interact through 

the evolution of the cloud? Our goal is to reinvigorate this area of cloud physics research and 

motivate basic understanding of the processes at play in order to represent them more accurately in 

models. Currently their representation is crude and hampers our ability to understand the impact of 

these processes on precipitation formation, cloud feedbacks and climate sensitivity.

R2019 makes several assertions that we will address in this response. Perhaps the main point of 

concern that led to the comment was that "...the distinction between clouds that produce ice rapidly 

and the inability of the H-M (Hallett-Mossop) process alone to do that in slightly supercooled 

cumulus clouds beginning with primary ice nuclei was not made clear..." (R2019). This motivated 

R2019 to bring to bear an impressive collection of observations spanning 7 decades. What is clear 

from the references listed in both R2019 and F2017 is the fact that there is no consensus on 

parameters such as the temperature range SIP is observed to act over, the requirement for number 

concentrations of small, large or both supercooled cloud droplets or raindrops, or the humidity 

environment. Without a basic microphysical model to describe SIP it is challenging to determine 

signal from noise. The comment by Blyth and Latham (1998) suggests that two different schools of 

thought can interpret the data in opposing ways indicating that the interpretation of aircraft data 

alone is difficult without a solid underpinning physical model that includes dynamics. What R2019 

and F2017 both agree on is that the measured ice crystal number concentration is larger than the 

measured or expected ice nucleating particle number concentration. Furthermore, F2017 does agree 

with the R2019 hypothesis that the H-M rime splintering mechanism is not the only potential SIP or

even the SIP that acts outside of the laboratory in real clouds. A prime motivation for F2017 was to 

stimulate new work by bringing new methods to bear on the problem, be they laboratory, remote 

sensing or improved airborne probes, and derive new fundamental understanding of this process. 

It is difficult to use aircraft to study individual microphysical processes when the fundamental 

understanding of what is occurring at the scale of individual hydrometeors is missing. Even 
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employing ground based observations, used to avoid the potential artifacts introduced by aircraft 

sampling, are not immune to being impacted by other artifacts (e.g. wind-blown surface ice 

particles: (Vali et al. 2012, Farrington et al. 2016, Beck et al. 2018). This makes it difficult to 

interpret and use results from these sites to understand SIP. That said, careful analysis of ground 

based data that attempts to filter out wind-blown frost has pointed to the action of SIP at -15C (e.g. 

Magnani et al. 2019). 

New detailed laboratory work exploiting high speed digital imagery (e.g. Emersic and Connolly 

2017), environmental control of parameters outside of the range of the original H-M experiments 

and conditions at the surface of the hydrometeors needs to be undertaken. For instance, novel 

investigations were made by Lauber et al. (2018)  of the freezing of levitated droplets that 

experience bubble bursting, jetting, cracking, and breakup.  They were able to quantify the 

importance of parameters such as droplet size and temperature. Using these approaches provides 

testable hypotheses of SIP that can be challenged in the field with aircraft and remote sensing.

We will need to repeat airborne observations with new instrumentation. For instance, Heymsfield 

and Willis (2014) suggested that the high FSSP concentrations of ice reported by Stith et al. (2004) 

might be due to shattering of large ice on the inlets (tube) of the FSSP and cautioned against using 

these observations to specify secondary ice concentrations.  Although R2019 rightly points out that 

interarrival time analysis was used in the 1970s as identified (e.g. Cooper 1977) in Field et al. 

(2006), it is unfortunately not sufficient to remove all artifacts on its own. Replacement probe tips 

to reduce particle shattering and deflection into the sample volume are also required (Korolev et al. 

2013) and new techniques, such as digital holography offer new techniques to improve our 

detection of shattering events.  Repeat observations are necessary to improve our quantitative 

survey of SIP and allow for critical tests of SIPs hypothesised from the new wave of laboratory 

studies. 

It is important to point out that capabilities for ice nucleation measurements have advanced in 

recent years (Kanji et al., 2017) and critical assessment of uncertainties have been occurring (e.g., 

DeMott et al., 2017). Unfortunately, some results from DeMott et al. (2016) have been 

misconstrued in R2019 as suggesting that oceans are rich sources of high temperature ice nucleating

particles (INP). In fact DeMott et al. (2017) showed that oceans are generally weak sources of high 

temperature INP produced from sea spray. It is still the case that no primary ice nucleation pathways

can explain enhanced ice concentrations that are attributed to secondary processes. 
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Another point raised in R2019 was that droplet sizes are critical for the operation of SIP. We agree 

with this assertion and stated that large droplets are required for SIP. We would argue that the 

statement in R2019 that “drizzle-sized drops up to about 500 μm diameter were always found,” 

qualitatively agrees with our statement rather than disagrees. This highlights that we need to be 

careful when we use statements about low or high concentrations, large or small droplet sizes. 

These need to be given together and quantified. The nature of droplet size distributions also means 

that stating a single size and concentration is not sufficient to describe the hydrometeor population 

and that we should give the spectral parameters of a fit to the observations or the concentrations for 

at least two sizes. The presence of 500 micron droplets indicates that there will be larger particles 

present too, although in lower concentrations. As was discussed in F2017, the threshold primary ice 

nucleation concentration required to start a cascade of SIP is not constrained, but the low values 

quoted (10-5 – 10-3 L-1) are challenging for current probes to detect if these large (~>1mm) particles 

are indeed the initial particles that freeze.

A renaissance of remote sensing is occurring as ground-based and airborne radars are upgraded to 

allow multi- parameter detection of dual polarisation, differential reflectivity, attenuation and 

doppler velocities (e.g. Kumjian and Lombardo 2017), allowing information about the alignment 

and shape of hydrometeors to be obtained.  When combined with coincident aircraft measurements, 

new laboratory-derived SIP hypotheses can be better tested through observations.   This will lead to 

new modelling studies to explore alternative SIP hypotheses that act in different temperature 

regimes and interact with the hydrometeor populations in different ways than the HM process (e.g. 

Phillips et al. 2018, Sullivan et al. 2018). 

These new areas of research will lead to progress in quantitatively understanding and representing 

SIP. Together R2019 and F2017 provide a useful reference for new researchers working on these 

phenomena. 
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