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ABSTRACT

Measured ice crystal concentrations in natural clouds at modest supercooling (temperature ;.2108C) are
often orders ofmagnitude greater than the number concentration of primary ice nucleating particles. Therefore, it

has long been proposed that a secondary ice production process must exist that is able to rapidly enhance the

number concentration of the ice population following initial primary ice nucleation events. Secondary ice pro-

duction is important for the prediction of ice crystal concentration and the subsequent evolution of some types of

clouds, but the physical basis of the process is not understood and the production rates are not well constrained. In

November 2015 an international workshop was held to discuss the current state of the science and future work to

constrain and improve our understanding of secondary ice production processes. Examples and recommendations

for in situ observations, remote sensing, laboratory investigations, and modeling approaches are presented.

1. Introduction

Airborne observations of ice crystal concentra-

tions are often found to exceed the concentration of

ice nucleating particles (INPs) by many orders of

magnitude (see, e.g., Mossop 1985; Hobbs and

Rangno 1985; Beard 1992; Pruppacher and Klett 1997;

Hobbs and Rangno 1998; Cantrell and Heymsfield

2005; DeMott et al. 2016). In the 1970s (Mossop et al.

1970; Hallett and Mossop 1974) the discrepancy be-

tween expected ice particle concentrations formed

through primary ice nucleation and observed ice particleCorresponding author e-mail: Paul Field, paul.field@metoffice.gov.uk
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concentration motivated the search for mechanisms that

could amplify primary nucleation pathways. These in-

clude thermophoretically enhanced contact freezing

(Beard 1992; Young 1974; Hobbs and Rangno 1985),

pre-activated INPs (Beard 1992; Fridlind et al. 2007),

or a new, poorly understood, physical process capable

of creating new ice crystals. The latter became known

as secondary ice production (SIP). SIP is a mechanism

or process that produces new ice crystals in the pres-

ence of preexisting ice without requiring the action of

an ice nucleating particle (or homogeneous freezing).

Increasingly sophisticated cloud microphysical repre-

sentations (e.g., Morrison et al. 2005; Seifert and Beheng

2006; Saleeby and van den Heever 2013; Thompson and

Eidhammer 2014) are being used in numerical weather

prediction (NWP) and global climate models (GCMs) to

provide more realistic simulations of clouds. This drive

toward greater complexity is motivated by the recognition

of the importance of microphysical processes for the evo-

lution of clouds, precipitation and the atmospheric envi-

ronment. Some bulkmicrophysical representations used in

models are now capable of predicting twomoments of size

distributions, namely the total number concentration as

well as mass mixing ratio. Thus, one important challenge

for the successful implementation of cloud microphysics

is the accurate prediction of ice crystal concentrations.

While the understanding and quantification of primary

ice nucleation has experienced a renaissance in recent

years (e.g., DeMott et al. 2011), SIP is a process that has

received less attention but is potentially important for

controlling the ice crystal concentrations found in some

types of clouds. Consequently, the results from the ini-

tial ground breaking work done in the 1970s on SIP are

still found in present-day cloud models.

There are a number of SIP mechanisms that have

been described in the literature. Table 7-1 and Fig. 7-1

introduce the different types that will be referred to

throughout the rest of the article.

The aims of this article are 1) to summarize the labo-

ratory investigations and field observations (in situ and

remote sensing) of SIP along with a review of modeling

studies, and 2) to provide recommendations for future

research aimed at understanding and constraining the SIP.

2. Laboratory evidence for SIP

a. Rime splintering and the Hallett–Mossop process

Initial investigations into SIP in the laboratory revolved

around speculation dating back to the 1940s that ice

splintering associated with the riming process was an im-

portant phenomenon (Hallett and Mossop 1974; Brewer

and Palmer 1949; Findeisen and Findeisen 1943). To

simulate rime splintering, an ice-coated cylinder, used to

represent a large riming ice particle, was rapidly rotated

within a cold box populated with supercooled liquid

droplets (Hallett andMossop 1974). It was found that for a

certain range of temperature, droplet impact velocity, and

size characteristics, numerous splinters of ice were gen-

erated. This has since been known as the Hallett–Mossop

process (H-M). This process has received the most atten-

tion and evaluation over the past 40 years. All of the

laboratory experiments documented in the literature that

have employed this experimental setup have been suc-

cessful in producing secondary ice (Hallett and Mossop

1974; Choularton et al. 1980; Heymsfield and Mossop

1984; Saunders and Hosseini 2001). However, attempts to

explain or at least describe the physics underlying the

mechanism itself have led to conflicting results.

The consensus is that H-M occurs within a temperature

range of approximately 238 to 2 88C, in the presence of

liquid cloud droplets smaller than ;13mm and liquid

drops larger than ;25mm in diameter that can freeze

when they are collected by large ice particles (rimed ag-

gregates, graupel, or large frozen drops). An example of

the determination of the temperature dependence of the

process is shown in Fig. 7-2 (fromHeymsfield andMossop

1984). Originally it was speculated that symmetric freez-

ing of supercooled droplets accreting on large ice particles

results in a buildup of internal pressure in the freezing

droplet, which is relieved by a crack in the frozen shell

through which the unfrozen liquid escapes, producing a

protuberance that can break up into splinters (Visagie

1969; Mossop et al. 1974). Griggs and Choularton (1983)

suggested that an ice shell is too strong to break at

temperatures ,288C due to rapid growth. Mason (1996)

supported this with theoretical calculations. Dong and

Hallett (1989) found for temperatures . 288C that

droplets spread over the surface and did not form indi-

vidual spherical ice. They suggested that thermal shock

caused splintering due to the temperature gradient be-

tween substrate and drop. Based on laboratory results,

Choularton et al. (1980) suggest that a large drop

(.;25mm) is more likely to freeze symmetrically and

produce splinters when it falls on a small (,;13mm)

droplet that provides a narrow neck at the attachment

point, limiting thermal contact. Various researchers have

investigated the effects of relative velocity between the

large ice and the accreted drops. For example, Mossop

(1985) extended the low-velocity limit down to 0.2ms21

with a peak splinter production rate when the relative

velocity is in the range of 2 to 4ms21. Later, Saunders and

Hosseini (2001) found that the maximum splinter pro-

duction peaks at a rimer collision velocity of 6ms21.

Heymsfield and Mossop (1984) suggested that the peak

splinter production depends on the surface temperature of

the large ice particle rather than on cloud temperature.
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The concept is that accreted supercooled drops release

latent heat when they freeze and increase the surface

temperature of the ice particle. In contrast, Griggs and

Choularton (1986) found that the low temperature cutoff

for splinter production is dependent on cloud temperature

rather than the surface temperature of the large ice and is

unaffected by the accretion rate.

b. Other secondary ice production mechanisms

Secondary ice production by rime splintering (e.g.,H-M)

is only one of a range of SIP mechanisms or unresolved

primary ice formation mechanisms that have been

proposed over the last four decades. Many of the hypoth-

esized mechanisms have been associated with evaporative

cooling, including fragmentation during evaporation

(Schaefer and Cheng 1971; Oraltay and Hallett 1989;

Bacon et al. 1998). Other mechanisms involve only the ice

phase; for example Vardiman (1978) showed evidence of

crystal–crystal collisions leading to fracturing in the labo-

ratory, which has been supported by copious in situ images

of fragmented ice in clouds (e.g., Cannon et al. 1974), es-

pecially pieces of dendrites. However, there has been little

quantification of this mechanism, and observations are

compromised by the potential of ice to break on contact

TABLE 7-1. Secondary ice production mechanisms.

SIP Description

Example

references

Modeling

implementation

Example model

references

Rime

splintering

Splinter production

associated with riming

process. Rimer could be

graupel, large frozen

drop, or snowflake.

Findeisen and

Findeisen 1943

Splinter production

rate dependent

upon mass of

supercooled

liquid accreted.

Scott and Hobbs 1977;

Beheng 1987; Aleksić

1989; Mason 1996;

Blyth and Latham 1997;

Ovtchinnikov and

Kogan 2000; Phillips

et al. 2001; Clark

et al. 2005; Connolly

et al. 2006b; Fridlind

et al. 2007; Phillips

et al. 2007; Huang

et al. 2008; Crawford

et al. 2012; Dearden

et al. 2016

Hallett–Mossop process:

Special case of rime

splintering. Splinter

production demonstrated

in the laboratory analog

(ice covered rod) of

graupel riming. Active

in 23 to 288C temperature

range, requires a 0.2–5m s21

impaction speed and the

presence of droplets

exceeding 23mm in

diameter.

Hallett and

Mossop 1974

Splinter production

rate dependent upon

number of droplets

collected. A variety

of size thresholds are

used including larger

than 25 microns and

smaller than 13

microns.

Beheng 1987; Aleksić

1989; Ovtchinnikov

and Kogan 2000;

Phillips et al. 2001;

Connolly et al. 2006b;

Huang et al. 2008, 2011

The terms ‘‘rime splintering’’

and ‘‘Hallett–Mossop’’ are

often used interchangeably

in the literature.

Collision

fragmentation

Ice–ice collisions produce

splinters.

Vardiman 1978,

Takahashi

et al. 1995

Crystal–crystal

collisions

Fridlind et al. (2007)

Graupel–graupel

collisions

Yano and Phillips (2011)

Droplet

shattering

Freezing of large droplets

produces splinters.

Leisner

et al. 2014

Scott and Hobbs 1977;

Phillips et al. 2001;

Fridlind et al. 2007;

Lawson et al. 2015

Sublimation

fragmentation

Particles separate from

parent ice particle when

ice bridge sublimates.

Bacon

et al. 1998
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with the aircraft or instruments (e.g., Field et al. 2006). A

possible source of crystals that would be involved in this

mechanical breakup was identified by Knight (2012), who

identified a rapid growth (2mms21) mode for fine needles

at temperatures around 258C. The thin needle crystals

could shatter on impact with other particles (a type of

collision fracturing process), providing a source of splin-

ters. This source of fragile needles combined with ice–ice

collision fragmentation is a differentmechanism from rime

splintering but would operate in a similar temperature

range. Similarly, graupel–graupel collisions that may occur

in convective clouds can also lead to the production of ice

splinters (Mizuno andMatsuo 1992; Takahashi et al. 1995).

Although not in-cloud production mechanisms,

there are processes that can lead to increased ice

concentrations when clouds have been in contact

with a snow surface or from blowing snow that is lofted

into a cloud layer (Rogers and Vali 1987; Lachlan-

Cope et al. 2001; Vali et al. 2012; Lloyd et al. 2015).

And there is the possibility that ice can persist in pores

of particles even in environmentally subsaturated

conditions (Marcolli 2017) that can then grow rapidly

larger if the particles are entrained back into more

suitable conditions. Both of these effects are due to the

reintroduction of ice to cloud rather than the pro-

duction of new particles.

Splinter production following the freezing of a large

millimeter size droplet that subsequently shatters

(droplet shattering; e.g., Mason and Maybank 1960;

Brownscombe and Thorndike 1968), in contrast to the

freezing of a small cloud droplet that impacts a rimer (i.e.,

rime splintering), is a SIP process that is currently being

explored in detail. While Mason and Maybank (1960)

found that the splinter production rate decreased with

temperature, others have found that this process can op-

erate over a much broader temperature range and may be

most efficient between 2108 and 2158C (Leisner et al.

2014). As an example of this process, Fig. 7-3 shows high-

speed photography of an 80-mm drop producing a spicule

and what appears to be secondary ice.

3. In situ observations of SIP

Ice particles are often observed in abundance in

convective clouds that are colder than 08C but with

cloud-top temperatures warmer than about 2128C
(e.g., Koenig 1963, 1965; Cooper 1986; Hobbs and

Rangno 1985; Lawson et al. 2015; Taylor et al. 2016;

Ladino et al. 2017). There are also observations to

suggest that large ice crystal number concentrations

occur in frontal (e.g., Crosier et al. 2011) and super-

cooled boundary layer stratus cloud (e.g., Rangno and

Hobbs 2001). It is commonly reported that crystals

thought to be generated by SIP are dominated by

needles and columns (see, e.g., Fig. 7-4, showing op-

tical array probe images of cloud particles observed

from an aircraft). This particular shape is consistent

with the rime splintering process as defined by H-M.

These crystals grow in the same temperature range

over which Hallett and Mossop found rime splintering

to be active in laboratory conditions. These particles

would also be consistent with other SIP processes

occurring in a similar temperature range, or with

formation outside the H-M temperature range fol-

lowed by subsequent transport into and growth

within it.

Notwithstanding instrumentation uncertainties in

measurements1 of both ice crystal concentrations and

INPs, measurable concentrations of atmospheric INPs

can be smaller by orders of magnitude at these tem-

peratures (DeMott et al. 2010, 2016). For INP con-

centrations the relatively small sample volumes and

background measuring system noise level are chal-

lenges that can hinder INP detection at 2108C and

warmer temperatures using real-time measuring sys-

tems, but steps have been taken to overcome sample

volume limitations that impact measurements by

making use of large volume air samples collected in

flight and then analyzed later for T . 2108C (e.g.,

Lasher-Trapp et al. 2016). Some primary ice nucle-

ation must occur before SIP begins, but the minimum

requisite INP number remains uncertain. Despite

these uncertainties, there has still been a consistent

FIG. 7-1. Schematic representation of the SIP outlined in Table 7-1.

1 See the discussion in Baumgardner et al. (2017, chapter 9) and

McFarquhar et al. (2017, chapter 11) about the uncertainties in

measurements of the lower-order moments of size distributions,

due to shattering of large crystals on probe inlets/tips (chapter 9),

small and uncertain sample volumes for small crystals, and un-

certainties in algorithms that are designed to remove such con-

centrations (chapter 11).
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in situ measurement trend over the past five decades

suggesting that a SIP process exists and may explain

the difference between INP and ice crystal number

concentrations. Nevertheless, reliable quantification

of primary ice particle formation is still required to

fully constrain SIP.

The discussion in section 2 highlights the variable

results from laboratory experiments that have at-

tempted to explain the mechanism of rime-splintering

SIP that, along with the production rates, remains

uncertain. In situ observations that have attempted to

quantify the rate of rime-splintering secondary pro-

duction have also been fraught with measurement

uncertainties. Harris-Hobbs and Cooper (1987) used

airborne observations from cumulus clouds in three

different geographic regions to estimate secondary ice

production rates. This was done by comparing ice size

distributions on subsequent passes through the cloud

to differences expected by using measured concen-

trations of droplets and graupel as inputs to the pa-

rameterization of Heymsfield and Mossop (1984).

Their results are shown in Fig. 7-5. These observations

were obtained using probes that would now be re-

garded as subject to ice crystal shattering (Korolev

et al. 2011). In addition, the measurements may be

affected by the possibility that ice particles generated

by the passage of the aircraft through the cloud

(Woodley et al. 2003) from previous cloud passes

could have mixed into the measured samples. Con-

sidering the potential for relatively large measure-

ment uncertainties, the experiment suggests that the

underlying mechanism behaves quantitatively in a

way that is broadly comparable with that described by

H-M laboratory observations. With improved esti-

mates of the concentrations of particles in the smaller

size range the methodology proposed by Harris-

Hobbs and Cooper (1987) would likely be better

constrained if repeated today.

Hobbs and Rangno (1985, 1990, 1998), in a series of

aircraft investigations of maritime cumulus off the

coast of Washington, observed relatively high ice

concentrations that could not be explained by rime

splintering in general and more specifically within the

constraints of the H-M mechanism for rime splinter-

ing. Their three most salient points are that 1) the

clouds glaciated much faster than the laboratory ob-

served H-M splinter rates could explain, 2) the crystal

habits observed were often not compatible with the

temperature range in which the H-M process operates,

FIG. 7-3. Example of a spicule emitting gas bubbles from an

80-mm diameter suspended drop at2108C. The red circles identify

an ice nucleating particle entering the drop at 0 and 0.39ms. The

red ellipse at 657.99ms indicates fragments from a burst bubble

[adapted with permission from Leisner et al. (2014)].

FIG. 7-2. (a) The number of secondary ice crystals produced per

milligram of rime accreted upon a metal rod moving at 1.8m s21.

One curve applies to the case where the rod is electrically heated,

the other to the unheated case. (b) As in (a), except that the or-

dinate represents the number of secondary ice crystals produced

per large drop ($25-mm diameter) accreted. For a point at a given

temperature they would be proportionately similar to those in (a).

Reproduced from Heymsfield and Mossop (1984).
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and 3) high concentrations of small ice particles ap-

peared concurrently with frozen drizzle drops, rather

than afterward as would be expected if the smaller

crystals were a product of riming–splintering. Possible

explanations include transport of splinters out of the

rime-splinter zone (e.g., Mason 1998; Blyth and

Latham 1997), the importance of other SIP mecha-

nisms (e.g., drop shattering or collision fragmentation

during ice–ice collision; (Vardiman 1978; Takahashi

et al. 1995; Yano and Phillips 2011; Yano et al. 2016),

or a hypothesized primary ice nucleation mechanism

not accounted for, such as evaporation ice nucleation

(Fridlind et al. 2007).

There have been numerous aircraft observations,

some going back more than 50 years, that support the

point made by Hobbs and Rangno (1985, 1990, 1998)

that high concentrations of ice particles appear con-

currently with frozen drizzle drops. Perhaps the most

convincing historical data come from observations of

tropical maritime cumulus reported by Koenig (1963,

1965). Using impactor data he observed rapid glaci-

ation of tropical cumulus shortly after production of

millimeter-diameter supercooled drops in clouds with

tops warmer than 2128C. Most recently, similar re-

sults were observed by Lawson et al. (2015) and

Heymsfield and Willis (2014) in the Caribbean and

Africa using state-of-the-art particle imaging probes

with shatter-mitigating tips (Lawson et al. 2001, 2006)

in cumulus clouds with base temperatures averag-

ing 1228C. Lawson et al. (2015) show a correlation

between freezing of millimeter-diameter supercooled

drops and production of high ice number concentra-

tions attributed to SIP. Figure 7-6 shows aircraft ob-

servations taken within a few hundred meters of cloud

top by repeatedly penetrating a rapidly growing

convective plume. The imagery (bottom left) at

warmer temperatures (T . 288C) and drop size dis-

tribution (DSD; bottom right), indicates some

millimeter-sized drops among many smaller droplets.

On the next pass of the aircraft through the cloud at

temperatures between 288 and 2128C some non-

spherical particles (assumed to be ice) begin to ap-

pear amongst the droplets (middle left) and the ice

particles size distribution (PSD) has a low concen-

tration relative to the DSD. The final pass through the

cloud at colder temperatures (T ,2128C) shows that
many different ice habits are present including col-

umns, stellar, and graupel (top left) and that the ice

PSD has grown considerably, increasing concentra-

tions from the previous pass by a factor of 10 to 500 l21.

Lawson et al. (2015) suggest that the rapid glaciation

in these strong updraft cores (;10m s21) occurs at

temperatures too cold and a rate too fast to be at-

tributable to the H-M process. The authors suggest

that the secondary ice particles may have been pro-

duced via a droplet shattering process observed in

FIG. 7-4. Example 2D-S images of a cloud regionwhere SIP is thought to be active. The width

of each horizontal strip is 1280 microns. Visible ice crystal habits are columns (H-shaped

particles) and large graupel or frozen droplets. Smaller spherical particles that may be liquid

droplets are also visible. Data from a recent flight near Cape Verde at T5268C, 21 Aug 2015

FAAM BAe146 flight B933.
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the laboratory (Mason and Maybank 1960; Leisner

et al. 2014).

Data on the vertical velocities, liquid water contents

(LWCs), and cloud droplet concentrations in the regions

where secondary ice particles are formed and observed

are needed because they may reflect the process(es)

involved. Heymsfield and Willis (2014) found that

SIP evidenced by observations of needles–columns

throughout the range 238 to 2148C was observed pre-

dominantly where the vertical velocities were in the

range from 21 to 1ms21. The LWCs in the regions

where SIP are observed are dominantly below

0.10 gm23. Median LWCs in these regions were only

about 0.03 gm23 with no obvious dependence on the

temperature.

Taylor et al. (2016) analyzed aircraft measurements

in maritime cumulus with colder (1118C) cloud-base
temperatures that formed over the southwest penin-

sula of the United Kingdom. They found that almost

all of the initial ice particles were frozen drizzle drops

[;(0.5–1) mm], whereas vapor-grown ice crystals

were dominant in the later stages. Their observations

indicate that the freezing of drizzle–raindrops is an

important process that dominates the formation of

large ice in the intermediate stages of cloud develop-

ment. In the more mature stage of cloud development

the study found high concentrations of small ice within

the H-M temperature range. The authors conclude

that freezing of large supercooled drops produced via

the collision–coalescence and accretion processes is a

key to secondary ice production and the timing and

location of precipitation. Heymsfield and Willis

(2014) found a strong correlation of relatively high

concentrations of secondary ice particles in the H-M

temperature range in Caribbean and West African

maritime tropical cumulus, but only in weak (62ms21)

updrafts. They also reported that the first ice parti-

cles were large frozen drops. Heymsfield and Willis

(2014) hypothesized that locations where there was a

balance between updraft velocity and rimer fall speed

were favorable for SIP because the time scales for

riming would be prolonged and secondary ice splinters

would be continuously produced.

It has been speculated that graupel does not need to

play the rimer role. In situ observations from frontal

cloud systems suggest that riming snowflakesmay be able

to mediate the SIP (Crosier et al. 2011; Hogan et al.

2002.). However, Stith et al. (2011) found that concen-

trations of INPs were adequate to explain the observed

concentrations of ice in a warm frontal band at temper-

atures lower than 2108C, when aggregation was taken

into account. Thus, for some frontal clouds, SIP is not

required to explain the observed ice concentrations.

In Arctic stratus clouds, Rangno and Hobbs (2001)

used in situ observations of ice fragments and non-

pristine ice to suggest that drop shattering and ice–ice

collisional breakup may be important alongside rime

splintering to enhance the ice concentrations. The po-

tential importance of drop shattering for SIP is sup-

ported by Korolev et al. (2004) and Rangno and Hobbs

(2005), who have presented in situ evidence of shat-

tered frozen droplets. The latter, based on the sizes of

FIG. 7-5. The measured ice crystal production rate as a function of the H-M predicted production rate from (left)

California (squares) andMontana measurements (3’s) and (right) Florida measurements. Lines connect the mean

observed rates for intervals in the predicted rate, and the straight line in (left) shows 1:1 correspondence between

measured and predicted rates [adapted from Harris-Hobbs and Cooper (1987)].
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observed fragments, suggests that droplets need to be

larger than 50mm.

Finally, it should be noted that conditions where cloud

tops are 2128C and drizzle-sized supercooled droplets

are present do not always result in the production of

large numbers of ice crystals. Bernstein et al. (2007) and

Rasmussen et al. (1995) identified these conditions as

long-lived clouds and hazardous for aircraft. If SIP had

FIG. 7-6. Examples of (left) particle images and (right) size distributions from Learjet penetrations of strong

tropical cumulus updraft cores. (bottom right) All penetrations from the all-liquid region (T . 288C), (middle

right)) liquid (blue) and ice (red) penetrations from the ‘‘first ice’’ region (288 , T , 2128C), and (top right)

penetrations from the ‘‘rapid glaciation’’ region (2128 , T , 2208C).
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been active in these types of shallow layer cloud the

supercooled liquid would be rapidly depleted and no

longer conducive for aircraft icing.

4. Remote sensing

While aircraft measurements provide a detailed high-

resolution view of a small volume of cloud, remote

sensing methods probe much larger sample volumes and

can provide a much broader volumetric context for ob-

servations. However, remote sensing methods that use

wavelengths longer than optical wavelengths, such as

radar, are less sensitive to small ice crystals than higher-

frequency methods. Therefore, dependent upon in-

strument sensitivity, some cloud evolution needs to

occur before particles grow large enough to make a

measurable contribution to remotely sensed variables.

Polarimetric radar can provide valuable information

on the locations and characteristics of primary and

possible secondary ice [see Buehl et al. (2017, chapter

10) for more discussion about the retrieval of cloud

properties using radar techniques]. By transmitting hori-

zontally and vertically polarized waves and looking at

the differences in power and phase between the echoes

in each polarization, information about the orientation

and/or phase of the hydrometeors being probed can be

obtained, as described below.

In the water saturated conditions where SIP is be-

lieved to be most active, ice particles typically grow into

pristine geometries dependent upon the temperature at

which they grow (e.g., 258C: columns). These particle

shapes have a preferred orientation in the atmosphere,

depending on the Reynolds number of the airflow

around them, orienting themselves with their longest

axis in the horizontal plane. Thus, the magnitude of the

backscatter at horizontal polarization is greater than

that measured at vertical polarization: the ratio of these

two quantities is the differential reflectivity ZDR, typi-

cally expressed in dB units. Long solid columns can

produce ZDR values of up to 4 dB, while thin plates can

produce ZDR as high as 10 dB (e.g., Hogan et al. 2002).

Recently, for example, Myagkov et al. (2016) have

demonstrated how polarization measurements can be

used to detect particle shape and orientation.

Hogan et al. (2002) presented coincident measure-

ments from the Chilbolton Advanced Meteorological

Radar (CAMRa) and the Met Office C-130 aircraft,

sampling embedded convection in a deep frontal cloud.

They observed a region of enhanced ZDR alongside a

turret of rising supercooled liquid water droplets (as

sampled by the aircraft). Hogan et al. (2002) interpreted

this as evidence of columns grown from splinters pro-

duced by the H-M rime-splintering process.

Crosier et al. (2014) used CAMRa and the Facility for

AirborneAtmosphericMeasurements (FAAM) aircraft

to study the microphysics of line convection in a vigor-

ous cold front. They observed high reflectivity in the

updraft core, corresponding to graupel particles, but

also observed an inverted U-shaped layer of enhanced

ZDR just above it. In situ sampling revealed the particles

in this region to be capped columns, and this was

interpreted as splinters produced by the H-M rime

splintering process transported upward to colder

temperatures where platelike features began to grow on

the end of the columns.

In both Hogan et al. (2002) and Crosier et al. (2014),

high values of ZDR were not observed in the regions

where rime splintering was thought to be occurring, but

instead were detected as the splinters were lofted by

updrafts to another region of the cloud.Graupel particles,

thought to be required for the H-M process, are quasi-

spherical and have a very smallZDR. But because graupel

tend to be large they dominate the radar reflectivity at

both polarizations. This means that rime splintering may

be associated with high values of ZDR, but only when

those splinters are lofted up and separated from the large

graupel particles, so that they can be detected.

Just as the backscatter is different for horizontal and

vertical polarizations in the presence of oriented ice

crystals, so too is the speed at which the radar wave

propagates through the cloud. This leads to a small

phase shift between the horizontal and vertical polarized

echoes, which can be measured by the radar. Since this

is a propagation effect, the differential phase shift fDP

accumulates as the beam travels through the cloud. By

differentiating fDP with range, the one-way specific

differential phase shift KDP can be estimated (Kumjian

2013), allowing the location of the oriented crystals in

range to be determined. For quasi-spherical particles

such as graupel, KDP is close to 08km21, while for hor-

izontally oriented nonspherical particles a positive KDP

is observed as indicated in Table 7-2. Unlike ZDR, KDP

has the advantage that it is unaffected by the presence of

quasi-spherical graupel or aggregates; however, the data

are typically rather noisy because of the small phase

difference, and the need to differentiate with range.

Nevertheless, Sinclair et al. (2016) show cases where

TABLE 7-2. Summary of radar signatures useful for probing SIP.

Graupel only Graupel 1 splinters Splinters only

ZDR close to 0dB ZDR close to 0dB ZDR up to 4dB

rhv ’ 1 rhv , 1 rhv ’ 1

KDP ’ 08 km21 KDP . 0 8 km21 KDP . 08 km21

DDV ’ 0m s21 DDV , 0m s21 DDV ’ 0m s21

LDR ’ 230 dB LDR ’ 230 dB LDR ’ 215 dB
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bands of high differential phase shift are observed in the

H-M temperature range, possibly indicative of new

splinter formation Fig. 7-7 shows an example of radar

plan position indicator observations (left column) and

ice crystal observed at the ground. While the reflectivity

(top left) and differential reflectivity (middle left) do not

indicate any strong signals, the differential phase shift

(bottom right) exhibits a 0.28km21 signal between 238
and258C (the data surface slants upward from the radar

located at 61.758N, 258E). Since the SIP process can lead

FIG. 7-7. (left top to bottom) Finnish Meteorological Institute Ikaalinen radar plan position indicator observa-

tions of equivalent reflectivity ZH, differential reflectivity Zdr, and specific differential phase of a snow storm that

took place on 15–16 Feb 2014. The enhanced specific differential phase signatureKDP, appears in the temperature

region between238 and258C. The signature is observed close to the ground and surface precipitation observations
indicate presence of columnar crystals, densely rimed particles and aggregates of columnar crystals, as shown in the

right column.
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to a mixture of ice particle types (e.g., graupel and

splinters) it may be of value to investigate polarization

parameters that are sensitive to such mixtures. One such

parameter is the copolar correlation coefficient rhv.

Keat et al. (2015) showed that it is possible to detect

mixtures of aggregates and pristine platelike crystals

using rhv; it seems reasonable therefore to expect that it

might also be useful for the detection of rime-splintering

situations. Another parameter that is sensitive to shape

mixtures is the differential Doppler velocity (DDV;

Wilson et al. 1997). If fast-falling quasi-spherical graupel

and slow-falling oriented splinters are present in the

same volume, a negative value ofDDVwill be observed.

Lasher-Trapp et al. (2016) analyzed dual-polarization

data from an aircraft-mounted W-band radar in tropical

cumuli ascending above the 08C isotherm (see Fig. 7-8).

Higher values of the linear depolarization ratio (LDR;

indicative of ice) were used to discern graupel traveling

through the H-M temperature range, sometimes as-

cending and descending through it, or even balanced

within it, as indicated by the collocated radar-sensed

particle velocities. Older and colder clouds were found

to contain ribbons of high LDR (;218 dB), indicative

of complete glaciation, where in situ probes (corrected

for shattering effects) measured ice particle concentra-

tions exceeding 100L21. By combining radar data with

in situ particle data corroborating the presence of graupel

and supercooled droplets in the H-M temperature range,

this study illustrates the ability of in situ polarimetric

radars to document the necessary characteristics for a

particular SIP in cases where its products cannot be im-

mediately observed.

Radar Doppler spectra profiles also have the poten-

tial to detect the results of SIP. Zawadzki et al. (2001)

showed examples of a deep frontal cloud where ice

particles aloft increased in velocity as they descended

to fall at 2–3m s21, indicating heavy riming. In the

same height interval they observed a second mode

in their Doppler spectra, ice particles falling much

slower at 0.5m s21. This occurred in the 238 to 288C

FIG. 7-8. Data from aircraft pass through a convective cloud at268C during the ICE-T campaign in the Caribbean, from Lasher-Trapp

et al. (2016). (top) Radar reflectivity, (bottom left) LDR and (bottom right) radar derived particle velocities. Examples of graupel images

from the 2D-C for the aircraft pass (width of imagery record is 1600mm) located where shown upon the inset aircraft-measured vertical

velocities.
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temperature range and was interpreted as evidence of

the H-M process. Similar observations have been re-

ported by others (e.g., Verlinde et al. 2013; Kalesse

et al. 2016). Oue et al. (2015) expanded on this ap-

proach by looking at spectra of LDR. They found that

their slow-falling crystal population had high LDR

(215 dB) and therefore positively identified them as

columns. Thus, the linear depolarization ratio can be

used as indicator of ice crystal shape with values for

oriented plates being230 dB or less whereas values for

columns can be as high as215 dB (Matrosov et al. 2001;

Bühl et al. 2016).
Table 7-2 summarizes the different polarimetric

techniques and typical signature values for identifying

hydrometeors. Exploiting synergies and complemen-

tarities of different remote sensing techniques like

cloud Doppler radars, lidars, and microwave radiom-

eters can help identify conditions that are believed to

be needed for SIP, in particular the presence of liquid

water. Microwave radiometry can provide estimates of

liquid water path in a cloud. Lidar is very sensitive to

liquid water clouds, due to the high concentrations of

droplets compared to typical ice concentrations in most

clouds, and a very distinct spike in backscatter is often a

good indicator of the presence of liquid droplets, al-

though high concentrations of ice (such as occur where

droplets are freezing homogeneously) can occasionally

produce a similar signal. Additionally, lidar linear de-

polarization ratios (d) are an indicator of the phase

state of the observed hydrometeors, with a high d in-

dicating nonspherical ice crystals and a d close to zero

indicating spherical liquid-water droplets (Sassen

2005). However, lidar can only penetrate ;3 optical

depths into a cloud, and it therefore cannot discern how

thick the liquid water cloud is. In contrast, cloud radars

are able to penetrate multiple liquid layers and could

thus be used to expand the vertically resolved cloud

phase identification in the entire vertical column be-

yond the lidar measurement range, if appropriate al-

gorithms for identifying the liquid layer from radar

measurements were developed (e.g., Luke et al. 2010;

Bühl et al. 2016).

5. Modeling

a. Representation in models

Modeling studies confirm a significant increase of ice

crystal number concentrations due to SIP mechanisms

in frontal, cumulus, and some deep convective clouds

(e.g., Mason and Maybank 1960; Mossop et al. 1974;

Chisnell and Latham 1975, 1976; Koenig and Murray

1977; Aleksić 1989; Phillips et al. 2001; Crawford et al.

2012) Although several SIP mechanisms have been

postulated, the most frequently implemented process

in numerical models is the H-M rime splintering pro-

cess (see Table 7-1). Typically, the splinter production

rate is related to the number or mass of cloud droplets

accreted onto graupel (e.g., Scott and Hobbs 1977;

Beheng 1987; Aleksić 1989; Mason 1996; Blyth and

Latham 1997; Ovtchinnikov and Kogan 2000; Phillips

et al. 2001; Clark et al. 2005; Connolly et al. 2006b;

Fridlind et al. 2007; Phillips et al. 2007; Huang et al.

2008; Crawford et al. 2012; Dearden et al. 2016). The

splinter production rate is usually assumed to peak at

an ambient temperature of 258C and linearly decreases

toward 238 and 288C (e.g., Cotton et al. 1986). The

use of the rimer surface temperature instead of the

ambient temperature has been discussed (e.g.,

Heymsfield andMossop 1984). Frequently used values

for splinter production rates are 1 splinter per 250

accreted drops or 350 splinters per milligram of ac-

creted liquid. In the literature some variation on the

assumed temperature thresholds (60.58C), the maxi-

mum production rates, or application to riming on

snow in addition to graupel is found. Based on labo-

ratory findings, some studies compute the riming rate

using only drops larger than about 25mm (e.g., Beheng

1987; Aleksić 1989; Ovtchinnikov and Kogan 2000;

Phillips et al. 2001; Connolly et al. 2006b) or requiring

the coexistence of droplets larger than 25mm and

smaller than 13mm (e.g., Huang et al. 2008, 2011). An

alternative approach suggested by Harris-Hobbs and

Cooper (1987) links the splinter production rate to the

fraction of droplets smaller than 13mm and has been

used in several studies (e.g., Geresdi et al. 2005; Sun

et al. 2010, 2012). The size, shape, and mass of the

ejected splinters are not well constrained from labo-

ratory or observational data. Splinters are typically

assumed to be of equal size and their mass is set to the

smallest ice crystal mass allowed in the model (e.g.,

Reisner et al. 1998; Dearden et al. 2016). Several au-

thors have proposed simplified formulations for use in

single-moment representations implemented in gen-

eral circulation models (Bower et al. 1996; Levkov

et al. 1992; Storelvmo et al. 2008).

Some attempts have beenmade to incorporate SIP via

other mechanisms (see Table 7-1). Shattering of large

supercooled rain drops (e.g., Scott and Hobbs 1977;

Phillips et al. 2001; Fridlind et al. 2007; Lawson et al.

2015) has been implemented by prescribing a number of

ice crystals emitted from each freezing rain drop that is

larger than a threshold diameter (50 to 80mm). By

comparing 1D model simulations with observational

data Lawson et al. (2015) suggest a statistical relation

between the number of produced splinters and the di-

ameter of the freezing drop. A parameterization of SIP
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by crystal–crystal collisions was proposed by Vardiman

(1978) but has only been employed by Fridlind et al.

(2007). Yano and Phillips (2011) included secondary ice

production due to collisions among large (2mm) grau-

pel, based on laboratory work by Takahashi et al. (1995).

Ferrier (1994) has proposed an empirical parameteri-

zation for ice enhancement that can be set to act over

arbitrary temperature ranges.

b. Sensitivity of simulated cloud physics to SIP

The representation of cloud microphysical processes

in general and specifically of (secondary) ice formation

in numerical models involves major uncertainties: 1) a

priori assumptions regarding the numbers and activity

of primary INPs, 2) assumptions made in the repre-

sentation of hydrometeor size distributions, 3) dif-

ferent formulations of microphysical processes, 4)

insufficiently constrained parameters within parame-

terizations, and 5) insufficient characterization of the

atmospheric state from observations. The impact of

these uncertainties on modeled clouds and our physical

understanding of clouds is often investigated with

sensitivity studies where the same case is repeatedly

simulated with different models, parameterizations, or

initial conditions. However, a better knowledge of the

basic physical mechanisms of ice production (both

primary and secondary) is required to fully resolve

these uncertainties.

The representation of the ice splinter production rate

by the rime-splintering H-M process depends upon

the rate at which supercooled liquid water is accreted

(mass or number depending on model representation).

Therefore, the important parameters controlling splin-

ter production rate are the amount of supercooled liquid

water and the availability of rimers. The rimers are

thought to be generated by the primary ice nucleating

particles and hence SIP is intrinsically linked to primary

ice formation. Potentially, only very low number con-

centrations of INPs are needed to initiate SIP. Beard

(1992) suggested that primary ice number concentra-

tions of just 1025 to 1023 L21 are sufficient to trigger SIP.

Because INP number concentrations control the avail-

ability of rimers, decreasing INP number concentration

to extremely low values reduces the prevalence of rim-

ers and decreases the efficiency of SIP (Phillips et al.

2007). Increases in INP number concentrations may be

expected to enhance splinter production, as was found

for deep convective cloud (Connolly et al. 2006b).

However, increased number concentrations of primary

ice particles can lead to a more efficient Wegner–

Bergeron–Findeisen effect that can reduce the super-

cooled droplet population and inhibit the SIP (Phillips

et al. 2003; Clark et al. 2005; Crawford et al. 2012).

Increasing the splinter production rate for the same

amount of supercooled liquid accreted was found to

decrease the amount of liquid available due to a more

effective transfer of liquid to the ice phase (Beheng

1987). Thus, there is potential for a self-limiting feed-

back whereby greater splinter production rates shorten

the time when conditions are conducive to rime splinter

production. This perhaps is part of the explanation as to

why Connolly et al. (2006b) observed only small impacts

of a varying splinter production rate. However, they did

find that a doubled splinter production rate increased

the cloud-top height and anvil ice content.

If the model representation of rime-splinter pro-

duction is dependent upon the sizes of droplets accreted,

then changes to the drop size distribution through the

effects of entrainment (e.g., Phillips et al. 2001), in-

teractions between cloud drops (e.g., Crawford et al.

2012), or aerosol loading (e.g., Scott and Hobbs 1977;

Aleksić 1989; Phillips et al. 2001, 2003; Connolly et al.

2006b; Huang et al. 2008) can feed through to the pro-

duction of ice splinters.

Finally, the treatment of dynamics, mixing, and the

microphysics in a model can impact the modeled sensi-

tivity of clouds to SIP processes via their effect on the

size distributions and the concentrations of supercooled

liquid and rimers (e.g., Aleksić 1989; Phillips et al. 2001;

Clark et al. 2005; Phillips et al. 2007; Crawford et al.

2012; Dearden et al. 2016).

c. Model studies using non-rime-splintering SIP

The relative importance of rime splintering and

drop shattering was investigated by Chisnell and

Latham (1974) with a stochastic parcel model. Drop

shattering was found to be important only if splinter

production rates due to riming were assumed to be

small. In agreement with these results, simulations of

Phillips et al. (2001) suggest a significant influence

from drop shattering only in the early development

stages of cumulus clouds. Parcel model studies fo-

cusing on SIP by mechanical fracturing during ice-

phase particle collisions suggest a significant ice

number concentration enhancements for stratiform

clouds with embedded convection, while the impact

was small for stratiform and isolated cumulus clouds

(Vardiman 1978). The results of Vardiman (1978)

further indicated substantial sensitivities to the rela-

tive velocity between the colliding particles, the de-

gree of riming, and the width of the size distribution of

the involved particles. Theoretical analysis of SIP ef-

ficiency by mechanical fracturing for different com-

binations of ice and small and large graupel particles

showed that many mixed-phase clouds fall in the re-

gime for potentially high SIP rates due to mechanical
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fracturing (Yano and Phillips 2011; Yano et al. 2016).

It was argued that the impact of mechanical fracturing

is reduced in clouds with suitable conditions for rime

splintering due to the earlier onset of rime splintering

based SIP such as H-M (Yano and Phillips 2011). But

in cases where conditions are unsuitable for rime

splintering, or where the ice from rime splintering

does not compete (e.g., due to the lack of sufficient

updrafts to carry the SIP to colder temperatures) ice–

ice collision produced splintering may be an important

mechanism.

d. Importance for weather and climate

The importance of SIP for the larger-scale atmo-

spheric environment can be explored with the aid of

numerical models. The validity of such investigations

always depends strongly on the realism of the entire

numerical model. The few studies conducted thus far

indicate minimal impacts on surface precipitation

amounts, and rates (e.g., Aleksić 1989; Clark et al.

2005; Connolly et al. 2006a; Crawford et al. 2012;

Dearden et al. 2016) except for one case studied by

Clark et al. (2005). Clark et al. (2005) suggested that

SIP modified the vertical distribution of latent heating

in frontal clouds due to altered vapor deposition and

sublimation rates. However, Dearden et al. (2016)

found no significant impact of SIP on latent heating

in a bent back frontal cloud case. Several studies have

assessed the influence of SIP on cloud electrification

and lightning (e.g., Baker et al. 1995, 1999; Latham

et al. 2004; Mansell et al. 2010; Mansell and

Ziegler 2013).

FIG. 7-9. Modeling examples using the Weather Research and Forecasting model showing

the impact of SIP on cloud evolution. (top) After Connolly et al. (2006b), the impact of a rime-

splintering (H-M) parameterization on ice crystal number mixing ratio. (bottom left) Cloud-top

height as a function of H-M (here labeled ‘‘HALMOS’’) splinter production efficiency (1.05 1

times standard H-M rate). Shaded contours represent percentiles [gray shadings: 10%–40% and

60%–90% (at 10% intervals)] of domain. (bottom right) Domain mean surface precipitation as

a function of H-M splinter production efficiency (from Connolly et al. 2006a).
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Connolly et al. (2006a) have shown that the maxi-

mum vertical velocity, the cloud-top height (Fig. 7-9),

and the anvil ice water content of a deep convective

storm were sensitive to enhanced splinter production

rates leading to a net radiative forcing of 10Wm22. The

lack of explicit treatment of SIP in convective param-

eterizations potentially has implications for climate

modeling, where cloud-top height is important for

water distribution in the troposphere and transfer into

the stratosphere (Hardiman et al. 2015) and charac-

teristics of the anvil affect the atmospheric radiative

balance.

6. Discussion and conclusions

It is clear that the thousand-fold or more amplification

of observed ice crystal number concentrations above

those of natural INP concentrations mean that SIP is an

important process for cloud evolution. SIP has been

detected in the natural clouds, reproduced under labo-

ratory conditions, and implemented in cloud models.

However, there is no consensus on the physical

mechanism(s) of most importance under particular

atmospheric conditions. Rates of splinter production

are not well constrained, nor is there a complete un-

derstanding of how these rates vary with changing en-

vironmental or cloud characteristics.

Despite the many uncertainties about the role of SIP

in frontal clouds and mixed-phase low level stratus

clouds, observations from natural convective clouds

tend to exhibit a repeatable pattern. Convective clouds

that have relatively warm bases (i.e., T .;1108C)
with a broad drop distribution just above cloud base

have a strong tendency to form raindrops (e.g., Lawson

et al. 2015). Similar clouds but with a greater cloud-base

temperatures (T . ;1158C) are likely to produce even

more raindrops and somemay ascend above the freezing

level if the updraft is strong and deep enough (e.g.,

Hallett et al. 1978). It has been suggested by, for ex-

ample, Koenig (1963) and Lawson et al. (2015) that su-

percooled raindrops play an important role in the

initiation of the glaciation process and there is evidence

that this can occur at temperatures greater than 2108C.
The concentration of ice formed through primary ice

nucleation, the initial nucleation mechanism, and the

minimum concentration of INPs required to initiate SIP

in these clouds is not known or understood. There are

some suggestions that the SIP that occurs after the co-

alescence process generates supercooled raindrops may

take place too rapidly to be generated via H-M (Lawson

et al. 2015).

Supercooled raindrops are most often observed to

occur in tropical maritime clouds. However, they have

also been observed in midlatitude maritime (e.g., Huang

et al. 2008; Taylor et al. 2016) and continental clouds

(e.g., Blyth and Latham 1993) although their occurrence

is rarer (e.g., Cannon et al. 1974). Following the initial

freezing of supercooled raindrops a rapid glaciation of

the cloud is usually observed. Themechanism, rates, and

dependence of environmental conditions are again

subject to uncertainty.

There is agreement on the following points:

d Measured ice particle number concentrations have

been observed to exceed estimates of primary ice

nucleation particle concentrations by 1 to 3 orders of

magnitude
d The onset of the rapid glaciation of convective clouds

is observed to occur shortly after millimeter-size

drops freeze.
d Polarimetric radar signatures are coincident with re-

gions where aircraft observations suggest that SIP has

been active recently
d Modeling is dominated by one representation of SIP

(H-M) and results of the impact of SIP on precipita-

tion appear small but cloud evolution varies from case

to case and model to model.

Looking forward there is a need to understand and

better constrain SIP in the laboratory, in the atmo-

sphere, and in its representation in models. The fol-

lowing questions and recommendations are posed to

help frame and motivate future research.

Outstanding secondary ice production questions in-

clude the following:

d What is the dominant secondary ice production mech-

anism in the atmosphere? Is it any of those identified in

the laboratory? How applicable are laboratory exper-

iments to clouds in the atmosphere?
d How prevalent is secondary ice production in the

atmosphere? In which types of clouds is the process

active, and is the process important for NWP and

climate modeling? Operational radar networks across

Europe and America are being upgraded to dual-

polarization, leading to a wealth of currently untapped

statistical information on the occurrence of SIP, and

their role in precipitation development.
d Why is it often observed that large (.1mm) drops are

needed for SIP? Is it to accumulate sufficient aerosol

for a freezing event to take place at warm (258C)
temperatures? Is there one type of INP that is re-

sponsible for first ice at these temperatures, or will a

wide range of different types of INPs satisfy? Does

recirculation of INPs or small ice play a role?
d What is the minimum INP concentration required to

initiate SIP? Under what conditions will these

CHAPTER 7 F I E LD ET AL . 7.15

Unauthenticated | Downloaded 11/17/21 09:21 AM UTC



concentrations apply? Some initial primary ice formation

is required before SIP can begin.

The following recommendations are made:

d Improve capabilities formeasuring INP concentrations

at modest supercooling (T.2108C), especially in real-
time systems. This is required to determine what INP

concentrations are required to start SIP.
d Improve the representation of INPs in models to

include actual concentrations and activities of INPs.

Improve sensitivity studies of SIP and understand in

which regimes SIP will be most important.
d Extend testing of rime splintering (traditional H-M)

and other SIP processes in the laboratory. More

accurate measurements and better constraints on

splinter production rates and characterization of the

splinter population for varying parameters are

required.
d Improve experimental field observations to confirm

proposed physical mechanisms of splinter production.

Without detailed knowledge of the important physical

mechanisms that control splinter production, model-

ing SIP and the evolution of cloud and cloud fields will

be highly uncertain. The combination of in situ mea-

surements from aircraft and dual polarized Doppler

radar is a powerful approach.
d Improve instruments for measuring ice in clouds. One

of the major impediments to our understanding of ice

formation is the difficulty of gathering experimental

evidence for ice formation, especially in mixed phase

clouds. Improvements in the measurement of the size,

shape, and number concentrations of ice particles in

the sub-150-mm size range are required.
d Carry out integrated field programs involving in situ

sampling, remote sensing, and modeling studies.Quan-

titative comparisons between model output and ob-

servations, both by forward modeling of the model

microphysical fields to generate radar dual polariza-

tion parameters and through retrievals, are required

to test models. Remote sensing techniques also raise

the possibility of studying the evolution of the second-

ary ice particles after they have formed, while aircraft

sampling allows high-resolution snapshots and provides

important information for constraining the remote

sensing. A number of aircraft sampling strategies,

including multiple aircraft, may be needed to utilize

the recent capabilities of improved remote sensing and

in situ measurement capabilities to answer remaining

questions surrounding SIP. Targeting specific types of

clouds that allow for isolating physical mechanisms for

testing are likely candidates for future experiments. For

example, sampling strategies have recently focused on

‘‘chimney clouds’’ (so called because of their aspect

ratio) with no observable anvil remnants above. These

fresh turrets exhibit large vertical velocities (.10ms21).

By following the tops of these turrets up it is possible

to observe the evolution from liquid to fully glaciated

cloud, with less contamination from older cloud

regions. These clouds could be compared with obser-

vations in upslope supercooled layer clouds where

cloud-top temperatures can be warmer than 2128C
and supercooled drizzle drops are present, but SIP

may not be occurring.
d Carry out model intercomparison studies. This would

quantify the sensitivity of SIP to parametric uncertainty

across a range of models with different microphysical

representations from climate model configurations to

detailed bin model representations.
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