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ABSTRACT

The rapid glaciation of tropical cumulus clouds has been an enigma and has been debated in the literature for

over 60 years. Possible mechanisms responsible for the rapid freezing have been postulated, but until now direct

evidence has been lacking. Recent high-speed photography of electrostatically suspended supercooled drops in

the laboratory has shown that freezing events produce small secondary ice particles. Aircraft observations from

the Ice in Clouds Experiment–Tropical (ICE-T), strongly suggest that the drop-freezing secondary ice pro-

duction mechanism is operating in strong, tropical cumulus updraft cores. The result is the production of small

ice particles colliding with large supercooled drops (hundreds of microns up to millimeters in diameter),

producing a cascading process that results in rapid glaciation of water drops in the updraft. The process was

analyzed from data collected using state-of-the-art cloud particle probes during 54 Learjet penetrations of

strong cumulus updraft cores over open ocean in a temperature range from 58 to 2208C. Repeated Learjet

penetrations of an updraft core containing 3–5 gm23 supercooled liquid showed an order-of-magnitude de-

crease in liquid mass concentration 3min later at an elevation 1–1.5 km higher in the cloud. The aircraft ob-

servations were simulated using a one-dimensional cloud model with explicit bin microphysics. The model was

initialized with drop and ice particle size distributions observed prior to rapid glaciation. Simulations show that

the model can explain the observed rapid glaciation by the drop-freezing secondary ice production process and

subsequent riming, which results when large supercooled drops collide with ice particles.

1. Introduction

The hydrologic cycle and atmospheric circulation in the

tropics and extratropics has been a subject of interest for

the past 60 years (Malkus 1954, 1957).Malkus andRonne

(1954) were the first to investigate the structure of cu-

mulus clouds in the Caribbean using instrumented air-

craft. Simpson et al. (1965) pioneered the development of

numerical cumulus cloud models based on her work in

the Caribbean. In 1974, 72 nations joined in the Global

Atmospheric Research Program’s (GARP) Atlantic

Tropical Experiment (GATE) to investigate clouds and

air motions in the tropics. The GATE project utilized an

unprecedented 39 ships and 13 large research aircraft

(Kuettner 1974; Rodenhuis 1974; Kuettner and Parker

1976). As technology has evolved, several additional

major field campaigns have been launched in the tropics,

coupled with observations from space and sophisticated

cloud-resolving, mesoscale, and global models. Yet key

issues central to understanding precipitation processes in

tropical cumulus clouds still remain.

The initiation and rapid development of ice in tropical

and extratropical maritime clouds1 with tops warmer

than 2108C has been a long-standing enigma in cloud

physics research (Koenig 1963, 1965; Mossop et al. 1970;
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Hallett et al. 1978; Hobbs and Rangno 1990; Beard

1992). There has beenmuch speculation in the literature

surrounding the physical processes involved with both

nucleation and development of ice in maritime updrafts.

In situ measurements find that the concentrations of ice

nuclei are much lower, often by orders of magnitude,

than observed ice concentrations at temperatures

warmer than 2108C (e.g., Koenig 1963, 1965; Mossop

1968; Mossop et al. 1970; Hobbs and Rangno 1985).

Perhaps an equally perplexing observation is how

rapidlymaritime updrafts in cumulus clouds glaciate once

ice is formed.With rudimentary instrumentation, Koenig

(1963) observed that high concentrations of ice and

graupel were observed within 5–10min after millimeter-

diameter supercooled drops formed in clouds with tops

warmer than 2108C. Koenig (1963, 1965) hypothesized

that large supercooled drops underwent a freezing–

breakup process that produced ice splinters, leading to an

ice multiplication process. Hobbs and Rangno (1990)

investigated small, polar maritime cumulus with more

advanced instrumentation. They also observed that

clouds with tops warmer than 2128C rapidly glaciated

after supercooled drizzle drops formed. Relatively high

ice concentrations in tropical cumulus clouds have also

been postulated to occur through the Hallett andMossop

(1974) secondary ice production process (Hallett et al.

1978; Harris-Hobbs and Cooper 1987). On the other

hand, Hobbs and Rangno (1990) argue that the Hallett–

Mossop process takes too long to account for rapid gla-

ciation in polar maritime clouds. In addition to the early

observational studies (e.g., Koenig 1963; Hallett et al.

1978), some modeling studies have suggested that rapid

freezing of supercooled raindrops occurs when they col-

lide with small ice particles in tropical clouds (Cotton

1972a,b; Scott and Hobbs 1977).

The observations and numerical simulations presented

in this paper strongly support the premise that initial

freezing of large drops in strong tropical updrafts results

in a secondary ice production process, followed by rapid

glaciation due to the differences in fall velocities between

large supercooled drops and much smaller ice particles.

2. Measurements

The in situ observations analyzed and presented in this

paper were collected during the Ice in Clouds Experiment–

Tropical (ICE-T) (Heymsfield and Willis 2014). ICE-T

was staged from St. Croix, U.S. Virgin Islands in July

2011. The National Science Foundation (NSF) C-130

operated by the National Center for Atmospheric Re-

search (NCAR) and the SPEC, Inc., Learjet penetrated

growing cumulus clouds over the open ocean, at least

75 km from any islands, in the vicinity of St. Croix. The

C-130 often made measurements below cloud base and

up to its limiting altitude of approximately 23 000 ftMSL

(;7000 m; about the 2158C level).

The Learjet was equipped with state-of-the-art sen-

sors for investigating cloud microphysics. Instruments

that are germane to this research include the following:

a cloud particle imager (CPI; Lawson et al. 2001); a two-

dimensional stereo (2D-S) probe (Lawson et al. 2006);

an upgraded high-volume precipitation spectrometer

(HVPS-3; Lawson et al. 1998); a fast forward-scattering

spectrometer probe (FFSSP; Brenguier et al. 1998);

a fast cloud droplet probe (FCDP; O’Connor et al.

2008); an Aventech, Inc., Aircraft Integrated Meteoro-

logical Measurement System (AIMMS-20) air motion

system (Beswick et al. 2008); and a Rosemount total

temperature probe and signal conditioner. The FCDP,

FFSSP, 2D-S, andHVPSwere all equippedwith probe tips

to reduce the effects of ice crystals shattering (Korolev

et al. 2011; Lawson 2011); data collected by these probes

were postprocessed using an interarrival time algorithm to

remove shattered particles (Lawson 2011).

The 2D-S data were processed following the pro-

cedures described in appendix A in Lawson (2011). Fol-

lowing Lawson (2011), 2D-S images smaller than 365mm

were processed with method ‘‘M4,’’ which resizes out-of-

focus ‘‘donuts’’ using the Korolev (2007) diffraction

correction. Images larger than 365mm were processed

using method ‘‘M1,’’ which measures the image di-

mension along the direction of flight. Images with sizes

between 365 and 445mm use weighted means of M1 and

M4. The depth of field (DOF) for small 2D-S images

(,100mm) was determined using the equation DOF 5
68r2/l (Lawson et al. 2006), where r is particle dimension

divided by 2 and l is the laser wavelength (0.78mm).

Sample volume is a direct function ofDOFuntil theDOF

reaches the dimension between the probe arms. The

DOF of the 2D-S has recently been verified using a pre-

cision drop generator in SPEC’s calibration laboratory.

The HVPS images were processed using the M1 tech-

nique, and theDOF for theHVPS is equal to the distance

between the probe arms for the smallest (150mm) parti-

cle. Liquidwater content (LWC) in the all-liquid region is

computed by adding the FFSSP LWC from 2 to 39mm to

the LWC computed from 40mm to 3mm assuming

spherical drops based on diameter measured by the 2D-S

and HVPS probes. The FFSSP and FCDP data were

processed using techniques described in Brenguier et al.

(1998). Ice water content (IWC) is computed using 2D-S

images from 10 to 250mm via the Baker and Lawson

(2006) area-to-mass relationship for ice crystals. The

IWC from 2D-S and HVPS images larger than 250mm

was computed assuming the particles are spherical grau-

pel with an ice density of 0.5 gm23.
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Temperatures reported here that represent cloud pene-

trations were measured outside of cloud prior to entry.

Thus, the in-cloud temperature of an updraft core is likely

to be higher than the referenced temperature outside of

cloud. The Rosemount total temperature probe is known

to read erroneously colder by 18–28C when the element is

wet, which is likely in clouds with a liquid water content

greater than about 1–2gm23 (Lawson and Cooper 1990;

LeMone1980).Even so, ona fewoccasions, theRosemount

probe measured a positive buoyancy of up to 38C in an

updraft core, suggesting that these tropical updraft cores

can be very vigorous.

The C-130 was equipped with a suite of microphysics

instruments that included cloud droplet probe (CDP;

Lance et al. 2010), CPI, and 2D-S probes, along with

inertial navigation system (INS)-based air motion, re-

mote sensing (W-band Doppler radar and lidar), and

aerosol instrumentation. This paper focuses on Learjet

measurements, with only limited supporting (cloud

base) measurements from the C-130 microphysical and

air motion sensors.

The accuracy of AIMMS-20 vertical air velocity

measurements has not been well quantified in the peer-

reviewed literature. To conduct a dynamic evaluation,

the Learjet and C-130 flew in a vertical stack during one

mission in order to penetrate the same updraft cores on

seven different occasions. The Learjet flew 500m below

the C-130, keeping visual contact until the C-130 en-

tered cloud. The Learjet entered the same cloud 10–15 s

later. A comparison of the vertical air velocity mea-

surements and statistics from the two aircraft during

three cloud penetrations of weak to moderate updrafts

is shown in Fig. 1. The comparison in Fig. 1 suggests

that the AIMMS-20 system on the Learjet measures

slightly larger peak values than the C-130. TheAIMMS-

20 values averaged over the updraft cores are slightly

larger, while the AIMMS-20 and INS measurements

averaged over the entire cloud pass are in better agree-

ment. The differences between the AIMMS-20 and INS

measurements could be attributable to several in-

strumentation factors, or they could be from differences in

the updraft characteristics separated by 500m. Although

not shown here, average vertical air velocity measure-

ments from the C-130 downward-looking Doppler radar

were in better agreement with the Learjet vertical velocity

measurements than the INS measurements. It is not pos-

sible to assess the reasons for the differences based on

these limited measurements.

The primary role of the Learjet in ICE-T was to

penetrate fresh, growing cumulus updrafts in the tem-

perature range from 08 to2108C, and then climb rapidly

and make repeated penetrations at higher levels in the

same cloud. Thus, the Learjet crew targeted growing

turrets, often dashing up to clouds at maximum cruise

speed in order to penetrate strong convection. The

major scientific objective was to track the initiation and

evolution of the ice phase in tropical, maritime cumulus

clouds. Table 1 is a list of the times and general char-

acteristics from ICE-T updraft cores in growing clouds

that were penetrated by the Learjet. The 54 updraft-core

penetrations were selected from 137 Learjet cloud

penetrations. The data in Table 1 also contain averages,

maxima, and standard deviations for updraft cores that

are segmented according to temperature ranges in the

cloud. To qualify as an updraft core, the cloud pass had

to have a region that was a minimum of 3 s (;0.5 km) in

duration with an average vertical velocity of 3m s21. The

large majority of these updraft cores were larger and

stronger than the minimum required for selection. The

average updraft-core velocity in the238 to2158C region

was about 10ms21, and the maximum 1-s peak updraft

velocity was 25.4ms21. Table 2 shows mean values of

the updraft-core measurements listed in Table 1 for

cloud-base, all-liquid, first ice, and rapid glaciation re-

gions. Mean values are weighted by duration time.

The data collected in updraft cores presented in

Table 1 have larger average vertical velocities than pre-

viously observed in tropical cumulus clouds (e.g., Lucas

et al. 1994). However, the previous averagemeasurements

were not presented as the strongest updraft cores in the

dataset andwere also collected by large turboprop aircraft,

which do not have the dash speed and maneuverability

FIG. 1. Comparison of vertical air velocity (VAV) measured by

the C-130 INS-based system and the Learjet AIMMS-20 during

three cloud penetrations when the Learjet flew ;500m below the

C-130 and visually followed it by approximately 10–15 s into the

same cloud turret (times of penetrations are offset by 11 s to ach-

ieve best overlap). Mean VAV and std dev for the cloud pass are

shown in the upper-right portion of each panel.

Fig(s). 1 live 4/C
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of the Learjet. In contrast, Anderson et al. (2005) ex-

amine the 10% strongest updraft cores penetrated by

a Citation research aircraft near Kwajalein and report

values commensurate with data shown in Table 1.

Heymsfield et al. (2010) show vertical profiles of maxi-

mum updraft velocity from airborne Doppler radar

measurements. The updraft-core averages in Table 1

compare well with the average peak updraft velocities

over ocean seen in Fig. 12 in Heymsfield et al. (2010).

The crew on the Learjet, which included experienced

cloud physicists, identified clouds that were in their de-

velopmental stage, had cloud tops that were estimated

to be warmer than about 2128C, and did not appear to

be contaminated from clouds aloft or from neighboring

clouds. However, the clouds in the ICE-T project tended

to form in clusters that were attached near their bases;

thus, the clouds were not entirely isolated. The cloud

clusters often eventually developed into mature cumu-

lonimbus with anvils. When this occurred, the aircraft

would typically work more isolated cells near the storm

or relocate to another cloud cluster.

Figure 2 shows an example of data collected from

repeated Learjet penetrations of the same ICE-T cloud

on 19 July 2011. The data in Fig. 2 were collected in the

updraft core in each turret, which had a peak vertical

velocity of 14m s21 at 288C, 8m s21 at 2128C, and

4ms21 at2158C. The middle panel in Fig. 2 shows very

good overlap in particle size distributions (PSDs) from

the FFSSP, 2D-S, andHVPS, which provides confidence

in the measurements. CPI images were used to distin-

guish ice particles from water drops in the size region

from 30 to 500mm, and percentages of ice and water were

then applied to the 2D-S PSD in that region. Images of

particles smaller than 30mm are assumed to be water

drops. 2D-S images larger than 500mm were inspected

visually to estimate whether they were spherical or not

spherical and categorized as ice or water; percentages

were applied to the 2D-S and HVPS PSDs. In this way,

composite PSDs were obtained for both ice particles

and water drops and are displayed in the right panel of

Fig. 2, along with total particle concentration and liquid

and ice water contents derived from the respective

PSDs.

The measurements in Fig. 2 show that the first ice that

was observed near the 288C level consisted of small

(,100mm) irregular-shaped ice particles in relatively

low concentration (26L21) compared with the concen-

tration of water drops (34 cm23). The concentration of

ice particles was derived from 3517 CPI images in the 8-s

core of the updraft, which represents a small sample

statistic of ice particles. For example, if three more ice

particles were observed, the ice concentration would

double, and if three fewer ice particles were observed,

the concentration of ice would be zero. Thus, the actual

number concentration of ice observed in the ‘‘first ice

region’’ is not statistically significant, but it is very small

compared with cloud penetrations at colder regions in

the cloud shown in Fig. 2, where there is obviously a high

concentration of ice, and the ice particle counting sta-

tistics are robust.

To improve sampling statistics, cloud penetrations were

grouped according to temperature regions within the

clouds. Because of the inherent low vertical velocities at

cloud base, the definition of updraft cores is relaxed, and

the cloud-base data in Table 1 are representative of the

regionwhere the average vertical air velocitywas.0ms21.

Figure 3 shows drop size distributions (DSDs) from C-130

and Learjet penetrations that were conducted in updrafts

within 200m above the visual bases of ICE-T clouds. There

are more C-130 measurements because it spent more time

than the Learjet investigating the region below and just

above the cloud base. The DSD measurements in Fig. 3

are a combination of CDP and 2D-S measurements on the

C-130 and FFSSP and 2D-S measurements on the Learjet.

The diameters of drops in updrafts within 200m of cloud

base extend out to 90mm. The very broad cloud-base

DSDs are an indication of themaritime composition of the

cloud condensation nucleus (CCN) aerosols. It is note-

worthy that cloud-baseDSDsmeasured by the Learjet and

C-130 are in good agreement.

Figure 4 shows Learjet 2D-S images and DSDs from

penetrations of ICE-T updrafts in the all-liquid

TABLE 2. Mean values of the updraft-core measurements listed in Table 1 for each temperature region. Mean values are weighted by

duration time. The equivalent radar reflectivity Z is calculated from the particle size distribution (Lawson and Zuidema 2009).

ICE-T updraft-core mean values

Region

Temp

(8C)
VAV mean

(m s21)

VAV max

(m s21)

VAV

std dev

(m s21)

VAV

duration

(s)

Drop

concentration

(cm23)

LWC

(gm23)

Liquid Z

(dBZ)

Ice

concentration

(L21)

IWC

(gm23)

Ice Z

(dBZ)

Cloud base 22 1.0 1.7 0.5 7 89 0.2

All liquid 23 9.5 14.9 3.1 16 58 3.5 37 0 0.00 0

First ice 29 10.3 16.4 3.5 13 37 2.4 33 50 0.01 231

Rapid

glaciation

215 7.4 11.2 2.2 9 22 0.3 213 572 2.78 14

MONTH 2015 LAWSON ET AL . 7



FIG. 2. Examples of (left) forward-facing video photos of locations (center of red circles) of repeated Learjet penetrations of the same

cloud at three temperature levels; (middle) particle size distributions from three cloud particle probes on the aircraft; and (right) com-

posite size distributions of water drops (blue) and ice particles (red). Examples of CPI and 2D-S images are shown along with values of

particle number concentration (L21) and mass concentration (gm23) averaged over the updraft core.

Fig(s). 2 live 4/C
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temperature region from 58 to288C.The all-liquid region
is qualified by visual inspection to determine that there

are no ice particles imaged on either the CPI or 2D-S

probes. Nonspherical CPI images that are larger than

about 30mm (13-pixel diameter) are considered to be ice.

Ice particles will grow at a minimum rate of about

1mms21 at these temperatures in a water-saturated en-

vironment (Pruppacher and Klett 1997). Korolev et al.

(2004) show that frozen drops in an environment near

water saturation will diverge from a perfectly spherical

shape within about a minute and be detected as ice.2 The

2D-S images are used to detect much larger ice particles,

such as graupel, which can be seen as nonspherical with

its 10-mm-pixel resolution.

The average DSD in the all-liquid region shows that

1-mm-diameter drops were observed in the updrafts in

concentrations.1L21, which reflects the broad DSD at

cloud base and a very active coalescence process. The

average total drop concentration in the all-liquid region

is 58 cm23, which is also reflective of a maritime DSD.

The average LWC computed from integrating the updraft-

core average DSD was 3.5 gm23 and the maximum LWC

was 6gm23 (Table 1). For a cloud-base temperature of

228C, the adiabatic LWC from 58 to 288C increases from

7.0 to 7.8 gm23. These are relatively high values for de-

veloping cumulus clouds and suggest that entrainment

was not a major factor in the lower regions of clouds. It is

important to recall that many of the clouds were linked in

the lower regions, so entrainment at these levels would not

cause drops to evaporate.

Figure 5 shows PSDs from the temperature region

between288 and2128C,where the first ice was observed.
The first ice region still contains high LWC and about

1L21 of millimeter-diameter drops but only a few small

ice particles, as shown in the example CPI images iden-

tified in Fig. 5 by red ellipses. Figure 6 shows CPI images

of all of the ice observed in the first ice region. It is curious

that even though these images are found in the midst of

strong updrafts, not near cloud edges where downdrafts

are typically observed, none of the ice appears to be fac-

eted, as would be expected if grown via vapor deposition.

Leisner et al. (2014) show high-speed light microscopy

of two mechanisms of secondary ice formation during

the freezing of electrostatically suspended drops. One

mechanism is from splintering of the freezing drop with

large drop pieces and microscopic pieces produced

during the freezing process. The second mechanism is

FIG. 3. Average drop size distributions measured by (a),(b),(d) C-130 and (c) Learjet penetrations in updrafts

(average vertical velocity . 0m s21) within 200m above cloud base.

2 Here, we note that Korolev et al. (2004), based on laboratory

experiments, report that frozen drops maintain a quasi-spherical

shape for tens of seconds after freezing near water saturation.

However, the laboratory photographs suggest that protrusions

would be detectable in CPI images within about 30 s after freezing

in a water-saturated environment.

MONTH 2015 LAWSON ET AL . 9



the formation of spicules and subsequent ejection of gas

bubble membranes that break into ice fragments. As

shown in Fig. 7, freezing drops can either break up into

fragments or form spicules that eject membrane bubbles

that break and form several ice fragments. The spicules

form because the outer shell of the drop freezes first,

while the slushy interior freezesmore slowly, resulting in

internal pressure as the ice expands and forces a spicule

to form through the exterior shell. Leisner et al. (2014)

found that particles immersed in the drops (not neces-

sarily active ice nuclei) enhanced the spicule formation

process and that more than 10% of the freezing drops

produce secondary ice.

We are not postulating that the drop breakup and/or

spicule ice-formation mechanisms are also responsible

for the formation of first ice. These processes or some

primary nucleation process (e.g., biogenic ice forming

nuclei) could produce the first ice. It is not possible to

conclusively determine the origin of first ice in these

clouds. The data presented here only show that the first

detectable ice particles are irregular in shape and that

some appear to be fragments of broken drops.

FIG. 5. (left) Examples of CPI images in an updraft core at288C at 1720:14 UTC 30 Jul 2011. Red ellipses indicate irregular shapes that

are designated as ice. (right) Size distributions from all penetrations in the first ice region shown in Table 1. Average values of drop

concentration (blue Conc), ice concentration (red Conc), LWC, IWC, and equivalent water (blue) and ice (red) radar reflectivity (Z) are

shown along with the time-weighted average of all DSDs (light blue), and the time-weighted average of all ice PSDs (black).

FIG. 4. (left) Examples of 2D-S images in an updraft core at 58C at 1916:47 UTC 12 Jul 2011, and (right) DSDs

from all penetrations in the all-liquid region shown in Table 1. The average values of drop concentration (Conc),

LWC, and equivalent radar reflectivity (Z) are shown along with the time-weighted average of all DSDs (cyan).

Fig(s). 5,4 live 4/C
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Several investigators have observed spicules in CPI

images (e.g., Korolev et al. 2004; Stith et al. 2004;

Rangno 2008). Figure 8 shows examples of freezing

drops suspended on fine wires, CPI images in regions

with supercooled drizzle (both from Korolev et al.

2004), and Learjet CPI images captured in updrafts

during ICE-T. The CPI images in Fig. 8 show frozen

water drops with spicules that are very similar to those

developed in the laboratory by Leisner et al. (2014). The

spicules formed within a few milliseconds after initial

freezing of 80-mm drops. A. V. Korolev (2014, personal

communication) reports that millimeter-diameter drops

took 30–40 s to emit a spicule. At the average updraft

velocity of 9m s21 in ICE-T clouds, this results in about

350-m altitude gain, which is in agreement with the ob-

servations of rapid glaciation.

The CPI image in the upper-right corner of Fig. 8

resembles the laboratory image of a drop with a slushy

center shown at 699.8ms in Fig. 7a. The largest image in

the first ice region shown in Fig. 6 also appears to be a

drop that has just frozen and may be in the process of

ejecting a spicule. The high-speed video photography

does not capture all of the smallest ice particles that are

ejected (Leisner et al. 2014), and several ice fragments

can result from the fracturing of one bubble ejected

from a spicule. Thus, even though laboratory studies

estimate that only 10% of (80-mm diameter) freezing

drops produce splinters, the number of ice fragments

can potentially be very large.

Assuming the drop-freezing secondary ice process is

active, the difference in terminal fall velocities between

small ice splinters and large drops will result in frequent

collisions and freezing events, potentially releasing more

ice splinters. Thus, a cascading process can develop that

results in rapid glaciation within the updraft (Koenig

1963). Figure 9 shows PSDs for all of the strong updraft

penetrations in the temperature range between 2128
and 2208C (i.e., the ‘‘rapid glaciation region’’ shown in

Table 1). The PSDs have been separated into water (blue)

and ice (red) traces based on CPI images and 2D-S images

for sizes larger than about 500mm.However, as evidenced

in Fig. 9, water drops with diameters larger than about

300mm were not observed in the rapid glaciation region,

which is consistent with larger drops freezing first due to

their higher fall velocity relative to small ice. The average

LWC decreases by about a factor of 10 and IWC increases

by more than a factor of 200 in updraft cores between the

first ice region and the rapid glaciation region.

The ICE-T observations provide credible support for

the drop freezing–splintering process, which does not

require the stringent conditions imposed by the Hallett–

Mossop (H–M) ice multiplication process (Hallett and

Mossop 1974). Specifically, the H–M process cannot ex-

plain the observations, because 1) the observed second-

ary ice production is outside the required temperature

range, 2) there is not a predominance of columnar ice,

and 3) the H–M process would take far too long to pro-

duce sufficient ice in these strong updrafts (Mason 1996).

3. Numerical simulations

It has been well documented in the literature that a

rapid coalescence process occurs once drops with di-

ameters larger than about 50mm are observed in warm

cumulus [e.g., see discussions in Khain et al. (2000);

FIG. 6. CPI images of all particles that were classified as ice in the

first ice region shown in Table 1.

FIG. 7. (a) Example of high-speed (200 000 frames per second)

photography of breakup of an 80-mm-diameter electrostatically

suspended drop. (b) Example of a spicule emitting gas bubbles

from an 80-mm-diameter suspended drop at2108C. The red circles

identify an ice forming nucleus entering the drop in (a) at 20.12

and 0ms, and in (b) at 0 and 0.39ms. The red ellipse in (b) at

657.99ms indicates fragments from a burst bubble [adapted with

permission from Leisner et al. (2014)].

Fig(s). 6,7 live 4/C
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Rauber et al. (2007); Alfonso et al. (2008)]. The differ-

ence in fall velocities between a millimeter drop and a

100-mm ice crystal is about 4ms21 (Khvorostyanov and

Curry 2002), which will support a substantial collision

rate and potential for drop freezing given a sufficient

concentration of small ice. In view of the recent labora-

tory evidence for the drop freezing–splintering process,

and in situ cloud observations showing circumstantial

evidence of drop shattering and spicules, we have enlisted

the aid of a numerical model to see if these processes will

support rapid cloud glaciation.

Themixed-phase binmicrophysics scheme ofMorrison

and Grabowski (2010) has been adapted to simulate the

major physical components of the drop-freezing sec-

ondary ice process. This scheme predicts liquid drop and

ice particle spectra by prognosing the number mixing

ratios in 54 mass bins (for liquid and ice each). In addi-

tion, rime mass mixing ratios are prognosed for the

ice bins, allowing for prediction of rime mass fraction

and smooth transition of particle characteristics (e.g.,

density and fall speed) from unrimed ice to rimed par-

ticles to graupel. This is in contrast with the traditional

approach that includes separate distributions for ice

(snow) and graupel. Numerous processes affecting the

liquid and ice spectra are represented, including diffu-

sional growth, coalescence, riming, and secondary

droplet activation. A secondary ice initiation process is

implemented based on freezing of large supercooled

drops via the riming process,3 followed by production of

small ice, as described below. For this application, the

scheme is configured within a 1D model with a vertical

grid spacing of 50m. Entrainment is neglected. The

Meyers et al. (1992) ice nucleation, riming, and drop-

freezing secondary ice processes are turned on or off to

perform sensitivity tests, described later.

Themodel is initialized at the lowest model level,268C,
with the observed average DSD (Fig. 4) in the observed

average updraft velocity of 8ms21, constant with time and

altitude. The average DSD is obtained from all ice-free

updraft-core DSDs warmer than 288C. The updraft-core

average velocity of 8ms21 is the average value taken from

all updraft cores, weighted by each updraft core’s duration.

Themodel ice PSD is initializedwith the observed average

first ice PSD (Fig. 5) between 288 and 2118C at 10-s in-

tervals between 100 and 160 s. The frequency of in-

troduction of the first ice PSD in the ice initiation region is

arbitrary and was established experimentally to fit the

initial observations.

FIG. 8. (a) Example of a spicule being emitted fromamillimeter-diameter drop suspended fromawire and freezing at

2108C (Korolev et al. 2004; A. V. Korolev 2014, personal communication); (b) CPI images of drops with protrusions in

freezing drizzle (Korolev et al. 2004); and (c) CPI images of drops with protrusions in ICE-T clouds (present study).

3 Here, riming is the freezing event when a small ice particle

collides with a larger supercooled drop, which could be considered

the reverse of the classic process of a small supercooled drop ac-

creting on a larger ice particle.

Fig(s). 8 live 4/C
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The purpose of this study is not to identify the source of

the first ice, which could possibly result from various

mechanisms. That said, a few possibilities for first ice will

be mentioned here to stimulate further discussion. The

presence of millimeter-diameter drops increases the sta-

tistical probability that a rare ice nucleus might be active

within these large drops within a relatively warm (288
to 2118C) temperature regime, since the probability of

containing an active ice nucleus increaseswith the cube of

the drop radius. The most likely candidates are biogenic

ice nuclei, which are known to have some activity at these

warmer temperatures and have been observed over open

ocean (Burrows et al. 2013). Alternatively, a millimeter-

diameter drop may break up and produce ice particles.

Or, although unlikely in these clouds that are selected to

be relatively isolated above the 08C level, ice could be

entrained fromoutside the cloud.What is apparent is that

once there are even a few freezing events, the drop-

freezing secondary ice mechanism rapidly takes over

and a cascading glaciation process dominates.

In themodel, the differential fall velocity between the ice

particles and water drops promotes collisions and freezing

of supercooled drops, which then produce secondary ice

particles at a rate commensuratewith the observed icePSD

at that level in the updraft; that is, the rate of secondary ice

production is calculated so that the ice PSD is nudged to-

ward the observed PSD. This process and an estimate of

the rate of ice fragment production are discussed in more

detail later in this section. The secondary ice production

results in conversion of more water drops to ice so that the

model DSD adjusts toward the observed DSD. The pro-

cess continues until the updraft reaches2208C.The overall
goals of the simulation are as follows: 1) to see if the ob-

served water DSDs and ice PSDs can be generated in the

model through the drop-freezing secondary ice production

and riming processes that occur when large drops collide

with small ice particles, and 2) to determine the number of

ice fragments required through the riming process for

consistency with the observed water DSDs and ice PSDs.

Figure 10 shows results from the numerical simulation

without the drop-freezing secondary ice process. In this

realization, the model is initiated with the observed DSD

at 268C in an updraft of 8ms21. The warm-rain co-

alescence process is active. The model ice PSD is initial-

ized with the observed average first ice PSD between288
and2118C at 10-s intervals between 100 and 160 s. Drops

are frozen via the Meyers immersion-freezing and de-

position scheme and through riming, but there is no

secondary ice production process. Ice grows via vapor

deposition and riming. As seen in Fig. 10, there are one to

two orders of magnitude higher drop concentrations in

themodelDSD at2128 and2168C, and the tail extends a
millimeter past the observations. The model ice PSD is

orders of magnitude lower than the average observed ice

PSD. To summarize, 50-mm- to 3-mm-diameter water

drops in the model do not freeze in the updraft at nearly

the rate as the observed ice PSD.

In contrast, Fig. 11 shows the development of the

water DSDs and ice PSDs when the drop-freezing

(fracturing) secondary ice process is turned on. In this

realization, the model is initialized the same way as

in Fig. 10, but the primary ice nucleation (Meyers)

processes are turned off, and the drop-freezing sec-

ondary ice process is turned on. Secondary ice particles

are generated when drops .80mm freeze, and super-

cooled drops freeze whenever they come in contact with

ice particles (i.e., the riming process). The lower drop-

diameter limit of 80mm is estimated from the laboratory

FIG. 9. As in Fig. 5, but for the rapid glaciation region shown in Table 1; examples of both CPI and 2D-S images

are shown.

Fig(s). 9 live 4/C

MONTH 2015 LAWSON ET AL . 13



work of Leisner et al. (2014). As stated above, one of the

goals of themodel is to see if the observedwaterDSDs and

ice PSDs can be reproduced in themodel and to determine

the relationship between the diameter of freezing drops

and the number of ice particles produced.

The scheme for determining howmuch secondary ice

is required to force the development of ice and de-

pletion of liquid water in the model to agree with the

observations proceeds as follows. Drops in the model

that are frozen via the riming process may or may not

fracture and produce secondary ice particles. Second-

ary ice particles are produced bymultiplying the mixing

ratio of liquid mass that is frozen by a fragmentation

factor F, which is the number of secondary ice particles

per kilogram of accumulated rime mass. The secondary

ice produced is distributed evenly over a range of ice

size bins that are smaller than the diameter of the

original frozen drop. The resulting DSDs and ice PSDs

are then compared with the observations, and the

fragmentation factor F is iteratively varied to optimize

the agreement between the model and observed DSDs

and ice PSDs over 300 s, the time it takes the model

updraft to rise from the 288 to 2208C level. The opti-

mal value of F is 1029 kg21.

The average number of secondary ice particles pro-

duced as a function of fractured frozen-drop diameter is

shown in the scatterplot in Fig. 12, which is derived from

the model. Note that the results shown in Fig. 12 are a

statistical average. For example, from the curve in Fig. 12

it can be seen that a dropwith a diameter of about 500mm

can fracture and produce five secondary ice particles. Or

alternatively, one out of one hundred 500-mmdrops could

fracture and produce 500 secondary ice fragments. There

is no way of determining in the model how many in-

dividual drops do or do not fragment. A power law fit to

the points in Fig. 12 results inNf 5 2.53 10211 d4, where

Nf is the statistical average number of ice fragments per

drop, and d is drop diameter in micrometers.

FIG. 10. Model simulations showing the development of water

DSD and ice PSD compared with average ICE-T observations.

Model is initialized at 268C with the observed DSD in a constant

8m s21 updraft. At 288C the ICE-T observed ice PSD is in-

troduced. Meyers et al. (1992) primary nucleation and the riming

processes are turned on; secondary ice production is turned off.

FIG. 11. As in Fig. 10, but the drop-freezing secondary ice process

is turned on, and the Meyers et al. (1992) primary nucleation

scheme is turned off.

FIG. 12. Scatterplot derived from model results showing the

statistically averaged number of secondary ice fragments per fro-

zen drop Nf as a function of binned drop diameter d.

Fig(s). 10,11,12 live 4/C
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As seen in Fig. 7, 80-mm-diameter drops freeze and

fracture in a fraction of a second. However, millimeter-

diameter drops take longer to freeze and produce a

spicule. Based on laboratory work performed by Korolev

et al. (2004) and estimates by A. V. Korolev (2014, per-

sonal communication), it takes about 30 s to produce a

spicule from a 1-mm-diameter drop. Thus, in the actual

cloud,millimeter drops can be transported about 100–200m

vertically, either up or down depending on updraft and

terminal drop velocities, before producing secondary ice.

In addition to turning on/off primary nucleation, sec-

ondary nucleation, and riming, sensitivity tests were con-

ducted to determine how othermodel parameters affected

the results.Updraft velocitywas varied over a range from5

to 15ms21, and updraft velocity was also varied as a

function of time. To freeze supercooled drops at a rate

commensurate with the observations, updraft velocity

needs to be in the range from about 7 to 10ms21, and

small velocity variations with time do not greatly affect the

results. If updraft velocity is less than about 5ms21, the

largest drops precipitate out of the updraft and are not

frozen, resulting in less than observed ice development. If

updraft velocity is greater than about 15ms21, super-

cooled drops are converted to ice at a higher elevation than

observed in ICE-T clouds.

Model runs were also conducted by varying the initial-

izedDSDand the initial ice PSD. If theDSDat268Cdoes

not contain drops larger than about 200mm in diameter,

the conversion to ice via drop-freezing secondary ice

production and riming is greatly diminished, resulting in

less ice and more supercooled water being transported

higher in the cloud. Varying the initial ice PSD by in-

creasing or decreasing ice in the first ice region by an order

of magnitude had little effect on subsequent development

of the ice PSD higher in the cloud. This implies that once

the drop-freezing secondary ice process gets started, there

is a cascading production of small ice that rapidly freezes

larger drops via the riming process.

4. Summary and conclusions

Data collected by the SPEC Learjet and the NCARC-130

from the Ice in Clouds Experiment–Tropical (ICE-T)

are analyzed to assess the mechanism(s) that produce(s)

rapid glaciation between 288 and 2158C in strong up-

drafts. The tropical cumulus clouds studied formed over

the open ocean near St. Croix in July 2011. Based on 31

aircraft penetrations within 200m above cloud base, the

average drop size distribution (DSD) contained drops

out to diameters of 80mm, and the total drop concen-

tration was about 85 cm23. The average cloud-base

temperature was 228C. The measurements reported

here are constrained to relatively strong updrafts within

individual cloud turrets (i.e., the edges of updrafts are

not included). The average updraft velocity between 58
and 288C was 9.5ms21; between 288 and 2128C it was

10.3ms21; and it was 7.4ms21 between2128 and2208C.
Much stronger 1-s peak updrafts were encountered at

all levels: 23m s21 at 278C, 25.4m s21 at 2118C, and
21m s21 at 2208C.
A very active coalescence process was observed

within all of the updrafts and often producedmillimeter-

diameter drops at the level when cloud-base air reached

the 58C level. The concentration and size of millimeter

drops increased until glaciation commenced. The first

ice region, based on ICE-T measurements, was found in

the temperature range from about 288 to 2118C. The
first ice particles are irregular in shape, sometimes ap-

pearing to be fragments of a drop, and were measured in

the size range from about 50 to 200mm.Once the first ice

is observed, the updraft rapidly glaciates within about

1–1.5-km upward vertical development, which corre-

sponds to approximately a 68–98C decrease in temper-

ature within a time frame of 2–3min. The Learjet was

able to climb at a rate that allowed it to sample 1–1.5 km

higher in the same updraft within about 3min, thereby

enabling it to document the rapid glaciation (Fig. 2). CPI

and 2D-S images showed that the large tail of the water

DSD was quickly depleted during the rapid glaciation

process, themillimeter-size images appearing to be large

frozen drops and graupel particles. That is, the tail of the

DSD, which originally extended out to 3mm in the first

ice region (288 to2118C) decreased to about 300mm in

the rapid glaciation region (2128 to 2208C).
Leisner et al. (2014) show high-speed photography of

suspended 80-mm-diameter drops freezing in the 2108
to 2208C temperature range. More than 10% of the

freezing drops break up into fragments or produce

spicules that emit liquid bubbles, which subsequently

burst and produce ice fragments. This is the first strong

laboratory evidence for the drop-freezing secondary ice

production process suggested by investigators in the

1950s (i.e., Bigg 1957; Latham and Mason 1961; Koenig

1963, 1965), which is corroborated by CPI images col-

lected by aircraft in clouds (Korolev et al. 2004; Rangno

2008; present study). Both of these processes are capable

of producing multiple secondary ice particles during a

single drop-freezing event. The difference in fall velocity

between small ice particles and large supercooled drops

results in a riming process whereby large drops freeze on

contact with the small ice. This in turn produces sec-

ondary ice particles, which freeze more supercooled

drops, resulting in a cascading process that rapidly gla-

ciates the cloud.

The Morrison and Grabowski (2010) mixed-phase

bin model was modified to determine if the riming and
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drop-freezing secondary ice production process can ac-

count for the observations of rapid glaciation in ICE-T

clouds. The modified microphysics scheme was im-

plemented into a 1D cloud model. An 8m s21 updraft

was initiated with the observed water DSD at268C and

the observed ice PSD between 288 and 2118C. Warm

coalescence and the drop-freezing secondary ice process

were simulated, and riming was turned on. The model

showed that the observed rapid glaciation was simulated

when drops between 40mm and 1mm froze via riming

and emitted secondary ice in proportion to their diameter

(mass). The glaciation process proceeds rapidly because

of large differences in fall velocity between small ice and

large drops. Turning on or off the Meyers et al. (1992)

primary nucleation process had minimal effect.

ICE-T in situ observations, supported by recent lab-

oratory evidence of drop splintering, spicule formation,

and numerical simulations, strongly support the premise

that drop freezing produces small secondary ice parti-

cles, which collide with larger drops and account for the

observed rapid glaciation in strong updrafts of tropical

cumulus clouds. It is worthwhile to reflect on the hy-

pothesis put forth by Koenig (1965, p. 448) over 50 years

ago: ‘‘The [secondary ice] mechanism can only be ef-

fective in cases when clouds contain large supercooled

drops. It is believed that the hypothesized mechanism

may supply a critical link in the understanding of cloud

glaciation by providing a means of triggering the ava-

lanche mechanism involving ice splinter formation

during drop freezing.’’
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