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Abstract

Intense rainfall generated by convective clouds causes flash flooding in many parts of
the world. Understanding the microphysical processes leading to the formation of pre-
cipitation is one of the main challenges to improving our capability to make quantitative
precipitation forecasts. Here, we present microphysics observations of cumulus clouds5

measured over the Southwest Peninsula of the UK during the COnvective Precipita-
tion Experiment (COPE) in August 2013, which are framed into a wider context using
ground-based and airborne radar measurements.

Two lines of cumulus clouds formed in the early afternoon along convergence lines
aligned with the peninsula. The lines became longer and broader during the afternoon10

as a result of new cell formation and stratiform regions forming downwind of the con-
vective cells. Aircraft penetrations at −5 ◦C showed that all the required conditions of
the Hallett–Mossop (H–M) ice multiplication process were met in developing regions,
and ice concentrations up to 350 L−1 were measured in the mature stratiform regions,
indicating that secondary ice production was active.15

Detailed sampling focused on an isolated liquid cloud that glaciated as it matured
to merge with a band of cloud downwind. In the initial cell, a few drizzle drops were
measured, some of which froze to form graupel; the ice images are most consistent
with freezing drizzle, rather than smaller cloud drops forming the first ice.

As new cells developed in and around the cloud, ice concentrations up to two orders20

of magnitude higher than the predicted ice nuclei concentrations began to be observed
and the cloud glaciated over a period of 12–15 min. Ice splinters were captured by
supercooled drizzle drops causing them to freeze to form instant-rimers. Graupel and
columns were observed in cloud penetrations up to the −12 ◦C level, though many ice
particles were mixed-habit due to riming and growth by vapour diffusion at multiple25

temperatures.
Frozen drizzle/raindrops initially made up the majority of precipitation-sized particles

in the H–M zone, while ice splinters required time to grow by vapour diffusion. It is there-
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fore clear that the freezing of supercooled drizzle drops not only provides a pathway
to advance the onset of the H–M process, it also accelerates glaciation and the forma-
tion of precipitation once it has begun. Accurate representation of both the warm rain
and H–M processes, including their interactions with each other and cloud dynamics,
appears key to determining the timing and location of precipitation.5

1 Introduction

Extreme rainfall by isolated convective storms can cause flash flooding, leading to prop-
erty damage and possible loss of life. Short-lived convective storms are thought to be
responsible for over half of flash flooding events in the UK (Hand et al., 2004), and over
3 million properties in England are thought to be at risk of surface flooding (Environ-10

ment Agency, 2009). The Southwest Peninsula of the UK has a long history of summer
flash flooding, with dozens of incidents reported in the last century (Cornwall Council,
2011). The steep, narrow valleys on the north coast of the Southwest Peninsula are
particularly vulnerable to flooding as they funnel rainfall down to the sea.

During periods of southwesterly winds, the airstream aligns with the peninsula, and15

the combination of surface friction and onshore heating drive moist sea breeze fronts
inland from both the north and south coasts (Warren et al., 2014). The convergence as-
sociated with these opposing fronts creates conditions favourable for convective cloud
formation. Similar meteorological phenomena may be found on long, thin peninsulas
such as Florida (Burpee, 1979) and the Italian Salento peninsula (Mangia et al., 2004).20

In August 2004, particularly destructive flash flooding caused severe damage to the
village of Boscastle, and several other villages nearby were also badly affected. A se-
ries of convective cells aligned with the southwesterly wind to form a narrow, quasista-
tionary band of precipitation, and up to 200 mm of rain fell on the surrounding area in
around 4 h (Golding, 2005; Golding et al., 2005). Other notable examples of extreme25

flash flooding in the area include the “Great Flood” of July 1847, which destroyed sev-
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eral bridges on the River Camel, the Lynmouth flood of 1952 which took 34 lives, and
the June 1957 floods in which 200 mm of rain fell in just a few hours.

At the time of the August 2004 floods, the UK Met Office’s forecast model grid
spacing was 12 km, which was insufficient to resolve the convective cells that formed
near Boscastle. The model grid spacing has since been improved to a 1.5 km grid,5

and higher-resolution hindcasts are able to resolve the August 2004 storms (Golding,
2005). However, quantitative precipitation forecasts remain challenging.

Forecasting accuracy is dependent on the successful prediction of the onset, dura-
tion, location(s) and intensity of precipitation, which involves a physically-realistic rep-
resentation of many interacting physical processes. Microphysical processes alone are10

subject to significant uncertainty. Cloud-resolving models must use parameterisations
to predict interactions between different sizes of cloud drops and different types of
ice/snow. The use of different microphysical schemes in cloud-resolving models can
affect the location, phase and intensity of precipitation (e.g. Loftus and Cotton, 2014;
Dasari and Salgado, 2015).15

While recent progress has been made in understanding the initiation and develop-
ment of convective clouds (Browning et al., 2007), and exploring model biases and
limitations at different resolutions (Stein et al., 2015), gaining a more detailed under-
standing of the microphysical processes involved remains a key aspect of improving
quantitative precipitation forecasting. Huang et al. (2008) found that in a small sam-20

ple of clouds formed in similar circumstances, the dominant mechanism leading to the
formation of precipitation-sized particles was the accretional growth of graupel. Super-
cooled raindrops formed by the warm rain process are thought to play an important
role in short-circuiting the formation of graupel, hence allowing the more rapid initia-
tion of the Hallett–Mossop (H–M) ice multiplication process (Hallett and Mossop, 1974;25

Chisnell and Latham, 1976; Phillips et al., 2001; Huang et al., 2008; Sun et al., 2010;
Crawford et al., 2012). Several studies have observed such drops in the early stages
of convective clouds (e.g. Koenig, 1963; Blyth and Latham, 1993; Rangno and Hobbs,
2005; Lawson et al., 2015), particularly in environments with a warmer cloud base. It is
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not clear if the supercooled raindrops are the first particles to freeze, or if they collide
with primary ice particles produced from frozen cloud drops (e.g. Phillips et al., 2001).
On a per-particle basis, larger drops formed by collision-coalescence are more likely to
contain ice nuclei (IN) than smaller drops, but they are generally much fewer in number.

Raindrops encountering ice splinters ejected by the H–M process can also freeze5

to become “instant-rimers”, meaning the H–M process can progress more quickly than
if the splinters had to grow to sizes where they can rime by vapour diffusion alone
(Chisnell and Latham, 1976). Crawford et al. (2012) found that drizzle drops played
an important role in the rapid glaciation of shallow convective clouds, by this process.
However, Lawson et al. (2015) recently showed that in cumulus with very active warm-10

rain processes, fragmentation of freezing drops can also lead to cascading secondary
ice production, in the absence of H–M.

In this paper, we present observations taken during the COnvective Precipitation
Experiment (COPE) which was conducted in the Southwest Peninsula of the UK dur-
ing July and August 2013 (Blyth et al., 2015; Leon et al., 2015). Measurements of15

the microphysics, dynamics and thermodynamics were made by two research aircraft,
a ground-based precipitation radar, a suite of aerosol instruments and other instru-
mentation. The principle objective is to document the microphysical observations in
sufficient detail to be able to make inferences about the processes occurring in the
sampled clouds. This will enable the observations to be used in future work to evaluate20

the performance of high-resolution numerical models of the clouds and, in particu-
lar, the relative importance of resolution and parameterised microphysics in achieving
quantitative precipitation forecasts.

First, we examine the horizontal structure and phase of a line of cumulus oriented
along the wind direction, formed in similar meteorological conditions to the August 200425

floods. We then present detailed measurements of the development of an initially-
isolated cloud as it glaciated. Multiple aircraft penetrations were made through this
cloud at increasing altitude as it grew in height, and we present observations showing
the conversion of supercooled drizzle drops to graupel via interaction with the H–M
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process. We demonstrate a progression from liquid to ice cloud through mixed-phase
stages involving primary graupel, secondary graupel, columns and mixed-habit ice par-
ticles. Compared to previous studies, the use of newer instrumentation with more reli-
able detection of smaller ice particles (Lawson et al., 2006) means we were better able
to detect ice closer to where it was produced, and hence may better deduce information5

on its origins.

2 Experimental

2.1 The COPE project

COPE took place in the Southwest Peninsula of the UK during July–August 2013, and
the analysis presented here focuses on one case study from 3 August. In situ mea-10

surements during COPE were performed using two aircraft platforms – the UK Facility
for Airborne Atmospheric Measurement BAe-146 and University of Wyoming King Air
200T (UWKA). Ground-based measurements were performed using the UK National
Centre for Atmospheric Science (NCAS) mobile precipitation radar in Davidstow, and
an additional site located nearby hosted aerosol instrumentation which was running15

throughout the whole of the campaign.
The BAe-146 and UWKA aircraft each hosted a suite of in situ probes, providing

measurements of size resolved cloud particle number concentration (and to some ex-
tent shape) across the entire size range of interest (3–6200 µm). The UWKA was also
equipped with a Doppler cloud radar, which provided high-resolution vertical profiles20

mapping the structure of cloud directly above and below the aircraft. The sampling
strategy involved the UWKA flying in and around cloud tops, while the BAe-146 sam-
pled clouds and aerosols at lower levels. The ground-based precipitation radar had
a lower spatial resolution than the UWKA cloud radar, but covered a much wider area,
and provides the best measure of the horizontal extent and temporal evolution of the25

clouds.
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Both aircraft were fitted with a suite of instrumentation to measure standard data
products such as position and velocity, as well as meteorological variables including
as temperature, pressure, dew point and liquid water content (LWC). A full summary
of instrumentation deployed during COPE is provided by Leon et al. (2015). Here we
summarise only the instrumentation used in this analysis.5

2.2 BAe-146 instrumentation

2.2.1 Meteorological instrumentation

Ambient air temperature was monitored using de-iced and non-de-iced Rosemount
102 sensors, and here we use the de-iced measurement as most of the measurements
were taken at sub-zero temperatures. When passing through dense liquid cloud, these10

sensors are known to underestimate temperature by up to a few degrees C due to
wetting (Lawson and Cooper, 1990), so we use the out-of-cloud temperature at the
same altitude to estimate cloud temperatures. In parts of the cloud that are not at their
level of neutral buoyancy, the in-cloud temperatures may be up to a few degrees Celsius
warmer or cooler due to the energies associated with changes in the phase of water15

molecules (Wang and Geerts, 2009). A de-iced Aventech AIMMS-20 turbulence probe
(Beswick et al., 2008) was used to measure the 3-D wind vector at 20 Hz. The stated
accuracy of the AIMMS vertical wind (W ) is ∼ 0.75 ms−1, though intercomparisons
between the AIMMS and the BAe-146’s radome-mounted 5-port turbulence sensor
agreed within around 0.5 ms−1.20

2.2.2 Cloud instrumentation

Cloud droplets with diameter 3 ≤ DP < 50 µm were measured using a Droplet Mea-
surement Technologies (DMT) cloud droplet probe (CDP) (Lance, 2012). The CDP
was calibrated several times during the campaign using glass beads (Rosenberg et al.,
2012), and the sample area was measured to be 0.517 mm2 using the droplet gun25
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method (Lance et al., 2010). For more reliable sizing, bins 4–7 and 8–11 (6.1–8.1 and
7.6–12.6 µm diameter) were combined to minimise the effect of Mie sizing ambigui-
ties, which caused systematic spikes in the size distributions. LWC was calculated by
integrating the CDP size distribution and, on the flight discussed in this analysis, the
values generated this way agreed with the onboard Johnson–Williams hotwire probe5

within ∼ 12 % below ∼ 0.9 gm−3 (on the CDP), above which the hotwire probe began
to saturate. The reported LWC values are from the CDP, as the hotwire probe suffered
from wetting and saturation artefacts.

Larger cloud particles were measured using a Stratton Park Engineering Company
(SPEC) 2DS stereo probe (Lawson et al., 2006) and a DMT cloud imaging probe-10010

(CIP100, Baumgardner et al., 2001), which are optical array probes (OAPs) that cap-
ture the size and shape of particles by measuring the shadow they cast on a photodiode
array as they pass through a laser. The 2DS has a nominal size range of 10–1280 µm,
with a resolution of 10 µm. The CIP100 captures larger particles but in less detail, with
a nominal size range 100–6400 and 100 µm resolution. All the OAPs were fitted with15

anti-shatter tips to reduce shattering artefacts (Korolev et al., 2011). The CDP, 2DS
and CIP100 all use the measured true airspeed from the on-board 5-hole turbulence
probe to calculate sample volume. A comparison of the turbulence probe airspeed to
that derived from the AIMMS probe showed both measurements were consistent within
±2 %. Since the AIMMS is located in a similar underwing location to the particle probes,20

this gives confidence in their calculated sample volumes. A description of the 2DS and
CIP100 image analysis is provided in Appendix A. Additionally, we use the method de-
scribed by Harris-Hobbs and Cooper (1987) to calculate the ice production rate (P0)
in regions where columns comprise the majority of ice crystals. Further details of this
calculation are given in Appendix A2.25

Additional images of hydrometeors were obtained using a SPEC cloud particle im-
ager (CPI, Connolly et al., 2007). Unlike the OAP probes which utilise 1-D detector
arrays, the CPI utilises a 2-D CCD camera, which results in greatly enhanced image
quality (8-bit greyscale images, 2.3 µm pixel size). Quantitative hydrometeor concen-
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trations could not be determined from the CPI during COPE, but the images collected
provide further insight into the shape of the hydrometeors encountered. The CPI im-
ages shown in this manuscript have been processed by increasing the brightness by
40 % and contrast by 20 % to clarify the images.

2.2.3 Aerosol instrumentation5

Total aerosol number concentration for sizes larger than 2.5 nm was measured using
an Aerosol Dynamics Inc. model 3786-LP water-filled condensation particle counter
(WCPC, Hering et al., 2005), based on the TSI model 3786 modified for use at low
pressure. The aerosol size distribution was measured with a wing-mounted Particle
Measurement Systems passive cavity aerosol spectrometer probe-100X (PCASP),10

with electronics upgraded by DMT, which was calibrated as detailed by Rosenberg
et al. (2012). The PCASP measures the dry optical size of particles 0.1–3 µm in diam-
eter. Out of cloud, the CDP can also be used to detect aerosol > 3 µm optical diameter,
though this measurement is performed at ambient humidity, whereas the other probes
use dried airflows.15

Aerosol composition was sampled with an Aerodyne Research Inc. compact time-
of-flight aerosol mass spectrometer (AMS, Drewnick et al., 2005; Canagaratna et al.,
2007), which reports submicron nonrefractory organic aerosol (OA), sulphate (SO2−

4 ),
nitrate (NO−

3 ), ammonium (NH+
4 ) and non-sea salt chloride (Chl−NSS). Refractory black

carbon (BC) concentrations also measured using a DMT single-particle soot photome-20

ter (SP2 Stephens et al., 2003; Schwarz et al., 2010), with optics and electronics up-
graded to be functionally identical to the current SP2 model D. The SP2 was calibrated
with Aquadag as recommended by (Baumgardner et al., 2012; Laborde et al., 2012).
Further details on the aerosol instrumentation and measurements will be provided in
a future manuscript.25
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2.3 UWKA instrumentation

The UWKA measured cloud drops 2–50 µm in diameter using a DMT CDP calibrated by
the manufacturer. Larger cloud particles were imaged using a DMT CIP-25GS (CIP25
hereafter) and Particle Measuring Systems 2DP probes, which are OAP probes with
nominal diameters 25–1600 and 200–6400 µm respectively. Habit classification was5

performed on the CIP25 data, as described by Korolev and Sussman (2000). This
analysis outputs the fraction of particles with > 20 pixels that are classed as “spheres”,
“irregulars”, “needles” or “dendrites”. The 20 pixel threshold typically corresponds to
a diameter of ∼ 125 µm for particles with an axial ratio of order 1.

The Wyoming Cloud radar (WCR, Wang et al., 2012) is a 95 GHz Doppler radar with10

beams pointing vertically up and down (relative to the pitch and roll of the aircraft) and
down-forward, though only the vertical data are discussed here. The along track (hor-
izontal) and along beam (vertical) resolutions were approximately 6 and 30 m respec-
tively, for a nominal airspeed of 100 ms−1 and 16 Hz sampling frequency. The WCR
measured reflectivity and Doppler velocity, which is a convolution of particle fall speed15

and the vertical wind velocity. When precipitation-sized particles are present they tend
to dominate the reflectivity, leading to Doppler velocities considerably lower than the
vertical air velocity. Data < 3 standard deviations of the measured noise were removed
to clarify the images while having a minimal effect on the measured cloud data. Data
were also removed when the UWKA was flying > 10◦ from horizontal (i.e. the vertical20

radar beams were not pointing to the zenith and nadir). The UWKA was also fitted with
downward-pointing lidar, described by Wang et al. (2012), which was used to estimate
cloud top height during overpasses.

2.4 NCAS precipitation radar

The ground-based NCAS mobile precipitation radar (Blyth et al., 2015) is a dual-25

polarisation 9.4 GHz Doppler radar with 2.4 m diameter antenna, resulting in a 1◦

beam width. During COPE the precipitation radar was located at Davidstow airfield
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(50.6369◦ N, −4.6106◦ E), which is near the centre of the study area. When operat-
ing, the precipitation radar performed 360◦ plan position indicator (PPI) scans over
a specified range of elevation angles. PPI scans were collected every 20 s. During the
morning and early afternoon on 3 August, barring a gap in sampling between 11:58–
12:53 UTC, scans were performed at 1◦ intervals centred between 0.5–9.5◦ elevation.5

After 14:36 UTC, the scan profile was changed to 0.5–18.5◦ elevation, at intervals of
2◦, in order to ensure sampling of the tops of the clouds. A series of scans across the
full range of elevations took ∼ 4.5 min. The ability to obtain such a rapid sequence of
multi-angle PPI scans meant that separate range-height indicator (RHI) scans of the
clouds of interest were not required. The precipitation radar measured reflectivity, ra-10

dial velocity and dual-polarisation parameters including differential reflectivity, specific
differential phase and copolar cross correlation coefficient, out to 150 km range with
a resolution of 1◦ and 150 m in the azimuthal and radial directions respectively. We use
the NCAS precipitation radar as an additional estimate of cloud top height, as well as
to show the structure of cloud during the aircraft penetrations.15

3 Results

3.1 Sampling overview

The meteorological conditions on 3 August 2013 were typical of those described in
Sect. 1. A low pressure system 300 km northwest of northern Scotland and a weak
low over the mid-Atlantic brought moist air over the Southwest Peninsula from the20

southwest. A convergence line was forecast along the peninsula, and the only weather
fronts over the UK were over northwest Scotland. Figure 1a shows the temperature
and dew point from a radiosonde launched from Davidstow at 15:00 UTC. There were
also launches during the measurement period at 12:00 and 13:45 UTC, however these
probes both passed through cloud on their ascent. The air was moist throughout the25

lower troposphere, with the RH staying above 70 % up to a level of 3.5 km a.m.s.l.
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Above this level the air became progressively drier with altitude, which would have
limited clouds’ ascent. There was also a weak inversion at around ∼ 5.3 km a.m.s.l.
(T ∼ −15 ◦C), which appeared to cap the tops of the highest clouds.

Figure 1b–f shows the vertical profile of cloud measurements made by the BAe-146
during the whole flight. Cloud base was at ∼ 1 km a.m.s.l. (T ∼ 11 ◦C), and the 0 ◦C level5

was at ∼ 2.7 km a.m.s.l. The maximum cloud drop number concentration measured by
the CDP (NCDP) was ∼ 400 cm−3, which is not atypical for cumulus clouds, especially
over land and where there are strong updrafts at cloud base. The maximum measured
values of LWC approached those calculated in adiabatic parcels in the lower cloud
passes, with the adiabatic fraction, fAd, up to 0.85. The reader should note, however,10

that the values of fAd in the first few hundred metres above cloud base are particularly
sensitive to the cloud base altitude used to calculate the adiabatic LWC. At higher lev-
els, fAd generally decreased with altitude, probably due to a combination of precipitation
scavenging, entrainment and conversion to ice.

The maximum number concentration of drops in the 2DS round category (NRound)15

generally increased with altitude, but the maximum concentrations of ice (NIce) and
NCDP were more variable. Ice concentrations of several hundred per litre were present
in the H–M temperature range (−3 < T < −8 ◦C), but also at lower temperatures. Most
of the penetrations within a few hundred metres of cloud top were at temperatures
between −10 and −12 ◦C, though some cloud tops reached temperatures as cold as20

−15 ◦C, which corresponds to the temperature of the inversion at 5.3 km a.m.s.l.
Figure 2a shows the estimated precipitation rate from the UK operational radar net-

work (Met Office, 2003) at various points during the afternoon. Most of the clouds
formed along two convergence lines running approximately southwest to northeast.
Multiple cells (both isolated and interlinking) moved northeast along the lines. In Fig. 225

we define axes AB and CD along these two lines, in order to provide reference points
for the rest of our analysis. Some clouds deviated off the centre line of these axes, and
in some sections, cells grew large enough to interact with those from the other line.
Some sections were continuous lines of cloud, with multiple cells merging with those
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further up/downwind as they developed. Other sections contained isolated clouds, or
adjacent cells interacting where their edges met.

Figure 2b and c show the altitude of each aircraft and sampling focus at different
stages of the flight. The UWKA operated at higher altitudes compared to the BAe-146,
making penetrations through cloud tops and characterising cloud from above using its5

downward-pointing radar. The UWKA alternated between sampling lines AB and CD,
making runs along and across the lines to investigate individual cells.

The BAe-146 initially performed low-level runs across and along the peninsula to
characterise the boundary-layer aerosol. The average aerosol concentration and com-
position is summarised in Table 1. Around 80 % of the accumulation-mode aerosol was10

ammonium sulphate, with smaller contributions from organic aerosol and ammonium
nitrate. The small amounts of chloride detected are likely to be an underestimate, as
the AMS is not able to detect sea salt. The total aerosol number concentration was
6600 scm−3. The composition and low total mass loading are indicative of fairly clean
marine air, but the relatively high number concentration suggests new particle forma-15

tion may have occurred on the flying day. The concentration of aerosol particles greater
than 0.5 µm in diameter was 5 scm−3. In Sect. 4 we use this concentration to estimate
IN concentrations to within an order of magnitude using the parametrization of DeMott
et al. (2010).

Following the low-level aerosol runs, the BAe-146 performed a series of straight20

and level runs along line AB at altitudes of 1.3 km (T ∼ 9 ◦C) and 2.55–2.6 km (T ∼
0 ◦C). Several clouds were sampled near the southwest of the peninsula, with cloud
tops generally below 3.5 km (T ∼ −5 ◦C), containing 0.1–0.5 gm−3 LWC and ice particle
number concentrations < 1 L−1. As the focus of the flight was to study ice formation,
the sampling shifted to line CD, where cloud tops grew to > 5 km. Passes were made25

by the BAe-146 at altitudes from 2.5 to 4.9 km (0 < T < −12 ◦C) and by the UWKA from
4.1 to 5.4 km (−7 < T < −15 ◦C).

The analysis in the following sections is divided up into three complementary parts,
and a summary of the runs discussed is listed in Table 2. Firstly, we use in situ and radar
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measurements to characterise the phase, dynamics and spatial scales of a 40 km long
semi-continuous section of cloud along line CD. We then perform a similar analysis de-
tailing the glaciation of a cloud that was initially physically separated from this line, but
subsequently developed to merge with a section downwind as it glaciated. Finally, we
present data from a penetration through the next cloud upwind, which showed evidence5

of the same microphysical processes occurring.

3.2 Characterisation of a line of closely-packed cells

Between 13:25 and 13:41 UTC, the BAe-146 flew three runs along a section of closely-
packed cells along line CD, at temperatures between −5 and −6 ◦C. The clouds
formed a quasi-stationary convective line with regenerating upwind convective cells.10

The clouds were semi-continuous at the flying level, but had distinguishable tops. Fig-
ure 3 shows in situ microphysical data recorded during one of these runs, as well as
images recorded by the 2DS in highlighted sections. The upwind (< 35 km along axis
CD) section of the line sampled tended to be mostly composed of liquid drops < 50 µm,
whereas in the section 35–60 km along axis CD the cloud was mostly glaciated. The15

effective radius (calculated from a combined size distribution using data from the CDP,
2DS and CIP100) showed a general increase between 20–60 km along axis CD, with
the largest ice around 50–55 km along axis CD. There was however a high degree of
spatial inhomogeneity; the cloud phase and the concentrations and size of ice and liq-
uid drops varied every 0.5–3 km. Figure 2a shows that point C is close to the origin20

of the line of clouds, but new updraft cells also emerged further downwind. Some are
visible on Fig. 3 (e.g. at 30, 33 and 56 km along axis CD), but new cells also developed
to the northeast of point D.

Dynamically, the upwind section of the line sampled (< 35 km along axis CD) was
more active, with the strongest vertical motion in the liquid and mixed-phase parts. The25

more mature, glaciated stratiform regions were mostly quiescent. The spatial scale of
the vertical motion was shorter than that of the composition, varying every 50–500 m,
though some sections were consistent for a few kilometres. Blyth et al. (2005) also
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reported two length scales in small cumulus in Florida, one (around 1 km) associated
with the width of the clouds and one (200–500 m) associated with the structure of the
thermals. In Fig. 3, there is evidence from the vertical wind structure and concentration
of cloud drops that several clouds had merged along the line.

In Fig. 3 we highlight five regions (marked by Roman numerals) to identify key pro-5

cesses occurring in the cloud at this level. These vary in phase, ice habit and dynamical
structure. The reader should consult Appendix A for details of the 2DS categories. Our
constraint on cloud top temperature is limited in this case as it was above the maximum
elevation of the precipitation radar for most of the run, but it is possibly to provide an
estimate that is likely to be accurate within a few degrees C.10

Region I contained a cloud which was composed almost entirely of liquid drops
< 50 µm. NCDP was around 200 cm−3. The presence of both cloud droplets smaller
than 13 µm and larger than 24 µm in diameter are thought to be a necessary condition
of H–M (Mossop, 1976, 1978). In Region I there were around 100 cm−3 of droplets
smaller than 13 µm and 20 cm−3 larger than 24 µm in diameter, satisfying this condi-15

tion. The LWC was up to 1.47 gm−3, and the effective radius was ∼ 14 µm. The LWC
was the highest that was measured on this run, meaning this region had undergone
less of the processes that deplete liquid water (entrainment, precipitation and ice for-
mation) than other regions on this run. The BAe-146 passed through the centre of the
cell, so reduced entrainment would be expected in this region compared to the regions20

downwind where the aircraft flew through the cloud edges. Dynamically, this region
contained two updrafts up to 7 ms−1 separated by a thin downdraft of 4 ms−1. The con-
centrations of particles measured by the 2DS that were large enough to be classified
by shape (ND90, & 90 µm) were 2–12 L−1 in total. Around half were classed as low ir-
regularity (LI) meaning they were larger liquid drops, and the rest were rimed graupel.25

The graupel may have fallen from cloud top, which was likely within a few degrees of
−11 ◦C, or been brought down in the downdraft. In liquid clouds such as this, the cloud
top height (and temperature) are likely to be an underestimate (overestimate), as the
precipitation radar is unable to detect the low reflectivities at the very top of the cloud.
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In contrast, almost no ice was measured in the pass through the young cell on the
upwind end of Fig. 3 (around 15 km).

Region II was mixed-phase, with ∼ 0.5 gm−3 of liquid water and 39–78 L−1 of ice.
Dynamically, the region was a mix of updrafts and downdrafts up to around ±3 ms−1

which, combined with the presence of ice, suggest a more mature cloud than in Region5

I. The ice habits were a mix of pristine columns, hollow columns and small to large
graupel. The ice concentrations and habits are a strong suggestion of the H–M process
having taken place in this region. NCDP was around 60, with 30 cm−3 smaller than 13 µm
and 10 cm−3 larger than 24 µm, meaning all the required conditions of H–M were met,
and it is likely that H–M was still actively taking place.10

Region III contained a cell with an updraft of 5–8 ms−1. The phase was similar to
Region I in that it was composed almost entirely of liquid drops, but NCDP and the LWC
were around one third of those in Region I. The BAe-146 passed through the north-
ern edge of this cell, and did not penetrate the region of highest radar reflectivity (not
shown). The LWC and cloud drop concentration are likely to have been higher in the15

cell centre. NRound was slightly higher than in Region I, up to 9 L−1, and the graupel
concentrations were around 5 L−1. The NCAS precipitation radar data suggested the
cloud top was within a few degrees of −9 ◦C. On the edges of Region III were down-
drafts of ∼ 2 ms−1 containing over 100 L−1 of columnar ice in downdrafts. These may
represent more mature regions of this cloud, where H–M splinters had had time to grow20

to > 90 µm to be classified as ice by the 2DS.
Region IV contained mature, glaciated cloud with 90–270 L−1 of ice and very few

liquid drops. The ice crystals were mostly pristine columns and hollow columns, with
some graupel. The region was fairly quiescent, with a slight downdraft of up to 2 ms−1.
Further downwind, regions with similar phase but larger effective radius were com-25

posed of larger columns and aggregates. The calculated rate of ice production in Re-
gion IV was ∼ 0.14 L−1 s−1. The details of this calculation are given in Appendix A2
This value shows fairly good agreement with values from regions of secondary ice
production reported by Harris-Hobbs and Cooper (1987) and Huang et al. (2008).
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Region V showed the top of a new updraft cell (or possibly multiple cells) penetrat-
ing through a pre-existing region of ice cloud containing 60–80 L−1 of mature columns
and aggregates. Regions of updraft up to 6 ms−1 were seen, containing LWC up to
0.5 gm−3, and also ice with the same habits as the ice regions, although in lower con-
centrations of 10–50 L−1. As in Region III, the BAe-146 passed through the northern5

edge of these new cell(s), so the LWC and cloud drop concentrations were likely higher
in the centre of the new updraft cell, where the radar reflectivity was higher. The pen-
etration through this region shows that new updraft cells further along the line may be
seeded with ice from pre-existing clouds.

In summary, a run along the line of cloud at T ∼ −5 ◦C showed closely-packed cells,10

each at a different level of maturity and with different cloud drop and precipitation
size, phase and dynamic structure. The upwind end of this section of the line con-
tained mostly less developed clouds composed of liquid cloud drops, whereas further
downwind the clouds were mostly glaciated, containing columns, aggregates and rimed
graupel. The predominantly liquid clouds with tops colder than ∼ −9 ◦C contained grau-15

pel in concentrations of a few per litre. New updrafts further downwind penetrating
pre-existing regions of ice cloud contained mature ice, as would be expected if ice
and precipitation particles were being recirculated into new updrafts. At this altitude
and temperature level, the highest ice concentrations were associated with high con-
centrations of columnar crystals which are the preferred growth habit at near water20

saturation. As we have also identified that the conditions required for the H–M process
(i.e. the presence of graupel as well as cloud droplets both smaller than 13 µm and
larger than 24 µm in diameter) were present in weak updraft regions upwind (and up-
shear) from these high concentration regions, it is reasonable on the basis of previous
observations (Blyth and Latham, 1993; Huang et al., 2008) to infer the action of the25

H–M process.
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3.3 Glaciation within a confined cloud region

On the left (upwind) side of Fig. 3 is a newly-developing cloud, horizontally separated
from the continuous line by ∼ 4 km. Between 1330–1350, the BAe-146 made three
passes through this turret at the southwest end of longitudinal runs along the line. It
then made a further five runs, at increasing altitude, aiming specifically at this cloud,5

over a period of 20 min. Over a similar time period, the UWKA also made four passes
over or penetrating the top of the cloud, the first and last of which are shown in Fig. 4. In
total, this particular cloud was sampled over a period of ∼ 40 min as it moved downwind,
during which time multiple updraft thermals would be expected to develop and decay,
each lasting 5–10 min (French et al., 1999).10

3.3.1 Overpass and cloud top characterisation

For the overpass, shown in the left side of Fig. 4, the aircraft was ∼ 1.5 km above
cloud top, so the in situ probes did not measure any cloud particles. The value of
the reflectivity was relatively low, meaning that precipitation-sized particles can only
have been present in small concentrations. For comparison, the peak reflectivity of15

−3 dBZ is equivalent to a concentration of 0.5 m−3 of 1 mm raindrops. The vertical
velocity data in Fig. 4d show the vertical motion of the hydrometeors, which is the net
sum of the motion of the air parcel and the motion of particles falling gravitationally
through it. Therefore in regions of upward vertical motion, the air is unambiguously
moving upwards, whereas a net downward motion of particles may be due to downdraft20

and/or falling precipitation. Dynamically, the main turret was split in two, with an updraft
region (up to 7 ms−1) on the upwind side and downdraft section (up to 9 ms−1) on
the downwind side. Similar longitudinal runs sampled by the WCR, and cross-sections
along the wind direction using the NCAS precipitation radar data showed that features
in this line often had a similar diagonal structure, though not always such a clear divide25

between different dynamic regions. In this case, the low reflectivity suggests the cloud
drops were relatively small, meaning the net downward motion is unlikely to be caused
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by precipitation. The vertical wind shear, with stronger winds aloft, meant the features
had a diagonal divide rather than vertical.

During the run at 1356, the UWKA penetrated cloud top at an altitude of 4860 m
(T ∼ −13 ◦C). The value of reflectivity was higher than in the overpass that had oc-
curred 25 min prior, meaning the average particle sizes had increased compared to the5

previous pass. Between 22.5–24.7 km along axis CD the WCR could not observe the
lower sections of the cloud due to beam attenuation by the larger particles. There was
still a clear region of falling particles downwind, which persisted down to ground level,
and the updraft region was less continuous, which may be due to turbulent motion or
large precipitation falling through a more continuous updraft region. The in situ wind10

measured at cloud top showed several small pockets of updrafts of a few metres per
second, and a 4 ms−1 downdraft on the downwind side.
NCDP at cloud top was 120–180 cm−3, and the concentration of particles larger than

125 µm (ND125) measured by the CIP25 was ∼ 80 L−1. Across the whole penetration,
the habits classifications for particles > 125 µm were 69 % irregulars, 29 % spheres and15

2 % needles, meaning there was > 50 L−1 of ice at cloud top. The droplet concentra-
tions at cloud top were lower than those in young clouds in Fig. 3, but similar to some
sections of mixed-phase cloud and penetrations near the edge of liquid turrets.

3.3.2 In situ characterisation

The BAe-146 made a series of runs through the developing cloud, increasing in alti-20

tude with time. The cloud composition and vertical velocity from these runs are shown
in Fig. 5, and the maximum ice concentrations measured in updraft and downdraft
regions, as well as the run/cloud top altitude/temperature and calculated IN concentra-
tions, are listed in Table 2. The reported cloud top altitudes are the maximum within the
turret, based on observations made by the UWKA radar/lidar and NCAS precipitation25

radar during the same time period. It is clear though in Fig. 4 that, within the main turret,
cloud top varied by up to ∼ 800 m. The predicted IN concentrations are calculated us-
ing the DeMott et al. (2010) parametrisation, and are discussed further in Sect. 4.3.1.
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Figures 6–8 show images recorded by the 2DS and CPI during selected runs, and
Fig. 9 shows the ground-based radar reflectivity to place each run into context, show-
ing the horizontal cloud structure and the part of the cloud the aircraft passed through.
For safety reasons, the BAe-146 avoided regions of highest reflectivity, meaning some
of the passes were not through the centre of the turret. Consequently, in some of the5

cloud penetrations, particularly the later penetrations where the cloud was more de-
veloped and reflectivity was higher, the LWC and updraft strength may be biased low
compared to the updraft cores.

As a general trend, in the earlier, lower altitude runs, the cloud was composed almost
entirely of liquid cloud drops, and the peak LWC increased with altitude. This trend10

proceeded until significant precipitation was observed, at which point the LWC began
to decrease, likely by scavenging and entrainment. At increasing altitude/time, the cloud
shifted to mixed-phase and finally was nearly glaciated in the final run.

The first two runs in the turret (Runs 10.3.1 and 11.1) took place at temperatures of
−3 and −5 ◦C respectively. The aircraft flew approximately parallel to the wind direction,15

and passed close to the cell centre in both penetrations. There were two main updrafts
up to 4–5 ms−1, with downdrafts up to 2 ms−1 at the edges and in the centre. In Run
11.1, the downwind updraft region was more turbulent, with vertical velocity varying on
the scale of tens of metres. On both runs, the cloud was composed of up to ∼ 200 cm−3

of cloud drops measured by the CDP, with LWC of 0.8–1.4 gm−3. ND90 measured by20

the 2DS was < 2 L−1, and the measured particles were almost all round. Some of the
2DS images were classed as HI, but it is difficult to tell if they were ice or just poorly-
imaged drops. The high concentration of cloud drops meant the 2DS dead time fraction
was high, and only a few D90 images were recorded, so the measured concentrations
have a high counting error.25

14 min later the BAe-146 made another run (Run 11.4) at the same altitude as Run
11.1, though in this time the cloud top had risen ∼ 900 m, and decreased in temperature
from −6 to −12 ◦C. The aircraft passed through two distinct regions – one containing up-
drafts 2–10 ms−1 and the other downdrafts 0.5–7 ms−1. The upwind side was a newer,
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younger updraft region developing on the side of the previous cell. The updraft side
had higher LWC of 1.1–1.7 gm−3, compared to 0.6–1.0 gm−3 in the downdraft. NCDP

followed a similar trend, with 220–280 cm−3 in the updraft and 120–170 cm−3 in the
downdraft. Although some 2DS data are missing in the updraft section due to an instru-
ment error, it is still clear from the remaining data that ND90 was significantly higher in5

the downdraft section, with NRound of 5–60 L−1 and NIce of 1–9 L−1, compared to NRound

of 0.4–7 L−1 and NIce of 0.4–3 L−1 in the updraft. In the downdraft in Run 11.4, the ice
particles were fairly circular in shape, suggesting they had originated as frozen drops.
However, there is also some evidence of riming, and the smaller particles had a band-
ing near the edge, which may suggest a surface structure similar to the ridges often10

found on thin plates, though it is possible this banding is an optical/instrumental arte-
fact. A few images of columns were also recorded. In the updraft, the images classed
as HI were also fairly round, meaning they were either recently-frozen drops or simply
poorly-imaged drops. The larger frozen drops were less rimed than in the downdraft,
but some smaller particles also showed the banding present in the downdraft.15

Run 13 took place four minutes after Run 11.4, and 300 m higher in altitude, but
showed similar structure of an upwind side dominated by cloud drops in a strong up-
draft, and a downwind side with greater concentrations of particles large enough to
be detected by the 2DS. The precipitation radar showed two distinct cells, and the air-
craft passed close to the centre of both. The 2DS images in Run 13 were similar as20

those from the previous run, with a mix of drops, recently-frozen drops and rimed round
graupel. Compared to Run 11.4, the downwind side was more turbulent, and was pre-
dominantly updraft, whereas a similar region in Run 11.4 was predominantly downdraft.
The LWC in the main updraft region reached 1.8 gm−3, the highest that was detected
in this developing cloud. NCDP was also high here, at 170–270 cm−3, but the highest25

droplet concentration was measured in the downwind side, where a small section of
cloud contained NCDP of 420 cm−3 in a 10 ms−1 updraft.

The next four runs were made at more oblique angles to the wind direction. By Run
14, the precipitation radar showed additional updraft cells/thermals had emerged on
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the downwind side. This cloud penetration showed several distinct sections; a central
updraft of 1–8 ms−1, close to the peak radar reflectivity, surrounded by dynamically
mixed regions, and downdrafts on both the upwind and downwind edges that were of
similar strength to the updraft region. The peak LWC and NCDP in the updraft region
were 1.2 gm−3 and ∼ 180 cm−3 respectively, which were around 1/3 lower than in the5

previous run. NIce and NRound in the updraft were higher than in the previous two runs,
with NIce ranging 4–15 L−1, and NRound ranging 7–30 L−1. The images in Fig. 6 show
ice in the updraft was a mixture of small columns, recently frozen drops and rimed ice.

Compared to the updraft region, the 2DS measured enhanced concentrations in both
downdrafts, with NRound up to 90 L−1 and NIce up to 71 L−1. These are far in excess of10

the concentrations seen lower down in the cloud. Although newly developing cells on
the downwind side had begun to fill the gap between the cloud region in question and
cloud downwind, the highest ice concentrations in this run were sampled on the upwind
side, meaning they cannot have been mixed in from a cloud further downwind. The
images in the downdraft show large graupel and small irregular ice of indeterminate15

habit. The CPI images from Run 14 (Fig. 8) show pristine and rimed columns and
heavily-rimed particles.

The BAe-146 passed through the same part of the cloud in the next run, Run 15.1,
and measured a similar dynamical structure. Compared to the previous run, NIce and
NRound were enhanced in the central updraft region, ranging 19–78 and 5–40 L−1 re-20

spectively. ND90 decreased towards the centre of the updraft region, which suggests
the larger particles had been mixed in and recirculated from more mature regions. The
images in Figs. 6 and 7 show these were a mix of small columns/hollow columns and
small to large graupel. The LWC in the cloud drops was significantly lower that previous
runs, peaking at 0.7 gm−3, suggesting one, or some combination of all of the following:25

some of the small liquid drops had coalesced to form larger drops, some liquid water
had changed to ice, and/or entrainment had diluted the cloud with dry air. Ice images
in the downdraft were rimed small irregular ice, rimed columns and graupel, and two
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particles imaged by the CPI had plate-like features, suggesting they had grown in part
by vapour diffusion at temperatures < −10 ◦C.

Run 15.2 was a transect across a more upwind section than Run 15.1, but showed
similar ice habits. There was a clear divide between the younger updraft region domi-
nated by cloud drops and the downdraft composed mainly of larger drops and ice.5

Run 16 was the final run through this developing cloud region and, by this point,
the gaps between it and the continuous line of cloud downwind had been filled. The
section of cloud passed through on this run was largely quiescent. Although some small
updrafts and downdrafts up to a few ms−1 were present, the ice habits were very similar
in these sections. The CDP measured almost zero, meaning all cloud drops had been10

lost by riming onto ice and/or evaporation. Some larger drops were measured on the
2DS, but in smaller concentrations than the previous few runs. The 2DS measured ice
concentrations up to 205 L−1, and these were generally heavily rimed, with elongated
or round shapes suggesting they originated as columns or droplets.

3.3.3 Ice in the following turret upwind15

After the runs shown in Figs. 5–9, the BAe-146 made three runs near the top of the
following cloud upwind along line CD, which took place as it moved between 23 and
32 km along line CD. These runs were made at the same altitude as Run 16, and were
on an axis of approximately 5/185◦, along which the cloud was ∼ 5 km wide. Data
and images from the third of these runs, Run 17.3, are shown in Fig. 10. There were20

three distinct regions in which the microphysical data were consistently different to each
other, which are labelled I–III in Fig. 10.

Region I contained strong updrafts of up to 10 ms−1, and the cloud in this region
was mostly composed of liquid drops < 50 µm, with NCDP up to 120 cm−3. Drizzle-sized
drops (i.e. those classed as “round” by the 2DS) were present at concentrations of25

30–65 L−1, and ice in concentrations of 5–60 L−1, most of which were heavily rimed
graupel, with a few hollow columns. The concentrations measured by the CDP, 2DS
and CIP100 all decreased towards the downdraft section at the edge of the cloud, as
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did the effective radius. This reduction is likely to be due to entrainment of dry air into
the cloud, as well as adiabatic evaporation in the downdraft.

Region II also had updrafts of up to 6 ms−1 but was mixed-phase, with NIce > 170 L−1.
These were mostly columns or hollow columns, suggesting they had originated in the
H–M zone where columns are the dominant mode of depositional growth. The CPI5

images show evidence of aggregation and some riming, but the columnar structure is
still clearly visible. The calculated ice production rate to sustain such an ice population
was 0.11 L−1 s−1, which is consistent with that calculated in the H–M zone. Compared
to those in Region I the ice particles were larger, and the LWC of the cloud drops
was much lower. This was likely due to riming and conversion to ice via the Bergeron–10

Findeisen process, which may have occurred lower down in the cloud.
Region III represents a mature stage of the cloud, similar to that observed in Run

16, and contained the largest particles in this cloud. This region was mostly in a weak
downdraft of up to 2 ms−1, and the cloud drops had been entirely depleted, leaving
only ice and some larger round drops left. The ice was heavily-rimed, and displayed15

a mixture of plate-like and columnar features. Though it is less clear that these ice
particles were produced by H–M, aggregation and transport to different growth regimes
can change the habit of ice crystals as they age. No laboratory confirmed mechanisms
of ice multiplication other than H–M process can explain the presence of these particles
in such high concentrations. It is possible that fragmentation of freezing droplets may20

have enhanced the ice concentrations, particularly higher up in the cloud where the
warm rain process had produced larger drops. However, as we discuss in the next
section, this is unlikely to be the main source of the high ice concentrations.
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4 Discussion

4.1 Comparison to August 2004 case

The clouds in the 2004 Boscastle floods, and in the case presented in this manuscript,
both formed along convergence lines over the Southwest Peninsula of the UK. In both
cases, the convergence lines were aligned with the peninsula in predominantly south-5

westerly winds (Golding et al., 2005). In the August 2004 case, a single line of cloud
remained quasi-stationary near the north coast of the Southwest Peninsula for a period
of 4 h. In our case, there were two lines of convective clouds, and they were both lo-
cated further inland over the peninsula. The clouds were not as deep as those present
in August 2004, probably due to the dry air in the mid- to upper-troposphere and weak10

inversion at ∼ 5 km that capped cloud tops. The maximum radar-estimated rainfall in-
tensity for the clouds studied in this paper was ∼ 50 mmh−1, which is comparable to the
maximum rainfall rate seen throughout much of the afternoon in August 2004, though
less than the peak. The winds were stronger in this case, meaning the local duration of
maximum precipitation from any individual cell was reduced by comparison to the Au-15

gust 2004 case. The lines in this study only persisted for around 2 h, and no significant
flooding was reported.

4.2 Horizontal development

During similar meteorological conditions, consecutive cumulus cells can often tend to
initiate from similar locations (Bennett et al., 2006). The cloud sampled by the BAe-20

146 in Figs. 5–9 was initially isolated, but grew horizontally to join the semi-continuous
section of cloud downwind. Figures 2 and 3 show that the cloud tended to form semi-
continuous lines of closely-packed cells along the wind direction. The last few runs in
Fig. 9 also show a subsequent cloud further upwind, which was initiated from a similar
location, undergoing similar behaviour, and this is the cloud sampled in Fig. 10.25
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During runs 10.3.1–11.4 the cloud sampled had a reasonably similar dynamical
structure. On the upwind side, the strongest updraft contained many liquid cloud drops
and few large drops or ice. The strongest downdrafts tended to be located on the
downwind side, though this region was also turbulent, and contained larger drops/ice
meaning it was more mature than the updraft. The vertical velocity data in Fig. 4d also5

show a diagonal structure – the boundary between updraft and downdraft sections
was further downwind at higher altitude. Features exhibited similar diagonal structure
in other longitudinal runs sampled by the WCR and precipitation radar, though the ex-
ample shown in Fig. 4 is the clearest example of segregated updraft and downdraft
regions.10

This structure is a result of the unidirectional vertical wind shear in the region where
the cloud developed. Between the altitudes of the lowest and highest runs shown in
Fig. 5, the average out-of-cloud vertical wind gradient was 3.3 ms−1 km−1. This would
cause a relative motion in the upwind direction (i.e. towards point C) at lower altitudes,
and in the downwind direction (towards point D) at higher levels. This dynamic setup15

elongates the cloud and its precipitation footprint horizontally, and aids recirculation by
encouraging individual cells into this overturning structure.

Figure 9 shows the emergence of new updraft cells along the wind axis, incorporating
the initially-isolated cloud region into a continuous line. Similar behaviour was observed
by Golding (2005) in the August 2004 case. The wind shear extends individual cells20

horizontally, and facilitates recirculation by mixing in adjacent thermals.

4.3 Ice development

4.3.1 The formation of first ice

Section 3.3 described the glaciation of a cloud as it developed from an isolated young
cloud into a mature region of the semi-continuous line. Several possible ice-forming25

processes may take place in a developing cloud. Primary ice may form as drops freeze
by immersion nucleation, or by contact nucleation with interstitial IN. Primary nucleation
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is expected to form ice in concentrations within an order of magnitude of the IN concen-
trations calculated using the DeMott et al. (2010) parametrisation. Clouds forming un-
der or adjacent to existing mixed-phase or ice clouds may be seeded with existing ice,
which would accelerate their development. Figure 3 shows some evidence for ice seed-
ing occurring in clouds further downwind, but Fig. 9 shows that the cloud region that5

was the focus of this analysis was initially isolated from neighbouring clouds by several
kilometres, and no aerosol layers or regions containing outflow from previous clouds
were detected in the immediate vicinity. Even in the early stages of a cloud, some sec-
ondary ice processes may enhance ice concentrations. Primary ice undergoing riming
in the H–M temperature zone may emit ice splinters, and larger drops may fragment10

into several pieces upon freezing. Rangno (2008) showed that this drop-freezing sec-
ondary ice production process can result in modest enhancements of ∼ 5 %, though
Lawson et al. (2015) showed in tropical cumulus it can increase ice concentrations up
to several hundred per litre.

Figure 11 provides a comparison of the mean ice concentrations in updraft and15

downdraft regions in the cloud and the predicted IN concentration calculated using the
DeMott et al. (2010) parametrisation, which is based on the concentration of aerosols
in the boundary layer exceeding a threshold diameter of 0.5 µm. The aerosol concen-
tration used in these calculations was taken from Table 1. The data from Fig. 11 are
also summarised in Table 2. The DeMott et al. (2010) calculations have an uncertainty20

of around a factor of 10, as they do not consider aerosol composition. Cloud top tem-
perature was used in the calculation to provide an estimate of the upper limit of IN
concentrations, as primary ice cannot form at cooler temperatures than the coldest
temperatures in the cloud, and ice forming at cloud top may be transported to other
regions in the cloud by precipitation and/or thermal recirculation.25

No ice particles were measured during the run with cloud top at −4 ◦C, and only a few
were recorded on Run 11.1, when cloud top temperature was −6 ◦C. The counting
errors are large due to the poor sampling statistics, and the absolute concentrations
may be biased high due to misclassified liquid particles. The mean ice concentrations
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were a factor of 5–15 higher than the calculated IN concentrations, which is at the
upper end of what might be expected from primary ice nucleation, but it is difficult to
make a quantitative comparison due to the large measurement uncertainty.

The next run was made at the same measurement altitude, but around 14.5 min
later. In this time, the cloud top temperature had reached −12 ◦C. The ice concentra-5

tions measured at −5 ◦C had increased by around order of magnitude, but so had the
calculated IN concentrations at cloud top. The measured ice concentrations were sta-
tistically significant, and 0.7–3 times the calculated IN concentrations. Again though,
poorly imaged drops may mean the ice concentrations in this run are overestimated.

The larger ice concentrations in the downdraft may suggest primary ice nucleation10

occurring at lower temperatures nearer cloud top. If the first ice formed predominantly
from freezing small cloud drops or interstitial IN, rather than freezing drizzle, these
particles would then have to grow by vapour diffusion to sizes ∼ 90 µm in order to be
classed as ice by the 2DS. We would therefore expect to observe a larger fraction of the
first ice as columns or plates, depending on the temperature at which the growth oc-15

cured. In fact, almost all the first ice images observed were frozen drizzle-sized drops,
with variable amounts of riming. It is difficult to be definitively clear, but the evidence
appears more consistent with the majority of the first ice forming as freezing drizzle.

The in situ observations during Run 13 were similar to those in Run 11.4, but with
lower ice concentrations in the downdraft, and no columns were observed. The pre-20

cipitation radar reflectivity in Fig. 9 shows two maxima at 3.5 km altitude, suggesting
a second thermal was emerging, but at this stage any ice multiplication in updraft re-
gions cannot have progressed to a stage where high ice concentrations had reached
the downdrafts.

The efficiency of the drop-freezing secondary ice production process is strongly25

linked to the concentration of drizzle- and rain-sized drops, as larger drops undergo
greater fragmentation upon freezing Lawson et al. (2015). The cloud base in this case
study was ∼ 11 ◦C colder than those considered by Lawson et al. (2015), meaning the
warm rain process had less depth of cloud to generate large drops before reaching
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freezing temperatures. The cloud drop number concentration here was also several
times higher than those measured by Lawson et al. (2015). Consequently, the concen-
trations of larger drops entering ice-forming temperatures were much lower in this case,
and the drop-freezing secondary ice mechanism would be expected to have much less
of an effect.5

Lawson et al. (2015) stated that the presence of drops larger than 200 µm in updrafts
at −6 ◦C was required for significant ice enhancements by droplet fragmentation. The
mean concentrations of NRound > 200 µm in updrafts in runs 11.1, 11.4 and 13 were 0,
3.6 and 0.9 L−1 respectively. The average number of fragments expected from a 200 µm
drop is 0.04 (Lawson et al., 2015, Fig. 12), meaning if all these drops were to freeze in10

the H–M zone only a minimal enhancement would be expected.
The ice concentrations measured in the first few runs were mostly nearer the upper

end of what might be expected from primary nucleation, so it is possible that the ice
concentrations in the early stages were enhanced by this mechanism. The droplet size
distribution would also have been larger higher up in the cloud. It is clear, however, that15

there was no prolific secondary ice production in these early stages.

4.3.2 The transition to secondary ice

As cloud top reached −14 ◦C, columns and rimed graupel were observed in updraft
regions at −9 ◦C by the BAe-146, as well as at cloud top by the UWKA. The images
from the updraft in Run 14 look similar to those in the downdraft in Run 11.4, meaning20

the particles may have been recirculated from a previous downdraft. By this stage,
new updraft cells had emerged on the downwind side, which brought a new supply of
liquid water to mix with downdraft and quiescent regions. Not only does this provide
a mechanism to redistribute particles throughout the cloud, secondary ice production
is thought to be most prolific when new thermals emerge to bring a supply of liquid25

drops to the H–M zone (Blyth and Latham, 1997).
We note that the highest ice concentrations measured during Run 14 were measured

closer to the upwind side (though the run was at a tangent to the wind axis), meaning
16077
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ice seeding from pre-existing cells downwind cannot have been the source of the in-
creased ice concentrations. The most likely explanation is that these were ice splinters
that were lifted in the updraft regions, but had only grown large enough to be classed
as ice by the 2DS once they had reached the downdraft regions. Run 14 was the first
run where the measured ice concentrations showed a clear enhancement compared5

to the calculated IN values. NIce measured in earlier runs were roughly within a factor
of 10 of the calculated IN values, but in Run 14 and subsequent runs they were > 30
times the calculated IN concentrations, and this enhancement increased with time.

In the later runs at higher altitude, the cloud top reached its lowest temperature of
−15 ◦C. The process of recirculation continued, as columns, rimed graupel and frozen10

drops were found in the updraft in Run 15.1. This was the first time rimed columns were
observed in the cloud, around 13 min after rimed frozen drops were observed in Run
11.4. As the cloud grew older and the cloud top reached lower temperatures, ice in the
downdraft became more rimed, which suggests it may have been recirculated more
than once, and the ice habits in the downdraft became more difficult to distinguish.15

Some images had the appearance of rimed columns, and some of rimed frozen drops.
The mix of columnar and plate-like features suggests growth by vapour deposition at
temperatures with different dominant ice habits, though most of the growth in the larger
ice crystals appears to have taken place by riming and aggregation. The crystal habits
and ice concentrations of hundreds per litre make it clear that these particles were20

generated by the H–M process, and were lifted further up in the cloud by updrafts.
In the mature stages, the cloud drops had been depleted through entrainment and

conversion to ice, and the largest drops were fewer in number in Run 16 than mature
regions in the preceding few runs. Smaller droplets would have been lost by riming and
all sizes of drop would shrink due to entrainment-induced evaporation. In the mature25

regions sampled lower down in the cloud on Run 11.2, very few large drops were
measured. These regions were generally fully glaciated, and contained only mature
columns, aggregates and graupel.

16078

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/16049/2015/acpd-15-16049-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/16049/2015/acpd-15-16049-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
15, 16049–16110, 2015

Observations of
cloud microphysics
and ice formation

during COPE

J. W. Taylor et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Run 17.3 showed the same processes were occurring in the next cloud upwind. The
images in Fig. 10 are the clearest, showing the mixed-habit, rimed ice particles. Region
I in Fig. 10 appeared to be a relatively young updraft composed mostly of cloud drops,
with some large drops and ice. The concentrations of large drops and ice increased
closer to the adjacent parts of the cloud containing more ice, as did the effective ra-5

dius and concentration of large particles measured by the CIP100. Also, the ice par-
ticles that were measured in this region were rimed graupel and columns, rather than
recently-frozen drops that were present in earlier young updrafts. The concentration
gradient and ice habits suggest that the ice particles in this updraft were recirculated,
and that young cells emerging next to more mature ones are seeded with ice to hasten10

their development.
It is possible that the ice concentrations may have been enhanced by fragmenta-

tion of freezing droplets. Chisnell and Latham (1976) suggested this mechanism as
an alternative to H–M for generating high ice concentrations in a cloud. By convolving
the drop size distribution measured by the 2DS with the size-dependent fragmentation15

relationship (Lawson et al., 2015, Fig. 12), which predicts the average number of ice
fragments released per freezing drop, we can gain an upper-bound estimate of the en-
hancement in ice concentrations expected from this mechanism if all the drops were
to freeze. In order to generate a chain-reaction of ice production, each freezing drop
must emit on average at least one additional fragment (i.e. 100 % enhancement). Us-20

ing the fragmentation relationship as reported by Lawson et al. (2015), on average only
drops larger than ∼ 450 µm emit > 1 fragment per freezing drop. In the observations
presented here, very few drops larger than ∼ 250 µm were measured, and the larger
particles were almost exclusively ice. Calculations performed in both updraft and down-
draft regions during runs 14–17.3, when the warm rain process had formed the largest25

drops, yielded typical enhancements of a few percent, up to a maximum of 20 %. In
order to generate the high ice concentrations observed, either the warm rain process
would need to be much more active to generate larger drops, or the drops observed
would need to fragment more upon freezing than predicted by Lawson et al. (2015).
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4.4 The role of supercooled drops

We have determined that the H–M process was responsible for generating ice con-
centrations up to several hundred per litre, and ice particles generated by H–M were
observed both in the H–M temperature zone and at higher altitudes. Figure 1 shows
that the maximum concentration of supercooled drizzle drops measured by the 2DS5

generally increased with altitude. The cloud drops grew as more LWC condensed at
higher altitudes, and drops underwent collision-coalescence to form larger drops. Con-
sequently, the large drop concentration was significantly lower during the runs in the
H–M temperature zone than it was during runs at higher altitude.

During the runs shown in Fig. 5, the drizzle drop concentrations tended to follow the10

same pattern as the ice concentrations, and were similar in number. In the earlier runs,
particularly in the updrafts, almost all the ice particles measured had axis ratios close
to 1, and could therefore be interpreted as frozen drops. The large graupel measured in
these earlier runs were round in appearance, indicating they had originated as frozen
drops. During Run 14, which was at a level just above the temperature zone in which15

the H–M process is active, the ice was also mostly composed of frozen drops, but in
concentrations far in excess of that which could reasonably be expected from primary
ice nucleation. This provides strong evidence that the first large graupel particles are
formed from frozen drops. Their later higher concentrations above the H–M zone, and
the fact that later on they generally coincided with columns, also suggests they were20

frozen by H–M splinters, as predicted by modelling studies (Phillips et al., 2001; Sun
et al., 2010). H–M was therefore likely to have been active during Run 14, but most
splinters had not yet grown large enough to be detected as ice by the 2DS, so the
measured ice particles were mostly still frozen drizzle drops.

As the cloud matured, large, roundish graupel were still observed, but the increasing25

number of columns and mixed-habit ice meant that these particles began to dominate
ice number concentrations. The fact that all the largest ice particles shown in Figs. 6
and 7 appear to have originated as frozen drops, while the columns and mixed-habit
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ice were much smaller, appears to confirm that the presence of supercooled large
drops accelerates precipitation formation via the H–M process. The H–M columns only
grew to millimetre-sized particles at lower altitudes, where large drops were much more
scarce.

Chisnell and Latham (1976) suggested supercooled raindrops may be key in short-5

circuiting the H–M process. The 2DS round category measures drops & 90 µm, and
almost all the LI particles shown in Figs. 6 and 7 were smaller than ∼ 200 µm. The
images for Runs 11.4 and 14 show some drops of a few hundred microns, whereas the
later, higher up runs did not. The majority of the ice particles observed in the earlier
stages of ice formation were frozen drops, but even the recently frozen amongst these10

were generally several hundred microns in diameter. The largest drops are more likely
to come into contact with small splinters emitted by the H–M process, and therefore
would be preferentially frozen over the smaller drops (Chisnell and Latham, 1976). In
this cloud, almost all drops larger than ∼ 250 µm were frozen, and the images show
significant rimed ice mass in particles around this size. Drizzle droplets of a few hun-15

dred microns, as well as larger raindrops, are therefore capable of this short-circuiting
of the H–M process.

Lower down in the cloud, in the H–M zone, the mature regions were composed more
of aged columns and aggregates, though there were still some round graupel. In these
more quiescent regions, the splinters had time to grow to columns by vapour diffusion,20

as the concentration of large liquid drops was low. The rate of precipitation formation
in this region is likely to be slower, as the large particles took longer to develop.

The temperature at which large concentrations of drizzle and raindrops form depends
on the cloud base temperature, cloud drop number concentration and time-dependent
factors such as updraft speed and cell lifetime. Conversely, the temperatures of the 0◦C25

level and H–M zone are clearly fixed. In an atmosphere with a warmer cloud base, the
concentrations of large drops entering and exiting the H–M zone in updrafts and down-
drafts would be higher, as would the fragmentation of freezing droplets described by
Lawson et al. (2015). Conversely, a cooler cloud base would decrease the concentra-

16081

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/16049/2015/acpd-15-16049-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/16049/2015/acpd-15-16049-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
15, 16049–16110, 2015

Observations of
cloud microphysics
and ice formation

during COPE

J. W. Taylor et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

tion of large drops entering the H–M zone. The warm rain process, and its interaction
with H–M, therefore appears key to determining the timing and location of precipitation.

5 Conclusions

We have outlined the microphysical mechanisms that resulted in the development of
precipitation and the glaciation of a line of cumulus that formed along England’s South-5

west Peninsula. The line formed in the early afternoon on a convergence line along
the peninsula, and was similar to a quasi-stationary band of cloud that caused severe
flooding to the village of Boscastle in August 2004. The line of clouds became longer
and broader during the afternoon as a result of the combination of new cell formation
and stratiform regions forming downwind of the convective cells. The glaciation process10

occurred in several stages:

– Primary ice nucleation formed the first ice particles in the initial cell. In agree-
ment with Huang et al. (2008), the first ice and precipitation observed were frozen
drizzle drops, rather than smaller ice grown by vapour diffusion. The evidence
therefore suggests that it was predominantly the larger drops that froze, rather15

than smaller, though this is not definitively clear.

– The concentration of ice particles increased slightly, either due to secondary ice
formation occurring in the same thermal in which the supercooled raindrops froze,
or increased primary ice nucleation as cloud top ascended, but significant en-
hancement of the ice crystal concentration did not occur until subsequent ther-20

mals ascended through the H–M region (e.g. Blyth and Latham, 1997).

– The recirculated ice initiated the H–M process, and this appeared to coincide
with the development of new updraft thermals in the cloud. The ice production
rates calculated using the method of Harris-Hobbs and Cooper (1987) were ∼
0.1 L−1 s−1, which are in rough agreement with previous estimates in the region.25
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Ice splinters caused drizzle drops to freeze on contact, forming additional instant-
rimers. Larger drizzle and raindrops were preferentially frozen, as they were more
likely to encounter splinters as a result of their larger size and fall speed.

– Ice concentrations may have been enhanced by the release of shattered frag-
ments as the larger drops froze. However, based on previous estimates of this5

process, this enhancement could only have been up to a maximum of ∼ 20 %,
and is unlikely to have caused the large increase in ice concentrations observed.

– Frozen drizzle/raindrops and splinters were redistributed around the cloud by ther-
mal circulation, and grew by riming and vapour diffusion. Larger frozen drops
formed millimetre-sized graupel, which added to the precipitation.10

– Glaciated stratiform regions were formed as a result of the maturing of the clouds
as they moved downwind. The concentration of cloud droplets will have been
reduced by entrainment and conversion to ice, although the relative fractions of
cloud drops lost to each of these effects are unknown. At higher altitudes the ice
formed complex, mixed-habit ice particles, due to riming and growth by vapour15

diffusion at temperatures with different dominant ice habits. Columns remaining
in the H–M zone grew to form precipitation-sized aggregates, but this took place
more slowly than the freezing of supercooled drizzle.

In the early stages of secondary ice development, the majority of precipitation-sized
ice were frozen drizzle/raindrops, but their concentrations were much higher than the20

IN concentrations predicted by DeMott et al. (2010), suggesting they were liquid drops
frozen by contact with ice splinters. Frozen drops initially dominated ice concentrations,
while ice splinters required time to grow by vapour diffusion. It is therefore clear that
when H–M takes place in the presence of significant concentrations of drizzle drops,
the freezing of drizzle provides a pathway not only to advance the onset of the H–M25

process, but to accelerate the formation of ice and precipitation when it is taking place.
Multiple thermals and cells emerged in a similar region over the measurement period,

and the interaction between neighbouring cells and clouds can have a large impact in
16083
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determining where and when different microphysical processes take place (Blyth and
Latham, 1997). While it is not in the scope of this paper to make a full analysis of the
interaction between dynamics and microphysics, this is an important topic for future
modelling studies to investigate.

One of the major challenges in analysing observations of convective clouds is the5

rapid timescale over which changes can occur. By making multiple penetrations spaced
a few minutes apart through the same cloud region, we have generated a dataset that
can be used to comment critically on model behaviour. For example, prototype ver-
sions of the Met Office Unified Model are being used to simulate this case at horizontal
resolutions of 200 and 100 m (Leon et al., 2015). Such simulated cloud fields may be10

sampled with pseudo-aircraft penetrations such that the impact of changes to micro-
physical parameters or formulations can be identified (Abel and Shipway, 2007).

It has been known for some time that H–M can operate in warm-base convective
clouds spanning the H–M temperature zone (e.g. Chisnell and Latham, 1976; Harris-
Hobbs and Cooper, 1987; Blyth and Latham, 1993; Rangno and Hobbs, 2005) and that,15

by providing the initial graupel the freezing of supercooled drizzle/raindrops formed by
the warm rain process can advance the onset of H–M (Phillips et al., 2001; Huang
et al., 2008, 2011). This work adds to the growing body of evidence (e.g. Chisnell and
Latham, 1976; Phillips et al., 2001; Crawford et al., 2012; Sun et al., 2010) suggesting
that this interaction continues as H–M progresses, and is key to the rapid glaciation of20

the cloud. Drizzle/raindrops freeze by contact with splinters, and then act as instant-
rimers to create additional splinters, accelerating glaciation and the formation of ice-
phase precipitation.

It has been suggested that the shattering of droplets upon freezing may also con-
tribute to ice multiplication, particularly in tropical storms (Rangno and Hobbs, 2005;25

Lawson et al., 2015), though the laboratory-based evidence of this process is more
limited. Our results suggest that in storms in the temperate zone, the warm rain pro-
cess is active enough to accelerate H–M, but not for droplet-shattering to be a major
source of ice. Accurate representation of both the H–M and warm rain processes, as
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well as their interactions with each other and cloud dynamics, appears key to making
quantitative forecasts of the timing and location of precipitation.

Appendix A:

A1 OAP data processing

OAP data processing was performed to derive size- and shape-segregated number5

concentrations as in Crosier et al. (2011, 2014). The OAP data processing software
uses the raw image data to derive size-segregated concentrations. Several criteria
were used to quality-assure the single-particle images. Particles with short inter-arrival
times (IATs) are likely to be a result of ice shattering on the OAP inlet (Field et al., 2006),
and those with IAT < 10−6 s were rejected. Anti-shatter tips (Korolev et al., 2011) were10

also used to minimise this issue. The use of a flat IAT threshold can result in inadequate
removal of shattering artefacts (Korolev and Field, 2015), and/or inappropriate filtering
of real particles. Varying the IAT threshold had little effect on the derived ice and drizzle
concentrations; the reported concentration of small drops was more affected, but this
is not used in this analysis.15

Poorly-imaged particles with < 80 % of the pixels filled within the image perimeter,
and streaks (images 1 pixel wide due to a faulty pixel in the OAP array) > 5 pixels long
were also rejected.

The 2DS images were classified into different categories, shown in Table A1. Par-
ticles with area < 50 pixels were classed as small (S), and no shape analysis was20

performed on these particles, though they are likely to be liquid cloud drops. Those
with area > 50 pixels are classified based on their circularity, and labelled low, medium
and high irregularity (LI, MI and HI respectively). The threshold of 50 pixels is larger
than that used by Crosier et al. (2011), but results in more reliable shape classification.
In this analysis, 50 pixels corresponded to a mean size of ∼ 90 µm.25
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Visual inspection of the images showed that particles classed as LI were almost all
round, and those classed as HI were almost all ice. Images in the MI category varied,
and many were of indeterminate phase. The MI category was therefore divided propor-
tionally between the LI and HI categories, to make new categories round and ice. It was
not possible to perform shape analysis on images overlapping the edge of the array,5

and those with area > 50 pixels (EL) were assigned to either the round or ice categories
on a run-by-run basis. In practice, the edge particles were rarely mixed-phase, being
either almost all round or almost all ice. The sample volume was calculated using the
“centre-in” approach (Heymsfield and Parrish, 1978). When combining the size distri-
butions from the CDP, 2DS and CIP100 to calculate the effective radius, the all-accept10

category was used for the OAPs.
Due to the high cloud drop concentrations encountered during COPE, the 2DS probe

was occasionally overloaded with data, resulting in significant deadtime. This deadtime
was calculated based on instrument diagnostics, and used to correct the instrument
sample volume and therefore the derived number concentrations. In extreme cases,15

the deadtime approached 90 % of the sample time over a 1 s interval.

A2 Ice production rate calculations

Harris-Hobbs and Cooper (1987) detailed a method to calculate the ice production rate
required to sustain a population of ice in a given size range, assuming a system in
a steady state with a constant ice growth rate. The inferred ice production rate (P0) is20

calculated as

P0 = [C(L2)−C(L1)]/t21, (A1)

where C(Li ) is the measured concentration of ice particles smaller than Li , and t21 is
the time required for an ice crystal to grow via vapour diffusion from size L1 to L2.
t21 may be calculated using25

t21 = (L2 −L1)/G(T ), (A2)
16086
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where G(T ) is the ice growth rate as a function of temperature.
We use values of G(T ) taken from Ryan et al. (1976) using the measurement tem-

perature. The calculation assumes ice crystal growth at water saturation, which is valid
in mixed-phase clouds, but does not take into account growth by riming. Ryan et al.
(1976) provided values of G(T ) for pristine columns and plates, but the appropriate5

crystal growth rates are unclear for irregular ice such as graupel. We therefore only ap-
ply the calculation in regions where columns comprise the large majority ice crystals.
The accuracy of the derived values of P0 is difficult to quantify, but is likely to be within
an order of magnitude. For this analysis, we calculate P0 using the cumulative ice size
distribution smaller than 100 µm and smaller than 150 µm. The ice concentrations were10

calculated as described in Appendix A.
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Table 1. Mean and standard deviation of aerosol number and composition during a run along
the peninsula at 570 m a.m.s.l., between 11:52:14–11:58:53 UTC. The AMS chloride measure-
ment (Chl−NSS) does not include sea salt, so the total chloride concentration is likely to have
been higher. The s preceding the concentration units denotes that the data are corrected to
standard temperature and pressure (273.15 K and 1013.25 hPA).

Mean Standard Number of Instrument
deviation data points

Total aerosol conc. (scm−3) 6600 2900 399 CPC
Aerosol > 0.5 µm (scm−3) 5.0 2.4 399 PCASP/CDP
SO2−

4 (µgsm−3) 1.81 0.25 13 AMS
NO−

3 (µgsm−3) 0.11 0.05 13 AMS
NH+

4 (µgsm−3) 0.56 0.07 13 AMS
Org (µgsm−3) 0.48 0.12 13 AMS
Chl−NSS (µgsm−3) 0.05 0.04 13 AMS
BC (µgsm−3) 0.0176 0.074 399 SP2
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Table 2. Summary of straight and level runs made by the BAe-146 shown in Figs. 3–10. 2DS
edge particles were assigned to either the ice or round categories on a run-by-run basis. Up-
draft/downdraft regions are defined by vertical velocity in the upper/lower 15 percentiles of each
run when the 2DS was recording data. The cloud top temperature was calculated by interpo-
lating measurements of cloud top height, taken by the NCAS precipitation radar and UWKA
radar/lidar, and converting to the measured temperature at that altitude. The DeMott et al.
(2010) IN concentrations are calculated using the cloud top temperature, and corrected to the
temperature and pressure at the altitude where the BAe-146 was sampling.

Run Start time End time Distance along Heading Run altit- Run T Cloud top Cloud top 2DS Edge Mean updraft Mean downdraft Cloud top
axis CD (km) (◦) ude (km) (◦C) altitude (km) T (◦C) category ice (L−1) ice (L−1) IN (L−1)

Longitudinal run
11.2 13:34:55 13:40:30 14–61 48 3.5 −5 3.3–5.2 −4 to −15 Ice NA NA 0.007–0.9
Developing turret
10.3.1 13:30:19 13:30:29 14–16 219 3.2 −3 3.4 −4 Round 0 0 0.0072
11.1 13:34:55 13:35:12 14–16 55 3.5 −5 3.7 −6 Round 0.19±0.19∗ 0.19±0.19∗ 0.022
11.4 13:49:08 13:49:54 19–24 197 3.5 −5 4.6 −12 Round 1.2 3.5 0.23
13 13:53:21 13:54:01 20–26 26 3.8 −7 4.9 −13 Round 0.24 1.0 0.33
14 13:58:01 13:58:39 24–28 191 4.1 −9 5.1 −14 Ice 9.9 38 0.45
15.1 14:02:05 14:02:46 26–31 4 4.4 −10 5.2 −15 Ice 42 34 0.52
15.2 14:04:28 14:05:10 25–27 164 4.4 −10 5.2 −15 Ice 20 96 0.55
16 14:10:04 14:10:37 31–33 342 4.7 −12 5.2 −15 Ice 92 69 0.50
Mature turret
17.3 14:25:12 14:25:55 28–32 186 4.7 −12 5.4 −16 Ice 137 127 1.2

∗ The errors listed are the Poisson counting errors, which are negligible for all other runs.
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Table A1. Summary of 2DS data products. Level 1 refers to standard products output by the
data processing software, and are mutually exclusive (i.e. any accepted particle falls into only
one level 1 category). Level 2 products are specific to COPE. Particles with IAT < 1 µs were
excluded in all categories to minimise shattering artefacts.

2DS data products

Level 1
Category Abbreviation Area (pixels) Circularity Edge rejection

Small S < 50 All On
Low irregularity LI ≥ 50 < 1.2 On
Medium irregularity MI ≥ 50 1.2–1.4 On
High irregularity HI ≥ 50 > 1.4 On
Edge small ES < 50 All Only edge
Edge large EL ≥ 50 All Only edge

Level 2
Category Abbreviation Calculation

Large enough to be classified by shape D90 LI+MI+HI+EL
Round – LI+MI ·LI/(LI+HI) [+EL]∗

Ice – LI+MI ·HI/(LI+HI) [+EL]∗

All-Accept – S+LI+MI+HI+ES+EL
∗ EL particles were assigned to either the round or ice categories by visually examining the images on a run-by-run basis.
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Figure 1. Vertical profile showing radiosonde data and cloud measurements made by the BAe-
146. The horizontal dashed lines mark the 0 ◦C level. (a) shows temperature and dew point
from the 15:00 UTC radiosonde launched from Davidstow, the same location as the NCAS
precipitation radar. The solid and dashed grey lines are wet pseudo adiabats and dry adiabats
respectively, and the shaded region shows the H–M temperature zone. (b) shows the LWC
measured by the CDP, as well as the calculated adiabatic values. These data are converted
to the adiabatic fraction, fAd in (c). (d) shows the droplet concentration measured by the CDP,
and (e, f) show the round and ice concentrations measured by the 2DS. In this plot only, edge
particles measured by the 2DS are assigned to the round category for T ≥0 ◦C, and the ice
category elsewhere.
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Figure 2. Overview of in situ cloud measurements made on 3 August 2014. (a) shows calcu-
lated precipitation from the UK operational radar network at several points during the afternoon.
The blue dashed lines are axes AB and CD, and the black line is the flight track of the BAe-
146 5 min either side of the time for each panel. The black arrow shows the wind direction.
(b, c) show time series of the altitude and sampling focus of the two aircraft. The listed times
are in UTC, and the local time was UTC+1.
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Figure 3. In situ measurements made by the BAe-146 on longitudinal Run 11.2 along axis
CD. The run was made at an altitude of 3.5 km a.m.s.l. (T ∼ −5 ◦C) between 13:34:55 and
13:40:30 UTC. In (a), the number concentrations use the left axis, and the units are defined
according to the measurement probe. The 2DS categories are defined in Appendix A. The
images shown were recorded by the 2DS and show representative images from the sections
marked by grey boxes and labelled with Roman numerals. Only images > 50 pixels are shown,
and they are not classified by shape.
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Figure 4. In situ and downward-pointing radar data measured aboard the UWKA during an
overpass of a developing turret, and a penetration through the top of the same turret 25 min
later. (a) shows in situ concentrations NCDP and ND125, which was measured by the CIP25.
(b) shows the habit classifications of particles measured by the CIP25, and the in situ vertical
wind velocity. The horizontal dashed line on (b) is the zero line for the vertical wind. (c, d) show
radar reflectivity and hydrometeor vertical velocity respectively. The horizontal dashed lines
on (b, c) mark the H–M temperature zone, and the grey line shows the altitude the of the
UWKA during the passes.
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Figure 5. In situ data measured aboard the BAe-146 during a series of runs following an
initially-isolated turret as it moved downwind, growing in height and glaciating as it spread
to join the preceding line. The x axis is the same as in Figs. 3 and 4. The colours of the traces
shown are the same as in Fig. 3. For clarity, the 2DS traces (NIce and NRound in Runs 10.3.1–13
are multiplied by factors listed in the corresponding panel. The text in red shows the run tem-
perature and the cloud top temperature. Further information for each run are listed in Table 2.
For reference, concentrations during Run 16 would have been recorded 17 % lower than those
during Run 10.3.1 due to the change in temperature and pressure with altitude. The regions
marked “UD” and “DD” show where the updraft and downdraft images in Figs. 6 and 7 are taken
from.
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Figure 6. Images of hydrometeors measured by the 2DS during updrafts in selected runs from
Fig. 5. Images with holes in the centre are out of focus.
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Figure 7. As Fig. 5, but for downdrafts.
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Figure 8. Images of hydrometeors measured by the CPI during selected runs from Fig. 5. Only
a few images were recorded on each run, so they are not classified by vertical velocity. The
dashed lines are to aid the reader’s eye to the plate-like features, which may be difficult to see
otherwise.
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Figure 9. Radar reflectivity at 3.5 km altitude, measured by the NCAS precipitation radar during
each of the runs shown in Fig. 5. The x and y axes are a Cartesian grid, showing kilometres
East and West of the radar site, and the colourscale is in units of dBZ. 1 min of flight track is
shown for each run.
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Figure 10. In situ measurements and images recorded by the BAe-146 probes during Run 17.3.
The time axis runs backwards for clarity in the discussion. The images shown were recorded
by the 2DS and CPI probes and are representative images of particles in the sections marked
by grey boxes and labelled with Roman numerals. Only images > 50 pixels are shown from the
2DS, and they are not classified by shape.
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Figure 11. Mean ice concentrations measured during the runs in Figs. 5–9. The displayed
errors are Poisson counting errors, which were negligible for all runs other than Run 11.1. The
solid grey line is the IN concentration calculated using the DeMott et al. (2010) parametrisation,
and the dashed grey lines are 10× and 0.1× the DeMott et al. (2010) values.
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