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The formation of ice in a long-lived supercooled layer cloud
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This paper focusses on the characteristics of persistenthin single-layer mixed-phase clouds. We
seek to answer two important questions: (i) how does ice conually nucleate and precipitate from
these clouds, without the available ice nuclei becoming dégied? (i) how do the supercooled liquid
droplets persist in spite of the net flux of water vapour to thegrowing ice crystals? These questions are
answered quantitatively using in-situ and radar observatons of a long-lived mixed-phase cloud layer
over the Chilbolton Observatory.

Doppler radar measurements show that the top 500m of cloud e top 250m of which is mixed-phase,
with ice virga beneath) is turbulent and well-mixed, and theliquid water content is adiabatic. This
well mixed layer is bounded above and below by stable layersThis inhibits entrainment of fresh
ice nuclei into the cloud layer, yet our in-situ and radar ob®rvations show that a steady flux of
~ 100m~2s~! ice crystals fell from the cloud out over the course of~ 1 day. Comparing this flux
to the concentration of conventional ice nuclei expected tbe present within the well-mixed layer, we
find that these nuclei would be depleted within less tharl hr. We therefore argue that nucleation in
these persistent supercooled clouds is strongly time-depaent in nature, with droplets freezing slowly
over many hours,significantly longer than the few seconds residence-time ain ice nucleus counter.
Once nucleated, the ice crystals are observed to grow primdy by vapour deposition, because of
the low liquid water path (21gm~?2), yet vapour-rich environment. Evidence for this comes fron
high differential reflectivity in the radar observations, and in-situ imaging of the crystals. The flux
of vapour from liquid to ice is quantified from in-situ measurements, and we show that this modest
flux (3.3gm~2hr~1) can be readily offset by slow radiative cooling of the layeto space. Copyright©
2012 Royal Meteorological Society
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1. Introduction that ice did not form without the presence of liquid droplets
in arctic boundary layer clouds.
Thin cloud layers containing supercooled water dropletSg,per and Tokay1991) and Shupeet al. (2011 noted
are a frequent occurrence in the atmosphéfteganet al. e apparent abilty of these thin layer clouds to persist in
2003 Smithetal. 2009 and global observations by, mixed-phase state for long periods of time. For example,
satelllte—bor_ne radar and I!dar indicate t'hat they accoypbsibrooket al.(20103 describe a 300m-deep supercooled
for approximately one-third of all mid-level cloud§ayer in which ice crystals were formed continuously for
(Zhangetal. 2010. These clouds can be challenging 15 and precipitated steadily from the base of the
for both numerical weather-prediction and cloud-res@vifayer The relatively simple microphysical structure afs

models to successiully simulatl@rshamet al. 2008), but hin layers, and their long lifetime, make them a natural

{
have a significant role to play in the radiation budget of th . ;
earth Hoganet al. 2009). Igboratory for the study of ice formation and growth.

Of particular interest is the formation of ice in such The observations cited above raise two important

clouds.Westbrook and lllingwortt{2011) presented statis-duestions: ) _ .
tics from 4 years of continuous radar and lidar obser-1- How does ice continually nucleate and precipitate from

vations, and showed that in 95% of cases ice formatil¢Se clouds, without the available ice nuclei becoming
at temperatures —22°C occurred in supercooled cloudsdepleted?

Ansmanret al. (2009 analysed 1 month of lidar observa- 2. How do the supercooled liquid droplets persist in spite
tions of tropical altocumulus clouds and found that liquigf the net flux of water vapour to the growing ice crystals?

water was always detected first before the onset of icdn this paper we attempt to answer both of these
fallstreaks. Similarlyde Boeret al. (2011) found evidence questions quantitatively, using data from in-situ and rada
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observations collected in a persistent mixed-phase laftee difference in saturation vapour pressure betweendiqui
cloud which was present over the Chilbolton Observatoand ice surfaces at the same temperature leads to a flux
in the UK for ~1 day. of vapour from liquid to ice in a mixed-phase cloud,
and in the absence of an external dynamical forcing this
1.1. Time-dependence and ice nucleation reviewed  ultimately leads to complete evaporation of the liquid
droplets, and the growth of ice crystals at their expense.
To set the scene for the arguments surrounding questiorHble-punch’ clouds are an extreme example of this process
we offer this brief summary outlining the two strands qfyestbrook and Davies 20).0
ideology which have been used to understand ice nucleatioggrolev and Isaa¢2003 computed the glaciation time
in supercooled clouds in the past. These two approachg$.a population of liquid and ice particles which were
referred to as the ‘singular’ and ‘stochastic’ hypothese&h ajjowed to evolve freely within a self-contained air parcel
been formulated in detail byali and Stansbury1966.  |n the absence of any forcing, complete glaciation was
The stochastic hypothesis assumes that nucleation ig@nd to occur on timescales of orderl hr. This appears
random process, and that each droplet in a supercoqigée at odds with the observation that supercooled clouds
cloud contains an identical ice nucleus (or distribution ggp, persist for many hours or even dajgsrolev and Isaac
nuclei). Droplets at a given temperature freeze at randqgo3 and Korolev and Field(2009 have suggested that
and with fixed probability per unit time” at a given ogcillating or overturning air parcels could be brought
temperaturd’. o repeatedly to water saturation allowing a quasi-steasest
The singular hypothesis in contrast neglects agy occur. Rauber and Tokay1991) offered an alternative
probabilistic element to the freezing process, and instegghjanation for the persistence of mixed-phase conditions
characterises it by a characteristic temperaficeOnce a noting that the supercooled droplets are often confined to a
nucleus has been cooledfp, freezing occurs immediately.thin |ayer near cloud top, and this is also where crystals ten
As a result, ice forms only during the cooling process, agglhe smallest (since the larger particles fall out). Theowap
not if 7" is held constant. o flux to each individual crystas proportion to the size of the
Clearly these two hypotheses are limiting cases of the particles Pruppacher and Klett 199TVestbrooket al.
more gen_e_ral_ situation where freez_ing of individual nuclgboa, and hence the smaller crystals induce a smaller
is_probabilistic, but where there is also a spectrum gfgjetion of liquid water and a longer-lived mixed-phase
different nuclei distributed among the droplets, each witfy,q. They also emphasised the possible significance of
their ownP(T') relationship. In this framework the singulag,ygitional condensation via radiative cooling.
approximation corresponds to the case whereR{l') |y section 5 we directly estimate the vapour flux within

has a form approaching a step function centredon o, mixed-phase layer cloud using in-situ data, and compare

and (ii) there is a broad spectrum of nuclei with differeqis \a1ye to the liquid water path, allowing us to estabtish
T.. Meanwhile the stochastic approximation COfreSpO”&l%miation time scale for the cloud.

to the case where (i)P(T) is a continuous function
of temperature, and (ii) all droplets contain nuclei with _
identical P(T") (or identical distributions of nuclei with 2~ Case study: 18 Feb 2009

different P(7')). A more in depth discussion of these ideas . . . .
is provided byNiedermeiret al. (2017). An overview of the synoptic conditions for this day has

More details of laboratory evidence supporting tHReen given b_)Cr05|eret al.(201D: here we summarise the
singular and stochastic hypotheses are reviewed latef§AtUres pertinent to the present analysis. On 18 Feb 2009 a
section 4. However, there has been a relatively widespré4gespread band of mid-level cloud was present over much
acceptance in the community that ice nucleation is §hthe United Kingdom. This band became quasi-stationary
approximately singular process, and time-dependence rﬁg?r_cer_ltral and southern England, allowing detailed radar
be neglected. This assumption is particularly importa®gd in-situ measurements to be made over several hours.
for the measurement of available ice nuclei in-situ usingFigure 1 shows a schematic diagram of this mid-level
continuous flow ice nucleus counters (€geMottet al. altocumuluscloud layer, inferred from the Qbservatlonal
2010, since the residence time of a nucleus in suél@ta. At cloud top A 3600m, —13.5°C) a thin layer of
instruments is typically only a few seconds. However, tf¢Percooled-liquid water droplets is present. Within this
assumption of a singular mechanism seems difficult [@yer. ice crystals are being nucleated and grow quickly by
reconcile with the observations of long-lived mixed-pha¥@pour deposition in the supersaturated conditions. These
layer clouds with a constant cloud top temperature, sincecfystals then fall out of the layer, forming virga below lidu
the absence of a source of fresh ice nuclei, the ice particaid base £ 3350m). As these crystals fall into drier
should quickly be activated and depleted by precipitatiéf below, they gradually evaporate. Some of the crystals
(Fridlind et al. 2019, following which the cioud would survived long enough_ to seed low-level stratus_clouds in
become purely liquid. This does not occur in our ca$de boundary layer which were also present, leading to light
study, nor in other examples we have investigated (edtjizzle at the surface.

Westbrooket al. 20103, and in section 4 we attempt to The cloud cools from the top due to emission of longwave
establish whether this could be explained by entrainmei@diation to space; because of this the thermodynamic
or whether itis evidence that freezing is occurring oveglofrofile of the top 500m or so is destabilised, and

time scales. mixing occurs over this depth, encompassing both the
supercooled layer and the uppermost part of the ice
1.2. Glaciation of mixed-phase clouds virga. Below this, the virga is stable and little mixing

occurs. This microphysical and thermodynamic profile is
The problem addressed by question 2 is related gionilar to previous observations of thin mid-level clouds
glaciation.Bergeron(1935, amonst others, recognised thgiVestbrooket al. 20103.
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Longwave cooling to space from cloud top > > >
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Figure 1. Schematic of mixed-phase cloud layer structure, 18 Fepr2@®9. Note the vertical scale of the low-level stratus arigzté has been to
compressed in order to emphasise the structure of the wedl+ieixed-phase cloud.

stratus

We now discuss the evidence for the schematic pictwrich in-situ measurements were made (radar observations
outlined above. Figur2 shows the ascent from a radiosondeere collected over a much longer period, as discussed
launched at Larkhill, 25km west of Chilbolton at 1101 UTOn section 2.2). This instrument operates at a wavelength
This sounding contains a thin water-saturated layer ait8.6mm, and provides vertical profiles with 60m range
650hPa (3.6km height), capped by 44C temperature resolution every 30sll{ingworth et al. 2007). Because the
inversion. The air above this inversion is extremely dmadar reflectivityZ is proportional to themass? of the
(7% relative humidity). The thin water-saturated layecatterer, it is insensitive to small cloud droplets, and in
has a cloud top temperature of13.5°C, and there is a mixed-phase clouds the radar signal is typically dominated
well-mixed layer of air & constant equivalent potentiaby any ice particles that are present. The valuesZof
temperature) extending down from cloud top to 700hPaserved in the supercooled layer and virga—{10 to
(3.1km). Beneath this, the profile becomes more stalledBZ) are comparable in magnitude to the observations
decoupling the liquid cloud from the drier air belowby Westbrooket al. (20109 and indicate ice water contents
At lower levels & 1500m), the profile is again close toin the range~ 0.01 — 0.04gm 2 (Hoganet al. 2006). Note
water-saturation and the lidar ceilometer at Chilboltoot (nthat the reflectivity decreases as the crystals fall below
shown) indicated the presence of thick boundary-lay=r2800m, either evaporating completely, or intermittently
stratus clouds throughout the d&jote that the winds wereseeding lower level clouds producing light drizzle at
extremely slack, with speeds less tHans ' at all heights the surface (-5dBZ corresponds t& 0.03mmhr~! -
between the surface and cloud top; the vertical wind sh&estbrooket al. 20108).

was minimal,< 0.005s 1. Figure 3b shows the Doppler velocity from the cloud
radar. Negative values indicate crystals falling towatus t
Larkhill Sounding 1101 UTC radar: the mean Doppler velocity in the virgadi§5ms
300 . - note however that like the reflectivity this is weighted

towards the heaviest ice particles. Superimposed on the
terminal velocity of the ice crystals are the turbulent it
air motions present within the top 500m of cloud. This

400 turbulence is more clearly visualised by computing, the
standard deviation of the 1-s mean Doppler velocity over
© 500 30s intervals, as shown in figurgc. Since the terminal
= velocity of snowflakes varies weakly over this short time
> period, this quantity simply reflects the variability in the
¢ 600p vertical wind, and is proportional to the cube root of the
& eddy dissipation rate(Bouniol et al. 2003. Values ofo )
700 up to 0.4ms~' are observed in the top 500m of cloud,
800 decreasing sharply to a mexe0.04ms ™! in the bulk of the
virga (note the logarithmic colour scale) indicating s&gbl
900 quiescent conditions, whetes three orders of magnitude
1000 lower than in the well-mixed layer.

. AN \ \
-30 -20 -10 0 10
Temperature [C] . . L .

2.1. In-situ sampling and coincident radar observations

Figure 2. Sounding from Larkhill at 1101 UTC, 18 February 2009 plotted
as a skew T - log P diagram. Note that the numbers on the rightt sidle A series of profiles and straight and level runs were
indicate geopotential height [in km] at various pressuvel performed to the west and overhead Chilbolton, both within
the supercooled cloud layer and its virga, between 1148
Figure 3 shows the time series from the verticallyand 1617 UTC (note the timescale in figusehas been
pointing cloud radar at Chilbolton for the period duringhosen to match this time period). Figurehows a profile
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(a) Radar reflectivity - vertically pointing cloud radar [dBZ]
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Figure 3. Zoomed-in time series from vertically pointing 35 GHz radaChilbolton during in-situ sampling period on 18 Februa®p9. Panels show
(a) radar reflectivity, (b) Doppler velocity (note convemtiof negative velocities towards the radar) and (c) stahdaviation of 1-s Doppler velocity
over 30s intervals (note theg, , colour scale). In panels (b) and (c) all data points belowozdbave been removed.

through the supercooled layer at 1454 UTC from a forwangkflectivity Zp z, which is the ratio of co-polar radar reflec-
scattering cloud droplet probe (CDP - Droplet Measuremeivity for horizontal and vertically polarised waves. Relgs
Technologies Inc, USA). The concentration of dropletith no preferred alignment such as irregular polycrystals
was approximately constant with height7m 3, while or aggregates typically havépr = 0-0.5dB (Hoganet al.

the liquid water content increases approximately lineai)12); likewise spherical drizzle drops also hase,r =
between cloud base and cloud top. The gradient of liquidB. However in this case we obseryg,r in the range
content with height is consistent with that expected froh5-3dB, confirming that the virga are ice particles and
an adiabatic ascent at this temperature and pressthat they are likely pristine, horizontally-oriented iceg/s

as illustrated by the dashed lin8rénguieret al. 1997). tals Hall et al. 1984 Hoganet al. 2002 Westbrooket al.
The peak liquid water content wa%2gm—3, and the 20109. Westbrooket al. (20109 presented evidence that
liquid water path was2lgm~2. The similarity between such crystals were common in the virga beneath super-
the observed and adiabatic profiles, and the constaabled layers. Figurée shows images of ice particles,
profile of droplet concentration supports the notion thaampled using a 2DS optical array proldeasonet al.
the supercooled layer is well mixed. The rather modexl06) at a corresponding point in the aircraft run (25-50km
liquid water path is typical of mid-level mixed-phase clgudvest of Chilbolton), confirming that the crystals in this
(Hoganet al.2003. cloud were indeed predominantly pristine, vapour-grown

Figure 5 shows a section of a range-height indic&rystals of the planar type. Figurés,d show fluxes of ice
tor (RHI) scan from the steerable ‘CAMRa’ radar (25fumber and mass computed from the in-situ size spectra,
antenna, 10cm wavelength - s€mddardet al. 1994 for and these will be discussed in sections 3 and 4 respectively.
full details), sampled at 1221 UTC. The FAAM aircraft The horizontal homogeneity of the cloud layer is
was sampling the supercooled layer near cloud top at tiiisstrated in figure6 which shows a photograph taken on
time, and was flying in the same plane as the RHI scan. Tdeun at 4000m (above the supercooled cloud layer). Note
aircraft flight track is indicated by the solid line on figur¢he flat top, produced by the sharp inversion. Also note
5a, which is overlaid on the radar reflectivity field. As fothe cellular structure indicative of the shallow conveetiv
the cloud radar observations, reflectivities in the rand@e -@verturning occurring in the top 500m of cloud. The
to 0dBZ were typically observed. This radar also has duatructure is reminiscent of photographs of stratocumulus
polarisation capability, and figuigb shows the differential sheets from above (efjlicholls and Leighton 1986
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Radar reflectivity at 3GHz [dBZ]
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Figure 5. (a) Radar reflectivity and (b) Differential reflectivity froRHI scan at 1221 UTC, 18 Feb 2009. Note that the minimum tiikcreflectivity

for the CAMRa radar at 40km range 43 —7 dBZ; returns below 1500m are drizzle from low-level clouBsta has been averaged to 300m range
resolution. Panels (c,d,e) are in-situ data collected Isitaausly during a straight and level run at 3480m heightePg&) shows the number flux of ice
crystals falling through the mixed-phase layer; panel (s an estimate of the rate of vapour growth of the ice cis/ésae text for details). Panel (e)

shows a selection of the crystals sampled.

In addition to the widespread layer cloud there was2. Persistence over 1 day

also some weaklfns~! peak updraugh hr—! peak . . .
. tos™" p -p .g ﬂ']_mm : p The analysis above has focussed on a 4.5hr period during
rainrate) embedded convection triggering at mid-levefgich the aircraft and scanning radar measurements were

along a narrow €4km wide) convergence linez 20km collected. However, the cloud radar at Chilbolton operates
west of Chilbolton. This feature was analysed in detail fpPntinuously, allowing us to study the persistence of the
oud layer. Figure7a shows the radar reflectivity time

Crosieret al. (2011) who determined that rime-splinter iC&gries petween 0830 UTC on 18 Feb and 0830 UTC on

multiplication was occurring in these cells. Here we simply9 Feb. The quasi-steady nature of the cloud layer is clear
note that we have excluded parts of the aircraft runs whiftRm this figure - cloud top is- constant between 0830 and
midnight, and ice production during this period appears to

were affected by this feature from the analysis of the laygg quite steady also. Over the following 8.5 hours the field is
cloud that follows in section3,5. more broken and cloud top lowers slightly. Figuteshows
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(a) Radar reflectivity - vertically pointing cloud radar [dBZ]
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Figure 7. (a) Time series of reflectivity from vertically pointing 3542 radar at Chilbolton over 24 hour period (as indicated Imglarrow). Inset arrow
indicates period during which in-situ sampling occurredj aorresponds to the time range shown in figgirBashed line indicates the lower boundary
of the well-mixed layer at the top of the cloud, diagnosedrfidopplero .y measurements (see text for details). After 20 UTC the futitilef the
virga is turbulent. (b) Geostationary infrared satelliteages from Meteosat Second Generation at 09, 15, 21 and 2Vhite dot indicates location of
Chilbolton.

a sequence of infrared geostationary satellite imagesglurshattered images has been applied to the size spectra, and we
the course of the 1 day period. The mid-level cloud bandhave also elected to only consider particle$00um in size
well defined; the position of Chilbolton on these images tie further minimise the sensitivity of our calculations tya
shown by the white dot. possible shattering artefac®elaxing this size threshold to
Also shown in figure7a is the lower boundary of the50m was found to have a negligible effect on the results.
well-mixed layer as derived from the,y, measurements.Data collected using a CIP optical array probe mounted on
This was estimated for each vertical profile by movintpe same aircraft gave identical results to with 15%
down from cloud top to the point whereg,,, < 0.1ms™ . The fall speeds of the ice crystals as a function of their
As before, we find this mixed-layer depth to b&00m size was estimated using the relationship for stellar afgst
throughout the day, until 2000 UTC, after which the wholgiven inHeymsfield and Kajikaw§1987). Figure5c shows
depth of the virga is diagnosed to be turbulent. Théstime series of the calculated flux, assuming thé®)
deepening of the mixed layer may perhaps be the resultefationship for stellar crystals. This time series is oaer

stronger long-wave cooling during the night. 25km segment of a straight and level run just below cloud
top (3480m), coinciding with the RHI scan shown in figure
3. Ice nucleus budget 5a,b. The flux is quite consistent over this leg, and values of

~ 150m~—2s~! were observed.
In this section we attempt to quantify the budget of avadabl We now proceed to compute the average flux computed
ice nuclei. To do this, we have used the in-situ size spediwa 6 in-situ runs, shown in figure3. Since a mixture
to estimate the flux of ice crystals precipitating from thef different planar crystal shapes from solid plates to
supercooled layer, which equals the sink of ice nuclei fromin branched crystals were observed (figgeg, we have
the cloud layer. This flux is: computed these fluxes assuming a variety@) curves
(see tablel for details), and then quote the range of values
predicted by those different assumptions (typicatl§5%
of the mid point). The velocities were adjusted for the air
density at the cloud togH{eymsfield and Kajikawa 1987
where D is the maximum dimension of the ice particles, As mentioned above, we have isolated and removed the
n(D) is their size distribution sampled by the 2DS probepnvective feature studied IGrosieret al.(2011), blanking
andv (D) is their terminal velocity. The size spectra wereut data 10km either side of the convective element. The
integrated over 10sy1 km) before computing the momentonsistency of the computed fluxes along the radial (eg
(1). We did not observe significant numbers of largec) is evidence that this feature did not affect our analysis
snowflakes in the cloud, presumably because the layeoisthe layer cloud. We also note that the mean wind is
rather shallow. Consequently, any artefacts due to slvagtemnortherly in this case study, hence any crystals produced by
of large particles on the tips of the probiéfolev and Isaac the convective feature will be advected out of the plane of
2005 Fieldet al. 200§ are expected to be minimalo the radar scans and the aircraft sampling path.
further assure the quality of our flux estimates, interriv. The mean fluxes in figur8 appear to be approximately
time filtering was applied to the data (s€zosieret al. constant with height at 100m~2s~', and are consistent
2011, Korolev and Isaaq2009’s algorithm to filter out between the earliest and latest runs which are 3 hours

Flux = /OOO n(D)v(D)dD 1)
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Profile at 1454 UTC
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Table 1. Fall speed relationships used to compute ice fluxizem Flux of ice crystals {/m*/s]

Heymsfield and Kajikaw$1987) v = aD®. Herew is in cms—! and D

is in cm Figure 8. Flux of ice crystals calculated from in-situ size spectrairdy

as a function of height. Fluxes are average for the completeError bar

- shows spread of values obtained for differeqD) relationships assumed
Crystal habit a b - see text for details. Start time of each aircraft run [UT<hoted by each
flux estimate.

Hexagonal plate 297 0.86
Sector plate 190 0.81

Broad branch 103  0.62 runs were estimated to lie in the rang@)—1300m—>: no
Stellar 58 0.55 clear trend between concentration and height was observed.
Dendrite 55 0.48 Details of the size spectra have been presented previously

by Crosieret al. (2011), and did not show any systematic
variation over this relatively shallow height interval.
apart. This is evidence that: (a) the formation of ice in the Figure 10 shows the flux-weighted mean size of the ice
supercooled cloud is approximately in a steady state (st legystals, defined as:
over the time scale of a few hours), and (b) aggregation is

relatively unimportant in this cloud, since the number flux )
does not decrease with height. The latter point appears to be (D) fruz = fo Oon(D)U(D)DdD_ 2
consistent with the crystal images shown in figieavhich Jo n(D)v(D)dD

are predominantly vapour-grown single crystals.

To give a more comprehensive picture of the icEhis figure shows that the particles which contribute most
microphysics, in addition to the fluxes we have aldo the particle flux are typicallyg 300um in size: this was
computed the concentration of ice particlesi0O0um in  found to be approximately constant over the height range
size, as shown in figur@. Average concentrations over thsampled.
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3500 . — case - we have observed a steady flux of crystals falling from
O Q@ the supercooled cloud layer for 3.3 hours in-situ, and for
3400} : L 24 hours with the radar.
In addition to a temperature-dependentiigMottet al.
3300 |- o B B | (2010 has also suggested a refined correlation using
the number of aerosol particles 0.5pxm as a secondary
_ : : L parameter. In-situ aerosol measurements were not possible
E, 3200 B - "o 1 within the cloud layer itself; data from a PCASP probe
£ sampling below and above the cloud lay@rdsieret al.
2 3100f: : - - 1 2011 reveal concentrations of these large aerosol particles
: : L of <0.25cm~3. Applying this value toDeMottetal.
3000 |- s ° ... .1 (2010’s equation (1) leads to a predicted concentration
approximately half of the one calculated above, and an even
2000 |- 5 shorter depletion timescale.
2800 3.2. Attempts to reconcile the observed fluxes with

0.3 0.5 1 1.3 1.5  expected ice nucleus concentrations
Concentration of ice particles > 100um [Iitre_l]
In what follows we discuss a number of possible
Figure 9. Run-averaged concentrations of ice particles larger ti@um  explanations for the discrepency between the flux of ice
as a function of height. crystals being nucleated in the supercooled layer, and
the expected concentration of nuclei available, based on

3600 ; ; ; ; previous measurementdur purpose here is to investigate
35001 ] possible mechanisms whereby the singular approximation
o ¢} can be reconciled with our flux observations.
3400
3300} . o ] 3.2.1. Anunusually high concentration of ice nuclei are
— present.
£ 32001 5
% 3100} ] The calculations in section 3.1 assumed a typical
* concentration 0600m 3 active nuclei available at the cloud
O : o ;
3000 : 1 top temperaturddowever, in the compilation of ice nucleus
20001 measurements presentedDe!\/_lottet al._(ZOl() there are
o a number of data points significantly higher than the value
2800 1 : : : : 1 parameterised based on temperature alone. The highest of
these in the temperature range considerest €)00m 3
2700 7 100 200 200 200 =00 (6.7 times higher than assumed in our baseline calculation
Flux-weighted mean particle size [um] in section 3.1) Assuming this higher concentration of

available nuclei complete depletion would occur within
Figure 10. Flux-weighted mean size of ice crystals calculated from irg 5hrs, yet there was no change in the in-situ fluxes over
situ size spectra during as afungtlo_n of height. Fluxes eeeage for the 3.3hrs; and we observe continuing ice production with the
complete run (runs are same as in fig8re ’ 2 . .

radar for24 hours. In fact ~ 3 x 10*m ™2 active nuclei
would be required to explain the sustained production of ice
at the observed level for 24 hours. This is inconsistent with
DeMottet al. (2010 who observed such concentrations
extremely rarely, and exclusively in clouds colder thran

We now attempt to reconcile our observed fluxes with the?4°C-

likely concentration of available ice nuclei. No in-sitweic

nuclei measurements were available. However, based32.2. Cloud top is cooling slightly leading to more active
the temperature-dependent fit giverCiaMottet al. (2010 nuclei.

from a compilation of continuous flow diffusion chamber

observations in many clouds, at13.5°C (the temperature We expect the cloud to be emitting infrared radiation to
at cloud top) we should expest 600 active ice nuclei per space and hence cooling from the top - this is very likely
cubic metre of airSince such instruments have a residente be the cause of the mixing observed in the top 500m
time of a few seconds at most, we take this concentratiorat® the temperature profile is destabilised by this cooling.
represent the number of rapidly activated (quasi-singul&oundings from Larkhill (25km to the west of Chilbolton),
ice nuclei which could potentially be activated in the cloutHerstmonceux (100km south east of Chilbolton) and
Multiplying this concentration by the depth of the welNottingham (200km north of Chilbolton) through 18 and
mixed layer shown in figur@ (=~ 500m) we obtain a total 19 Feb 2009 suggest that cloud top cooled by at most 1.5K
of 3 x 10°m~2 nuclei which are potentially available forin the time it was present over Chilbolton. This cooling
ice formation. If these are removed by ice crystal formatiancreases the number of active nuclei by a mere 20%
at the rate estimated above, these nuclei will be completabicording toDeMottet al. (2010, and cannot compensate
depleted in 3000s - less than 1 hour. Clearly this is not tfoe the observed loss of nuclei.

3.1. Comparison with parameterisation of ice nuclei
concentrations
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3.2.3. Fresh nuclei are being entrained from above cloud in-situ humidity measurements
top. 4000 ‘ : ‘ ‘

Given the humidity profile shown in figurg, it is clear
that the air immediately above cloud top is extremely 35001
dry (7% relative humidity with respect to liquid water).
Entrainment rates in stratocumulus clouds are typically of
order ~ 0.01ms~! (Stevens 200R and there seems no
reason to suspect substantially stronger entrainmenisn th
mid-level cloud. Indeed, cloud top remains at an almost 2 ,_ | -
constant altitude over the entire 24 hour period shown in
figure 7a, suggesting any entrainment is extremely weak. .
To mix dry air in at a rate which compensates for the loss .,
of crystals through sedimentatior 0. 1ms~') would lead
to rapid evaporation of the liquid droplets and dissipatibn
the cloud layer, which we do not observe. 1500
70

— 3000

80 90 100 110 120
RHice [%]

3.2.4. Fresh nuclei are sedimenting from above cloud top.
. . . . Figure 11. Relative humidity measured in-situ. Values are averages fo
The sedimentation rate of &um aerosol particle isv each aircraft run at the heights shown.
3 x 10~*ms~! at this altitude Pruppacher and Klett 1997
Even if one assumes a (upper limit) concentration of ) ] )
4000m*3 ice nuclei |mmed|ate|y above the cloud |ayeﬁ)rec|p|tat|ng from this cloud. The observation of a quasi-
the sedimentation flux is a meden—2s~', two orders of Steady flux of ice from a cloud where there is a substantial
magnitude lower than the observed flux of crystals. sink of ice particles (precipitation) but no major source of
fresh ice nucleistrongly suggests that nucleation is not a
m duasi-singular process, but may be occurring on time scales
much longer than previously suspected.
Fridlindetal. (2012 found a similar discrepancy in
cloud-resolving model simulations of a long-lived mixed-
ghase boundary layer cloud in the arctic. Similar to our

extends approximately 500m below cloud top for the firéf'@lysis, they predicted that the available ice nuclei woul
12hrs during which the layer was observed, while the airq§ "apidly _cc_)nsu[]nedband ddepleted by precuf)l_tatlon, anld
stable and stratified below. Note that the depth of this lay@ft maintaining the observed concentration of ice crgsta
is less than the depth of the virga, as observed by the raddt, ld require either an.unfeaS|ny rapid entrainment rate a
so nuclei from evaporated ice crystals cannot be recycl&fUd topa.or aln ugfeasﬁly I?rgs number of ice nuclei in the
This conclusion is also supported by measurements 'MMe | lately a %Vet € cloud. d thoseFaidlind et al
relative humidity RH,.. with respect to ice made in-situ f explain our o tsher;/atl?hns, an k?s? (|jn | € al.' q
using a chilled-mirror hygrometer. The average values @fo 9, we propose that in these weakly-forced, long-live

RH,;.. computed for each aircraft run at various levels at%yer CI.OUdS’ dr_oplets freeze S".’W_'Y and steadily over fime
presented in figuré1, and show that the air is at or abov roducing the light steady precipitation of snow observed.

ice saturation from 2700m to cloud top (for comparison e suggest that there exists a broad spectrum of ice nuclei

the well-mixed layer extends down4©3100m in figure3). activity i_n a_typical supercooled_c_loud: a Sf.“f".” humber
A similar structure of a well-mixed layer at cloud top, Witl’?f nuclei which are extremely efficient (quasi-singular, as

a stable virga below was also observeddgstbrooket al. sampled by IN (_:ounters) and a_much larger number which
2010a are very inefficientand are activated slowly over many

pours (quasi-stochastic). In the updraught of a cumulus

Overnight the turbulent layer did deepen, ultimate ud where a parcel is rapidlv cooled the former will
encompassing the whole depth of the virga (from 20 U Igi,o ; parce pidly .
ominate the formation of ice in the cloud. However in

onwards, see figuré). During this later portion of the cloud . : :

evolution some nuclei could potentially be recycled. lrzrr]r?;ilr\:egt, Vgeﬁféﬁf?éf:;;%ﬁrrgl?g??&ggvg'g:;ggg dor]ftglr?]e
o , the stochastic nuclei would become dominant, slowly being

3.2.6. Ice multiplication is occurring. activated over many hours as we observe.

To support the mechanism outlined above, we briefly

view past laboratory studies which support the idea that

dIhere is a significant time-dependence to ice nucleation.

3.2.5. Fresh or recycled nuclei are being recycled fro
below base of virga.

The eddy dissipation estimates in figu$g (discussed in
section 2) indicate that the depth of the well-mixed lay

The only established ice multiplication mechanism is rimpé
splintering which occurs exclusively betwees and—8°C
(Pruppacher and Klett 199.7Since our supercooled clou
did not span this temperature range, and since riming of 0 | aporatory evidence for time-dependent freezing
crystals themselves was minimal (see figdyeve do not
believe that multiplication occurred in this cloud layer. Vonnegut(1949 was amongst the earliest to suggest that
ice nucleation was a time-dependent process. In cold box
4. Discussion: evidence for time-dependent freezing experiments he created a supercooled cloud-&7°C,
and found that when ice was nucleated heterogeneously
None of the hypotheses above appears to offer a satisfacthrgugh the introduction of silver iodide smoke into the
explanation for the persistent flux of ice observed to lex, a significant flux of ice particles were observed over
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the course of an hour, consistent with a time-depend#&vitson and Haymef2009 describe similar analysis where
nucleation process. The mode of nucleation is not clearar200um sand particle was used as the ice nucleus rather
these experiments, and losses to the walls of the box overttien a Silver lodide crystal - again a random, stochastic
hour-long experiment were not quantified - hence Vonnedtgezing behaviour was observed.
describes his conclusion as ‘tentative’. In a separateystud Murray et al. (2011 reported cold-stage experiments in
Vonnegut (1949 placed 64 drops of water (3mg massyhich droplets containing Kaolinite particles were held
onto a cooling stage (chrome sheet covered with a thitconstant temperature. Likéenegharet al. (2001) they
polystyrene film). The source of nuclei were impurities iobserved a broad variation in the time taken for the droplets
the atmosphere (or perhaps impurities on the stage itseb)freeze, from seconds up telhr, and they found that
Experiments were performed isothermally ail4, —16 statistics of the fraction of droplets unfrozen decreased
and —18°C, and the number of drops was measured agxponentially with time, consistent with a stochastic
function of time. A strong time-dependence was observggbcess. Follow-up work byBroadleyet al. (2012 using
in the freezing raté”(7"): at —16°C only half the drops had lllite as an ice nucleus again showed a time-dependence
frozen after 20 minutes, whilst at18°C every drop had to the freezing process; however it did not fit a simple
frozen within the first 10 minutes. stochastic model, implying the presence of a spectrum of
Valiand Stansbury(1966; Vali (1994 2008 froze different nuclei (or nucleation sites) with different adties.
0.01cm® water drops on a cold stage. Soil particles were Given the evidence from the observations in this paper,
immersed in the drops with the aim of mimicking naturand the laboratory studies cited above, we argue that a time-

ice nuclei. Experiments were performed where the staggpendent immersion freezing process is operating in these
was cooled steadily at°Cmin~! (corresponding to an supercooled layer clouds.

updraught of~ 2ms~! in the atmosphere); another set
of experiments included periods of several minutes wheje Rate of glaciation
the temperature was held constant. The rate of nucleation

was found to be much faster during the periods @ this section we attempt to quantify the rate at which the
cooling than during the isothermal periodgali (2009 jce phase grows at the expense of the liquid water. To do

was well-defined and varied relatively little from run-toy,, \with time+ as:

run. However, a stream of freezing events did occur even

when the temperature was held constant, demonstrating that dm S—1

the singular hypothesis is not accurate when cooling is ar 4”09(1 P) (3)
sufficiently slow.

Progress in sampling a large number of freezinghereS is the supersaturation with respect to ice grisla
events with a single set of nuclei was made byfunction of temperature and pressure as derived/lagon
Baldwin and Vonnegu(1982 and Vonnegut and Baldwin (1971). We have takenS to be the value corresponding
(1984 who placediOuL of water in a glass tube, and addegy saturation with respect to liquid water. The capacitance
0.01g of Silver lodide particles as ice nuclei. Automat%ts as an effective radius for the growing CrystaL and we
apparatus was developed to cool the sample to a fixg@h to relate this to the crystal sizes measured by the 2DS
temperature, wait for it to freeze, thaw it out, and repe{ﬁvobe. To do this we note that for planar crystals such as
allowing 850 separate experiments to be performed. Ti#@se shown in figur®, C/D ~ 0.25 4 0.05 where D is
freezing times varied greatly from run to run, from 10ge maximum dimension of the crystal (3&estbroolket al.
to 300s, consistent with a random freezing process. Apog figure 11). Neglecting ventilation effeé¢tsthe rate
exponential decrease in the average nucleation time \WRThange of ice water contedfWC /d¢ (balanced by a

observed with increasing supercooling. corresponding evaporation of dropletd LWC/dt) is given
Following on from this workBarlow and Hayme(1999  py:
andHenegharet al. (2001 developed an improved version dTWC S -1 e
of the Vonnegut and Baldwin apparatus. Now a single, T Wg(T P) / n(D)DdD 4)
) JO

large Silver lodide crystal was used as a nucleus (rather
than a large number of potential nuclei mixed together) igure5d shows a time series of this quantity over a 25km
a 500uL sample of water, and the source of the freezirmpgment of a run near cloud top (within the supercooled
could be visually confirmed as being the Agl crystal (rathkyer), with observed values lying in the range 0.01-
than the glass tube). Again, experiments were isothernta2 gm—2hr—!. Note that this technique for computing
and the time to freezing was measured.-A°C 300 runs dIWC/dt does not require the assumption of a mass-size
were performed and a broad distribution of freezing timeslationship.

were observed. The freezing times from run to run wereTable 2 shows the run-averaged values @fWC/d¢
completely uncorrelated with one another, evidence tltaimputed for the spectra from the four runs closest to cloud
freezing was a random statistical procddsnegharet al. top, which were within or very close to the base of the
(20023b) described a newer version of the apparatus wigpercooled layer. The mean value of this flux for the 4 runs
a smaller sample volumeuL) and the ability to cool is 0.015 gm—2hr~!. The value from run-to-run varied by

a sample steadily rather than performing only isothermaf0%, presumably due to spatial inhomogeneities in the
runs. A range of cooling rates.6 — 7.5°C s~ ') wasused. cloud. Taking this average as representative of the layer as
Plotting the fraction of unfrozen samples as a function afwhole, we proceed to estimate the glaciation rate of the
supercooling produced curves which were independent of

(?OO“ng rate. Assuming a ran(_:iom. distribution of ffeeZlW indicate that the error associated witgletting
times allows the average freezing time to be deduced, whighiiation is~ 10% in this case, based on the ventilation factors for planar
is of order 100s at5°C and a few minutes at7°C for Agl. crystals given ini and Wang1999
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gab_le §'f Es“m.ate‘jﬂgr.o""th rattes ‘\J/f ce crystals in Sum@y‘”v many hours, or longer. An upper bound to this timescale
Standard efror on mean dWC/dt values for rmare 001y CaNl be provided by assuming every droplet contains an
equally efficient nucleus or set of nuclei (the stochastic
approximation). In this situtation the flux of ice particles
each drop would have an average unfrozen lifetime of

Height[m] dIWC/dt [gm~2hr~!] Run time [UTC]

3480 0.018 1216 approximately 5 years (the concentration of liquid droplet
3465 0.007 1531 x the thickness of the supercooled layerthe observed
3325 0.013 1505 flux of ice particles). Although extreme, this illustrateet
3175 0.021 1226 potential of numerous, but slowly-activated ice nuclei to

explain our observations.

2. How do the supercooled liquid droplets persist in spite
supercooled layer. Since tlsipercooled layeis ~ 220m of the net flux of water vapour to the growing ice crystals?
deep, we multiplydTWC/dt by this depth to obtain the We show that in this example the flux of water vapour to
depletion rate of liquid water patB:3 gm—2hr—!. the growing ice crystals is quite modebt.this example at

Comparing this derived depletion rate with the observéshst, the persistence of the liquid phase is explainedlgimp
liquid water path of the cloud2(gm~2) it is clear that the by this relatively small flux, which can be offset by a small
glaciation of the layer is relatively slow - complete dej@at amount of radiative cooling.
of the liquid water path would take 6.4 hours at thisrate.  One outstanding question is to what extent the fluxes of

In fact the cloud was observed to persist forl day ice particles and water vapour in this case were ‘typical’
over Chilbolton. To explain this persistence beyond tl this kind of cloud. More data are needed to answer this
glaciation time indicated above, we suggest that the slegbustly. Howeverfield et al. (2004 sampled a somewhat
cooling of the cloud layer as it emits infrared radiatiosimilar supercooled layer cloud over Chilbolton (flight
to space is the most likely explanation. In simulations @819 in their paper). Again the crystals were oriented
the water budget in thin mixed-phase clousisiithet al. planar ice crystals; cloud top wasl5°C. Using the in-situ
(2009 found that radiative cooling of the layer was kegata presented in their paper in an identical manner to the
to maintaining the liquid water content of the cloud. Thignalysis above leads to an average fluxif 4+ 36m—2s~!
idea is supported by soundings taken on the morning @¥stals falling from the supercooled layer, while the
19th, showing that by the end of the observation periaglaciation rate is estimated a€)1gm —3s~!. These values
cloud top had cooled bys 1.5K, despite no observableare comparable in magnitude to the present case study,
change in the level of cloud top: this cooling will have leguggesting that our conclusions may be applicable beyond
to condensation of water vapour. To estimate how mughis particular example which we were fortunate enough to
we consider the instantaneous supply rate of condensates@aple in detail with both aircraft and radar over a long

Rauber and Tokay 1991 period.
In this paper we have primarily focussed on the idea
dry (& B T_’u) dar 5) that the freezing process itself is time-dependent. A s&icon
dt L, T ) dt possibility exists, which is that freezing is occuring via

contact-nucleation from interstitial aerosol partickhjch

neglecting any changes in cloud top pressure, wheris are gradually scavenged at random by the cloud droplets
the mixing ratio of water vapour in the (saturated) cloudading to freezing events which occur steadily over time.
layer, ¢, is the heat capacity of dry aif,, is the latent Since scavenging is a time-dependent process, and for
heat of vapourisation for water. Inserting the observéatge aerosols occurs rather slowlisgac and Douglas
temperature, pressuféand cooling raté‘d—f = 1.5Kday~! 1972, this may be another possible mechanism to explain
at cloud top based on the sounding data, one obtains a mate observations. Either way, our basic conclusion is
of change of liquid water content 6f025gm—hr~!. This unchanged: freezing events occur gradually over many
is more than sufficient to offset the loss rate calculatehfrdhours, and this cannot be captured by short residence-time

the observations. ice nucleus counters.
While the focus in this paper has been thin, weakly forced
6. Conclusions supercooled layers, there seems no reason why the same

process should not be active in deeper frontal layer clouds
Observations of a persistent supercooled layer cloud whighere air ascends slowly within the warm conveyor belt. It
steadily precipitated ice over many hours have betnin these scenarios where the cooling rate is slow where
presented. We have used these observations to answerttwe-dependence is likely to be most significant. This is in
key problems for the persistence of such clouds: contrast to cumulus or wave clouds where the cooling is

1. How does ice continually nucleate and precipitate fromuch more rapid, and any efficient (quasi-singular) nuclei
these clouds, without the available ice nuclei becomipgesent are likely to dominate the formation of ice because
depleted? of the short time scales involved.

We have argued that the most plausible explanation foit is useful to consider the implications of the proposed
this observation given the magnitude of the observed fluxtohe-dependent freezing process for numerical modelling o
ice crystals precipitating from the layer is for ice nucieat persistent supercooled cloud=r models with diagnostic
to be a time-dependent process, and that in additionide nuclei (such as operational weather prediction and
the scarce numbers of efficient quasi-singular nuclei whiclimate models) the number of ice nuclei available in a given
are normally sampled by ice nucleus countéhgre also grid box is never depleted by the nucleation and fallout
exists a much larger number of less active nuclei whighocesses of the ice patrticles. In a crude way, this lackeof ic
lead to droplets freezing slowly over time on timescales nficleus depletion could mimic the time-dependent freezing
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behaviour discussed in this paper. However since th&l MPM, Goddard JWF and Cherry SM 1984. Identification of
concentrations of nuclei used in the parameterisations aréydrometeors and other targets by dual-polarization rRdafo Sci.
based on quasi-singular ice nucleus counter measurements’ 132-140 o _

this is not a physically consistent approach, and is umiké-fenegharet al. 2001. Liquid-to-Crystal Nucleation: Automated Lag-

. . Time Apparatus to study supercooled liquids.Chem. Phys115
to yield accurate nucleation rates. 7599 PP v sup . y

5
For models with prognostic ice nuclei inclusion ofienegharet al. 2002. Nucleation of Supercooled Water: new apparatus
the time-dependent behaviour becomes very importantio determine stochastic behavidr.Chem. Physl175319-5327.
otherwise the nuclei are rapidly depleted as foumdneghanet al. 2002. Statistics of heterogeneous nucleation of
by Fridlindetal. (2012. Observational and laboratory supercooled water, and the effect of an added catafyet. Nat.
techniques which can characterise both the temperaturgicad. Sci999631-9634
and the time-dependence of freezing for candidate iEEymsfield AJ and M Kajikawa 1987: An Improved Approach to

lei will b itical t | terise thi Calculating Terminal Velocities of Plate-like Crystalsda@raupel.
nuclel will be critical to properly parameterise tnis prese J. Atmos. Sci44 1088-1099.
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