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Abstract. The case study presented here focusses on the liféheir number concentrations. The backscatter propertids a
cycle of clouds in the anvil region of a tropical deep con- particle images show a change in ice crystal shape from the
vective system. During the SCOUT-O3 campaign from Dar-developing phase to rimed and aggregated particles in the
win, Northern Australia, the Hector storm system has beermature and dissipating stages, the specific shape of parti-
probed by the Geophysica high altitude aircraft. Cloudsewer cles in the developing phase cannot be distinguished frem th
observed by in situ particle probes, a backscatter sonde, anmeasurements. Although optically thin the clouds in the dis
a miniature lidar. Additionally, aerosol number concentra sipating stage have a large vertical extent (roughly 6 krd) an
tions have been measured. On 30 November 2005 a daublgersist for at least 6 h. Thus, the anvils of these high reachi
flight took place and Hector was probed throughout its life deep convective clouds have a high potential for affectieg t
cycle in its developing, mature, and dissipating stage. Theropical tropopause layer by modifying the humidity and ra-
two flights were four hours apart and focussed on the anvil re-diative budget, as well as for providing favourable corutit
gion of Hector in altitudes between 10.5 km and 18.8 km (i.e.for subvisible cirrus formation. The involved processeyma
above 350K potential temperature). Trajectory calcutetja. also influence the amount of water vapour which ultimately
satellite imagery, and ozone measurements have been useeaches the stratosphere in the tropics.
to ensure that the same cloud air masses have been probed in
both flights.

The size distributions derived from the measurements not
only show a change with increasing altitude but also with thel Introduction
evolution of Hector. Clearly different cloud to aerosolpar ) ) )
cle ratios as well as varying ice crystal morphology havenbee D€€P convection provides a fast pathway to transport air
found for the different development stages of Hector, iagic Masses from the boundary layer through the free troposphere

ing different freezing mechanisms. The development phasdt© the tropopause region, sometimes. with overshooting
exhibits the smallest ice particles (up to 368)with arather ~ INto_the stratosphere (Corti et al., 2008; Fueglistalet.et a

uniform morphology. This is indicative for rapid glaciatio )- Thus, tra(?e gases, water vapour, and aerosol§ are re-
during Hector's development. Sizes of ice crystals aresgrg  distributed effectively in the atmosphere. Clouds forntiis t
in the mature stage (larger 1.6 mm) and even exceed thosgPnvective environment and may build large cloud shields,

of some continental tropical deep convective clouds, ais® i Which have an important impact on the radiation balance,
regulating incoming solar and outgoing longwave radiation
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2 W. Frey et al.: Cloud microphysics in the Hector life cycle

(Bakef,[1997] Baker and Pétér, 2008), and on the regionahomogeneous droplet freezing may change throughout
chemistry (including ozone; e. lomon €etlal., 1997) als the cloud life time (e.g. being more important in young
in the tropics m 11). Furthermore, waterupdrafts), and is also dependent on the air flow around the
and condensable gases as well as aerosols are removed fraranvection |(Heymsfield et al., 2005). At lower temperatures
the gas phase by adsorption onto or scavenging by the clou(lr < —38°C) in situ formation of ice particles can occur
particles. In what manner ice clouds impact climate andby freezing of solution droplet@%ﬂﬂbom. As air
chemistry critically depends on the clouds’ microphysics, is pushed upwards, sufficiently low temperatures and high
i.e. sizes and numbers, as well as shapes of the ice partrelative humidities can be reached. Once the deep coneectiv
cles. Cloud microphysics also determines the amount ofwae€loud ages and the anvil loses a large fraction of its IWC by
ter vapour that passes through the Tropical Tropopause Layesedimentation, new ice nucleation can occur, as observed
(TTL) into the stratospheré (Corti et/dl., 2008; Jensenlet al by [Gallagher et al.[ (2012) in the cloud edge region. Thus,
2008;/de Reus et al., 2009; Davis et Al., 2010). Hence it iseventually not enough ice particles are left to reduce water
essential to have detailed information on the cloud micro-vapour excess and suppress homogeneous freezing, as in the
physical properties for example to realistically repreésen high updraft scenario mentioned above. Therefore, it can be
the tropical high altitude clouds in numerical models (e.g.expected that such a complex history of freezing processes
van Diedenhoven et al., 2012). In this respect the results ofn a convective cloud system leads to highly variable cloud
in situ measurements are of particular importance dedpite t particle shapes and size distributions throughout the life
amount of cloud observations from satellite or ground basectycle of an anvil.
instruments, which are unable to resolve the microphysical Like for the observational studies, the focus of numeri-
structures. cal experiments rarely touches the dissipating stage argd th
The TTL is usually defined at altitudes between 14-18 kmdoes not cover the complete life cycle of the convective
and itis the dominant source region of air entering thestrat clouds. For example, when looking at simulations of Hector
spherel(Park et al., 2007; Fueglistaler et al., 2009). Tve le  thunderstorms: This deep convective system (Keenad et al.,
of zero radiative heating and the cold point tropopausecase | [1994; Carbone et al., 2000) can be found over the Tiwi Is-
cated within the TTL. Typical residence times for air pascel lands, Northern Australi dl. (2b01) point out the
in the TTL are roughly two months (Kriiger et al., 2009). sensitivity of the storm development to ice phase physids an
Furthermore, the lowest TTL altitude levels have been ident island-scale circulations, however, when coming to thsidis
fied as a region where frequent new particle formation eventgating stage they state: “Since the decay of convectiontis no
occur in clear air as well as in cumulonimbus cloud anvils the primary interest, it is not examined further.” Other-rea
(Weigel et al., 2011; Frey et al., 2011) with unknown conse-sons for not looking into the dissipating state may be due to
quences for the aerosol in the lower stratosphere. Previousiodels failing to predict the dissipating stage correatly (
observational studies involving aircraft often focussadlyo ?._2_9_5 ). Connolly etlal. (2013) suggest that mi-
on the development and mature stages of tropical convectiorcrophysics schemes may produce anvils which have a too
or even just on parts of the convective clouds, e.g. conx@eti small extent and persistence due to the assumed density of
overshooting, but little attention has been paid to theidiss snow. However, the dissipation of a deep convective system
pating stage. So the question remains what the microphysimay have major implications for the formation of subvis-
cal properties of convective clouds in the tropical tropggg  ible cirrus (SVC), by affecting the background conditions
layer look like, especially throughout their lifetime. e.g. regarding humidity and the availability of processed
Additionally, the ice formation processes within aerosols (after cloud dissipation). These cirrus are found
deep convective clouds are not completely understooctlose to the tropical cold point tropopause and can occur in
(van Diedenhoven et all, 2012), e.g. regarding glaciationwidespread layers, though vertically only reaching a depth
temperatures. While some studies suggest rapid glaciationf a few 100m |(Winker and Trepte, 1998; Thomas et al.,
in the updrafts when the air reaches the freezing level (e.d@). Their importance for radiative effects and dehydra-
MHE@, others show the possibility of supeleda. tion of tropopause air which is further transported into the
liquid water to reach the homogeneous drop freezingstratosphere is a point of discussion (Rosenfield et al8;199
temperature (about-38°C) in case of strong updrafts [Corti et al.,| 2006 Davis et all, 2010). SVC can either be
(Heymsfield et dl.| 2009). This is possibly due to shorterformed in situ or due to blow-off from deep convection,
transit times in the stronger updrafts that allow the liquid the partitioning of the two depending on the region. For in-
drops to reach higher altitudes. When pre-existing icss isstance| Massie etlal. (2002) found that half of the SVC ob-
present at temperatures—38°C (e.g. by entrainment from  servations by the Halogen Occultation Experiment (HALOE)
downdrafts or uplift of heterogeneously frozen ice from over the maritime continent are consistent with formatian v
lower levels), homogeneous freezing can be suppressedonvective blow-off. Over the east Pacific, a generally less
However, in strong updrafts the pre-existing ice might be convectively active region, Global Hawk observations indi
unable to cause depletion of water vapour and suppressechte that most likely SVC have formed in si@et al.,
droplet activation |(Heymsfield etlal., 2005). The role of m). By contrast, similar aircraft observations in thg-Se
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W. Frey et al.: Cloud microphysics in the Hector life cycle 3

chelles region over the Indian Ocean demonstrated the-occuaction between sea breeze fronts and convectively gederate
rence of SVC in the vicinity of MCS (Thomas et al., 2002). cold pools above the islands (Carbone ét al., 2000). The air-
Jensen et al| (1996) simulated the formation of SVC fremcraft probing the air masses over and in the vicinity of the
remnants of deep convective clouds. They point out the roleTiwi Islands and the Hector system was the Russian M55
of wind shear on convective blow-off for formation of cloud “Geophysica” high altitude research aircraft with a cejlof
layers with vertical thicknesses less than 1 km. Thus, gain20 km. The Geophysica performed nine flights with different
ing more insight of the dissipating stage of deep convec-foci, i.e. studying convection, long range transport, aad p
tive systems, will also be helpful for understanding SVG fer forming satellite validation._Brunner etlal. (2009) dekeri
mation: Aged convective anvils may transform into SVC or the large scale meteorological context of the campaign; de-
changed background conditions regarding humidity and pro+ails of the meteorological context for this study can benfibu
cessed aerosols after dissipation of the anvils may famlit in Sect[3.
in situ formation of SVC.

After the dissipation of large cloud systems, like Hec- 2.2 Instrumentation
tor, patches of “left over clouds” and of enhanced numbers
of larger, swollen, humidified aerosol particles still may-x Cloud particle instrumentation
main in the air mass of the original deep convective cloud.Two instruments were used to observe cloud particles:
The radiative effects of this air, which is not yet complgtel a modified Particle Measuring Systems (PMS) Forward Scat-
cloud free, will be different from clear air and from cloudy tering Spectrometer Probe (FSSP-100) with Droplet Mea-
air resembling more the “twilight zone” brought forward by surement Technologies (DMT) high speed electronics (SPP-
[Koren et al. (2007). Satellite observations may find claud-100) and a DMT Cloud Imaging Probe (CIP). The instru-
free pixels next to cloudy pixels that are actually the twi- ments cover a size range (in diamet®y) of 2.7um <
light zone, i.e. containing undetectable clouds and aéroso D;, < 29.2um (FSSP-100) an#s pm < D, < 1600 pm with
These areas show elevated reflectance and have been foun®5 um resolution (CIP). The characteristics of both instru-
to be not reliable for aerosol retrievals (Koren étlal., 2007 ments are described in de Reus étlal. (2009)land Frey et al.
.6). For these reasons closer consideration Q‘@ and references therein). Since the FSSP-100 sam-
the dissipation stages of cloud systems is important fram th pled data in a 2s interval, the CIP data have been aver-
perspective of the radiative budget and also of the satellit aged over 2 s as well in order to combine with the FSSP-100
data retrieval and analyses. measurements. Particle diameters are derived from the CIP

This work is a case study using in situ observationsimages using the maximum dimensit al.,
of a Hector thunderstorm obtained during two consecutiv ). Sizing of FSSP patrticles has been performed assum-
flights on 30 November 2005 from the anvil region (betweening the particles to be spherical. Considering the scatjeri
350 and 375 K potential teperature). The purpose is to 1) doceross sections from T-matrix and Mie curves with a refrac-
ument and provide data about the microphysical propertiesive index of ice, the original 40 size bins have been rede-
of a deep convective cloud in the TTL throughout its life cy- fined into 7 size bins, to account for ambiguities. An ice
cle (e.g. for numerical simulations), 2) study the potdritia.s density of 0.917 g/cthwas used to calculate the ice wa-
SVC formation, and 3) investigate the freezing mechanismger content (IWC), assuming sphericity in the FSSP size
inside the MCS. range and using an image to mass relationship as intro-

duced in Baker and Lawson (2006) for the larger particles.

The uncertainties of the measured number concentratiens ar

2 Experiment and instrumentation 20 Mmainly determined by the uncertainties in the sample vol-
umes, which were estimated to be 20% (Baumgardner et al.,
2.1 SCOUT-0O3 campaign 11992; de Reus et al., 2009) for both probes. Additional un-

certainty due to counting statistics has been taken into ac-
As part of the European integrated project Stratospheric-eount especially in conditions with low particle number €on
Climate Links with Emphasis on the Upper Tropospherecentrations. For the calculation of size distributionggna-
and Lower Stratosphere (SCOUT-Q3; Brunner et al., 2009)ion times have been adequately extended, depending on the
an aircraft campaign was conducted from Darwin, Northernparticular conditions of each measurement period durieg th
Australia in November/December 2005. The main objectivesflight. The cloud particle data have been thoroughly filtered
of this campaign were to investigate the transport and transfor shattering artefacts, following the interarrival tinap-
formation of trace gases, water vapour, and aerosols theaugproach MI.[E%), since the probe came with the
the TTL and the role of deep convection therein. Darwin wasoriginal tips (i.e. not anti shattering optimised). Freqcye
chosen as base for the experiment due to its vicinity to thedistributions of interarrival times for the different Hecde-
Tiwi Islands and the Hector storm system which develops ornvelopment stages (as outlined in Sdctl] 4.1) are shown in
an almost daily basis during premonsoon season above thoség. [1. Shattered particles can be clearly identified by the
islands. Hector develops mostly as a consequence of andatesecondary peak arount)—%s. Furthermore, as shown by
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resolution and with 10% accuracy by two COndensation
10000 ‘ ‘ Ja———— PArticle counting Systems (COPAS;_Curtius et al., 2005;
! al developing Weigel et al.,| 2009), each of which consists of two inde-
\ dislpating 1 pendent Condensation Particle Counter (CPC) channels. The
[ 1 s 50 %-detection efficiency sizd),5o) for these channels are
y
/ \ 1 at particle diameters of 6 nm, 10 nm, and 15 nm (number con-
/ \ ] centrations denoted d$s, N1g, andNy5), respectively, and
] the fourth CPC channell{,5o = 10 nm, N1gpn) is preheated
I “ \ 1 to 250°C in order to evaporate volatile compounds and de-
I A : \ N a0 tect non-volatile residues. The upper size detection limit
2000 [ pp
A . . . . Rk
I f \\L/ \ ] largely determined by the sampling inlet which becomes in-
[ // A ) I — ] efficient for particles with sizes aboveuin .,
10° 10°  10* 107 10° 10° 2009). Like the cloud particle probe tips the aerosol iniets
interarrival time [s] . . . .
general might be subject to shattering of cloud particlée T
15 COPAS inlet consists of two sharp-edge diffusers insidé eac

Figure 1. Frequency distributions of interarrival times used to idéen- th iding iust I f for i fi f
tify shattering artefacts in the CIP image data. The data are groupe8 er providing Just a small surface area for impaction o

into Hector classification stages as described in §edt. 4.1. particles. (for a qeta”‘:"d description iEEJALngELéLa-LSQOO.
Careful inspection of the data revealed that no shattering

events could be identified.
=0 Temperature, humidity, and ozone
de Reus et all (2009) ahd Cairo et Al. (2011), who used comAmbient and potential temperature have been measured by
parisons of the cloud particle data from CIP and FSSP tathe Thermo Dynamic Complex (TDC) probe at 1 Hz with an
lyman-alpha hygrometers and a backscatter sonde respeeccuracy of 0.5 K@Em). The navigational sys-
tively, shattering was not a problem for these particulansa tem UCSE (Unit for Connection with the Scientific Equip-
plings of Hector clouds. A further set of corrections hashee ment; Sokolov and Lepuchoy, 1998) aboard the Geophysica
applied to the CIP images, i.e. accounting for the loss of thedelivered further relevant parameters as position anddirue
first slice (due to slow acquisition start-up time), empty im speed.
ages (reconstructed as one pixel image), partial imagés, ou The FLourescent Airborne Stratospheric Hygrometer
of focus images, airspeed, and too small area ratio (rejec(FLASH; [Khaykin et al., 2009! Sitnikov et all, 2007) was
tion of streakers). A detailed description of these coioastss adopted to measure gas phase water, sampling at 1 Hz. The
and the capability of the instruments to measure reliably un accuracy is 8% or 0.3 ppmyv, and combined with the TDC
der the conditions in the upper troposphere and lower stratotemperature measurements the uncertainty of relativedvumi
sphere can be found m mn, and the accompaity with respect to ice is 12—-17 %.
nying supplement material, which also includes an extensiv  The Fast OZone ANalyzer (FOZAN; Yushkov et al., 1999;
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discussion of possible shattering artefacts). = Ulanovsky et al.) 2001) measured ozone mixing ratios at
Backscatter sonde 1Hz sampling frequency. It is a chemiluminescence sensor

Further cloud properties were measured by the Multi- with an accuracy of 10 % and a precision of 0.01 ppm.
wavelength Aerosol Scatterometer (MM&&@OM;

[Buontempo et al!, 2006). This backscatter sonde obtains in

situ measurements of optical properties and microphysi-3 30 November 2005 — description of the case

cal parameters of aerosol and cloud particle ensambles,

e.g. backscatter ratio and depolarisation (at m32and A strong Hector storm system developed on 30 Novem-
1064nm). MAS samples with a time resolution of 5s amd ber 2005 over the Tiwi Islands north of Darwin, Australia.
has a precision of 10 %. On this day two research flights have been carried out. The
Miniature lidar first flight (about 13:15LT to 17:50LT, local time- UTC

The downward looking Miniature Aerosol Lidar (MAL; + 9.5h) probed Hector during its developing and mature
Mitev et al.,| 2002) detects vertical profiles of aerosol andstages while the second flight (about 21:40 LT to 03:00 LT
cloud patrticles below the aircraft, as close as 160 m from.thenext day) probed Hector in its dissipating stage, with rdygh
aircraft. MAL measures with 60 s horizontal integration and 4.5 hours of sampling time inside the upper parts of Hector.
43 m vertical resolution. The volume depolarisation shownThus, there was only a four hour gap between the two flights,
in this study is calculated by dividing the measured valueswhich was just enough to service the aircraft and the instru-
for the signal in the depolarisation channel by those froen th ments. Since the Geophysica is solely flown by one pilot and
signal in the parallel-polarisation channel. 0 NO additional crew, the instruments run fully automatigall
Submicron aerosol number concentrations and just the pilot changed on the second flight. Due to flight
Aerosol number concentrations were measured with 1 Hzsafety, the Geophysica did not fly in the convective core it-
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Figure 2. GMS infra-red (IR) cloud top temperature satellite im-
age of the Tiwi Island region. First cloud patches of the develop-
ing Hector can be seen. The evolution of Hector is depicted with
the coloured contours (see text for explanation). The satellite cloud
top temperature colour scale is:250 K grey shades, 250-230
blue shades, 230-210 green shades, 210-1BDyellow shades,

< 190K red shades.

self, but above and around the strong up- and downdrafts,

i.e., on top of Hector and within the anvil clouds. During the

first flight overshooting cloud tops have been penetrated in

the stratosphere at altitudes up to 18.7 m}e@%o

de Reus et al., 2009), with lowest cloud top temperatures be-

low 190 K. The cold point tropopause was situated at around

17.3km and had a temperature of 185.5 K. The meteorologi-

cal development of this particular Hector to its mature stag

is described in detail by Chemel et al. (2009) making use of

cloud resolving modelling, albeit without including infoa-

e el cf e cloude They U580 . cose of S R sl inageso e T

- . rt] ion with the dissipating Hector clouds. The colour scale is as in

(WRF;|Skamarock et al.. 2008) and the Met Office Unified g 3

Model (UM;,) models with horizontal resolu-

tions of 1 km and with this were able to reproduce the over-

shooting cloud turrets. These overshoots lead to tropasphe

stratosphere exchanges, in particular affecting the esftry from the satellite image at 20:03 LT, when Hector already

water vapour in the lower stratosphere. They found a fairlystarted to dissipate. The figure shows that Hector spread

significant moistening above the 380 K isentrope (on averag®ut over the Tiwi islands with its central position remaiin

0.06 pgmv EWRF /2.24 ppmv (UM) between 380 and 420 K), stationary during the time span covered by the two Geo-

while . 8) found positive deviations from mea physica flights on that day. The dissipating of Hector is

sured mean water vapour profiles of up to 1.4 ppmv. depicted in Fig.B, which shows the satellite images of 19:03
Satellite imagery in the infra red (IR) for cloud top 20:03, and 21:03LT. While the IR satellite images clearly

temperatures is available from the Geostationary Metesshow the presence of clouds with very high optical thick-

orological Satellite 5 (GMS-5), operated by the Japannessesr > 100 (MTSAT IR NASA LARC cloud product:

Meteorological Agency. Figurél2 shows a single GMS |http://cloudsgate2.larc.nasa.gov/cgi-bin/site/shos@diocid=22&dom:

satellite image at 13:03LT where the first cloud patchesduring the first flight on 30 November, the IR satellite images

of Hector can be seen over the Tiwi Islands. The colouredof the second flight show almost no clouds and optical thick-

lines show the contours of Hector during its development:nesses are at maximum 2. However, extensive cloud fields

blue at 14:03LT, green at 15:03LT, and red at 16:03LT. have been probed by the aircraft also during the second flight

These contours were fitted to the coloured pixels of.theas apparent from the measurements with the in situ cloud

respective satellite images. The white contour gives arparticle instrumentation as well as the backscatter sonde

estimate of the maximum extension of Hector derivedand miniature lidar. The latter clearly shows the existence
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time UTC (] finally reach the Tiwi Islands as a south westerly flow. In or-
. P t ¥ b L der to identify whether air masses sampled during the second
o] \—_Lgbzz g flight were coming from the area of the first flight, six hours
8 0] | 1305 synoptic backtrajectories originating from the secondhtlig
25 1300 s were calculated. These trajectories indicate that the sired

tween the two flights were weak and air parcels recirculated
3 in the area after being advected to the islands from sowgh-ea
A west-east jet was located in the south of the Islands, which
did not extend to the measurement region. On the contrary,
the area covered by the Geophysica above the Tiwi Islands
was located in a relatively quiet zone to the north of the jet.

° Furthermore, measurements of ozone mixing ratios have
! ! ' been taken into account in order to check for air mass ex-
tocal time [h] change. Figurgl6 shows the observed ozone profiles of the
w5 first and second flight. The left hand side shows the individ-

Figure 4. Volume depolarisation ratio measured by the downward : : . .
looking lidar MAL during the second flight. The remnants of Hec- ual data points, the right hand side the median 57

tor can clearly be seen. The top panel indicates the aircraft's posiPercentiles. The profiles agree well in the middle troposphe
tion (latitude and longitude). The lidar detects a surface return a(335-350K potential temperature) while they differ by up
all imes (not shown here), thus, the cloud layer thickness should26 ppbv in the TTL region. This difference can be attributed
be completely captured and well represented. A figure for thedirstto upward mixing of low ozone concentrations from the
flight is omitted since it is not possible to say whether the layer boundary layer (Solomon etlal., 2005). This is corroborated
thickness is adequately presented at all times, due to thick cloudgy noting from the right panel of Fif] 6 that the same low
and the Ia_ser beam not being able to penetrate through the entirgzone values (about 40 ppbv at 300 K potential temperature;
cloud vertical extent. The cloud t_ops, if r_lot o_vershootmg, Were gark blue) from flight 1 appear during flight 2 between 365
roughly located at about 17 km during the first flight. ss and 375K (light blue). Air masses in deep convection can be
transported from the lower troposphere into the upper tropo
sphere in about 30 min (Thompson et al., 1997). Thus, given
of ice clouds, inferred from depolarisation measurementsthe lifetime of ozone in the TTL, a signature of this upward
as evident from Fid.]4. In those lidar measurements a returitransport can be expected, if no advection of undisturbed ai
from the surface has always been detected, demonstratingiasses from the side takes place. The higher ozone values of
the stability of the performance of the MAL instrument. the data points enclosed by the orange ellipse were sampled
Apparently after the Hector encounter during the first flight in cloud free air and at the cloud edge upwind of the Hec-
clouds remained in place at around 10-16 km altitude, everior anvil and its convective core. Thus, the ozone reduction
though they are not visible in the satellite IR images. Cansi  due to upward transport of low level air did not take place
ering the airborne lidar, backscatter, and in situ obsemats here, also keeping in mind that the flow was coming from
we believe these clouds were not optically thick enoughthe East. It also shows that horizontal air mass advectian wa
anymore to give sufficient signal for the satellite sensor. negligible. Additionally considering the satellite imagend
The fact that Hector stayed in place during its develop-trajectories for the two flights on 30 November, it seems rea-
ment (compare Fig§l 2 and 3) leads to the assumption thagonable to assume that the same clouds have been probed at
there was no significant horizontal advection of air dur- different times and that there was no recent horizontal @dve
ing and between the two flights, which could have trans-tion of other clouds into the sampling region.
ported non-Hector clouds or cloud parts into the measure-
ment region. FigurEl5 shows the wind fields on the 100 hPa
and 200 hPa levels (roughly reflecting flight altitude) on 30 4 Microphysical evolution of Hector
November 2005 at 15:30 and 21:30LT. Wind speeds around
the Tiwi Islands were generally low, so there was no large4.1 Observations of ice particles in Hector development
scale horizontal transport of air masses on this day. Ten day  stages
backtrajectories are calculated from ECMWEF fields af 0.5
resolution with a kinematic code on(g2° x 0.2° 3-D box.s During the two flights clouds were penetrated by the aircraft
surrounding the flight path, analogousl)@t@OlO) and a set of size distributions was measured. The cloud mea-
The closest starting point (in space, time, and height)-is atsurements of both flights were collected and separated into
tributed to each point of the flight path. These backtrajecto the following groups: developing, overshoots, mature, and
ries, starting along the tracks of the first and second flight,dissipating stages. Measurements obtained between take of
show a general flow from Southeast Asia (Philippines) tastheof the first flight (13:14 LT) and 14:17 LT are classified as de-
Indian Ocean and then turning towards Australia where theweloping stage. Between 14:17 LT and 16:30 LT clouds have
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Figure 5. Wind fields from ECMWF at 100 hPa (left panels) and 200 hPa (righelsqrat 15:30 LT (upper panels) and 21:30LT (lower
panels).

been probed in convective overshooting regions in thecstrat
o] _ 1 ... sphere. The analyses of these measurements are described in
] - o ] detail bylde Reus et al. (2d09) dnd Corti €tal. (2008) and are
| * - ] . Nnot further considered here, because of their focus on highe
altitudes. Observations from 16:30LT to landing (17:48LT)
are classified as mature. All measurements from the second
flight (21:49-02:51LT) fall into the dissipating stage (how
ever, cloud particle data were only analysed until 01:00 LT,
0 due to an FSSP-100 power failure afterwards). The dissipat-
ing stage cloud data have further been checked and filtered
] ] for possible influence of non-Hector clouds on the south-
w01 ; A AR N A R A AN AR SN ARM A AR ern flight part, according to the 6 h backtrajectories on the
Os [ppbv] 0; [ppbv] flightpath of the second flight. When the trajectories indi-
«s cated a possible influence of a non-Hector cloud, the data was
Figure 6. Profiles of ozone mixing ratios from first and second flight aycluded from the analysis. Due to this filter criterium, abo

on 30 November 2005. Individual (1 Hz) data points are shown inone third of the size distributions in the dissipating sthge
the left panel, median ar88/67 percentiles in the right panel. The been disregarded from further analysis
orange ellipse encloses data points that were recorded at the begin- ’

ning of the second flight at the eastern edge of the flight path. TheSize distributions

number of these points is much lower than those at later times gf therhe Hector size distributions are classified into altitudesb
flight, thus, these observations have no visible effect on the medlalbf 5K potential temperature. The vertical profile, in terrfis o
as shown in the right panel. potential temperature, of the averages of every Hectoestag

360 — et S - —15.6

Tpot [K]

30 Nov 2005 _ .
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% | — flight 2
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ber concentrations for the small particles are largest for
the developing stage.

Averages (min/max):
=== developing Hector
= mature Hector
== dissipating Hector
—— AMMA clouds
O SVC it
EEEEE

. 370-375K

— Table[d shows that the mature stages exhibit the largest
values for the microphysical parameters in each altitude
bin, followed by the dissipating stage and the develop-
ing stage having the smallest values. There are two ex-
ceptions: in the 355-360K bin the effective radius of
the developing Hector stage is slightly larger than the

535 dissipating stage and in the 365—-370K bin the devel-

oping stage has higher number concentrations than the
dissipating stage that are almost as high as those for the
mature stage.

T

dN/diogD,, [cm ]

‘

— The ambient temperature became warmer with increas-

540 ing age of Hector. (The only exception here is the dissi-
pating Hector stage in the 365—-370 K bin, however, only

one size distribution is given here, which was sampled

T T T T T T
2 3 4 56789

1000

3 4 56789
10 100
Dy [um]

Figure 7. Vertical profile of cloud particles size distributions. The
averages of the respective Hector development stage (developing,
mature, and dissipating) for every potential temperature bin of 5K
are given. A dashed line denotes that only one size distributiofsfor
the respective Hector class had been measured in the corresponding

over 60s.)

The RHi in the mature and dissipating stages is gen-
erally close to saturation, considering the measurement
uncertainty (12—17%). The rather low RHi in the 350—

355K level of mature stage could possibly be explained
by entrainment of dry air from the side of the cloud.
Supersaturation in ice clouds will not be removed im-
mediately, but RHi of up to 200% have been found
in cirrus (Kramer et all, 2009; Spichtinger and Kramer,
2013). In the dissipating stage ice particles sediment out
of the cloud, which does not affect RHi in first instance.
Warmer temperatures in the dissipating cloud decrease
RHi at first but when reaching subsaturation ice crystals
will evaporate and thus, a RHi around saturation would
be expected.

altitude bin. Vertical bars show the position of the minimum and
maximum distribution for the respective average. Further parame-
ters can be found in Tabld 1. Additionally, the mean size distribu-
tions of measurements inside MCS anvil outflow during AMA
and a fit for subvisible cirrus are displayed.

are shown in Fid.J7. Most size distributions are averaged ove
a sample time period of 20-25s (corresponding to roughly
3-5km flight path), in case of small number concentrations
this averaging time is extended to up to 145s (about 25km
flight distance) in order to obtain better sampling staissti
The numbers (#) of compiled size distributions per class and
potential temperature bin are given in Table 1 together with
mean values for ice water content (IWC), number concentra-
tions (V), effective radius #e), relative humidity with re="
spect to ice (RHi), and ambient temperatui®.(In three
classes only one size distribution has been measured. Th
is indicated by dashed instead of solid lines in Elg. 7. The
general findings from Fidl7 and Talfle 1 are as follows:

— In the highest altitude bin the size distributions for all
cases are fairly similar, only differing in the sizes of the
largest detected particles.

Cloud particle shapes

 the following the area ratio is used to provide informatio

about how particle shapes change according to the sizé distr

butions in Fig[¥. The area ratio is defined as the shaded area

— The size distributions show a decrease in number eonin the particle images divided by the area of a circumscrib-
centrations and particle size with increasing altitude.ing circle with the maximum dimension as diameter. Parti-
This has also been observed|by Frey ét 2011) andles with a maximum dimension smaller than 5 pixels (i.e.
de Reus et al[ (2009). The only exception is the devel-1254m) were excluded from this analysis, because they are
oping case that exhibits clearly higher number concen-00 small to give reasonable shape information. This limits
trations in the 365-370K bin, contrary to the general the number of available particles for the area ratio anslysi
decrease in number concentrations with altitude. From the remaining data, histograms have been derived for

each potential temperature bin. The histograms alongséle t

— The mature stage exhibits the largest number concentraaumber of considered particles are shown in Eig. 8. Pasticle
tions and sizes, as expected, while the smallest particlavith area ratios smaller than 0.1 were excluded as a general
sizes and concentrations can be found for the developeorrection to remove artefacts like streakers. Only fevtipar
ing Hector cases. Exception: in the 365-370 K-bin num-cles are left for evaluation in the developing stage, alhim t
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Table 1. Averages of microphysical and meteorological properties for thergifft Hector stages and altitude bins as in[Hig. 7. That is: ice
water content (IWC), cloud particle number concentratiyi, (effective radiusi«es), relative humidity with respect to ice (RHi), and ambient
temperature®). The last column indicates the number of size distributions (#) for dlask.c

0.1+

0.01 —

Tooeniat[K]  case IWC[02gm™] N[ecm™®] rer[um] RHi[%] T [K] #
350-355 dev 0.21 0.02 21.8 - 1993 1
mat 4.44 0.30 745 83 200.4 6
dis 2.78 0.20 36.6 72 205.6 6
355-360 dev 0.21 0.03 16.8 - 1950 27
mat 4.73 0.44 41.6 95 1951 19
dis 0.27 0.14 14.9 105 1955 10
360-365 dev 0.04 0.02 9.1 - 189.2 3
mat 3.12 0.45 14.9 100 189.7 4
dis 0.08 0.05 10.2 91 192.0 100
365-370 dev 0.03 0.06 5.7 - 186.9 2
mat 0.16 0.07 14.1 105 188.7 5
dis 0.03 0.02 8.6 110 187.2 1
370-375 dev 0.002 0.007 3.2 - 186.0 1
mat 0.016 0.009 5.9 113  187.6 3
dis 0.008 0.008 5.1 101 188.1 3

*

RHi measurements only available for 5 size distributions.

normalised average||370-375K

© developing
O mature
© dissipating
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355-360K bin. The histogram indicates an increasing con-
tribution of particles with small area ratios, i.e. morerelo
gated particles. However, the meaningfulness of this has to
be viewed with caution due to the small sample size. The
mature stages show a bimodality, peaking at 0.2-0.4 (proba-
bly chain aggregates or column particles) and a second peak
at 0.9-1 (possibly aggregates or rimed particles). Tha-diss
pating stage looks similar to the mature stage, though the bi
modality disappears higher up. If the second peak was due
to aggregates and rimed crystals these would certainly have
been big and already sedimented. It has to be noted that even
though the normalised area ratio histograms for mature and
dissipating Hector look similar, the number of particles in
those two classes is different. However, the similarityhelte

two stages indicates that the dissipating clouds are retsnan
of the mature stage.

4.2 Comparison with data from West African

Mesoscale Convective Systems

The thin black lines in Figd7 show the median size distri-
butions of clouds measured in the vicinity of West African
Mesoscale Convective Systems (MCS) during the SCOUT-
AMMA campaign mlm’ﬂ) for comparison. These
MCS are correlated to African Easterly Waves and further

triggered by topographic featurés (Mekonnen étal., 2006).

Figure 8. Vertical profile of area ratio histograms. The histograms |t has to be noted that the median size distributions for the
are normalised to a total value of 1 (each bin divided by the total\1cs clouds include clouds of all development stages. How-

number of counts) to make their shapes comparable. The coloure
numbers at the right hand side indicate the number of particle im-

ages considered in this analysis.

605

gver, a comparison is useful, especially given the scaoity
data of high altitude deep convective clouds. In general, th
AMMA MCS clouds are very different from Hector clouds
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regarding a) the meteorological mechanisms and the aerosaskerved in SVC. Additionally, together with the developing
reservoirs behind their respective formation, b) the difféss  Stage, the mature stage exhibits higher numbers of small par
surface conditions, c) their largely different sizes, aide ticles (around 0 pm) in the 365—-370 K bin. The clouds in the
and temporal evolutions, d) the much longer life times of thedissipating stage have a geometrical thickness that is much
AMMA clouds, and many other aspects connected with theirlarger than that of a typical SVC, i.e. more than 6 km vertical
propagation/movement and precipitation. However, when itextension compared to less than 1 km for SVC. However, this
comes to their impact on the TTL, it seems that the effegtscomparison and the similarity show that the dissipating-Hec
as seen from the local in situ measurements, of the two cloudor might be a precursor for SVC. The transformation may
types are quite similar. The size distributions in the respe happen in different ways: the upper cloud part may persist
tive potential temperature bins are not very different, andwhile the lower cloud parts diminish due to precipitation of
also at the lower altitudes (350-355 K) in the anvil regiom th the ice crystals or complete sublimation. In another saenar
number concentrations are alike over the covered size rangevind shear may split the cloud into thin Iaye@et al.
Only in the altitude range from 355K to 370K the mature ) and thus transform parts of the dissipating cloudrlaye
stage exhibits much larger and more cloud particles than thénto SVC. The lidar measurements in Higj. 4 suggest that the
AMMA clouds. Since the observed Hector is very strong it dissipating cloud layer becomes thinner in vertical extans
may easily exceed the median AMMA cloud, that also in- by disappearance of the lowest cloud parts. This may be a
cludes aged clouds (about 10h old), in terms of particlessize first hint for transformation towards a SVC. In case of full
and numbers. This also shows the potential of Hector for dedecay of the dissipating cloud by partial or complete subli-
livering large amounts of IWC into the TTL. The develop- mation of the ice, it will leave behind a layer of humidified
ing and dissipating stage compare fairly well to the AMMA air in the TTL which might be favourable for SVC formation
clouds with only small differences: a) in the 355-360 K rangeat a later time. Even if not dissipating further and/or trans
the AMMA cloud particles have a smaller maximum diagn- forming into a SVC, the cloud may take up more humidity
eter (up to100um compared tB00um/250 um); b) in the  causing ice particles to grow, sediment, and dehydrateithe a
360-365 K bin the developing Hector has smaller ice crystalsSince air in this region is subject to slow upwelling, chasge
than the AMMA clouds, while the dissipating Hector shows in humidity here impact the stratospheric humidity.

a larger amount of small particles than the AMMA clouds; c) The optical thicknessr{ for the cloud below the aircraft

in the 365-370 K range the dissipating Hector comparesswelin Fig.[4 is retrieved from the two lidar signals and I, af-

to the AMMA clouds, while the developing Hector has more ter both signals are corrected for optical background noise
than an order of magnitude more smaller particles. Howeverand detector dark noisd; is the signal from the sea sur-
generally, these very different deep convective systerow sh face while I is the backscatter signal from the reference
rather similar size distributions in the TTL, with Hectonha  layer near cloud top (as seen by the aircraft, starting from

ing slightly larger particles. s 300 m below the aircraft). From the standard lidar equation
s|_1984), the optical thickness of the atmosphere
4.3 Potential for SVC generation below the aircraft (cloud and molecular atmosphere contri-

butions) is given by:

One possible formation pathway for subvisible cirrus (SVC,
Thomas et &ll, 2002; Davis et al., 2010; Frey et al., 2011) is Iy a [ Ry\®
as remnants of deep convection (e.g. Massielet al.,| 2002%otal :0'5ln< <st> )
IMcFarquhar et al.|_2000). For example McFarquhar et al.
(2000) found almost 40% of SVC occurred in an area whereyith Rseq the distance from the aircraft to the sea level,
there was convection in the previous 12 hours. For this rea; , the distance from the aircraft to the cloud top layer (i.e.
son, the upper two potential temperature bins of[Big. 7, whic 300 m),q the sea albedd the total backscatter coefficient of
are typical for SVC, include a fit function for SVC which  the cloud top reference layer, addthe lidar resolution. The

. ml) derived by Combining all SvC measure'c|oud 0ptica| thickness—doud is then obtained by subtract-

ments reported in the literature until then. The grey shad-ing the optical thickness of the molecular atmospheyg,()
ing denotes the standard deviation from the fit function. Thebetween the cloud top reference |ayer and sea fflgml:

Hector size distributions show a similarity to the SVC dis-

tribution. Particularly the size distributions of the dss- 7,4 = Trotal — Tmol )

ing stage compare quite well to this SVC fit, exhibiting sim-

ilar sizes and number concentrations. However, it can beConsidering errors on albedo, cloud reference layer batksc
excluded that the clouds in the different Hector stages arder coefficient, and signal ratio cloud top/sea surface (kg
SVC: the developing and mature cases are directly lirkedo changing albedo and variations of the cloud top signal),
to the convective storm and are also optically too thick, asthe retrieved cloud optical thickness of the dissipatirayds

can clearly be inferred from satellite images. Furthermore is 0.88+ 0.44. Since this calculation includes the whole at-
the mature stage shows larger particles than have been olprosphere between aircraft and sea surface, some effects of
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evaporation may lead to larger valuesrofrurthermore, the 375 - Heclor stages:
correction for the molecular atmosphere was performed for = o
dry and not wet atmosphere, so likely;,, is slightly under- —— e
estimated. Thus, the value obtained from MAL observations
represents an upper limit &f;,.,.4-

Following |Garrett et al.| (2003) a rough estimate about %] ]

370 -

3
the optical thickness can be obtained for the upper cloud E
layer also from the measurements of the cloud microphysics 360 .
probes:
3CwWcC %97 1
T=Az0ert = Az 3)
2pTefy
B R B A 4 S /4 A A A
with Az the cloud layer thicknessi..; the extinction co- 1 10 10030 40 50 60 70 80

Backscatter coefficient [><10'7 m'wsr'1] Depolarisation ratio [%]

efficient, CWC condensed water content,the density of

ice, andr. s the effective radius. lee_n the ambient tempe_r- Figure 9. MAS cloud particle backscatter coefficient (left) and
atures, the&”'lW ' equals the IWC. Using the measured vari- ¢joud particle depolarisation ratio (right). The light coloured mark-
ables the optical thickness calculations reveal that alage  ers indicate the individual measurements. Lines and markers repre-
thick as 1 km (which is rather thick for a SVC) can be classi- sent the averages for the 5 K altitude bins as in[Big. 7 with error bars
fied as thin or subvisible cirrus, with valuesofanging from  denoting the standard deviation.
6 x 1075 to 0.2. Given that the MAlr,;,.q-retrieval consid-
ers an up to 6 times as thick cloud layer, where larger parti-
cles might be present in the lower levels (cf. non uniform de'particle size range (up to abo pm) for each development
polarisation in Figl ), these two retrievals are in reabt®a jaqs.
agreement. When extrapolating the observed IWCs-apd ) ) o _
to a 6 km thick cloud layer, the optical depths retrieved fism Fre€zing history revealed from depolarisation ratio
the in situ particle probes aBe6 x 104 to 1.2. Compared to  The cloud particle depolarisation (right panel) is moresss!
optical thicknesses of deep convective anvil clouds (cfakw constant in the developing stage and decreasing with alti-
jalein measurements of between 20 and 40; Heymsfield, tude for the mature and dissipating stages. This indichss t
) the observations here show the transition to thin orglaciation had already taken place before the observations
subvisible clouds. s IN the developing stage (all cases at ambient temperatures
< 200 K), which judging from the satellite pictures was in
its first hour of development. Heymsfield et al. (2005, 2009)
5 Backscatter and aerosol measurements and their im-  showed that in convective cells with strong updrafts super-
plication for freezing cooled cloud droplets may reach the homogeneous nucle-
history 70 ation level (at about-38°C) and rapidly freeze there. How-
ever, they might as well freeze heterogeneously at lower al-
titudes. Subsequently, the newly frozen particles arestran

The optical measurements by MAS are used to obtain moré)orte‘j in the strong updra_fts frgm the m|xed_—pr_1ase region
into the measurement region without much riming. There-

information about the clouds and their structure. Fiddre 9f el ith similar sh be found in th

shows profiles of cloud particle backscatter coefficient ‘d@nd ore, particles with simiiar shapes can be found In the Upper
cloud particle depolarisation for the cloud cases and béns aCIOUd parts which might be a tentative explanation for the
in Fig.[2. Only in-cloud data are presented absence of altitude variation of depolarisation in the Heve

oping stage. Not all particles necessarily reach the measur
Backscatter coefficient ment region, some may escape in the turbulent environment
The cloud particle backscatter coefficient on the left demen before reaching higher altitudes. On their way up, the crys-
strates the expected, namely that the largest backsaatteri tals may further grow by deposition which leads to a broad-
occurs in the mature stages of the cloud, while the small-ening of the size distributions. As a second possibility, ho
est occur in the developing stages. The altitude of the maxmogeneous freezing of particles at F-38°C from solution
imum of the backscattering on the profiles descends as timéroplets on top of Hector cannot be ruled out completely.
evolves. The maximum in the developing/mature/dissigatin This should also lead to ice particles with similar depolar-
stage lies in the 365—-370 K/355-365 K/355—-360 K bins, re-isation, due to the narrow band of conditions under which
spectively. This behaviour coincides with the observed dis the freezing would happen. However, such in situ formed
tributions of cloud particle surface density (as deriveahfr  particles would be expected to have sizes of only up to a
the particle probe observations but not shown here) and witliew tens ofm (e.g.LGallagher et all, 2012), whereas sizes
the maxima seen in the size distribution plot in the smadieri in the developing stage exceed 100. In the mature stage

5.1 Backscatter sonde observations
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larisation of the dissipating stage is quite different tattof
ess the mature clouds. This might be a hint for in situ nucleation

of ice particles at this altitude, similar to the nucleatiai

new ice as observed in deep convection at the cloud edge

by Gallagher et al. (2012). In that case, the smaller ice par-
. . ticles, or a subset of them, would be recently frozen in situ
Figure 10.Images taken by the CIP during the mature (upper)andyhile the larger crystals are leftovers from the matureestag
dissipating (lower panel) Hector phase. No devgloplng Hector 'm'However, the measurements in Tafle 1 show a more or less
ages are shown since the;e were only a few pixels and no ShapPssaturated environment, which would not support nucleation
can be inferred from these images. . )

unless some nucleation had occurred prior to the measure-

ment in a then supersaturated environment.

600 pm

1

T TR T T
e s SR A TR AP
PR it Tl

» P 3
|| <

¢ 1600 pm >

also larger particles reach the upper parts of the clouds&@ho
larger ice particles are a result of riming and aggregaton i 5.2 Cloud to aerosol particle ratio
the mixed phase part of the cloud at lower levels, or aggre-

ation due to electrical charges also in the upper cloudpart . . .
g 9 PP P In order to shed light on aerosol cloud interactions, and pos

.lﬂ4). Examples of these larger ice partiates ) R : . )
shown in FigID. The decreasing levels of depolarisations'bly gaining information about the freezing history of the
cloud, one can look at the correlation between aerosol and

with altitude for the mature and dissipating Hector case re- loud el b trati Furth it
flects a change in the average morphology of the particles? oud particle number concentrations. ‘Furthermore, 1t as-
uming that aerosol and cloud particles are transported wit

The exact reasons for this are a matter of speculation:sg’ﬁal?h fici i th i drafts then this rel
ticles formed by riming and accretion grow to larger sizes € same €fliciency In the convective updralts then this rela

which will first be removed from the upper cloud parts and tion can also be used to estimate how effectively aerosel par

later also from the lower cloud parts by sedimentation andt'd(i.S lare aCtB/ ated to cIc;uci_partchesl.c;nbthls rec?arddbed f
precipitation. Additionally, less large particle might toans- particie number concentrations would be used as a proxy for

ported into the higher cloud layers. Thus, different shap&$ :Ee éeéig:g]lvaerosol (e. activated aerotsol) parti(]:,Ids;[lr«]aw_
the upper cloud layers can be expected and with this differen’ ¢ 15 Measurements represent a proxy for the in-

depolarisation ratios. In general, for a given shape thedep ?Ar\sét'.t'?l aerr]osoll. ilnce the s]:ampllng Fﬁ'f'enwf the C_:O-
larisation ratio increases with the dimension of the phatic inlet sharply decreases for particles larger tham i.e.

(i.e. within the range of dimensions not far from the wave- "/ is about 100% fo), < 1pm but ranges below 30% for

length) up to an asymptotic value, which depends onlf/“onDP > 3um) and aerosol number concen_tratlons are ml.“'Ch
shape [(Li | Mishchenkh, 2001). In case of cloud parti_I<_';1rger than_the cloud number concentrations, the contribu-
cle observations here, the measurements are in the asymﬂpn of possibly counted cloud particles in the COPAS system

totic range. Hence, the depolarisation ratio will not e are negligible. In the anvil region (i.e. outside the main up
with increasing cloud particle size. The precise functiona and downdrafts), where the measurements were obtained,
relationship between the asymptotic value and shape %Syegome CI,OUd ageing effects astherelease of submlgron deroso
unknown. For example, plates and spheroids produce simiY particle sub_hmatlon or Ioss_;es Of aerosol_ particles onto
lar depolarisation ratios, while columns attain higheuesl ice surfaces might apply to this estimate. Figlire 11 shows

(e.g[Noel et dI|, 2004). However, when a change in the dethe aerosol number concentrations vs. cloud particle numbe
polarisation ratio of a probed cloud particle populatiodes concentrations for the selected Hector cad&grosorefers to

tected, it can be concluded that the average morpholog§ of '€ (,:OFASZ:'” rt'neasurdesrrne?]ts n LnOSt casijs: mtsorcTe of the

the cloud particle population changes as well, as is the casr%'rss'pa Ing Rec O; caseSio tave 'Iet’)aln ul_s|e Ins eal ’ sollnce

here. In absence of good methods for the in situ detection ' 1° measurements were not avaiiable. HoOwever, cloud seg-
ments where new particle formation events occurred (as ob-

of accretion and riming in the turbulent parts of Cb clouds - . o
the statements in this subsection remain speculativeilBeta served bm'gﬂ.Jﬂ'm”) were |dent|f|ed_ and excluded
fFom the analysis here. New particle formation events are

numerical simulations of the cloud processes are needéd fo  thouaht to enf ; ionificantly since th :
clarification. The same applies to the influence of rimed par-no ought to enhance tiTé;; significantly since the newly

ticles of various sizes on the detectable depolarisatitighw Lorlmed part|cltet:; argz_ ﬁs maIIteLthatm 1? nm. .'I'Ihehtcglloured sym-
could be simulated in a sensitivity study. ols represent ine difierent Hector stages: lig ue Kgs

resent developing stage, mature cases are depicted by red
In situ ice particle nucleation in aged anvil w0 squares, overshooting cases are shown in dark blue trngle
As the analysis of area ratio (cf. Fid. 8) shows, there is atgre and the dissipating stage of Hector is displayed by green
similarity between the mature and dissipating Hector cloud stars. Figuré 11 additionally shows some correlation |ines
Thus, it might be indicative that these crystals 125um) e.g. thel : 3000 line denotes where one out of 3000 aerosol
are aging crystals from the mature stage. However, the smalbarticles would be activated to a cloud particle, under the
ice particles are not included in this analysis and the depoabove mentioned assumptions.
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Table 2. Averages of activation ratio estimate and aerosol number

5 concentrations for the different Hector stages and altitude bins as
" . in Fig.[d. Note that aerosol measurements are not available for all
] ] u " given size distributions.
(L] [-5
o 1 x .n % -
£ An Troentiat[K]  Case  activation ratioc10™*  Naerosol[cm ™ 7]
g o a 350-355  dev 1.05 191
S a mat 20.29 238
o ’ dis NO Naerosol NO Naerosol
4 Hector stage:
N 3 developing 355-360 dev 1.24 233
= mature mat 11.99 226
S /A S B N dis 8.22 199
o001 oot y = ! 360-365  dev 1.26 182
clou [CM ] mat 30.15 151
Figure 11. Activation of aerosol to cloud particles estimated by the dis 2:35 248
number concentrations of aerosol and cloud particles. The points 365-370 dev 3.91 144
correspond each to one size distribution in Elg. 7, with the same mat 4.99 130
colour code. The overshooting Hector cases were observed at po- dis 1.61 110

tential temperatures of 386—-414 K. The grey bar on the left denotes

in-cloud aerosol concentrations observed on other flights during 370-375 dev 0.55 123
SCOUT-03. The size ranges are 2.7 to 16@0for the cloud parti- m_at 1.03 93
cles and larger 15 nm for the aerosol particles (up to approximately dis 0.97 88
1um). See text for further explanation.

«s particle ratios among all stages of cloud evolution. These

Developing stage higher ratios could either be an effect of different fregzin
The developing cases all group very closely together al-mechanisms, e.g. involving contact freezing, or occur due t
though the data were recorded at very different altitudels. A washout effects. At this time the cloud particles have exper
ditionally, the developing Hector cases have in general theenced microphysical processes like riming and aggregation
smallest cloud to aerosol particle ratio compared to thereth thus larger ice particles were formed as growth by diffusion
cases. This is also obvious in Talgle 2, which summarisegplays a minor role for growing particles to those sizes. Ex-
the averages for activation ratio estimate and aerosol numamples for recorded particle images of such rimed and ag-
ber concentrations. The fast updrafts in the developingesta gregated particles are shown in Higl] 10. These larger parti-
of Hector may lead to rapid glaciation of supercooled wa-cles are important for efficient ice multiplication by iceei
ter (e.g. observed in_Keenan et al., 1994; Heymsfield et-al.collision, as detailed below. The change in ice particle num

). Thus, the grouping of the data points and the rathebers is reflected in the size distributions in Eiy. 7, shovéing
low cloud to aerosol particle ratio (less activated aenosol increase in the total particle number, as well as in the highe
can be a hint for homogeneous freezing/rapid glaciation inbackscatter depicted in Figl 9. Ice multiplication proesss
such updraft. Also the depolarisation ratio profile in [Eij. 9 might be the reason for higher cloud particle concentration
suggested glaciation under very similar conditions. Teget: while aerosol concentrations stay fairly similar to thoktne
these findings suggest that the developing cloud parts werdeveloping Hector cases. Collisions of ice crystals invav
formed under very similar conditions and with a similar his- rimed crystals can lead to mechanical breakup of the parti-
tory of freezing within a shorttime. There is one outlierhiet  cles, leading to significantly higher number concentraion
developing Hector cases with lower aerosol and cloud parti-also at temperatures lower than during the Hallett-Mossop
cle concentrations, which corresponds to the size digtdbus process|(Vardiman, 1978; Yano and Phillips, 2011). These
in the highest altitude bin. Possibly the updraft was weak-multiplication processes could as well have happened in the
ened when reaching this altitude, and thus not transportindower parts of the cloud and secondary ice crystals subse-
as much of the newly frozen small cloud particles as to thequently carried upwards into the measurement region. There
other altitudes. are some outliers on the side of lower aerosol and cloud-parti
w0 Cle concentrations in the mature stage, too, which corraspo
mto size distributions in the higher altitude bins.

Mature stage

In comparison with the developing stage the samples fro
the mature Hector cases are characterised by a simildPissipating stage

amount of aerosol particles, but a much higher amount ofCompared to the other Hector stages, the dissipating cases
cloud particles. This leads to the highest cloud to aerosokhow the largest spread in the data points. This might be
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an effect of ageing of the clouds, where in the course ofcle contained non-volatile cores (Borrmann et al., 2016). F
time aerosol particles are collected on the cloud partiste s the lower parts no differences were found between the two
faces but on the other side might be released when cloud ic#lights. Apparently, these variables were not measurably in
particles (partly) evaporate. Examples of particle imdges. fluenced by Hector.

the dissipating stage are also given in [ig. 10. The cloud to

aerosol particle ratios decrease from mature to dissigatin

stage. These again lower ratios could be explained by evaps Conclusions

ration and subsequent release of ice nuclei and other deroso

particles which had been collected onto the cloud particleThis case study presents in situ measurements of cloud mi-
surface. Even though events of new particle formation havecrophysical properties of a Hector thunderstorm. Due to
been excluded from the analysis, it cannot be ruled out comthe double flights it was possible to obtain measurements
pletely that during such events particles have already grew throughout a large part of the life cycle of Hector. This
to sizes larger than 15 nm. Those patrticles could deliver argave us the unique opportunity to classify the size distri-
additional source for aerosol particles that reduce thacclo butions in terms of cloud development stages, a net ad-
to aerosol particle ratio. However, such effects were very | vantage with respect to other former studies that looked at
cal and could, as an estimate, extend over about 5 km. size distributions in tropical deep convective clouds .(e.g

i 1010 i 7: deReuse :
Overshooting events IMcFarquhar and Heymsfield, 199 tial., 12009)

Most experimental as well as modelling work has focussed

on th lopi fH
played in FigCTlL as well. They exhibit fairly high cloud par- O i developing and mature stages of Hector but not on

ficl trafi but | | than the develomiol its dissipating stage. However, as shown here the dissgpati
cle concentrations bul [ess aerosol than the developig a stage exhibits a vertically extensive cloud layer of royghl

O8%km spread out through the TTL, which is not negligible in
are higher than the stratospheric background (on this 0‘al;’lszoterm’s of TTL humidity and uItima,teI stratospheric humid-
40cm 3 as measured by COPAS) and are comparable to Up;; y y P
per tropospheric values. This is an indication that not only The data are classified into developing, mature, and dis-

cloud particles but also aerosol particles were transpare sipating stages and additionally into altitude bins of 5K po

wards into the stratosphere by the overshooting Convection oo temperature. The evolution of the particle propsrt

In general, there is a decrease in cloud to aerosol partiele r with time and altitude is shown. The developing stage ex-
tio with altitude in the mature and dissipating Hector stage hibits rather small ice particles (maximum size 3@@)com-
while the ratio is fairly constant in the developing stagee(s pared to the later development stages. Maximum particle
Table[2). There are two exceptions for the cloud particlesizes are seen in the mature cases (larger than 1 mm), poten-
number concentration maxima in the developing case (@65-tially exceeding sizes of continental tropical convectibur-
370K) and mature case (360-365 K). Without detailed nu-thermore, the mature stage exhibits the largest number con-
merical simulations of the cloud microphysical and dynami- centrations as well as ice water content and effective .radii
cal processes, which produce the corresponding output variThe developing cases show the lowest number concentra-
ables, the reasons for the observed ratios remain spe@ulati tions, ice water contents and smallest effective radiiepkc

w0 in the altitude between 365-370 K, where number concen-

Using aerosol number concentrations that were observed bjfations and effective radii exceed those of the dissigatin

| yzoog) in background boundary layer conditions Stages. The values for the microphysical parameters are sum
IConnolly et al. [(2013) have shown that the observed Hec marised in Tablgll. _ o
tor storm systems were indeed influenced by those con- The development of the Hector clouds is also obvious in
centrations. By taking the number concentrations inteemcthe aerosol to cloud particle ratio. Furthermore it gives in
count the simulations were mostly improved, e.g. by Chang_dications for a change in freezing mechanisms with increas-
ing the formation and strength of Hector. Since the data preing life time of Hector: the developing Hector shows very
sented here were obtained in the TTL region, they cannofimilar cloud to aerosol particle ratios and cloud particle
be used for model initialisation. However, they can be usedmorphology, indicating a rapid freezing under similar con-
for model evaluation and testing the robustness of the-treatditions. The mature Hector cases show rimed ice crystals
ment of aerosol-cloud-interactions in the cloud microptrys ~ and (chain) aggregates, higher cloud to aerosol partiele ra
schemes. For these reasons our data here complement @S, thus, a change to riming and aggregation. In the dissi-
measurements of Allen etlal. (2008). Finally, we analysedPating stage Hector shows a wide variety of cloud to aerosol
the vertical profiles of the submicron aerosol number den-Particle ratios, which might be an effect of ageing. Further
sity and their non-volatile fraction. Above the 355K level MOre, according to the area ratio analysis the cloud pesticl
N1o were close to the regional background concentrationd'ave similar shapes as the particles in the mature stage, als

outside of the clouds and about 35% to 50% of the parti_indicating ageing. However, the depolarisation ratioshef t
dissipating and mature stages differ. Thus, it is valid tecsp

To complete the picture, the overshooting events are dis
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