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Abstract

The case study presented here focusses on the life cycle of dlotidsanvil region of tropi-
cal deep convective system. During the SCOUT-O3 campaign from Daxeithern Australia,
the Hector storm system has been probed by the Geophysica high altitcrddétaiZlouds were
observed by in situ particle probes, a backscatter sonde, and a miniamreAlitlitionally,
aerosol number concentrations have been measured. On 30 Novdd@ber @Qouble flight took
place and Hector was probed throughout its life cycle in its developing, matad dissipat-
ing stage. The two flights were four hours apart and focussed on tlileregion of Hector
in altitudes between 10.5km and 18.8 km (i.e. above 350K potential temp@raitagctory
calculationssatellite imageryand ozone measurements have been useddorghat the same
cloud air masses have been probed in both flights.

The size distributions derived from the measurements not only show gehéth increas-
ing altitude but also with the evolution of Hector. Clearly differetdud to aerosoparticle
ratios as well as varying ice crystal morphology have been found fatiffezent development
stages of Hector, indicatindjfferentfreezing mechanisms. The development phase exhibits t
smallest ice particles (up to 30@)} with a rather uniform morphology. This is indicative for
rapid glaciation during Hector’s development. Sizes of ice crystals aredtairgthe mature stage
(larger 1.6 mm) and even exceed those of some continental tropical deegctiee clouds, also
in their number concentrations. The backscatter properties and particlesraagw a change
in ice crystal shape from the developing phase to rimed and aggregatetegdn the mature
and dissipating stagethe specific shape of particles in the developing phase cannot be distin
guished from the measuremerAdthough optically thin thelouds in the dissipating stage have
a large vertical extent (roughly 6 km) and persist for at leastTélus, the anvils of these high
reaching deep convective clouds have a high potential for affectirtgapieal tropopause layer
by modifying the humidity and radiative budget, as well as for providing deable conditions
for subvisible cirrus formation. The involved processes may also infeurecamount of water
vapour which ultimately reaches the stratosphere in the tropics.
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1 Introduction

Deep convection provides a fast pathway to transport air masses f@rotmdary layer
through the free troposphere into the tropopause region, sometimes withowtng into
the stratospheré (Corti et d.L._Zd)d)_&_Eu_nglsla.l_QLbLa.LJZODﬁ)s trace gases, water vapour,=
and aerosols are redistributed effectively in the atmosphere. Cloudsifothis convective
environment and may build large cloud shields, which have an important ingpattie ra-
diation balance, regulating incoming solar and outgoing longwave radiatiaketB 1997;
do&md on theregional chemistry (including ozone; elg. Solomon ét al.;~

), also in the tropics as has been demonstrated by von Hobe! etHl).(B0rthermore, e
water and condensable gaseswell as aerosolare removed from the gas phase by adsorpél'
tion ontoor scavenging byhe cloud particles. In what manner ice clouds impact climate and
chemistry critically depends othe clouds’ microphysics, i.e. sizes and numbers, as well azs
shapes of the ice particles. Cloud microphysics also determines the amewateoapour that

asses through theropical Tropopause Layer (TTlinto the stratospheré_(g_oﬂl_e_d al., 2008;
mgz_gb ; [alu_?d)_O_Q._DaMdél_aL,J 2010). Hencesi@astial to have de-
tailed information on the cloud microphysical properties for exaniplesalistically represent
the tropical high altitude clouds in numerical mod@sy.van Diedenhoven etlal., 2012). In this7
respect the results of in situ measurements are of particular importanageediesgamount of
cloud observations from satellite or ground based instruments, whichhalseuto resolve the
microphysical structures.

The TTL is usually defined at altitudes between 14-18 km and it is the dominant gedrce
gion of air entering the stratospheke (Park et al., 2007; Fueghstaldrbﬂaﬁ). The level of
zero radiative heating and the cold point tropopause are located withinTthe Vpical resi-
dence times for air parcels in the TTL are roughly two months (KrUged étw)z Further-
more, the lowest TTL altitude levels have been identified as a region wieengsfint new particle
formation events occur in clear air as well as in cumulonimbus cloud anvils 8\etigl.| 20101 ;
Frey et al.| 2011) with unknown consequences for the aerosol inWer ktratospherdrevi-
ous observational studi@s/olving aircraft often focussed only on the development and matu

1odeJ uoIssnosi(y

1odeJ UOISSNOSI(]

@deJ uorssnosi(J

3



10

15

20

25

stages of tropical convection, or even just on parts of the convedinglg, e.g. convective
overshooting, but little attention has been paid to the dissipating stage. Sceteoguemains
what the microphysical properties of convective clouds in the tropicabfrause layer look
like, especially throughout their lifetime.

J UOISSNosI(T

Additionally, the ice formation processes within deep convective clouds are not colypleté

understood (van Diedenhoven et al., 2012), e.g. regarding glaciatigetatures. While some

=

studies suggest rapid glaciation in the updrafts when the air reaches#dznty level (e.g.

4), others show the possibility of supercooled liquid wateatthréne homoge-
neousdrop freezing temperature (abouB8°C) in case of strong updraftls (Heymsfield et al.
). This is possibly due to shorter transit times in the stronger updrattaltbw the lig-
uid drops to reach higher altitudes. When pre-existing ice is preseatnperatures —38°C
(e.g. by entrainment from downdrafts or uplift of heterogeneouslyeinace from lower lev-
els), homogeneous freezing can be suppressed. However, in sipongfts the pre-existing
ice might be unable to cause depletion of water vapour and suppressglétdaictivation

deJ IIO[SSH’)QIC[

(Heymsfield et dl., 2005). The role of homogeneodusplet freezing may change throughout

the cloud life time (e.g. being more important in young updrafts), and is alsendept on the
air flow around the convection (Heymsfield et al., 2005)lower temperatures (¥ —38°C)
in situ formation of ice particles can occur by freezing of solution drod@m.mo :
As air is pushed upwards, sufficiently low temperatures and high relatis@dities can be
reachedOnce the deep convective cloud ages and the anvil loses a large fraiieiWwC by
sedimentation, new ice nucleation can occur, as obserm) in the cloud
edge regionThus, eventually not enough ice particles are left to reduce water vagoess and
suppress homogeneous freezing, as in the high updraft scenario neghdilboveTherefore, it
can be expected that such a complex history of freezing processesiiwectve cloud system
leads to highly variable cloud particle shapes and size distributions thrautitelife cycle of
an anvil.

Like for the observational studies, the focus of numerical experimerglytmuches the dis-
sipating stage and thus does not cover the complete life cycle of the coeveldiuds. For
example,when looking at simulations of Hector thunderstormhis deep convective system ~

4
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(Keenan et all, 1994; Carbone et al., 2008h be found over the Tiwi Islands, Northern Aus-
tralia.|Saito et al. (2001) point out the sensitivity of the storm developmeoétphase physics
and island-scale circulations, however, when coming to the dissipatingtbgstate: “Since
the decay of convection is not the primary interest, it is not examined fur@irer reasons for
not looking into thedissipatingstate may be due to models failing to predict the dissipating sta@e
correctly(e.g m&é QQ_QQDQIJ;LeLa'.KZQJJ?,) suggest that microphysics schemes
may produce anvils which have a too small extent and persistence due stieetd density
of snow. However, thdissipationof a deep convective system may have major implications for
the formation of subvisible cirrus (SVC), by affecting the backgrounaidmns e.g. regarding
humidity and the availability of processed aerosols (after cloud dissipafidr®se cirrusare
found close to the tropical cold point tropopause aad occur in widespread layers, though
vertically only reaching aepth of a fewl00 m (Winker and Trepte, 1998; Thomas €tal., 2002):
Their importance for radiative effects and dehydration of tropopausehich is further trans-
ported into the stratosphere is a point of discussion (Rosenfield let a8; (Coeti et al.| 2006;
[Daws_el_aH_ZQ;IJO). SVC can either be formed in situ or due to blow-offifdeep convection,
the partitioning of the two depending on the regifior instanchas_sLe_e_t_dl.L(;OﬁZ) found
that half of the SVC observations by the Halogen Occultation ExperimenL (M over the
maritime continent are consistent with formation via convective blowtcoftr the east Pacific,
a generally less convectively active regiGlobal Hawk observationsidicatethat most likely
SVC have formed in situ (Jensen et LQOB) contrast, similar aircraft observations in the
Seychelles region over the Indian Ocean demonstrated the occurfe®i¢€ an the vicinity of
MCS (Thomas et al., 2002)ensen et al. (1996) simulattk formation of SVC from remnants -
of deep convective cloud$hey point out the role of wind shear on convective blow-off for for-
mation of cloud layers with vertical thicknesses less than 1 km. Thus, gaining imsight of
the dissipating stage of deep convective systems, will also be helpfuh@terstanding SVC
formation Aged convective anvils may transform into SVC or changed backgroanditions
regarding humidity and processed aerosols after dissipation of the anvilaniitate in situ
formation of SVC.
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After the dissipation of large cloud systems, like Hector, patches of “left overdsloand
of enhanced numbers of larger, swollen, humidified aerosol particlemstiliremain in the air
mass of the original deep convective cloud. The radiative effects ofthisvhich is not yet
completely cloud free, will be different from clear air and from cloudyragembling more the
“twilight zone” brought forward bﬂz Koren et hL(;dO?Satellite observations may find cloud-
free pixels next to cloudy pixels that are actually the twilight zone, i.e. cantaimdetectable
clouds and aerosol. These areas show elevated reflectance atebadeund to be not reliable
for aerosol retrievali_(KQLenﬁﬂdLJd)MdALen_étLaLJOBG).these reasons closer considera-
tion of the dissipation stages of cloud systems is important from the perspettive radiative
budget and also of the satellite data retrieval and analyses.

This work is a case study using in situ observations of a Hector thundarstuteined during
two consecutive flights on 30 November 2005 from the anvil region (leEv@s0 and 375K
potential teperature). The purpose is tadbrument and provide data about the microphysic
properties of a deep convective cloud in the TTL throughout its life cfelg. for numerical
simulations), 2) study the potential for SVC formation, and 3) investigate #&ziing mecha-
nisms inside the MCS.

1odeJ UOISSNOSI(]
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2 Experiment and instrumentation

2.1 SCOUT-0O3 campaign

1odeJ UOISSNOSI(]

As part of the European integrated project Stratospheric—Climate LinksBmigphasis on the
Upper Troposphere and Lower Stratosphere (SCOUT-O3; Br@@rj&b) an aircraft cam-
paign was conducted from Darwin, Northern Australia in November/Deee205. The main
objectives of this campaign were to investigate the transport and transionmétrace gases,
water vapour, and aerosols through the TTL and the role of deep comveherein. Darwin
was chosen as base for the experiment due to its vicinity to the Tiwi IslarddsharHector
storm system which develops on an almost daily basis during premonsasonsabove those
islands. Hector developsostly as a consequence of an interaction between sea breeze fr
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and convectively generated cold pools above the islands (Carbolie28@0). The aircraft
probing the air masses over and in the vicinity of the Tiwi Islands and the Hegstem was
the Russian M55 “Geophysica” high altitude research aircraft with a caifieg km. The Geo-
physica performed nine flights with different foci, i.e. studying conveclimmg range transport,
andperformingsatellite validation. Brunner etlal. (2009) describe the large scale metgbrol
cal context of the campaign; details of the meteorological context for thiy stan be found in
Sect[3.

.19(8).([ UOTSSNOSI(T

2.2 Instrumentation

Cloud particle instrumentation

Two instruments were used to observe cloud particles: a modified Particlsukiteg Systems
(PMS) Forward Scattering Spectrometer Probe (FSSP-100) with Digiglasurement Tech-
nologies (DMT) high speed electronics (SPP-100) and a DMT Cloud Irgagiobe (CIP).
The instruments cover a size range (in diamébg) of 2.7pym < D, < 29.2um (FSSP-100)
and25pm < Dy, < 1600 um with a 25 pm resolution (CIP). The characterlstlcs of both instru-
ments are descrlbedhn_de_Re_us_éﬂ_a.L_(tOOQLand_ELej/ et al| (201rkfarehces therein). Since
the FSSP-100 sampled data in a 2 s interval, the CIP data have been dvaragg s as well
in order to combine with the FSSP-100 measuremétadicle diameters are derived from the
CIP images using the maximum dimension (Heymsfield e|1_LJ2002) Sizing of p&8€les
has been performed assuming the particles to be spherical. Considersugtieging cross sec-
tions from T-matrix and Mie curves with a refractive index of ice, the oriifesize bins have
been redefined into 7 size bins, to account for ambiguities. An ice dendity®d? g/crd was
used to calculate the ice water content (IWC), assuming sphericity in the §i&FRnge and
using an image to mass relationship as introduced in Baker and Lawsor) (20@6e larger
particles.The uncertainties of the measured number concentrations are mainly detébyine
the uncertainties in the sample volumes, which were estimated to bel20 % (Banergetrdl.,

1odeJ UOISSNOSI(]
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09) for both probes. Additional uncertaintyode@unting statistics has
been taken into account especially in conditions with low particle number ntratiens. For
the calculation of size distributions integration times have been adequatelyledtelepending
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on the particular conditions of each measurement period during the fligatcldlid particle
data have been thoroughly filtered for shattering artefacts, following teeaimival time ap-
proach |(Field et all, 2006), since the probe came with the original tips (it@ntioshattering
optimised).Frequency distributions of interarrival times for the different Hectaretlgpment
stages (as outlined in Seti. }4.1) are shown in[Hig. 1. Shattered particles ciearly identi-
fied by the secondary peak aroutftt® s. Furthermore, as shown b;Lde_Re_us_étLa.L_(tOOQ) an@
Cairo et al. [(2011), who used comparisons of the cloud particle data @iéhand FSSP to
lyman-alpha hygrometers and a backscatter sonde respectively, isigattes not a problem
for these particular samplings of Hector clouds. A further set of ctars has been applied
to the CIP images, i.e. accounting for the loss of the first slice (due to slowsitoon start-up
time), empty images (reconstructed as one pixel image), partial images, fmdugfimages,
airspeed, and too small area ratio (rejection of streakers). A detailedptem of these cor-
rections and the capability of the instruments to measure reliably under th@icosdn the
upper troposphere and lower stratosphere can be found in Frey(204l, and the accompa-
nying supplementnaterial, which also includes an extensive discussion of possible shatterin
artefacts).

Backscatter sonde

Further cloud properties were measured by the Multiwavelength AerastieBometer (MAS;
i 4;_B_ugnlemp_0_eﬁ AL._ZbOG). This backscatter sonde ®liagitu measure-
ments of optical properties and microphysical parameters of aerosal@m particle ensem-
bles e.g. backscatter ratio and depolarisation (atidd2and 1064m). MAS samples with
a time resolution of 5s and has a precision of 10 %.

Miniature lidar

The downward looking Miniature Aerosol Lidar (MAL; Mitev etlall., 2d)0@te|cts vertical pro-
files of aerosol and cloud particles below the aircraft, as close as 1&ihmtlie aircraft. MAL
measures with 60s horizontal integration and 43 m vertical resolufioa.volume depolari-
sation shown in this study is calculated by dividing the measured values faighal in the
depolarisation channel by those from the signal in the parallel-polariscttiemel.

Submicron aerosol number concentrations

pdeJ UOISSNOSI(T
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Aerosol number concentrations were measured with 1 Hz resolution and.@#thaccuracy =~
by two COndensation PArticle counting Systems (COFAS; Curtius étal.| 30efel etal., -
Ec,@) each of which consists of two independé&@undensation Particle Counter (CPC) chan-
nels. The 50 %-detection efficiency sizB ) for these channels are at particle diameters oF
6 nm, 10nm, and 15 nm (number concentrations denotel¥zasvyy, and N15), respectively, %
and the fourth CPC channéD(,;5o = 10 nm, N1ony) is preheated to 250 in order to evaporate %
volatile compounds and detect non-volatile residués: upper size detection limit is largely
determined by the sampling inlet which becomes inefficient for particles witk alzeve Jum

SS

(Weigel et al.| 2009Like the cloud particle probe tips the aerosol inlets in general might bg
subject to shattering of cloud particles. The COPAS inlet consists of twp-stge diffusers g
inside each other providing just a small surface area for impaction of lesr(ior a detailed =
description sebAALeigﬁl_eﬂ L..2d)09). Careful inspection of the datalesl/éhat no shattering %
events could be identified. %
Temperature, humidity, and ozone E
Ambient and potential temperature have been measured by the Thermo Dy@ammex
(TDC) probe at 1Hz with an accuracy of 0.5K (Shur €t al., 2007). Theigational sys- —
tem UCSE (Unit for Connection with the Scientific Equipment; Sokolov and tlow/1998) Z
aboard the Geophysica delivered further relevant parametersiéispasd true air speed. 2

The FLourescent Airborne Stratospheric Hygrometer (FLA$I:L;_I$]1&gKaI]., 12000; =
Sitnikov et al.l;O_d?) was adopted to measure gas phase water, samplidg.afte accuracy =’
is 8% or 0.3 ppmyv, and combined with the TDC temperature measurements thiuntgef E

relative humidity with respect to ice is 12—-17 %. -

The Fast OZone ANalyzer (FOZAN; Yushkov et al., 1999; Ulanovsial€2001) measured
0zone mixing ratios at 1 Hz sampling frequency. It is a chemiluminescenserseith an ac-
curacy of 10 % and a precision of 0.01 ppm.
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3 30 November 2005 — description of the case

A strong Hector storm system developed on 30 November 2005 over thdslands north
of Darwin, Australia. On this day two research flights have been cartedTde first flight
(about 13:15LT to 17:50LT, local time: UTC + 9.5h) probed Hector during its developing :
and mature stages while the second flight (at2duttO LT to 03:00 LTnext day) probed Hec-
tor in its dissipating stage, with roughly 4.5 hours of sampling time inside the uptr @f
Hector. Thus, there was only a four hour gap between the two flights, which wasnoesigh
to service the aircraft and the instruments. Since the Geophysica is solsty i one pi-
lot and no additional crew, the instruments run fully automatically and just thé gilenged
on the second flightDue to flight safety, the Geophysica did not fly in the convective cor
itself, but above and around the strong up- and downdrafts, i.e., onftdpator and within
the anvil clouds. During the first flight overshooting cloud tops havenhmmetrated irthe
stratosphere atltitudes up to 18.7 kd8; de Reus et al., [2009), with lowes
cloud top temperatures below 190 K. The cold point tropopause was sittsdenlind 17.3km —
and had a temperature of 185.5K. The meteorological development of thisuter Hector
to its mature stage is described in detail by Chemel et al. (2009) making ukridfresolving
modelling, albeit without including information on microphysical properties efdlouds. They
used theAdvanced Research Weather Research and Forecf#lRE;|Skamarock et éIL,;Qb8)
and the\let Office Unified Mode(UM: [Golding, 199P)ymodels with horizontal resolutions of
1 km and with this were able to reproduce the overshooting cloud turretseTdvershoots lead
to troposphere—stratosphere exchanges, in particular affectingtitysoémwater vapour in the
lower stratosphere. They found a fairly significant moistening above 88&3sentrope (on
average 0.06 ppmv (WRF)/2.24 ppmv (UM) between 380 and 420 K), whité &all tZQ_O_B)
found positive deviations from measured mean water vapour profilgs tof 1.4 ppmv.
Satellite imagery in the infra red (IR) for cloud top temperatures is availabie fne Geo-
stationary Meteorological Satellite 5 (GMS-5), operated by the Japan kdétgial Agency.
Figure2 shows a single GMS satellite imag&ai03 LTwhere the first cloud patches of Hector =
can be seen over the Tiwi Islands. The coloured lines show the comtiidesctor during its de-
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velopment: blue at4:03 LT, green atl5:03 LT, and red afl6:03 LT. These contours were fitted
to the coloured pixels of the respective satellite images. The white contas givestimate of
the maximum extension of Hector derived from the satellite image at 20:08h&n Hector
already started tdissipate The figure shows that Hector spread out over the Tiwi islands wit
its central position remaining stationary during the time span covered by the éwph@sica
flights on that day. Thelissipatingof Hector is depicted in Fid.]3, which shows the satellite™
images 0f19:03, 20:03, and 21:03 LWhile the IR satellite images clearly show the presence-
of clouds with very high optical thicknesses> 100 (MTSAT IR NASA LARC cloud product:
http://cloudsgate?2.larc.nasa.gov/cgi-bin/site/showdoc?docid=22&domain=mtdat&n=Y)
during the first flight on 30 November, the IR satellite images of the secord figpw almost
no clouds and optical thicknesses are at maximum 2. However, extetsidkfields have been
probed by the aircraft also during the second flighépgarenfrom the measurements with the
in situ cloud particle instrumentation as well as the backscatter sonde and nadidéur The
latter clearly shows the existence of ice clouds, inferred from depdiamsaeasurementss
evident from Fig[#% In those lidar measurements a return from the surface has always bee
detecteddemonstrating the stability of the performance of the MAL instrum&pparently
after the Hector encounter during the first flight, clouds remained in pleaeand 10-16 km
altitude,even though they are not visible in the satellite IR images. Considering therarbo
lidar, backscatter, and in situ observations we believe these clouds weoptically thick
enough anymore to give sufficient signal for the satellite sensor.

The fact that Hector stayed in place during its development (compareZ-aysdB) leads
to the assumption thahere was no significant horizontal advection of air during and between
the two flights, which could have transported non-Hector clouds or clauts mto the mea-
surement regionfigure[$ shows the wind fields on the 100 hPa and 200 hPa levels (roughl
reflecting flight altitude) on 30 November 2005 at 15:30 and 21:30 LT. Weeds around the =
Tiwi Islands were generally low, so there was no large shahizontaltransport of air masses
on this day. Ten day backtrajectories are calculated from ECMWF fieli&atesolution with
a kinematic code on@2° x 0.2° 3-D box surrounding the flight pathnalogously tb Law et Al.
(@) The closest starting point (in space, time, and height) is attributed to eadiopthe
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flight path. These backtrajectories, starting along the tracks of theridstecond flight, show
a general flow from Southeast Asia (Philippines) to the Indian Oceathamdturning towards
Australia where they finally reach the Tiwi Islands as a south westerly ffoarder to identify

whether air masses sampled during the second flight were coming fromehefthe first

flight, six hours synoptic backtrajectories originating from the secondtfiigire calculated.
These trajectories indicate that the winds between the two flights were wdakiraparcels

recirculated in the area after being advected to the islands from souttAessst-east jet was
located in the south of the Islands, which did not extend to the measurengéant.rn the

contrary, the area covered by the Geophysica above the Tiwi Islaasitosated in a relatively
quiet zone to the north of the jet.

Furthermore, measurements of ozone mixing ratios have been taken intomagtorder
to check for air mass exchange. Figlie 6 shows the observed ozoiilespof the first and
second flight. The left hand side shows the individual data points, thelvégtid side the median
and33/67 percentiles. The profiles agree well in the middle troposphere (335-3sddftial
temperature) while they differ by up 26 ppbv in the TTL region. This diffieeecan be attributed

to upward mixing of low ozoneoncentrationfrom the boundary Iayet (Solomon et al., 2b05).

This is corroborated by noting from the right panel of Fib. 6 that the sameokmne values
(about 40 ppbv at 300K potential temperature; dark blue) from flighgdear during flight 2
between 365 and 375 K (light blue). Air masses in deep convection caarisptrted from the
lower troposphere into the upper troposphere in about 30imin (Thgmpﬂrj@_&h. Thus,
given the lifetime of ozone in the TTL, a signature of this upward transgortoe expected, if
no advection of undisturbed air masses from the side takes place. Tlee bigine values of the
data points enclosed by the orange ellipse were sampled in cloud free ait tuedcloud edge
upwind of the Hector anvil and its convective core. Thus, the ozonectish due to upward
transport of low level air did not take place here, also keeping in mind tedidv was coming
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from the Eastlt also shows that horizontal air mass advection was negligible. Addltlonalgf
consideringthe satellite images and trajectories for the two flights on 30 November, it seem<
reasonable to assume that the saloeids have been probed at different times and that the@

was no recent horizontal advection of other clouds into the sampling region

12



10

15

20

25

4 Microphysical evolution of Hector

4.1 Observations ofice particlesin Hector development stages

T~

During thetwo flightsclouds were penetrated by the aircraft and a set of size distributions
measured. The cloud measurements of both flights were collected andtsépato the fol-
lowing groups: developing, overshoots, mature, disgdipating stagedeasurements obtained
between take off of the first flight13:14 LT) and 14:17 LTare classified as developing stage.
Betweenl4:17 LT and 16:30 LTlouds have been probed in convective overshooting regions ‘Eﬁ
the stratosphere. The analyses of these measurements are descriéd toycte Reus et al.
429_0_¢) and _Corti et éIL(ZQb8) and are not further considered, be@ause of their focus on
higher altitudesObservations from 16:30 LT to landing (17:48 LAne classified as mature. All
measurementisom the second flight (21:49-02:51 LT) fall into the dissipating stage @vew
cloud particle datawere only analysed until 01:00 LT, due to an FSSP-100 power failure af-
terwards). Thealissipating stage cloud daltwve further been checked and filtered for possible
influence of non-Hector clouds on the southern flight part, accordittgeté h backtrajectories
on the flightpath of the second flight. When the trajectories indicated a pogdilience of
a non-Hector cloud, thdatawas excluded from the analysBue to this filter criterium, about
onethird of the size distributions in the dissipating stdges been disregarded from further
analysis
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Size distributions

The Hector size distributions are classified into altitude bins of 5K potential texye. The
vertical profile in terms of potential temperaturef the averages of evemjector stageare
shown in Fig[¥. Most size distributions are averaged over a sample timed per20—25 s
(corresponding to roughly 3-5 km flight path), in case of small numbec@atrations this av-
eraging time is extended to up to 145s (about 25 km flight distance) in oradtain better
sampling statistics. The numbers (#) of compiled size distributions per clagmgemdial tem-
perature bin are given in Talilé 1 together with mean values for ice watEre¢iWC), number
concentrations/{), effective radius«cs), relative humidity with respect to ice (RHi), and am-
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bient temperaturel(). In three classes only one size distribution has been measured. This-i

indicated by dashed instead of solid lines in Eigrie general findings from Figlahd Tablé1l
are as follows:

— The size distributions show a decrease in number concentrations andepside with

increasing altitude. This has also been observed by Frey et al.| (20d ldeaReus et al.

@) The only exception is the developing case that exhibits clearlyehighmber

IodeJ uorssnost

concentrations in the 365-370K bin, contrary to the general decreasenber concen-

trations with altitude.

— The maturestageexhibits the largest number concentrations and sizes, as expected, W

the smallest particle sizes and concentrations can be found for the degeldector
cases. Exception: in the 365-370 K-bin number concentrations for thepsaricles are
largest for the developingtage

— Table[1 shows that the mature stages exhibit the largest values for the hyisical pa-
rameters in each altitude bin, followed by the dissipating stage and the devetbagey
havingthe smallest values. There are two exceptions: in the 355-360K bin the effec
radius of the developing Hector stage is slightly larger than the dissipatingatagn the
365—-370 K bin the developirgiagehas higher number concentrations than the d|SS|pat|
stage that are almost as high as those for the mature stage.

— The ambient temperature became warmer with increasing age of Hectorohex-
ception here is the dissipating Hector stage in the 365-370 K bin, howeWgmie size
distribution is given here, which was sampled over 60s.)

— The RHi in the mature and dissipating stages is generally close to saturaticigexng
the measurement uncertainty (12—17%). The rather low RHi in the 350c85&! of
mature stage could possibly be explained by entrainment of dry air fronmdbethe
cloud. Supersaturation in ice clouds will not be removed immediately, but RHi of up
200% have been found in ClHLJ§_LI$M_€_|*ﬁt[&LJ®9__S_pJ_Qh110g_€_\_&Qﬂ1&WL2QJJ3 In
the dissipating stage ice particles sediment out of the cloud, which doe#fewitRHi
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in first instance. Warmer temperatures in the dissipating cloud decreasat Rkt but
when reaching subsaturation ice crystals will evaporate and thus, arBltichsaturation
would be expected.

— In the highest altitude bin the size distributions for all cases are fairly simitéy,differ-
ing in the sizes of the largest detected particles.

Cloud particle shapes

In the following the area ratio is used to provide information about how padi@g@es change
according to the size distributions in Fig. 7. The area ratio is defined as dldedlarea in the
particle images divided by the area of a circumscribing circle with the maximum dioren
as diameter. Particles with a maximum dimension smaller than 5 pixels (i.euipwere ex-
cluded from this analysis, because they are too small to give reasohablkeisformation. This
limits the number of available particles for the area ratio analysis. From the rieigaiata,
histograms have been derived for each potential temperature bin. Togrhims alongside the
number of considered particles are shown in Elg. 8. Particles with area satialler than 0.1
were excluded as a general correction to remove artefacts like stse@kdy few particles are
left for evaluation in the developing stage, all in the 355-360K bin. The @piata indicates an
increasing contribution of particles with small area ratios, i.e. more elongartidles. How-
ever, the meaningfulness of this has to be viewed with caution due to the smplkssize. The
mature stages show a bimodality, peaking at 0.2-0.4 (probably chain aggseq column par-
ticles) and a second peak at 0.9-1 (possibly aggregates or rimed pariitieslissipating stage
looks similar to the mature stage, though the bimodality disappears higher up. $€tdond
peak was due to aggregates and rimed crystals these would certainlygeavbit and already
sedimented. It has to be noted that even though the normalised area ratjoamstdor mature
and dissipating Hector look similar, the number of particles in those two classifeient.
However, the similarity of these two stages indicates that the dissipating cloatEnanants of
the mature stage.
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4.2 Comparison with data from West African Mesoscale Convective ystems

The thin black lines in Figl7 show the median size distributions of clouds mehsutée
vicinity of West African Mesoscale Convective Systems (MCS) during t6©8T-AMMA
campaign L(ELe;Lel_hlL_Zdll) for comparison. These MCS are correlataétican Easterly
Waves and further triggered by topographic features (Mekonndn @086).It has to be noted

JodeJ UOISSnoSI(]

that the median size distributions for the MCS clouds include clouds of allaj@went stages.

However, a comparison is useful, especially given the scarcity of dategbfaltitude deep
convective clouds. In general, the AMMA MCS clouds are very difiefeom Hector clouds
regarding a) the meteorological mechanisms and the aerosol resemfoingl bheir respective
formation, b) the different surface conditions, c) their largely diffeepes, extents, and tem-
poral evolutions, d) the much longer life times of the AMMA clouds, and mangraéispects
connected with their propagation/movement and precipitation. Howeven ivbemes to their
impact on the TTL, it seems that the effects, as seen from the local in sitwreeaents, of
the two cloud types are quite similar. The size distributions in the respectivatjabteem-
perature bins are not very different, and also at the lower altitudes-8%5XK) in the anvil
region the number concentrations are alike over the covered size 1@ngein the altitude
range from 355 K to 370 K the mature stagehibits much larger and more cloud particlean
the AMMA clouds. Since the observed Hector is very strong it may easilgegkthe median
AMMA cloud, that also includes aged clouds (about 10h old), in terms dfgba sizes and
numbers. This also shows the potential of Hector for delivering large ataaf IWC into
the TTL. The developing and dissipating staxgenpare fairly well to the AMMA cloudsvith

JodeJ UOISSnoSI(]

JodeJ UOISSNOSI(]

only small differences: a) in the 355-360 K range &kldMA cloud particles have a smaller

maximum diameter (up t600 pm compared t300 pm /250 pm); b) in the 360-365 K bin the
developing Hector has smaller ice crystals than the AMMA clouds, whildigspatingHector
shows a larger amount of small particles than the AMMA clouds; c) in the 383K range
the dissipating Hector compares well to the AMMA clouds, while the developiectdt has
more than an order of magnitude more smaller partidtesvever, generally, these very dif-
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ferent deep convective systems show rather similar size distributions inTihewith Hector
having slightly larger particles.

4.3 Potential for SVC generation

One possible formation pathway for subvisible cirrus (StLQ.thmaé ete2; Davis et al.,
2010; | Frey et él.,|_20_il) is as remnants of deep convection k_e_.gMieQO_QlZ:
IMcFarquhar et al., 2000). For example McFarquhar et al. (2000)df@imost 40% of SVC
occurred in an area where there was convection in the previous 12.¥mrrthis reason, the
upper two potential temperature bins of Hi§j. 7, which are typical for SV@ude a fit func-
tion for SVC which Frey et all (2011) derived by combining all SVC measients reported in
the literature until thenThe grey shading denotes the standard deviation from the fit functio
The Hector size distributions show a similarity to the SVC distribution. Particuladysihe
distributions of the dissipating stage compare quite well to this SVC fit, exhibiting sisiiles
and number concentrations. Howeveran be excluded that the clouds in the different Hector
stages are SVC: thaeveloping and mature cases are directly linked to the convective storn
and are also optically too thick, as can clearly be inferred from satellite im&gethermore,
the mature stage shows larger particles than have been observed in 8¥Gorally, together
with the developing stage, the mature stage exhibits higher numbers of sntialeggfaround
10um) in the 365-370 K bin. The clouds in the dissipating stage hayeometrical thickness
that is much larger than that of a typical SVC, i.e. more than 6 km vertical gxtecompared
to less than 1 km for SVQHowever, this comparison and the similarity shihat the dissipat-
ing Hector might be a precursor for SVThe transformation may happen in different ways: the
upper cloud part may persist while the lower cloud parts dimidistito precipitation of the ice
crystals or complete sublimation. In another scenafiitd shear may split the cloud into thin
layers Llens_en_eﬂd_LJQQG) and thus transform pattedafissipatingloud layer into SVCThe
lidar measurements in Figl. 4 suggest that the dissipating cloud layer beconmes th vertical
extension by disappearance of the lowest cloud parts. This may betarir&ir transformation
towards a SVC. In case of full decay of the dissipating cloud by partieborplete sublimation
of the ice,it will leave behind a layer of humidified air in the TTL which might be favourdble
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SVC formationat a later timeEven if not dissipating further and/tnansforminginto a SVC,
the cloud may take up more humidity causing ice particles to grow, sediment, ydrdee the
air. Since air in this region is subject to slow upwelling, changes in humidity ingvact the
stratospheric humidity.

The optical thicknessr for the cloud below the aircraft in Figl 4 is retrieved from the twoZ
lidar signalsl; and I, after both signals are corrected for optical background noise anctdete
dark noise.l; is the signal from the sea surface whilg is the backscatter signal from the
reference layer near cloud top (as seen by the aircraft, starting fo@mdelow the aircraft).
From the standard lidar equatid@@%@, the optical thilofebe atmosphere
below the aircraft (cloud and molecular atmosphere contributions) is giyen

L a { Ry\*
=05In| = — 1
Ttotal 0.51In (Il de <Rsea> ) ( )

with R, the distance from the aircraft to the sea levgl, the distance from the aircraft to the —
cloud top layer (i.e. 300 my, the sea albedgs the total backscatter coefficient of the cloud top
reference layer, andz the lidar resolution. The cloud optical thickness,,, is then obtained
by subtracting the optical thickness of the molecular atmosphgjg)(between the cloud top
reference layer and sea fromy;q;:
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Teloud = Ttotal — Tmol (2)

Considering errors on albedo, cloud reference layer backscatéficcent, and signal ratio —
cloud top/sea surface (e.g. due to changing albedo and variations dbtltetop signal), the
retrieved cloud optical thickness of the dissipating clouds is &&844. Since this calculation
includes the whole atmosphere between aircraft and sea surface, §eats ef evaporation
may lead to larger values af Furthermore, the correction for the molecular atmosphere wi
performed for dry and not wet atmosphere, so likegly; is slightly underestimated. Thus, the
value obtained from MAL observations represents an upper limit;gf;;.
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FoIIowingLQaJ:LelI_e_t_dl.L(ZDjbIS) a rough estimate about the optical thiclaaesbe obtained

for the upper cloud layer also from the measurements of the cloud micilicpiprsbes: é
3CWC 3
7= A2 B = Az @) =
2pTerf &

with Az the cloud layer thicknes$,.,; the extinction coefficientC W C condensed water con-
tent, p the density of ice, and.; the effective radius. Given the ambient temperatures, the
CW C equals the IWC. Using the measured variables the optical thickness caloslegieal
that a layer as thick as 1 km (which is rather thick for a SVC) can be classai$i¢hin or subvis-
ible cirrus, with values of ranging from6 x 10~° to 0.2. Given that the MAlz,;,,q-retrieval
considers an up to 6 times as thick cloud layer, where larger particles migitebent in the
lower levels (cf. non uniform depolarisation in Fig. 4), these two retrieaedsin reasonable
agreement. When extrapolating the observed IWCs-andto a 6 km thick cloud layer, the op-
tical depths retrieved from the in situ particle probesaéex 10~ to 1.2. Compared to optical
thicknesses of deep convective anvil clouds (cf. Kwajalein measutsroén between 20 and
40;LHE¥msii£1H|,_20_d3) the observations here show the transition to thirfbwisgule clouds.

JodeJ UOISSnoSI(]

5 Backscatter and aerosol measurements and their implication fofreezing
history
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5.1 Backscatter sonde observations

The optical measurements by MAS are used to obtain nmfoemation about the clouds and
their structure. Figurigl 9 shows profilesaddud particlebackscatter coefficient araoud parti-
cle depolarisation for the cloud cases and bins as in[Fig. 7. Only in-cloud dafaesented.

Backscatter coefficient

Thecloud particlebackscatter coefficient on the left demonstrates the expected, namelyethat:

largest backscattering occurs in the matstiages of the cloydvhile the smallest occur in the

developingstagesThe altitude of the maximum of the backscattering on the profiles descen
19
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as time evolves. The maximum in the developing/mature/dissipating stage lies in the 36~

S

370 K/355-365 K/355-360 K bins, respectively. This behavicoincideswith the observed =
distributions of cloud particle surface density (as derived from the paiobe observations é
but not shown here) and with the maxima seen in the size distribution plot in tHeesina i
particle size range (up to abo um) for each development class. %
Freezing history revealed from depolarisation ratio )
The cloud particledepolarisation (right panel) is more or less constant in the develspayg

and decreasing with altitude for the mature and dissipating st@besindicates thaglaciation ©
had already taken place before the observations in the develstzigg(all cases aambient é

S

temperatures< 200 K), which judging from the satellite pictures was in its first hour of de-
velopmentHeymsfield et al. (200" 9) showed that in convective cells with stpdgafts

supercooled cloud droplets may reach the homogeneous nucleatioratesied(1t—38°C) and

rapidly freeze there. However, they might as well freeze heterogesheat lower altitudes.
Subsequently, the newly frozen particles are transported in the stroingfigofrom the mixed-
phase region into the measurement region without much riming. Theretot&|@s with sim-
ilar shapes can be found in the upper cloud parts which might be a tentagilanation for
the absence of altitude variation of depolarisation in the developing stagalllgarticles nec-
essarily reach the measurement region, some may escape in the turbulentreant before
reaching higher altitudes. On their way up, the crystals may further grogdepygsition which -~
leads to a broadening of the size distributiohs a second possibility, homogeneous freezing on%
particles at & —38°C from solution droplets on top of Hector cannot be ruled out completely.
This should also lead to ice particles with similar depolarisation, due to the naemaghvof con- —
ditions under which the freezing would happen. However, such in sitaédrparticles would |5
be expected to have sizes of only up to a few ten/sszof(e.g.|_G_a.LLagh_e_r_e_t_bL_2d12), whereas®
sizes in the developing stage exceed L0 In the mature stage also larger particles reach thé
upper parts of the cloud. Those larger ice particles are a result of rinmdgggregation in
the mixed phase part of the cloud at lower levels, or aggregation due taedécharges also
in the upper cloud partis_(s_tilh_eﬂdL,_ZbM). Examples of these larger itelgsmare shown
in Fig.[10.The decreasing levels of depolarisation with altitude for the mature and disgipa
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Hector case reflects a change in the average morphology p#titieles. The exact reasons for
this are a matter of speculation: Particles formed by riming and accretion griargar sizes
which will first be removed from the upper cloud parts and later also frenfatwer cloud parts
by sedimentation and precipitation. Additionally, less large particle might bepwatesl into
the higher cloud layers. Thus, different shapes in the upper cloudslage be expected and
with this different depolarisation ratios. In general, for a given shaped#polarisation ratio
increases with the dimension of the particle (i.e. within the range of dimensidrfarmioom
the wavelength) up to an asymptotic value, which depends only on shapen@iMishchenko,
). In case of cloud particle observations here, the measuremeisteg asymptotic range.
Hence, the depolarisation ratio will not increase with increasing cloud [gesize. The precise
functional relationship between the asymptotic value and shape is yetwnkfRor example,
plates and spheroids produce similar depolarisation ratios, while columnstagher values
(e.g..Noel et dl|, 2004). However, when a change in the depolarisationof a probed cloud
particle population is detected, it can be concluded that the average ramplod the cloud
particle population changes as well, as is the case here. In absencedoimgthods for the
in situ detection of accretion and riming in the turbulent parts of Cb clouds thenstats in
this subsection remain speculative. Detailed numerical simulations of the ctoodsges are
needed for clarification. The same applies to the influence of rimed particlasious sizes on
the detectable depolarisation, which could be simulated in a sensitivity study.

In situ ice particle nucleation in aged anvil

As the analysis of area ratio (cf. Fig. 8) shows, there is a great similarityeea the mature
and dissipating Hector cloud. Thus, it might be indicative that these crystal@5um) are

aging crystals from the mature stage. However, the simalparticles are not included in this
analysis and the depolarisation of the dissipating stage is quite differentttofttree mature

clouds. This might be a hint for in situ nucleation ice particlesat this altitude, similar to
the nucleation of new ice as observed in deep convection at the cloudgda@laghe al.
(@). In that case, the smallek particles, or a subset of them, would be recently frozen i
situ while the larger crystals are leftovers from the mature stage. Howtkeaeneasurements in
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Table[1 show a more or less saturated environment, which would not supmbeation unless
some nucleation had occurred prior to the measurement in a then supseshgnvironment.

5.2 Cloud to aerosol particle ratio

JodeJ UOISSnoSI(]

In order to shed light on aerosol cloud interactions, and possibly gainfognation about
the freezing history of the cloud, one can look at the correlation betwesssa and cloud
particle number concentrations. Furthermore, if assuming that aerad@l@d particles are
transported with the same efficiency in the convective updrafts then thioretzan also be
used to estimate how effectively aerosol particles are activated to cloticlgs In this regard,
the cloud particle number concentrations would be used as a proxy foesidual aerosol
(i.e. activated aerosol) particles, while the COPXS& measurements represent a proxy for the:
interstitial aerosol. Sincthe sampling efficiency) of the COPAS inlet sharply decreases forhc
particles larger thahpm (i.e.n is about 100% foiD,, < 1pm but ranges below 30% fdp,, >
3um) and aerosol number concentrations are much larger than the cloud nuonbentrations,
the contribution of possibly counted cloud particles in the COPAS systenegtigible.In the
anvil region (i.e. outside the main up- and downdrafts), where the memaents were obtained,
some cloud ageing effects as the release of submicron aerosol by psubdélaation or losses
of aerosol particles onto ice surfaamgght apply to this estimate. Figurel11 shows the aeros
number concentrations vs. cloud particle number concentrations forldwtexbHector cases.
Naerosolf€fers to the COPAS/;5 measurements in most cases, in some ofltbsipating-Hector
casedV;y have been used instead, sinég, measurements were not available. However, cloud
segments where new particle formation events occurred (as obsermggl_e_t_d.LZQﬂl)
were identified and excluded from the analysis here. New particle formatients are not
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thought to enhance th&’;5 significantly since the newly formed particles are smaller thalé
15nm. The coloured symbols represent the different Hector stagesbligh dots represent 7
developingstage mature cases are depicted by red squares, overshooting casbswneirs =
dark blue triangles, and the dissipating stage of Hector is displayed by gtaes Figure[11 g

additionally shows some correlation lines, e.g. the000 line denotes where one out of 3000 2
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aerosol particles would be activated to a cloud particle, under the abowemed assumptions.

Developing stage

The developing cases all group very closely togetigrough the data were recordativery
different altitudesAdditionally, the developing Hector cases have in general the smallest clo
to aerosol particle ratio compared to the other cases. This is also obvioableld, which
summarises the averages for activation ratio estimate and aerosol numbentrations. The
fast updrafts in the developing stage of Hector may lead to rapid glaciatsupefcooled water
(e.g. observed i 94; Heymsfield et al., 2005). Treigrduping of the data
points and the rather low cloud to aerosol particle ratio (less activateda@eman be a hint
for homogeneous freezing/rapid glaciation in such updraft. &isadepolarisation ratio profile
in Fig.[d suggested glaciation under very similar conditions. Together these finslimgest
that the developingloud parts were formed under very similar conditions wiitth a similar
history of freezingwithin a short time. There is one outlier in the developing Hector cases with
lower aerosol and cloud particle concentrations, which corresponttie tsize distribution in

the highest altitude bin. Possibly the updraft was weakened when rgaithsnaltitude, and
thus not transporting as much of the newly frozen small cloud particles as tthbr altitudes.
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Mature stage

In comparison with the developing stage the samples from the mature Heasrarascharac-
terised bya similar amount of aerosol particles, but a much higher amount of clodidlpar
This leads to the highest cloud to aerosol particle ratios among all stagésudfevolution.
These higher ratios could either be an effect of different freezinchargsms, e.g. involving
contact freezing, or occur due to washout effects. At this time the clauticles have ex-
perienced microphysical processes likaing and aggregation, thus larger iparticleswere
formedas growth by diffusion plays a minor role for growing particles to those sexeamples
for recorded particle images of such rimed and aggregadetitlesare shown in Fig._J0rhese
larger particles are important for efficient ice multiplication by ice-ice collisaangetailed be-
low. The change in ice particle numbesseflected in the size distributions in Fig. 7, showing
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an increase in the total particle number, as well as in the higher backsagtetedl in Fig[D.
Ice multiplication processes might be the reason for higher cloud partictentmations while
aerosol concentrations stay fairly similar to those of the developing Heat@scCollisions
of ice crystals involving rimed crystals can lead to mechanical breakup gidheles, lead-
ing to significantly higher number concentrations also at temperatures loaerdiring the
Hallett-Mossop process (Vardiman, 1978; Yano and Phillips, 2011)s& heultiplication pro-
cesses could as well have happened in the lower parts of the cloud @rdlaey ice crystals
subsequently carried upwards into the measurement region. Theseraesoutliers on the side
of lower aerosol and cloud particle concentrationthe mature stage, toahich correspond to
size distributions in the higher altitude bins.

JodeJ UOISSnoSI(]

Dissipating stage

Compared to the other Hector stages, the dissipating cases show thedargestin the data
points. This might be an effect of ageing of the clouds, where in the eafrime aerosol

particles are collected on the cloud particle surfaces but on the other sithi¢ Ineigeleased
when cloud icepatrticles (partly) evaporate. Examples of particle imafpeshe dissipating

stage are also given in Fig.]J10. The cloud to aerosol particle ratiosadecfeom mature to
dissipating stage. These again lower ratios could be explained by etiapaad subsequent
release of ice nuclei and other aerosol particles which had been cdltdiethe cloud particle
surface. Even though events of new particle formation have been extfuoin the analysis,
it cannot be ruled out completely that during such events particles haadglgrown to sizes
larger than 15 nm. Those patrticles could deliver an additional souraefosol particles that
reduce the cloud to aerosol particle ratio. However, such effects weeydocal and could, as
an estimate, extend over about 5 km.

JodeJ UOISSnoSI(]
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Overshooting events

To complete the picture, the overshooting events are displiay€id.[11as well. They exhibit
fairly high cloud particle concentrations but less aerosol than the demglapd mature cases.
In these caseaerosol number concentrations are higher than the stratospheriadacgon
this day 20-4@m > as measured by COPA&Nd are comparable to upper tropospheric val-
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ues. Thisis an indication that not only cloud particles but also aerodatlpanwvere transported
upwards into the stratosphere by the overshooting convection.

In general, there is a decrease in cloud to aerosol particle ratio with altitutle mature and
dissipating Hector stages while the ratio is fairly constant in the developing &ag TablEl2).
There are two exceptions for the cloud particle number concentration maxiimadeveloping
case (365—-370K) and mature case (360—365 K). Without detailed nahsinwulations of the
cloud microphysical and dynamical processes, which produce thespamding output vari-
ables, the reasons for the observed ratios remain speculative.

1odeJ UOISSNOSI(]

Using aerosol number concentrations that were observé_d_b;LAHﬁhdéQ%) in background
boundary layer condition&onnolly et al. [(2013) have shown that the observed Hector storm
systems were indeed influencedthypseconcentrationsBy taking the number concentratlons%
into accounthe simulations were mostly improved, e.g. by changing the formation and strengtl
of Hector. Since the data presented here were obtained in the TTL rélggyncannot be used
for model initialisation. However, they can be used for model evaluationiestihg the robust-
ness of the treatment of aerosol-cloud-interactions in the cloud microgtsaiemed-or these
reasons oudata here complement the measuremerits of Allen M(ZBB&)Iy, we analysed
the vertical profiles of the submicron aerosol number density and theivaolatile fraction.
Above the 355K levelV;o were close to the regional background concentrations outside
the clouds and about 35% to 50% of the particle contained non-volatile @oesnann et al.,
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I
M). For the lower parts no differences were found between theigitsfl Apparently, these
variables were not measurably influenced by Hector.
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6 Conclusions

This case study presents in situ measurements of cloud microphysicart@emd a Hec-
tor thunderstorm. Due to the double flights it was possible to obtain measuretnenigh-
out a large part of the life cycle of Hector. This gave us the unique dppity to classify
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the size distributions in terms of cloud development stages, a net advanithgeespect to
other former studies that looked at size distributions in tropical deep ctiveeclouds (e.qg.
McFarquhar and Heymsfield, 1997; de Reus et al., [200@)t experimental as well as mod-
elling work has focussed on the developing and mature stages of Hettootban its dissi-
pating stage. However, as shown here the dissipating stage exhibits allyeetktensive cloud
layer of roughly 6 km, spread out through the TMchich is not negligible in terms of TTL
humidity and ultimately stratospheric humidity

The data are classified into developing, mature, disdipatingstages and additionally into
altitude bins of 5K potential temperature. The evolution of the particle propentth time
and altitude is shown. The developing stage exhibits rather small ice partitdednjum size
300 un) compared to the later development stages. Maximum particle sizes are sten |n
mature cases (larger than 1 mmpdtentiallyexceeding sizes of continental tropical convection:=
Furthermore, the mature stage exhibits the largest number concentratiwed as ice water
content and effectiveadii. The developing cases show the lowest number concentrations,
water contents and smallest effective radii, except in the altitude betweet8BBK, where
number concentrations and effective radii exceed those of the disgigtdigesThe values for
the microphysical parameters are summarised in Table 1.

The development of the Hector clouds is also obvious in the aerosol to phtidle ratio.
Furthermore it gives indications for a change in freezing mechanisms witkasiaglife time
of Hector: the developing Hector shows very simitéoud to aerosoparticle ratios and cloud
particle morphology, indicating a rapid freezing under similar conditions. matire Hector
cases show rimed ice crystals and (chain) aggregates, hitfhet to aerosoparticle ratios,
thus, a change to riming and aggregation. Indrssipatingstage Hector shows a wide variety
of cloud to aerosagparticle ratioswhich might be an effect of ageing. Furthermore, accordmg#
to the area ratio analysthe cloud particles haveimilar shapes athe particles in the mature
stagealso indicating ageing. However, the depolarisation ratios of the dissipatthgrature
stages differ. Thus, itis valid to speculate that small ice crystals may haleated in situ in the
ageing cloud. Thesesults show thatloud to aerosol particle ratio varigsth the development
stage of the convective cloud system and timescloud’s development stapas to be taken into
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accountin aerosol-cloud interaction studies. Concerning the influence of Heotohedo TTL
region a fingerprint in the ozone profile was identified, while no diffeesneere found in the
profile measurements of the submicron aerosol concentrations and twelatite fraction of
these concentrations between the two flights above the 355K potential teéunpdager.

In the dissipating stage Hector consists of a persistent and vertically metesud layer
that is optically thinand has further characteristics similar to those of SVC. The persistent
cloud layer may either lead to humidification of the TTL due to evaporation ofrics#als or by
growth and sedimentation lead to dehydration of the TTL. Thus, this tayéainly has non neg-
ligible effects on radiation and water vapour conténtrthermore, thelissipating stage could
act as precursor for SVC formation: Shear flows may transform péttgsocloud layer into
SVCorin case of sublimation of the cloud conditions for in situ formation of SVC mayrbe
vided.Further detailed model analyses are required to provide estimations fa-thgdrating
effect. Anyway, these observations show that the dissipating stagees&fpaodnvective system
imposessome importanceslated to TTL humidity

The data presented in this study provide a contribution to the very spar#e idata set
of TTL convective cirrusjncluding a classification of the cloud system’s development stag
Though it consists of only one case study, this work shows the variabilityl ln convective
cirrus microphysics with lifetime.
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Table 1. Averages of microphysical and meteorological propertgsttie different Hector stages and
altitude bins as in Fid.]7. That is: ice water content (IWChqucl particle number concentratioiV},
effective radius«.f), relative humidity with respect to ice (RHi), and ambiestiperature®). The last
column indicates the number of size distributions (#) farreelass.
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Thotentiat[K]  case  IWC [02gm™3] N[em™®] ref[um] RHi[%] T [K] #
350-355 dev 0.21 0.02 21.8 — 1993 1
mat 4.44 0.30 74.5 83 200.4 6
dis 2.78 0.20 36.6 72 205.6 6
355-360 dev 0.21 0.03 16.8 - 195.0 27
mat 4.73 0.44 41.6 95 1951 19
dis 0.27 0.14 14.9 105 195.5 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 51 101 188.1 3

* RHi measurements only available for 5 size distributions.
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Table 2. Averages of activation ratio estimate and aerosol numhecexttrations for the different Hector
stages and altitude bins as in Hi§j. 7. Note that aerosol memsmts are not available for all given size
distributions.

o
Thorentiat[K]  case  activation ratic10™*  Naerosol[cm ™3] é
350-355  dev 1.05 191 =
mat 20.29 238 B
dis N0 Nagerosol NO Naerosol %u
355-360 dev 1.24 233 3
mat 11.99 226 -
dis 8.22 199
o
360-365 dev 1.26 182 g
mat 30.15 151 Z
dis 2.35 248 s
365-370 dev 3.91 144 -
mat 4.99 130 s
dis 1.61 110 "
370-375 dev 0.55 123 -
mat 1.03 93 o
dis 0.97 88 z
Z
>
e}
E;D.
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Figure 1. Frequency distributions of interarrival times used to tifgrshattering artefacts in the CIP
image data. The data are grouped into Hector classificatimyes as described in Sdct]4.1.
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Figure 2. GMS infra-red (IR) cloud top temperature satellite imagéhef Tiwi Island region. First cloud
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patches of the developing Hector can be seen. The evolutidacior is depicted with the coloured con-
tours (see text for explanation). The satellite cloud topgerature colour scale is: 250 K grey shades,
250-23XK blue shades, 230-210green shades, 210-18B0yellow shadesg 190 K red shades.
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Figure 3. Close-up of GMS IR satellite images of the Tiwi Island regisith the dissipating Hector
clouds. The colour scale is as in Hig. 2.
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Figure 4. Volumedepolarisation ratio measured by the downward looking IMAL during the second
flight. The remnants of Hector can clearly be seen. The toplpadicates the aircraft's position (latitude
and longitude). The lidar detects a surface return at aksirfnot shown here), thus, the cloud layer
thickness should be completely captured and well repredert figure for the first flight is omitted
since it is not possible to say whether the layer thickneadégjuately presented at all times, due to thick@
clouds and the laser beam not being able to penetrate thtbagintire cloud vertical extent. The cloud =
tops, if not overshooting, were roughly located at aboutrh@kiring the first flight.
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Figure 5. Wind fields from ECMWF at 100 hPa (left panels) and 200 hPa {(nminels) at15:30 LT
(upper panels) an?1:30 LT (lower panels).
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Figure 6. Profiles of ozone mixing ratios from first and second flight 6r\®vember 2005. Individual
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thus, these observations have no visible effect on the medighown in the right panel.
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Figure 7. Vertical profile of cloud particles size distributions. Theerages of the respective Hector
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development stage (developing, mature, dissipating for every potential temperature bin of 5K are é
given. A dashed line denotes that only one size distribiiothe respective Hector class had been meaz.

sured in the corresponding altitude bin. Vertical bars sttwevposition of the minimum and maximum
distribution for the respective average. Further pararsetan be found in Tablgl 1. Additionally, the ¥
mean size distributions of measurements inside MCS antflomuduring AMMA and a fit for subvisi-

ble cirrus are displayed.
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Figure 8. Vertical profile of area ratio histograms. The histogranesrasrmalised to a total value of 1
(each bin divided by the total number of counts) to make tiegpes comparable. The coloured number
at the right hand side indicate the number of particle imagesidered in this analysis.
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Figure 9. MAS cloud particlebackscatter coefficient (left) ardbud particledepolarisation ratio (right).
The light coloured markers indicate the individual measwaets. Lines and markers represent the aver

NASI(T

ages for the 5K altitude bins as in Fid. 7 with error bars dieigahe standard deviation.

ITodeJ uorss

45



1odeJ UOISSnosI(|

<
8
o
Z,
£ 2
2 =
= o]
@
£
=5 —
g
, s
g
Figure 10. Images taken by the CIP during the mature (upper) and dissiplower panel) Hector %.
phase. No developing Hector images are shown since theseonlra few pixels and no shapes can be=
inferred from these images. >
2
S
3
o
7
z
B
-
&
o]
<

46



TodeJ UOISSNOSI(]

] 1:3000 < [1:300
4
34 [ | . .
an B &
2- Fiall @,
o?|—| x l- :5 z
S ~n =
—_ o o
§ 1009—_ B =]
g 8- :'. | g’?
zZ 74 < A o)
o] g
5_
o Hector stage: -
® developing o
3 A overshoot =
B mature g
N . x  dissipating @
I T T T TTTTT I T T T TTTTT I T T T TTTTT I T 1 §
0.001 0.01 0.1 1 g
3 g
Neioud [€M ] <

Figure 11. Activation of aerosol to cloud particles estimated by thenbar concentrations of aerosol
and cloud particles. The points correspond each to one @iébdtion in Fig[T, with the same colour
code. The overshooting Hector cases were observed at jabtiemperatures of 386—-414 K. The grey
bar on the left denotes in-cloud aerosol concentrationsrebd on other flights during SCOUT-OBae
size ranges are 2.7 to 160 for the cloud particles and larger 15 nm for the aerosol gasi(up to
approximately lum). See text for further explanation.
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