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Abstract. In situ measurements of ice crystal size dis- former measurements above maritime regions. With the help
tributions in tropical upper troposphere/lower stratosphereof trace gas measurements of NO, N@O;, CO, and Q
(UT/LS) clouds were performed during the SCOUT-AMMA and satellite images, clouds in young and aged MCS out-
campaign over West Africa in August 2006. The cloud prop- flow were identified. These events were observed at altitudes
erties were measured with a Forward Scattering Spectromeaf 11.0 km to 14.2 km corresponding to potential tempera-
ter Probe (FSSP-100) and a Cloud Imaging Probe (CIP) operture levels of 346 K to 356 K. In a young outflow from a
ated aboard the Russian high altitude research aircraft M-58leveloping MCS ice crystal number concentrations of up to
Geophysica with the mission base in Ouagadougou, Burking8.3=+ 1.6) cn3 and rimed ice particles with maximum di-
Faso. A total of 117 ice particle size distributions were ob- mensions exceeding 1.5mm were found. A maximum ice
tained from the measurements in the vicinity of Mesoscalewater content of 0.05 g i? was observed and an effective ra-
Convective Systems (MCS). Two to four modal lognormal dius of about 90 um. In contrast the aged outflow events were
size distributions were fitted to the average size distributionsamore diluted and showed a maximum number concentration
for different potential temperature bins. The measurement®f 0.03cnT3, an ice water content of.2x 104gm3, an
showed proportionately more large ice particles compared teffective radius of about 18 um, while the largest particles
had a maximum dimension of 61 pm.

Close to the tropopause subvisual cirrus were encoun-
Correspondence tdS. Borrmann tered four times at altitudes of 15km to 16.4 km. The mean
BY (stephan.borrmann@mpic.de) ice particle number concentration of these encounters was
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0.01 cnt 3 with maximum particle sizes of 130 um, and the TTL. Such processes significantly influence the aerosol and
mean ice water content was aboutt ¥ 10~4gm=3. All water content of the TTLRueglistaler et al.2009, as well
known in situ measurements of subvisual tropopause cirrugs the chemical composition of the air within the UT/LS
are compared and an exponential fit on the size distributiongHuntrieser et al.2009 Barret et al. 2010. Mesoscale
is established for modelling purposes. model simulations together with in situ observations of var-
A comparison of aerosol to ice crystal number concentra-ious trace gases lead to the conclusion that detrainment
tions, in order to obtain an estimate on how many ice parti-residues from deep convection of MCS can be found at al-
cles may result from activation of the present aerosol, yieldeditudes as high as 17 knfigrli et al, 2011). Within the TTL
low ratios for the subvisual cirrus cases of roughly one cloudair masses carried aloft from the boundary layer by local
particle per 30 000 aerosol particles, while for the MCS out-deep convection encounters air transported into the region
flow cases this resulted in a high ratio of one cloud particlefrom long distances. Domain filling trajectory analyses of
per 300 aerosol particles. air mass origins for the West African TTL of August 2006
indicate that roughly 39 % of the air masses below 370K
were influenced by lower tropospheric air from Asia, India,
and oceanic regiond 4w et al, 2010. In the lower TTL
1 Introduction here,Law et al.(2010 estimated that about 50 % of the air
masses also were affected by local convection. For the 2006
Tropical convective clouds and Mesoscale Convective Sysi\est African monsoon wet season in situQ@easurements
tems (MCS) are key elements of the hydrological cycle, theshowed that convective outflow imported boundary layer air
exchange of air masses between troposphere and stratosphéiieo the TTL between 350K and 370K potential tempera-
(Pommereau2010, the global circulation flouze 2004  ture levels Homan et al. 2010 while simultaneous pres-
Schumacher et al2004, and with this, key elements of ence of more aged air was demonstrated by means of ozone
the global climate. The uppermost parts of MCSs consisidata. Lightning produces NCand thus, enhanced levels of
of large anvils and surrounding cold cloud shields as cir-NO and NG (Schumann and Huntriese2007 Huntrieser
rus decks which can produce detached fields of upper troet al, 2009 can be detected inside the MCS outflows. Simi-
pospheric cirrus and subvisual cirrddquze 2004 Thomas  larly, trace gases like CO and G®om biomass burning and
et al, 2002. Both kinds of ice clouds influence the Earth's boundary layer air can be used to identify outflows. Such out-
radiative budgetAckerman et a].1988 Davis et al. 2010  flows may consist of cloudy air, where the particles have not
and references therein). Furthermore, MCSs vertically recompletely evaporated yet, or of cloud free air carrying the
distribute latent heat and provide fast pathways for upwardrace gas signatures. However, not all anvil clouds are nec-
transport of air from the boundary layer to the upper tropo-essarily part of an outflow. For example, cloud particles may
sphere/lower stratosphere (UT/LS). Of particular interest insediment out of the outflow air stream, extending the anvil
this context are the West African MCSs which occur during downwards. Or pileus clouds may form directly above the
the monsoon wet season in the months of July and Augusénvil (Garrett et al.2006. Thus, clouds may be present just
with an average frequency near 86 per seaBamr(es2001,  above or below the outflow without belonging to the direct
Protat et al.2010). convective outflow and identification is only possible by the
Based on observations in 1986 and 1987 West Africandetection of specific trace gases. Occasionally, a fraction of
MCSs are found to have an average lifetime of 11.5 h, formthe SGQ entering a Cb from the boundary layer also reaches
in the evening near 21:00 local time (LT), reach their maxi- the outflow regionBarth et al, 2007, 2001). The high radi-
mum extent around 02:00 LT, and dissipate in the morningsation levels lead to enhanced OH radical production and fast
near 08:30 LT Barnes2001). Between pressure altitude lev- oxidation of the S@ to H,SO4 which can trigger new parti-
els from 700 hPa to 100 hPa West African MCSs have signif-cle formation events inside outflow aWigel et al, 2011)
icantly higher buoyancy than those over the Maritime Conti- and even inside cloud&ée et al, 2004. Thus, the Cb out-
nent (i.e. Southeast Asia) or the Bay of Bengal. As a conseflows constitute a source for ultrafine particles and it has been
quence convection might be deeper over West Africa and thespeculated that this affects the chemical particle composition
resulting strong updraughts produce stronger precipitatiorin the lower TTL Borrmann et al.201Q Weigel et al, 2017).
events with larger hydrometeorGé¢trone and Houz&009), Therefore, besides ground based, remote sensing, and satel-
as suggested by analysis of radar data from the Tropicalite data, in situ measurements within MCS outflows and the
Rainfall Measuring Mission (TRMM) satellite. Another con- involved MCS cloud parts are important for the characterisa-
sequence is that MCSs frequently extend to altitudes abovéion of the TTL air. The same is true for the tropical cirrus.
~ 14 km and penetrate the bottom layer of the Tropical Tran-This is of relevance since parts of the TTL air ultimately are
sition Layer (TTL; as defined byark et al. 20079). The lifted into the stratosphere and globally distributed.
MCS outflows typically occur at altitudes between 12kmand  Subvisual cirrus (SVC) clouds within the TTL have been
16 km and detrain trace gases and aerosols or ozone precurequently detected by satellite platforms (e\inker and
sor gasesHHoman et al. 201Q Fierli et al, 201]) into the  Trepte 1998 Wang et al. 1996 Sassen et gl2009 and
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occasionally probed by in situ measurements (égkar- With this we provide direct investigations on microphysical
quhar et al.200Q Thomas et a).2002 Lawson et al.2008 properties of the MCS upper cloud parts and their surround-
Davis et al, 201Q Froyd et al, 2010. Although opti- ings from an area where data are rare and which is difficult
cally thin these clouds are believed to influence the radiativeto probe.

transfer because of their large horizontal extdtFarquhar

et al, 200Q Davis et al, 2010. Furthermore, they play a ma- ) _

jor role in the context of freeze-drying air ascending in the 2 Atmospheric context of the SCOUT-AMMA field

tropics towards the stratospherdefisen et al1996 2001, campaign

Luo et al, 2003a Peter et a].2003.

The exact mechanisms leading to nucleation and cloud for
mation in the TTL still are unknownFoyd et al, 2009
2010. A stabilisation mechanism for the maintenance of
SVC consisting of small particles<Q0 um) at the tropical
tropopause over long times and large horizontal areas ha
been suggested hyuo et al.(20038 based on in situ mea-

surementsThomas et a).2002 over the Seychelles in 1999.

Their model calculations showed that such a scenario yield%ot10 usedt_COt, e, ar][d dotr_]efr tract(:] SLtJ)bstacr;ceslto Sh.O\;V
a consistent picture in terms of the small particle sizes anc} at convection transported air from thé boundary fayer into

number densities observed there, if the vertical wind speedrsk_‘e_3 TTL Wh'ch significantly influenced the trace gas compo-
are in the range of a few mr, This model, however, fails sition of the air between 350 K and 370 K potential tempera-

. ture, i.e. the outflow region. Based on domain filling trajec-
for the large SVC particles observed bawson et al(2009 )
andDauvis et al.(2010, and the data presented in this paper tory ensembles from West Afridzaw et al.(201Q showed

from West Africa. Jensen et al2008 performed different that most air masses were already residing in the TTL dur-

. ) 0
model simulations on the question how ice crystals as Iargéng the 10 days prior to the measurements. Up to 39% of

as 100 um can form at the tropopause. Based on these sirrtihe air masses in the mid-TTL below 370 K were influenced

ulations water vapour mixing ratios of at least 2 umol ol

by lower tropospheric air originating from Asia and India.
and steady vertical speeds of 2 chisre needed to levitate Fierli et al.(2011) demonstrated for the 2006 monsoon sea-
such particles in the TTL. The importance of fluctuations

son that detrainment effects from deep convection of MCSs
in temperature and vertical wind velocities for the forma-

are seen at 17 km altitude and possibly higher. Residues
tion and maintenance of subvisual or opaque cirrus has beeﬁom biomass burning were detected on the M-55 Geophys-
pointed out bylensen et a(2001, 2010 and for mid latitude

ica flight from 13 August 2006 in the TTL. These were traced
cirrus byHaag and Krcher(2004. Furthermore, there is a

back to biomass burning events in central AfriReél et al.
possibility of gravity wave induced shear off of thin cirrus

The SCOUT-AMMA field campaign was based in Oua-
gadougou, Burkina Faso (at 1212, 1.50 W), and took
place from 31 July until 16 August 2006, at the beginning
of a westerly Quasi-Biennial Oscillation (QBO) phase and
ithin the West African monsoon wet seasd@a(ro et al,
010. Here, we briefly describe the atmospheric situation
from a trace gas measurement perspectitdoman et al.

2010. Khaykin et al.(2009 provide evidence for overshoot-

sheets from large Cb anvil$\ang 2003. ing convection over West Africa and for hydration wiFhin th_e
Here, we present in situ measurements of the tropicaITTL and Iovyertrop_lcal stra_tosp_h(_are due to evapqrahon of ice

UT/LS from the SCOUT-AMMA campaignQairo et al, crystals. Finally, isentropic mixing of extratropical strato-

2010 in Burkina Faso during August 2006 spheric air and transport across the subtropical tropopause
' can play a role for the composition of the air in the upper

— observations for MCS anvil ice particle size distribu- troposphere and TTLHoman et al.2010.
tions as function of potential temperature and compar-

isons with data from the Central Pacific and tropical . ) )
Australia 3 Instrumentation for cloud particle, submicron aerosol

particle and trace gas measurements
— case studies of the microphysical properties in young
and aged West African MCS outflows at the bottom of 3.1 Cloud particle size distributions and ice water
the TTL, content

— evidence for homogeneous new particle formation in-A combination of measurements by a modified Particle
side the anvil outflows, Measuring Systems (PMS) Forward Scattering Spectrometer
. . Probe (FSSP-100) with Droplet Measurement Technologies
- new data.for upper tr'opo'sphenc We_st Afrlpan SvC (DMT) high speed electronics (SPP-100) and a DMT Cloud
cloud particle size distributions and a fit function, Imaging Probe (CIP) was used to derive cloud particle size
— measurements of the fraction of ice cloud particle con-distributions. These probes cover a size range of 2.&um
centrations to interstitial aerosol particle number densi-Pp < 29.2 um (FSSP-100) and 25 pmD), < 1600 um with
100 may not necessarily be cloud ice particles but could also
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Table 1. Applied correction mechanisms for the CIP particle image analysis with the respective references.

reason for correc- description of solution reference

tion

first slice reconstruction of lost first slice due to acquisition start-up time de Reus et a(2009

area ratio rejection of streakers and multiple particles in one image frame dudedreus et a(2009
an area ratio below 0.1

out of focus size and sample volume correction for out of focus particles that shHéerolev (2007)
a Poisson spot

empty images reconstruction as one pixel image de Reus et a(2009

shattering rejection of particles with interarrival time below a specific threshdfield et al.(2006
which is chosen for each flight individually

partial images reconstruction of images that touch an end diode (especially youngldaymsfield and Parrish

flow clouds contain large particles), reconstructed particles that excé&é79
a size of 3000 um~ twice the array width) are rejected (no complete
rejection as irde Reus et al2009

be supercooled droplets. Furthermore, particles detected itips and shrouds or inlets (e.gield et al, 2006 Lawson

the lowest FSSP-100 size bins may be large aerosols. Thet al, 2008 Jensen et 12009 Korolev et al, 2011, Law-
characteristics of the instruments are described in detail irson 2011). Since clouds in MCS outflows are likely to con-
de Reus et al2009 and references therein). While the time tain large particles and possibly high number concentrations,
resolution of FSSP-100 measurements was set to 2 s, the Cl&tefacts introduced by shattering have to be considered. In
detects single cloud particles with a maximum sample ratecontrast, the subvisual tropopause cirrus do not contain large
of 8 MHz. Nevertheless, in order to combine with the FSSP-particles (i.e. most particles are smaller tkafh00 um) such
100 data also two second averages have been calculated ftrat shattering can be assumed to be of minor or negligible
the CIP data. (For calculation of size distributions longerimpact Cawson et al.2008 Jensen et g312009. Further-
averaging periods were necessary.) The uncertainties of thmore, these clouds only have low number concentrations of
number concentration measurements are mainly determineparticles. Also measurements in young contrails have been
by the uncertainties in the sample volumes, which were estifound to not be affected by shattering(gt et al, 2010.

mated to be 20 %Haumgardner et 311992 de Reus et al. For the cirrus clouds encountered by the M-55 Geophysica
2009 for both probes. Additional uncertainty due to count- during the tropical campaigns TROCCINOX (Brazil, 2005;
ing statistics has to be taken into account especially in conyntrieser et al.2007), SCOUT-03 (Australia, 200Brun-
ditions with low particle number concentrations. ner et al, 2009 Vaughan et a).2008, and SCOUT-AMMA

In order to derive particle sizes from the CIP images a sefitercomparisons were performed between the directly mea-
of corrections needs to be applied. The underlying types ofreq volume backscatter ratio (from the MAS instrument,
corrections are summarised in Talil¢as inde Reus etal.  gee Sect. below) and the corresponding values calculated
2009 if not specified otherwise) together with a short de- from the FSSP-100 size distributions Bgiro et al.(2011).
scription and the corresponding references. The particle diaccording to their study the fraction of the size distribution
ameters derived from CIP measurements are specified in thigetected by the FSSP-100 (i.e., 2.7 um to 29.2 um) well re-
paper by using the maximum dimensiddeymsfield et al.  ,roquces the cirrus optical properties in the visible part of
2002. The Ice Water Content (IWC) was calculated using he spectrum extending over backscattering cross sections of
the scheme dBaker and Lawso(200§ in order to take into  fiye orders of magnitude. If the FSSP-100 measurements had
account the shape of the ice particles. The effective radiugffered from significant artificial enhancements by shattered
(refr), as a measure for the cloud radiative properties, is dejce particle fragments, the backscatter cross sections derived
fined here as the ratio of the third to the second moment ot,om FSSP-100 size distributions would differ from the MAS
a size distribution, in terms of spheres of equivalent crossyegyts pecause in this size range the backscatter ratio sensi-
section areaNicFarquhar and Heymsfigld998. tively depends on the size distribution. For this reason we
believe that shattering does not play a major role under the
circumstances encountered in the cirrus clouds analysed by
Cairo et al(2011).

A widely discussed problem for in situ ice particle measure- However, to further cope with shattering artefacts the
ments is the shattering of ice crystals on the probe’s arminterarrival time technique, as proposed Bjeld et al.

3.1.1 Shattering of ice particles on the cloud particle
probes
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(2006, has been applied to the CIP data set. Thereforefrequency of 1Hz. New particle formation (NPF) or nu-
the interarrival time threshold, below which particles are re-cleation events were encountered during some of the flights.
jected, has been chosen individually for each flight accord-These are associated with particle number densitigseing
ing to the measurement characteristics and ranged betweenuch larger thamVis or N1g as well (se&Veigel et al, 2011,
2.6x10°%s and 5x10%s. Unfortunately, the interarrival for detailed description). Part of the M-55 Geophysica in-
time method is not applicable for FSSP-100 measurementsstrumentation was a Multiwavelength Aerosol Scatterometer
However, with this technique time periods can be identified (MAS; for details seeCairo et al, 2004 Buontempo et aJ.
from the CIP data where measurements are affected by shaf008 Cairo et al, 2010, which is a backscatter sonde for in
tering. In case that there is very little or no shattering obvioussitu measurements of optical air, aerosol, and cloud parame-
in the CIP data, shattering is assumed to be within the inters like volume backscatter ratio and depolarisation ratio (at
strument uncertainty for FSSP-100 data. In these cases tH&32 nm and 1064 nm). MAS samples with a time resolution
size distributions of both instruments show a good agree-of 5s and has a precision of 10 %.
ment for the size range (25 um to 29.2 um) where both in-
struments overlap. When looking at the frequency of occur-3.3 Gas-phase species: NONO, CO, CO,, Og,
rence of shattering, in 41 % of the two second measurement  and H,O
time steps (i.e. data points) where clouds occurred no shat-
tering has been measured by the CIP. For 85 % of the dat&ir originating from the cloud interior can be identified
points with cloud occurrence the fraction of shattered parti-Within MCS outflows by using trace gas data of CO, CO
cles is less than 20 % of the total number of observed partiNOy, and NO.
cles. This lies within the instrumental uncertainty of the CIP.  Nitrogen oxide NO, and reactive nitrogen species, NO
In the figures below the FSSP-100 size range of particulatvere measured aboard the M-55 Geophysica with the Strato-
size distributions is highlighted with a shading in case thatspheric Observation Unit for nitrogen oXides (SIOUX) two
the CIP reports a fraction of shattered particid® %. Ithas ~ channel NQ instrument Yoigt et al, 2005 2007 2008.
to be noted that the highest contribution to shattering wagPuring SCOUT-AMMA on most flights NO and gas phase
measured on the flight of 16 August, 2006, where only 8 %NOy were measured with two backward facing inlets of the
of the cloud data were not affected by shattering. Data aréSIOUX instrument using the chemiluminescence technique.
eliminated from further analyses in case that there is a highn the NG, channel gas phase N@s catalytically reduced
fraction of shattering in the CIP measurements. Size distributo NO with CO in a gold converter heated to 3@ There-
tions also are excluded from further analyses in cases wherafter the chemiluminescence reaction of NO with i@ the
the CIP and FSSP-100 size distributions do not make up dnfrared is detected with two photomultipliers. The instru-
good match in the overlapping size range. This is so far thenental error is 10 %, and the detection limit for NO andyNO
best possible approach until studies become available whici$ better than 1 pmol mof and 5 pmol mat* for a sampling
quantify the shattering of the FSSP-100 as function of cloudfrequency of 1 Hz.
particle size and number densities in cirrus clouds, as wellas COz mixing ratioswere measured in situ on the M-55
aircraft speed and ambient pressure. For this reason the réseophysica by a non-dispersive infrared absorption sensor
sults from the FSSP-100 measurements presented here cofl-I-COR 6251) that is part of the High Altitude Gas Ana-
stitute an upper limit estimate on the size distributions whilelyzer (HAGAR), which also comprises a 2-channel gas chro-
the CIP data are fully corrected for shattering effects accordmatograph Yolk et al, 2000 Homan et al. 2010. For
ing to the current status of technology. A detailed discussiorthe CQ measurements during SCOUT-AMMA the time
about shattering and cloud particle probe performance is proresolution was 5s and the flight-to-flight precision about
vided in the Supplement. 0.3 umol mot ™.
Mainly for the identification of biomass burning events in
3.2 Submicron aerosol particle number densities, and situ carbon monoxide measurements were performed by the
optical properties Cryogenically Operated Laser Diode (COLYigiani et al,
2008 instrument, which has at a lower detection limit of a
Ambient aerosol number concentrations were measured foilew nmolmolt, an accuracy of 6-9% and a precision of
particles with size diameters between lower detection lim-1%.
its (in terms of 50 % “cut off”) of 6 nm §5), 10nm (V10), Ozone mixing ratiosvere obtained at 1 Hz sampling rate
15nm (V1s) and roughly 1 pm as upper limit by three chan- from the Fast OZone ANalyzer (FOZAN¢ushkov et al.
nels of the COndensation PArticle counting System (COPAS;1999 Ulanovsky et al.2001) with an accuracy of 10 %.
Curtius et al. 2005 Weigel et al, 2009 Borrmann et al. Total water was measured as sum of water condensed
2010. In a fourth channel the sampled aerosol was heatedn ice particles and gas phase water with a forward fac-
to 250°C such that only particles containing non-volatile ing inlet by means of a Fast In situ Stratospheric Hygrom-
residues (with sizes above 10 nm) were detected and countedter (FISH). Its Lymarnx photofragment fluorescence tech-
The total accuracy ist 10% and COPAS samples with a nique is described iZoger et al.(1999. Due to the inlet
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geometry the ice particles are sampled with an enhancement,
thus, the contribution of ice to the total water has to be cor-  *° o s oy
rected afterwards. The methods underlying the ice particle 10

detection are described Bchiller et al.(2008. The rear- 5
ward/downward facing FLuorescent Airborne Stratospheric "
Hygrometer (FLASH) Khaykin et al, 2009 Sitnikov et al,

2007 was used to measure only the gas phase water such *°

that the ice water content could be determined in conjunction  10° -
with the FISH total water. In combination with concurrent  ;*
temperature measurements also the saturation with respect @ s
ice could be calculated. The uncertainties of the FISH datas
are 6% or 0.2 umol moft and the corresponding values for

FLASH are 8 % and 0.3 pmol mot (Kramer et al.2009.

The ambient temperaturgas measured using a Thermo
Dynamic Complex (TDC) with an accuracy of 0.5 KHur
et al, 2007 which leads to a measurements uncertainty for .
the relative humidity with respect to ice (RHof 12-17 % 10
(Kramer et al.2009. Other relevant parameters as position 10
and true air speed have been adopted from the aboard naviga- . s _|
tional system UCSE (Unit for Connection with the Scientific
Equipment;Sokolov and Lepuchqi998.

In West Africa the ambient and operational conditions on
the ground and during the flights were extremely challenging  10°
for all instruments. For this reason the measured parameters
are not always available for each flight or the entire flight.

> 385K

T T T T

365 - 375/385K

SCOUT-AMMA
—— measurements
= median
CEPEX parameterisation
SCOUT-03
—— median
CEPEX parameterisation

10 T T T T LA R | T LB R |

355 - 360K

dN/dlogD;, (norm

Fig. 1. Normalised ice particle size distributions of the cloud
4 Results and analyses encounters during SCOUT-AMMA (black lines) in West Africa
(2006): medians of the in situ measurements are displayed in bright
The data base from the SCOUT-AMMA campaign includes red. The shaded pale red curves result from the CEPEX parameter-
data of a total of nine flights. The FSSP-100 and CIP Werei'aaggrgafterrl]vlc!:argu?a; andt:eﬁmszie%?;): F’\?r fﬁmpiisin i
: . ) . . - eophysica data from the Hector in Northern Australia
i2e/iitgfs?;nc%ga?tfgr?:fgﬂﬁgﬂ g_fl\éil;lilr?ghtjﬁ;ﬂigé hltl( 11:33A3r_1d(during the 2005 SCOUT-0O3 campaign) are shown with medians in

bright blue and a corresponding CEPEX parameterisation in shaded
gust 2006) only low level clouds have been probed. pale blue (fromde Reus et a12009.

4.1 Overview of the MCS anvil measurements

During the SCOUT-AMMA flights of the M-55 Geophysica (365K < Tpotential< 385 K). This agrees with the measure-
anvils of MCS were penetrated at altitudes between 345 Kments obtained during the SCOUT-O3 campaign in Northern
and 365K of potential temperature altitude. The ice particleAustralia e Reus et al.2009, of which the medians are
size distributions from these encounters are shown inFig. shown in blue. (Notede Reus et al(2009 used 10-20K
including some distributions from SVC in the fourth and fifth bins, i.e. 345-355K, 355-365K, and 365-385K.) In that
panels from below. The measurements were performed witlstudy also stratospheric clouds, originating from Cb over-
averaging times of 10—-20 s resulting in good counting statissshoots, had been probed and are displayed here as thin blue
tics for the majority of the cases. In the other cases, as fofines in the uppermost panefifptentiai> 385 K) for compar-
example encounters of SVC (see Sdch) with low number  ison. A parameterisation for tropical cirrus had been de-
concentrations the averaging time needed to be individuallyrived from ice crystal size distribution measurements dur-
adapted and ranges up to 200s. All size distributions areng the Central Equatorial Pacific Experiment (CEPEX) by
classified in 5-10K bins of potential temperatufgotentia) McFarquhar and Heymsfiel997. Tropical anvil cirrus

and are normalised to a totdlV /dlogD, value of 1 (sim-  had been probed there with ice water contents ranging from
ilar as inde Reus et al.2009. The thin black lines rep- 10~*to 1 gnT 3 and at ambient temperatures between 253 K
resent the individual measurements while the red lines deand 203 K. Adopting the CEPEX parameterisation, curves
note the median size distribution of each potential temper-of the normalised particle size distributions were calculated
ature bin. It can be seen that the maximum particle sizedor the West African and Australian measurements. For this
are decreasing when ascending into the tropopause regiahe average IWCs and ambient temperatures as observed are
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taken as input for the calcqlatlons. We have to note that,therable 2. Parameters as defined in Eg) {or the two to four modal
temperatures observed during the SCOUT-AMMA campaignjognormal size distributions fitted to the median size distribution for
were lower (i.e., ranging between 195 K and 210 K) than dur-gach temperature bin as shown in Fig.

ing CEPEX. The results of the calculations are shown in the
broad pale red lines for SCOUT-AMMA and in the broad
pale blue lines for SCOUT-0O3. The size distributions re-

Tootential(K) N (€cm™3) D, (um) o  Mode#

sulting from the parameterisations have a similar decrease in 365375 036 66 15 1
maximum particle size with increasing potential temperature 0.0017 153 123 2
in the troposphere. However, they show a more pronounced 360-365 012 % 17 L

. L . 0.0045 38 15 2
mode at diameters of 100—200 pum, which is not present in our 355-360 021 95 17 1
observations. Furthermore, the comparison shows clearly 0.0025 20 i4 >
that less large particles have been observed during CEPEX in 350-355 a5 a5 16 1
the two lowest potential temperature bins. In the 355-365K 0.08 49 155 2
bins measurements are fewer but still particle sizes are larger 0.007 180 155 3
than those calculated from the parameterisation. Particularly 345-350 013 10 155 1
in the CIP size range, the shape of the size distributions in- 0.025 40 155 2
dicates a higher fraction of large particles than observed dur- 0.018 160 16 3
ing CEPEX. Since the CEPEX parameterisation is a result of 0.00015 900 r 4

measurements from the Maritime Continent while SCOUT-
AMMA took place over West Africa, the discrepancy may
be indicative of a conclusion bgetrone and Houzg009. 4.2 Case study 1: young MCS outflow in the West
According to them the convection over West Africa might African upper troposphere
be deeper and produces stronger precipitation with larger
hydrometeors, due to the dry adiabatic temperature profilegl.2.1  Atmospheric context and gas phase species
there, than compared to the Maritime Continent. Attall
and Peyrille(2006 point out that due to the capping Saharan During the descent of the flight on 7 August 2006 the M-
Air Layer (SAL) it is more usual that deep convection occurs 55 Geophysica crossed a layer of air which can be charac-
in large scale energetic systems in West Africa. Howeverterised as young or recent outflow from a developing MCS.
such interpretations need to be viewed with caution becaus@&rajectory analysisKierli et al, 2011]) indicate an age of less
of the small data base and of the large intrinsic variability in than three hours, i.e. the time between the measurements and
clouds. the time when the trajectories intersected with the convec-
In order to describe the ice particle size distributions fromtive core region in the past. The EUMETSAT/ESA Meteosat
SCOUT-AMMA for each potential temperature bin (as in Second Generation satellite image of the MCS constellation
Fig. 1) two, three, or in one case four modal lognormal dis- at the time of the measurements is shown in RBitpgether
tributions are fitted to the now not normalised median sizewith the M-55 Geophysica flight track, in blue for the con-
distributionn..(D,), following current part of the satellite image, in red for the whole flight.
In Fig. 3 the vertical profile measurements are displayed for:
dN (1) temperature®), relative humidity with respect to ice (RH
dlogD, 03, NO, NQy, cloud particle concentration®/oud), and ice
Z ( N [ (IogD,,—|ogD_p,.)2D vyallter content (I.WC),( O:I;\s weI(Ijas theé;s and ultrafine p;]ar-
= - 2 . ticle concentrations (denoted &% 15 = Ng — N15 in the
i v2rlogo; 2(logoi) figures). The thermal tropopause was located at 370K and
Here, D, is the particle diameter in umi, the number of well defined. Below 355K a layer of air was located which
modes (two to four) N the number concentration (Cr¥), had relative humidities between 60 % and 120 % (occasion-
D_p the mean mode diameter (um), amdhe standard de- ally up to 140%), and contained an ice cloud with IWCs
viation. Then.(D,) =dN /dlogD, values result in cms. around 5x10~3gm~2 and with ice particle number densi-
The parameters of the fitted functions are listed in Tahle ties of roughly 5cm3. Slightly enhanced CO mixing ratios
similar to Table 1 irde Reus et a(2009 for the SCOUT-O3  have been observed in this cloud band. In the lower part of
measurements in Northern Australia. the cloud (below 350 K) elevated NO and N@ixing ratios
were detected, even reaching values above 10 nmoi'mol
These constitute very high values, indicating that the cloud
layer is a young outflow from the smah=(60 km in diam-
eter) deep convective system at the Eastern part of the blue
flight track line in Fig.2, which is a just developing MCS.
(Note: the general flow direction as seen from subsequent

n*(Dp) =
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also was a part of the MCS anvil where the cloud particle
number density increased by almost a factor of 10 and where
the nucleation event was “quenched”. Below “Sub-layer 2,
cloud “Sub-layer 3" (Fig4) extended between 11.9 km and
11.0km involving high particle number concentrations and
very high values for NO and N Since soil emissions may
contribute up to 1 nmol moft (Stewart et a].2008), the mix-

ing ratios observed here give a clear indication for production
in lightning. Thus, this is the outflow where the detrainment
must have occurred very recently, since the elevated NO and
NOy had not been diluted yet. Also very little of the NO had
been oxidised to NPby the time of the measurement. From

! § o i the enlarged satellite image and the flight track of the aircraft
I' 5 : one can estimate that the sampling occurred at a maximum

latitude

i i distance of roughly 30 km from the convective core. The
i 3 ET) cloud particle size distributions show that the clouds at the

225 ; highest cloud level in “Sub-layer 1" contained no particles

| ’ ‘ J larger than 400 um. As the aircraft descended, the concen-
—10 -5 0 5 10 trations and particle sizes increased to 8érand 1.6 mm,

BT K] Longitude respectively. During “AOF2” and in particular during “OF1”

it can be assumed that there also were particles with sizes
Fig. 2. Meteosat Second Generation (MSG) satellite image ofmuch above the CIP detection limit. Examples of some indi-
Mesoscale Convective Systems (MCS) on 7 August 2006. Theyidual cloud particle shadow cast images obtained from the
flight track of the M-55 Geophysica is indicated by the red/blue ~|p are shown in Fige. As far as one can tell from visual
line. The blue part shows the flight segment of the time period forinspection these mostly seem to be heavily rimed ice parti-
which the satellite image is valid and approximately where the mea- . - . .

. cles or rimed aggregates. Ambient temperatures during this

surements of Fig3 were performed. .

cloud crossing were below47°C, thus, the observed cloud

particles are ice particles.
satellite images and trajectory analyses is from East to West )
in this location and altitude band.) The presence of slightly4-3 ~Case study 2: aged MCS outflow at 14 km altitude
elevated cloud particle number densities and IWCs in the .
fourth panel of Fig3 between 365 K and 370 K show an SVC 4-3-1  Atmospheric context
which was located 500 m beneath the tropopause. This cirrus

Case SVC2 is further discussed in Sdck On 11 August 2006 the M-55 Geophysica flew through a re-
gion behind a squall line with horizontal extension of approx-
4.2.2 Aerosol and cloud measurements imately 1000 km (see the cloud band roughly aligned with

the —3° W meridian in the satellite image of Fi@). The
A zoom-in on the flight data time series during the cloud structure of this particular MCS is describeddhong(2010
layer crossing is shown in Fid.and selected cloud particle using data by the MIT Doppler radar. The aircraft crossed the
size distributions of the time periods which are shaded in blueoutflow region between 300 km and 400 km behind the squall
are compiled in Fig5. These are labelled as above-outflow line, which is much further away from the MCS core region
Cases “AOF1” and “AOF2”, and outflow Cases “OF1” and than in Case study 1. Although NO and N@easurements
“OF2". Obviously, the cloud layer vertically extended from are not available from this flight, it can be assumed that a
13.2km to 11.0 km altitude and within this cloud band three more aged MCS outflow air mass was probed than on 7 Au-
sub-layers can be discerned. The uppermost sub-layer (derust 2006. Trajectory analysis indicate an age of these out-
noted as “Sub-layer 1” in Figd) stretched from 13.2km to flow clouds of about 10 hFjerli et al, 2011). Here, we use
12.2km. It contained lower cloud particle concentrations, CO, data to identify outflow regions.
compared to the sub-layers below, in coincidence with a
strong in-cloud New Particle Formation event (NPF). The de-4.3.2 Overview of vertical profiles
tails of this NPF are analysed Weigel et al(2011) and jux-
taposed with other NPFs in the tropical UT/LS from different The vertical profiles of the measured variables are presented
locations. Based on the ice particle data this cloud segmenin Fig. 8. They include measurements from ascent, de-
can be considered as part of the developing MCS anvil but thecent, and one dive. Thus, spreads in the single parameters
low values for NO and NQindicate that this i:iotan out-  might result from the profiling at different locations. The
flow from the MCS. The cloud “Sub-layer 2” (12.1-11.9 km) thermal tropopause was located near 16.5km (i.e., 375K).
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Fig. 3. Vertical profiles recorded by the instruments aboard M-55 Geophysica during its descent into Ouagadougou, Burkina Faso, on 7
August 2006.
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Fig. 4. Time series segment of the MCS anvil and outflow cloud

crossing during descent on 7 August 2006. The shadings indicatgig 5. cloud particle size distributions measured within the MCS

time periods which were selected for deriving the ice particle size i and outflow during descent on 7 August 2006 at the times and
distributions as displayed in Fi§. (V615 denotes the concentra- ¢4 the cases indicated in Fig. The lowest panel summarises the

tion differenceNg — N1s.) ice particle size distributions of the four upper panels. The shading
in the FSSP-100 size range indicates that these measurements are
potentially affected by shattering.

The relative humidity is presented as ten second running

average due to noise in the FLASH measurements during

this flight. Therefore, the relative humidity is displayed ad- midity. The relative humidities from the FLASH and the
ditionally as calculated from the FISH total water content FISH baselines show good agreement. In the second panel
(RHiennanceg NOt corrected for enhanced ice particle sam-the vertical profile of C@ exhibits a distinctive minimum
pling, see Sect3.3). The cloudy parts show thus a clear between 353K and 360K, which indicates the presence of
enhancement from the gas phase baseline in the relative hair from lower altitudes. Most likely this air mass was
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B Table 3. Measurement details substantiating the air mass change
13‘? before and after the NPF peak in Fijon 11 August 2006.

Fig. 6. Examples of cloud particle shadow-cast images collected by ou’glgvsv backgroLLJl-rI;d

the CIP when crossing the MCS anvil and outflow while descending

on 7 August 2006. Time (sUTC) 58310 58 350
Altitude (km) 14.4 14.7
Pressure (hPa) 133 127.2
T (K) 201 200.5
Tpotential(K) 358 362
RHi (%) 80 38
fron volatile (%) 5.9 46
CO, (umol mol1) 375 380

cloud particle number densities (in brown). The occurrence
of an NPF between 58 200sUTC and 58 350sUTC can be
inferred from the four coloured, dotted lines of COPAS data
for Naerosoi The absolute number of particles with sizes

above 6 nm (as depicted with the grey dotted line) is un-

latitude

. T e 2 usually high. The number density differensg_15 (yel-

I ; : low dotted line) exceeds 900 particles per3cduring this
210 ! ; ; flight segment. This is the case inside the cloud patch but
s ’ also, and more pronounced, in the peak outside of the cloud

around 58 325sUTC. The other coloured dotted lines of ad-
) o - . s " ditional COPAS data show mostly non-zero differences also
o1 1 Longitude for Ne_10 and N1p-_15 (green and red dotted lines). The ex-
istence of particles in these two “size channels” is indicative
Fig. 7. MSG satellite image of the MCS on 11 August 2006 with Of coagulation forming larger particles out of the initially nu-
the flight track of the M-55 Geophysica as indicated in blue/red.  cleated small sizes. Further details together with model cal-
culations are discussed Weigel et al.(2011). Before the
cloud encounter and especially at the strong peak afterwards
convectively uplifted from the boundary layer, where the (around 58 325 s UTC)10-15 is larger, which indicates that
vegetation metabolises GOThe third panel in Fig8 shows  a higher fraction of the freshly nucleated particles has grown
that patchy clouds existed at all altitudes above 351 K up toto sizes beyond 10 nm. For the whole flight segment shown in
the tropopause with low ice particle number concentrationsFig. 9 we inspected the COPAS internal housekeeping data
(~10~2cm3). In particular, tenuous clouds were present (€.g., flow rates, stability of temperature settings etc.) with
in the altitude band with the low COmixing ratios. At the  particular care in order to identify possible instrumental arte-
same time the remnants of an NPF event are discernible in théacts. However, COPAS operated well during this flight seg-
fourth panel which partly occurred inside the outflow cloud ment and we conclude that the M-55 Geophysica had indeed
and partly outside the cloud but still within the outflow (cf. encountered an NPF event. The low mixing ratios concur-
Fig.9). The ultrafine particle concentration¥d_;s) attained  rently measured for CQindicate that both, NPF and cloud
values as high as 1000 ct Interestingly, the non volatile  event occurred inside an MCS outflow.
fraction (see panel 5) of these newly formed aerosol particles From the abscissa for the covered flight distance in%ig.
is very low (5 %) inside the outflow while it is much higher can be seen that the horizontal scale of the NPF peak between
(50%—60 %) above. This indicates that the newly formed58310sUTC and 58350sUTC was quite small (roughly
particles consist mostly of sulfuric acid and water as showng km). Also its vertical extent is only 300 m. During these

B H5G TR 10,8 °

by Weigel et al.(2009 andCurtius et al(2005. forty seconds flight time the C{had increased towards the
typical UT/LS background levels. The additional data sum-
4.3.3 New particle formation event marised in Table3 provide evidence that two adjacent lay-

ers of very different properties were stacked upon each other
A closer look on a flight segment from 58 200sUTC to here. The upper layer was dry (with Rk 38 %) and acco-
58400sUTC is presented in Fif. The blue shaded area modated a non-volatile fine particle fraction of 50 %, while
designates the crossing of a cloud patch as indicated by ththe lower layer contained more water vapour (RH 80 %)

Atmos. Chem. Phys., 11, 5568590 2011 www.atmos-chem-phys.net/11/5569/2011/



W. Frey et al.: Tropical ice clouds: MCS outflow, anvil, and subvisual cirrus 5579

RHi (%) 05 (nmol/mol) we (gm*
100 50 100 150 200 10° 10"
4 6 2 46
380 L l.:lnnl PR L L I_. — | 1 L L 1 16.5
By P !
ff‘ it
¥ .
é:_v: ' [N !
370 | {S P - 15.7

— 14.8

potential

(w) spnnyy

T
w
a
o

|
I

[N

N

w

CoEs
EERHTLN
340 - - - — 8.3
= Neioug
. T = IWC
RHi |+ CO, Né-150m = f
* RHigahanced T 05 Median Ng.150m = Median f
BWW—TF—— 71 7 T T T T T T, T T T T — T T 1 6.2
200 220 240 376 378 380 10 10 10 0.1 10 10000 20 40 60
3 3
T (K) COZ (HmovaI) Ncloud (Cm ) Naerosol (Cm ) fnon-valatile (%)

Fig. 8. Vertical profiles of the in situ measurements from the M-55 Geophysica flight on 11 August 2006 during selected flight segments.

The error bars in the two rightmost panels denote the 33 and 67 percentiles. The deviations within the measured parameters are a result

the fact that these measurements comprise several ascents/descents including dives within the flight.

approximate flight distance (km) Without detailed modelling such considerations remain spec-
0 5 10 15 20 25 30 ulative and other processes may be the cause for the observa-
: ' : : : 6000 tions. However, the possibility of mixing induced new parti-

- 5000 cle formations on larger scales was pointed ouKbpsrawi
and Konopkg2003.

-3,
Ncloud (Cm )

4.3.4 Cloud particle observations within the aged MCS
outflow

T
w
S
S
)
(_ wo) 10s0sey

c-

The particle size distribution of the cloud crossing is shown

= -380 O in Fig. 10in the lower left panel. Obviously, the cloud par-
§ E ticles were much smaller and fewer than those in the young
3 -378 5 outflow of Case Study 1 (see Fig). As the relative humidi-
2 % ties during this event were below 100 % the cloud patch of
< . ~37% £ this outflow was dissipating. The other cloud particle size
13 | | | distributions given in Fig10 in the upper panels are from
58200 58250 58300 58350 58400 similar cloud crossings of the same MCS in different out-
Time UTC (s) flow locations which were somewhat closer to the squall line.

In addition the lower right panel displays further measure-
Fig. 9. Segment of the flight time series recorded on 11 Augustments of size distributions (blue lines) from above and below
2006. The blue shading indicates one of the aged outflow eventshe outflow. Again, in general only small ice particles were
encountered during this flight. detected in very low number concentrations. However, the
cloud particles outside of the outflow zones were somewhat
larger than inside.

and only 6 % (or less) of the fine aerosol particles were non4.4 Case study 3: cross section through MCS anvil of
volatile. Since the lower layer constituted the aged MCS out- 7 km thickness

flow air the values listed in the table indicate that entrainment

and mixing might have been proceeding concurrently creatOn the ascent on 16 August 2006 the anvil of an MCS of
ing a supersaturated environment for binary sulphuric acidroughly 400 km in diameter has been probed (see Flj.
water solution droplets and initiating the peak in the NPF. The anvil cloud has been observed up to an altitude of
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Fig. 11. MSG satellite image of the MCS on 16 August 2006 with

15.1 km which corresponds to 363 K potential temperature the flight track of the M-55 Geophysica as indicated in blue/red.
The distance to the core region of the MCS was estimated
from the satellite image to about 300 km. No tracer measure-
ments are available for the lowest 7.8 km of the cloud. Thebe remnants of evapora‘[ing precipitation, haze drop'ets or
level of main MCS outflow is expected at higher altitudes |arge aerosol particles. The latter could either be resuspended
and here measurements of £NO, and NQ are avail-  from the ground by the gust fronts or grown to size by water
able, as presented in the vertical profiles of Hig. Based  yptake. Also the Colour Index (CI), defined from the MAS
on the temperature and ozone measurements the cold poigckscattering measurements at 1064 nm and 532 nm (as in
tropopause was found at 15.4 km altitude and 366 K potend j; and Mishchenkp2003), gives high values in this layer,
tial temperature. Since FLASH data were not available forindicating scattering predominantly from larger aerosol par-
this ﬂlght, the FISH total water content was used to CalCU'tic|es_ The second cloud |ayer extended from 5.7km to
late RHenhancedas for the flight on 11 August. Cloudy parts 10.6 km (between the two local minima of the cloud parti-
thus show a clear enhancement from the gas phase baseligg& number concentration in Fig3). The abrupt change in
in the relative hum|d|ty In the altitude band betWeen 348 K Cl indicates the presence of a diﬁerent type Of C|Oud parti_
and 362K NO and N mixing ratios are elevated as well cles which are much larger as indicated by the low CI values.
as CQ mixing ratios are reduced which provides evidence at the lower part of this layer the CIP imaged very large ice
for having encountered a convective outflow region. This iS¢|gud particles as snow flakes and aggregates. A few exam-
supported by trajectories which indicate an outflow age ofples are shown in Figl5. Since the ambient temperatures
around five hoursKierli et al, 2011). Remarkably, the ® in this cloud part varied from-7°C to —41°C, the presence
ShOWS a Sma” ma.ximum in the altitude band betWeen 342 Kof ||qu|d C|oud drop'etS, detected by the FSSP-lOO, cannot
and 348 K. Since no correlation to NO or fi@an be found  pe ruled out completely. However, the aerosol depolarisation
hel’e, these enhanced ozone miXing ratios did not result fronﬂneasurements do give no indication for a |arge presence of
the recent outflow event and concurrent photochemical prozjoud droplets. Tracer measurements are not available during
duction but could be due to downwind production ff®m  the first part of the layer crossing. Towards the end of the en-
lightning NO, emissions produced by an MCS upwind or counter CQ mixing ratios were rather high and NO mixing
due to uplift of soil NG emissions which are more elevated ratios low which implies that there was no outflow. The third
over the northern Sahel regioB4rret et al. 2010. cloud layer between 10.6 km to 15.1km altitude contained

A closer look on the cloud crossing in the time series of outflow signatures in the tracer data. As evident from the
the ascent in Figl3reveals that the cloud can be divided into size distribution in the lower left of Figl4 again only small
three parts. The first part reaches from the ground to 4.8 knparticles were detected by the FSSP-100 at the end of this
altitude. Here, only particles smaller than 20 pm were ob-layer. Further size distributions of selected time periods, as
served by the FSSP-100 while the CIP showed no counts (seghaded in blue in FidL3, are displayed in Figl4. Two of the
the size distribution in the upper left in Fif)4). These could displayed size distributions were measured below the outflow
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Fig. 12. Vertical profiles recorded by the M-55 Geophysica during its ascent from Ouagadougou, Burkina Faso, on 16 August 2006.
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Fig. 13. Time series showing the ascent through the MCS anvil on
16 August 2006. The shading indicates time periods which were
selected for deriving the ice particle size distributions from Eig.

(See text for details.) Fig. 14. Selected size distributions from the ascent on 16 August

2006 along with altitude and tracer mixing ratio information. The
blue size distributions are compiled from measurements below the
outflow (“BOF1” and “BOF2") and the black ones inside the out-

. . ' N . h flow. The lower right panel summarises the ice particle size dis-
side the .OUtﬂ(.)W _reg!on (‘OF3 t_o .OF5 ). In general, the tributions from below and inside the outflow for comparison. The
OUtﬂ(?V_V size dlstrlbutlon§ show S'm'lar v_alues for the number particle size distributions of the lowest and highest cloud parts are
densities, only the maximum particle sizes decrease slightlyneasured by the FSSP-100 only. The shading in the FSSP-100 size
with altitude. In comparison to the young outflow event on range indicates potential shattering contamination.

7 August the size distributions from 16 August show simi-

lar but somewhat lower concentrations and sizes. However,

a clear difference to the aged outflow events of 11 August isoutflow. The difference between the NO and \N@ixing ra-
obvious. Considering the satellite picture and the distance tdios is larger than for the young outflow of 7 August which
the MCS core region, the event of 16 August was a recenindicates that parts of the NO had already been oxidised. A

in the second cloud part (“BOF1” and “BOF2") and three in-
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Fig. 15. Examples of CIP shadow images as observed at roughly Dy (um) ° 0 Dy (um)
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Table 4. Summary of the microphysical parameters of the four West § T s
African SVC cases in August 2006. The parameters include effec- g 10° § 0° 5
tive radius feff), number concentrations for cloud particl®&(oud, 2 40" 10* 5
E >

e s ——
3 456 10 2 3 456 2 3 4 3 456 T 2 456 T 2 3 4

larger 2.7 um) and aerosol particléé;erosof larger 15 nm), aerosol
v_oll(Jme) backscatter coefficienB§), and aerosol depolarisation ra- o, m) o am
tio (Da

Fig. 16. Subvisual cirrus (SVC) ice particle size distributions (com-

Svel sve2 Sves svea bined FSSP-100 and CIP in situ data) from 7, 8, and 11 August
reff (M) 23 20.9 204 5.8 2006 over West Africa. The horizontal extent was estimated from
IWC (gm~3) 0.3x107° 15x107> 38x107> 1.7x107° flight time intervals. The local cold point tropopause height was
Neloud (Cm_3)3 2x10%  9x10°%  24x1073  7x10°3 16.3 km on 7 August 2006 and 16.5 km on the other days. The error
Naerosol(CmM ™) 408 479 776 302 bars result from uncertainties in the sampling volumes and counting
RHi (%) 130 86 n.a. 94 statistics.

T (K) 192 195 198 195

Ba (m~1sr1)  6.6x108 1.3x1077 1.7x1077 1.1x10°7

Da (%) 28 45 n.a. 63 _ ) ) )

. n.a. 0.0055 0.0102 0.0051 tical thickness €) can be obtained followingsarrett et al.
(2003:

3CWC
20 reff '

conclusion could be that the outflow air of 16 August had 7 =Az 8= Az (2)
undergone longer chemical processing than on 7 August.
where Az is the vertical cloud thicknesg the extinction
4.5 In situ measurements of subvisual cirrus over West  coefficient, CWC the condensed water content, which is in
Africa the SVC cases equal to the IWgthe density of ice, aneks
the effective radius. Since SVCL1 has been probed on level

Only few in situ measurements of cloud particle size dis-flight, no estimate of the vertical cloud thickness can be made
tributions inside subvisual cirrus (SVC) are reported in theand thus no estimate abautan be provided. The estimation
literature. Those measurements originate from the tropicabf ¢ for SVC2, SVCS3, and SVC4 results in 0.0055, 0.0102,
West Pacific in 1973Heymsfield 1986 McFarquhar et al.  and 0.0051, respectively and thugs below the threshold
2000; the Indian Ocean during APE-THESEO in 19996 of 0.03 for subvisual cirrus as defined Bassen and Cho
et al, 2003ab; Peter et al. 2003 Thomas et a).2002); (1999. Since the IWC of SVC1 is smaller than the IWC of
the Meso American Pacific during CRAVE, 2006agvson  the other events it can be assumed that the optical thickness
et al, 2008; and from the equatorial Eastern Pacific during also is subvisual.
TC4 in 2007 Davis et al, 2010. The measurements pre-  The duration of the cloud encounters (i.e. averaging time
sented here are the first data of this kind obtained over Wesfor the size distributions) ranged between 52s and 143s,
Africa. These extend the known data set of tropical SVC andthe clouds were observed in altitudes between 15km and
also contributeontinentaimeasurements while the other ob- 16.1km, and at potential temperatures between 361K and
servations were frommaritimeregions. 373 K. The local cold point tropopause on these days was

During the research flights of SCOUT-AMMA four subvi- located at about 16.3 km altitude on 7 August 2006 and at
sual cirrus clouds were encountered close to the tropopausabout 16.5km altitude on 8 and 11 August 2006. Thus,
and within the TTL over West Africa. The detailed size dis- the subvisual clouds were observed a few hundred meters
tributions compiled from these events (denoted as SVC1 tdelow the tropopause. The lowest temperature inside the
SVC4) are displayed in Figlé with the measured micro- SVCs was observed during the encounter of SVC1 (192 K)
physical parameters summarised in TableFrom the mean  which also had the lowest number concentration and IWC.
microphysical parameters and the vertical extent of the SVCThe warmest cloud was SVC3 with temperatures of 197 K
cases SVC2, SVC3, and SVC4 a rough estimate of the opand here, the highest number concentrations and largest IWC

Atmos. Chem. Phys., 11, 5568590 2011 www.atmos-chem-phys.net/11/5569/2011/



W. Frey et al.: Tropical ice clouds: MCS outflow, anvil, and subvisual cirrus 5583

were detected. Although the difference between these temsize distributions show that there are no particles larger than
peratures is not large, the corresponding saturation vapou200 um inside SVCs.
pressures with respect to ice differ by a factor of 2.7 which In the West African SVCs the measured ice crystal
influences the capability of the clouds for freeze-drying thenumber concentrations range betweer1D—3cm—3 and
air ascending through them. (For comparison, the tempera2.4x10~2cm3, the IWCs range from %10 8gm23 to
tures observed for the SVC tyawson et al(2008 were be-  3.8x10*4gm 3, and the effective radii from 2.3pum to
tween 183 Kand 198 K, bpavis et al(2010 between 193K 20.9 um. These values are comparable to those obtained from
and 198K, and byrhomas et al(2002 between 192K and the measurements in the maritime area of Costa Rica during
197K.) the CRAVE campaign. For example the effective radii re-
None of the observed ice particles is larger than 130 umported there lie between 2.44 um and 16.7 pm and the IWCs
in diameter and during none of these events the CIP detectedary from 1.2<10°>gm 3 to 50x10-°gm~3. The largest
any shattering. Therefore, it is unlikely that the FSSP-100sizes found over maritime Middle America were 165 pm.
measurements inside these SVC are noticeable affected iowever, in comparison to the measurements obtained over
shattering. The CIP measurements cannot distinguish partithe West Pacific and during CRAVE the West African ob-
cle shapes because too few pixels are shaded in the 25 umervations exhibit concentrations which are more than an or-
resolution. Howeverl.awson et al(2008 andDavis et al.  der of magnitude lower for particles below 10 um. At the
(2010 analysed the shapes of the tropical SVC particles ob-same time, the events SVC2 and SVC3 show higher con-
served by a Cloud Particle Imager (CPI) and found primarily centrations for particles with sizes larger than 50 um with
quasi-spherical particles and some plate-like hexagonal partirespect to CRAVE and TC4. Possibly due to the contribu-
cles Cawson et al.2008. Furthermore, columnar and trigo- tion of these large particles the two West African events at
nal particle shapes have been observed with a replidsitor ( the same time have higher IWCs (i.e., of ¥50~4gm3to
Farquhar et al200Q Heymsfield 1986. Although no direct  3.8x10"*gm3 compared to 5.%10°gm~3 in CRAVE
shape measurements are available for the SCOUT-AMMAand 5.6x10-6gm=2in TC4).
SVCs, the MAS aerosol depolarisation ratio and Colour In-  Despite such differences in details the size distributions
dex measurements give some observational information sz*(Dp) for tropical SVC from the literature are similar
the ice particle morphology: while the aerosol depolarisa-enough to calculate a mathematical fit. The result of an ex-
tion ratio showed medium to high values (40-100 %) in the ponential least squares fit, which gave the best result of all
outflow events, medium values (28-63 %) were observed inested fit functions, according to
the SVC encounters. Similarly, the Color Index was small
within the outflow, and slightly increased with altitude and dN D,
in the SVCs. These observations suggest large depolarigf*(DP) - dlogD, =A.exp(— )
ing particles in the MCS outflows. By contrast, the SVCs
seem to have more of smaller particles that possibly have & shown in the right panel of Figl7. The dN/dlogD,
different morphology than those inside the outflows. Thus,values result in cm?, if D, is supplied in um. The coef-
the observed CIP shadow images within the outflows, whichficient A is 0.044422+0.0123 cn13, « = 13.98+ 6.08, and
were irregularly shaped ice crystals like aggregates, and thé,0 =1 pum is used to eliminate the unit. As the one-sigma
former SVC shape observations, which were mostly quasi-deviation lines in Figl7 demonstrate, this simple parameter-
spherical, are in good qualitative agreement with the MASisation seems to represent the tropical subvisual cirrus cloud
observations. Under these circumstances (i.e., the absensize distributions quite well. In order to give an easy under-
of highly aspherical small ice crystals) particles smaller thanstandable estimate of the fit quality, a linear regression on the
roughly 16 um can be reliably sized by the FSSP-1B6r{ logarithms of then* (D)) has been performed. The result-
rmann et al.2000. For the particles above 25 um the CIP ing Pearson correlation coefficientris= —0.89 (-2 = 0.79).
image analyses were applied as described above. Thus, b&hus, the fit might be useful for large and mesoscale mod-
tween 16 pm and 25 pm some uncertainty remains with reelling purposes, where the microphysical processes are not
spect to the sizing of the potentially aspherical particles byresolved and as long as not more data are available in order
scattered light measurements of the FSSP-100. This may b® formulate a parameterisation.
the reason for the “spike” occasionally found in the fourth  The size distributions from Figl6 exhibit a significant
size bin in Fig.16. fraction of larger particles with sizes above 50 um. This is
In order to relate the West African measurements to theof significance in the context of the stabilisation mechanism
overall picture of available SVC size distribution data, a suggested byuo et al.(20038, who assumed smaller sized
summarising graph is presented here in the left panel oparticles. Under the given thermodynamic conditions such
Fig. 17 which extends the original figure shown Pavis  large particles (50-200 um) have terminal settling veloci-
et al.(2010. The events observed during SCOUT-AMMA, ties ranging between roughly 10 mmisand 1000 mms?,
represented by the thin coloured lines, generally fit well into Thus, as noted biawson et al(2008), the prevailing verti-
the previous data from other regions (thick grey lines) and allcal wind speeds are by far too small to lift these particles and
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Fig. 17. Left panel (adapted frorDavis et al, 2010: overview of in situ measurements for tropical SVC. The observations obtained during

the indicated previous field experiments are shown in broad grey lines. The coloured lines depict the individual cloud encounters from
SCOUT-AMMA in West Africa. Right panel: an exponential fit was derived from all size distributions in the left panel with one sigma
deviations. See Eq3] for the fit equation and coefficients.

therefore, extended SVCs containing such large particles cathe ice particles are for the most part much larger than 1 um
not be maintained by this mechanism. which roughly is the upper particle size which the COPAS in-
Due to the lack of concurrent LIDAR observations for the let is able to aspirate with proper efficiency. In Fi@.the re-
measurements in West Africa the horizontal extent of thesesults from the SVCs and the MCS outflows from West Africa
SVCs is not known (unlike e.g. for the APE-THESEO case (SCOUT-AMMA) are juxtaposed with data from the Hector
where the cloud sheet covered roughly 250 km). This im-MCS in Northern Australia (SCOUT-O3; sele Reus et al.
plies that either the clouds were more localised with tran-2009. (The Hector storm system is a very intense MCS
sient atmospheric conditions allowing for their existence, orwhich forms over the Tiwi Islands, north of Darwin, Aus-
the vertical wind velocities in the field of the propagating tralia, during the premonsoon season and monsoon breaks,
MCS were locally high enough to support larger ice parti- Crook 2001 Connolly et al, 2006) Although the data base
cles. The subvisual clouds during SCOUT-AMMA were ob- is small, the three different cloud environments can be clearly
served in a region influenced by strong convection and thusdiscerned. For the SVCs (which are described in Sk§}.
might have formed as remnants of convective anvils. How-we found roughly one cloud ice particle per 30 000 detected
ever, the tracer measurements obtained at the same time dakrosol particles. This is in agreement with the results from
not show any convective signatures. Either the time past thdensen et al(2010 who derived from model calculations
convection was long enough such that the air had mixed withthat only very few aerosol particles can serve as ice nuclei
surrounding air diminishing the convective signature, or thefor the activation of cloud particles in SVC. For the MCS
SVC had formed in situ. Both mechanisms are recognisedutflow cases one cloud particle occurs pet000 aerosol

in the literature (e.gMcFarquhar et a].200Q Pfister et al. particles with some observations as high as one of 300. This
2001, Massie et al.2002. difference between these numbers of the two cloud types may
be indicative of the respective roles which deposition freez-
4.6 Interstitial aerosol number densities in SVC and |ng and homogeneous freezing p|ay for cloud formation. It
MCS also can be assumed that in the outflow cases all the mecha-

. . . nisms of ice multiplication (collisional multiplication, Hallet
In order to obtain an estimate of how many cloud parti- \yos50p mechanism, splintering, and riming) play a major
cles result from activation of the present aerosol, it is in- g These are absent in SVC which formed ice particles
structive to plot the COPAS measurements as proxy for thqnq; |arger than 200 pm) mostly by deposition nucleation.
available aerosol particle number densities versus the CONCURhe values for the single MCS cluster Hector span the range
rently measured cloud pa_rticle number concentration. Sinc§anveen one over 30 000 and one over 300 with a clustering
the number of cloud particles (partly also detected by CO-ut naints near the 1/3000 ratio line. As the light blue sym-
PAS) is much smaller than the submicron aerosol numbey, s jngicate, NPF events could be identified for a few cases
densities, the contribution of the cloud particlesMg, N1, of the Hector MCS and also during SCOUT-AMMA. Since

N5 can be considered as small or negligible. This especially,o figure only shows the concentratiths (N1 if N1swas
holds for the encountered upper tropospheric clouds because
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MCS outflows and Hector. For mid-latitude cirrSeifert

B SCOUT-03 - .
10°4| m SCOUT-03 overshoot 1:30000 1:3008 et al. (2009 found a positive correlation between the num-
u SCOUT-03 NPF P . . . .
Jl & SCOUT-AMMA outfiow ber concentrations of interstitial aerosols and ice crystals as
4| v SCOUT-AMMA SVC Rat . i it i it
AT scout-ammvaneE | . s long as the interstitial particle number densities were below

100cnT3 and at higher aerosol concentrations a negative
correlation was measured.

Despite such considerations the measurements in1Big.
provide data as boundaries for modelling purposes which
may help to estimate the contributions of the different mi-
crophysical processes.

-3
Naerosol (Cm )

T 5 Summary and conclusions

-3
Ncloud (Cm )

In situ observations of cloud ice particle properties have

: " o been obtained in the vicinity of MCS and within the tropical
Fig. 18. Interstitial aerosol and cloud particle in situ measurementsu_l_/l_S t the ti f the West Afri M during th

of tropical cloud encounters in West-Africa (2006) and Northern at the time ot the West Alrican Monsoon during the

Australia (2005). The ordinate shows the aerosol particle num-SCOUT-AMMA campaign in Ouagadougou, Burkina Faso,

ber concentration (measured by COPAS as proxy for the interstiin 2006. These data provide a contribution to the very sparse
tial aerosol) covering size diameters between 15nm (or 10nm indata set of in situ measurements of MCS outflows and tropi-
a few cases) and roughly 1 um. The abscissa gives the simultane&sal SVC above an important continental area.
ously detected cloud particle number densities for sizes above 2um The observed ice crystal size distributions show a decrease
as measured by the CIP and FSSP-100 probes. The events are frai maximum particle size when ascending to the tropopause
the Australiap Hector MCS (squares), the West African MCS out- region. However, compared to observations from SCOUT-
flows (blue triangles), and the West African SVCs (red triangles). 53 anq size distributions derived from CEPEX parameteri-
Furthermore, NPF events are indicated in light blue. The lines InCII;1sation, both experiments over maritime regions, the SCOUT-
cate activation ratios in terms of the numbers of cloud particles an - .
the available aerosol particles. AM_MA obser\_/atlons show clegrly Iarge_r particles as v_veII_as
a higher fraction of large particles. This may be indicative
of the presence of larger hydrometeors in MCSs over conti-
nental regions compared to those over maritime regions, as
not available) the absolute numbers are relatively small. Theyiso suggested b@etrone and Houz&009. Two to four
values forNs as concurrently measured by COPAS were be-modal lognormal size distributions have been fitted to the
tween 2000 and 3000cm. Here, the difference between \yest African measurements for each potential temperature
Ne and N1s is by far large enough for identification as an pjn in oder to provide a mathematical description of the con-
NPF event. (For the two green squares and the four darkinental MCS size distributions.
blue triangles with number densitieés above 1000 cm® Trace gas observations, satellite images, and trajectory
in Fig. 18no Ne data are available or thés — N1s difference  gnalysis were used to identify MCS outflow events and to
was too small for an NPF event.) Based on the few measuredsiimate the age of those events. Clouds within young out-
points one could speculate that NPF events preferably occUijoy events were sampled on two flights, one resulting from
under circumstances where only a few cloud ice particles arg, newly developing system and the other from a mature
present. system. The particle images show heavily rimed ice parti-
These data certainly are only an indirect estimate of thecles or rimed aggregates with sizes even extending beyond
degree of cloud activation for these clouds. As pointed outl.6 mm (i.e. the maximum size of the CIP images across
by de Reus et al(2009 the original activation ratio may the diode array). Ice crystal number concentrations of up
differ from these measurements because there are sinks fao 8.3cnm3 and IWCs of up to 0.05g i were observed,
particles such as scavenging by deposition on ice particleghe effective radius was about 90 um. In contrast to this,
washout by supercooled droplets, mixing with the local am-clouds within aged outflow events reveal much smaller val-
bient air, and entrainment of cloud free air. As shown inues. Here, maximum concentrations of 0.03émIWCs
Sect.4.1in-cloud NPF may be a source for ultrafine aerosol of up to 2.3x10~4gm~3, and an effective radius of about
(Weigel et al, 2011. Although the very low ratios for 18 um have been found with particles reaching a maximum
the SVC cases indicate that deposition freezing might havalimension of 61 um. The size distributions of all outflow
formed these, a variety of processes which are not directhevents show a clear decrease in maximum particle sizes
related to heterogeneous aerosol ice activation (e.g., homand number concentrations with age which is displayed in
geneous droplet freezing) may have been involved at varyfig. 19. The snap-shots of consecutive CIP particle images,
ing intensities during the cloud lifetime in particular for the as shown on top of the figure, underscore the change in size
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with observations byVeigel et al.(2011). The former NPF
event peaks with a very high amount of newly formed parti-
cles, when approaching the air mass boundary between out-
flow air and upper tropospheric background air. This peak is
possibly a result of entrainment and mixing of those two air
masses.

By comparing total aerosol number concentrations to ice
particle concentrations estimations of the interstitial aerosol
and the activation ratio is given. The separation of deep con-
vective events, SVC events, and NPF events yields a sig-
— young outflow (7 August) nificant difference in the activation ratios. While for the
—— recent outflow (16 August) . .
— aged outflow (11 August) deep convective cases (MCS outflow and convective over-
shooting as observed during the SCOUT-O3 campaign, see
de Reus et al.2009 one cloud particle occurs roughly per
1000 aerosol particles, in some cases even per 300 aerosol
particles, the SVC show just one or even less cloud particles
per 30000 aerosol particles. This is in agreemerdteiosen
et al. (2010 who state that only few aerosol particles will
act as very efficient ice nuclei in the formation of SVC. NPF
events seem to prefer circumstances where only few cloud

Fig. 19. Summary of outflow size distributions of the three flights particles are Present' . . Lo
on 7,11, and 16 August 2006. Additionally, examples of consecu- We would like to emphasise that high quality in situ mea-

tive CIP particle images for each outflow age are displayed on topSUrements in the tropical UT/LS are difficult to obtain since
starting with the youngest case. specialised high altitude research aircraft and instrumenta-

tion are required in this challenging environment. Thus, also
the data set of such observations is small and to provide use-

hful parameterisations of either MCS outflow clouds or SVC
including microphysical parameters more measurements are
needed.

young
outflow
(7 Aug)

wrl 009T

recent
outflow
(16 Aug)

wrl 009T

aged
outflow
(11 Aug)

wrl 009T

10"
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with age. Furthermore, the outflow altitude increases witl
age. This is supported bytouze (1989 who describes the
upward transport of older convective cells within an MCS.

Besides the measurements connected to MCS outflow
four gncounters of subvisual tropopa_use cirrus have occurred i e is available online at:
at altitudes between 15-16.1 km, which corresponds to a Q'Sﬁttp://www.atmos-chem-phys.net/11/5569/2011/
tance to the tropopause of 300—GOQ m. These Observa_‘t'oné:‘cp-11-5569-2011-supp|ement.pdf
extend the existing data set of tropical SVC and constitute
the first continental SVC measurements. The largest particles
had sizes of up to 130 um, while the humber concentrationscknowledgementsThe SCOUT-03 and SCOUT-AMMA projects
ranged from 2103 cm~3 to 24x 103cm~3, IWCs from  were funded by the European Commission through Contract
0.3x10°gm 310 38x10-°gm=3, and the effective radii  505390-GOCE-CT-2004-505390 and the EC Integrated Projects
varied between 2.3 um and 20.9 um. The size distributionsAMMA-EU (Contract no. 004089-2). The M-55 Geophysica cam-
of the SVC events are compared to all so far known SVCpaign was supported by the EEIG-Geophysica Consortium, CNRS-
size distributions and an exponential fit on all of these is cal-INSU, CNES, and EUFAR. Meteosat Second Generation data were
culated. We provide this mathematical description of SVC provided by the AMMA databasehttp://aoc.amma-international.

for modelling studies which is important since they play an org/observation/satelliteand were processed including the flight
important role in the Earth’s radiation budget tracks by Sylwester Arabas from the University of Warsaw, Poland.

Differences in the aerosol depolarisation ratio and ColourBased on a French initiative, AMMA was built by an international
Index observed by MAS between the measurements insidé.Cientific group and funded by a large number of agencies, espe-

.. _cially from France, the United Kingdom, the United States, Africa,
the MCS outflow clouds and the SVC were found which is and — for us — German sources. It has been a beneficiary of a major

indicative of a different ice particle morphology in these tWo fjyancial contribution from the European Community Sixth Frame-

cloud types. work Programme (AMMA-EU). Significant financial support for
Two cases of New Particle Formation events were encouneur activities with the M-55 Geophysica in Australia and Burkina

tered inside of ice clouds close to or in an MCS outflow. Faso also was supplied by the Max Planck Society.

While during one event the ice particle number concentra-For the CIP data processing we gratefully acknowledge help from

tions were low, the other case showed that the NPF event igaron Bansemer (NCAR, Boulder, Co, USA). For very helpful

quenched when ice particle numbers increase. This agreemmments on the manuscript we thank Jasmine Cetrone from the
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