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Abstract. We present a case study of Aitken and accumula-1 Introduction

tion mode aerosol observed downwind of the anvil of a deep

tropical thunderstorm. The measurements were made by coril.1  Aerosol population in the Tropical Tropopause
densation nuclei counters flown on the Egrett high-altitude Layer

aircraft from Darwin during the ACTIVE campaign, in mon-

soon conditions producing widespread convection over landfNis paper presents a case study of aerosol measurements in
and ocean. Maximum measured concentrations of aerosdhe Tropical Tropopause Layer (TTL) and estimates the time
with diameter greater than 10 nm were 25 000@r(STP). scale for the growth of new aerosol to Aitken mode sizes
By calculating back-trajectories from the observations, and(=10nm). The TTL is the region from approximately 14—
projecting onto infrared satellite images, the time since thel8 km altitude Elglistaler et al.2009), above the main con-

air exited cloud was estimated. In this way a time scale ofvective outflow and below the stratosphere. The importance
about 3 hours was derived for the Aitken aerosol concen-Of understanding aerosol processes in this region arises from
tration to reach its peak. We examine the hypothesis thathe role of aerosol in the formation of cirrus clouskffert et

the growth in aerosol concentrations can be explained byl 2004a Gallagher et a) 2005 Wang 2005ab; Choularton
production of sulphuric acid from SCiollowed by particle €t al, 2008 and the resulting effect on the Earth’s radiation
nucleation and coagulation. Estimates of the sulphuric aciPudget.

production rate show that the observations are only consis- A wide range of aerosol concentration has been observed
tent with this hypothesis if the particles coagulate to sizesi" the upper troposphere during field campaigBsock

~10 nm much more quickly than is suggested by current the &t al- (1999 reported maximum values of-8000cnt3

ory. Alternatively, other condensible gases (possibly organic\STP) (measured concentration converted to its equivalent
drive the growth of aerosol particles in the TTL. at 1000mb and 293K) for particles greater than 8nm in

diameter around 2 km below the tropical tropopause while
Schibder and Sttm (1997 reported a median concentration
of 1400 cm 3 (STP, diameter-18 nm) above 4 km over Eu-
rope, but with maxima as high as 20 000¢h(STP). The
CARIBIC programme lfeintzenberg et §l2003 Hermann

et al, 2003 Brenninkmeijer et a).2007) placed air sam-
pling equipment on commercial flights between Germany
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and Namibia/South Africa (CARIBIC samples were also plumes from tropical Africa, also using a mass spectrometer.
taken during flights between Germany and India and over thén an aged (about 10 days) biomass burning plume lifted to
North Atlantic), crossing the convectively active equatorial about 11 km by wet convection they measured $@xing
tropics over land that had undergone considerable biomassatios up to 100 pptv. From this number an initial S€»n-
burning. Heintzenberg et al(2003 found very high con- centration in the plume of order 500 pptv may be estimated,
centrations (10 000-30 000 cth STP) of particles with di-  taking into account plume dilution and reaction of S@ith
ameters between 4 and 12nm, and a median concentratio@H. By contrast, in an aged (also about 10 days) biomass
of 9000 cnT3 (STP) for those with diameters between 12 burning plume lifted by dry convection to about 4 km altitude
and 18 nm. Such events coincided with deep convection, parthey observed markedly increased,S0p to 1400 pptv) and
ticularly in the tropics and sub-tropics, a result confirmed elevated particle number concentrations. Long-range trans-
by later CARIBIC flights Hermann et a).2008. Similarly, port from major anthropogenic S@ource regions may also
Twohy et al.(2002 found extremely large concentrations of lead to markedly increased upper troposphere Gedler
aerosol downwind of the outflow from a mesoscale convec-et al, 2009. Therefore, substantial spatial and temporal vari-
tive storm (MCS): 45000 cr? (STP) for particles- 25nm,  ability of SO, entering convective systems may be expected.
spread over a 600km region. These high particle concen- Nucleation in the TTL is believed to follow a binary (wa-
trations were correlated with various trace gases, such ager and sulphuric acid) nucleation pathway, with the possi-
methane, carbon monoxide and nitrogen oxides, which werédle assistance of ionsrig and Turco 2001 Laakso et al.
measured with similar concentrations inside the convective2002 2003 2007 and/or organic compound&lmala et
cloud region, indicating that the air had passed through theal., 2006 Sihto et al, 2006. According to this hypothesis,
storm before flowing downwind. No correlation was found sulphuric acid condenses to molecular clusters that are suf-
with cloud particles, suggesting that the aerosol productiorficiently energetically stable (reach a critical size) for con-
was independent of cloud formation/evaporation. Accordingtinuous vapour deposition to occur; this growth will con-
to Clement et al(2002), an estimated 5 h elapsed between air tinue into detectable aerosol size ranges3(nm), provided
exiting cloud and the observations of 45000 particlesem  there is an adequate supply of condensable mat&ia{ent

A comprehensive summary of ultrafine aerosol measureet al, 2006. After the total surface area density of newly
ments in the TTL was provided bgorrmann et al(2010 formed particles has increased sufficiently, condensation oc-
andWeigel et al.(2011), based mainly on aircraft campaigns curs preferably on these particles and nucleation ceases.
with the M55 Geophysica and DLR Falcon. A key result of  Current models of nucleation and growth of aerosol in
these papers is the maximum in particle concentration arounthe TTL have not been properly tested against measure-
350K potential temperature, near the main outflow region forments and there is substantial disagreement in the literature.
deep tropical convection. This disagreement stems from the nucleation and growth

These studies show that convection can lead to high conmechanisms being not precisely known. There are a num-
centrations of TTL aerosol particles, but the mechanismber of competing theories on how aerosol are produced and
causing such events is not understood. The intense preciggrow: binary nucleation, ternary nucleation, ion recombina-
itation experienced in convective systems removes most ofion (e.g.Wilhelm et al, 2004 and organic compounds (e.qg.
the pre-existing aerosol in the lower reaches of the stormsKulmala et al, 2006 Ekman et al. 2008. There are also
The anvil outflow eventually evaporates, leaving a cloud-varying models within each schentenglish et al.2011); all
free environment with low particle surface area; such cleanpof this combines to give disagreement between in situ aerosol
low-temperature conditions favour aerosol nucleati®er(y  observations and model data. This is particularly apparent in
and Hobbs1994 Strom et al, 1999 Andreae et a).200%; the nucleation regime where different models can give results
Clement et al.2002 Kulmala et al, 2006. The chemical thatvary by orders of magnitudgéhkaréki et al, 2002. In
identities and concentrations of condensing and nucleatinghis study, aerosol measurements are examined downwind of
gases are not known with certainty, but a key candidate isa convective anvil in order to derive the growth rate of aerosol
gas-phase sulphuric acid, which was originally detected inparticles into the size range greater than 10 nm. These will
the tropopause region byodhler and Arnold (1992, using  be compared with a simple model for aerosol nucleation and
an aircraft-based mass spectrometer. This gas is formed bgrowth to see if the model is consistent with our results.
OH-induced S@ conversion to Sg followed by the reac-
tion of SG; with water vapour. Modelling studies suggest 1.2 Modelling of Aerosol nucleation and growth
that most of the S@entering a thunderstorm is able to reach
the anvil (see, e.gFiedler et al.(2009). Inside the anvil Clement et al(2006 presented a modelling study of the rate
cloud, SOy is readily adsorbed onto ice particles, but im- of aerosol nucleation and its controlling factors. The model
mediately downwind of the anvil the particle surface areawas set up to simulate the evolution of acid production via
is vastly reduced so new aerosols are formeaohy et al, SO, and OH radicals throughout the day. The OH concen-
2002. RecentlyFiedler et al(201]) reported on S@mea-  tration maximum occurs at mid-day, when the photodisso-
surements made over the Atlantic Ocean of biomass burningiation of ozone is greatest, and the production of acid was
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halted at night (after 7 h in their simulation). This was pa-
rameterized as a maximum,B80; production rate of 19 10°},
molecules cm?3s~1 from an estimated S£xoncentration of T
1 ppbv. Their analysis showed that after 21 min a nucleation
mode ¢ 3nm) burst appeared. After 2h, a “shoulder” ap-
peared in the size distribution as condensational growth con-
tinued on the nucleated particles and coagulation occurred
(see Fig.1). The nucleation peak remained large as long as
acid production remained high. These simulations showed
that the maximum concentration of aerosol with diameters
above 20nm (see Fid) was typically 16-10*cm~3; the
total aerosol concentratior(3nm) was between f0and

108 cm~3. The final number of aerosol produced was found
to be independent of the initial number of nucleated particles 10°;
and was related more to the acid production rate. This pro-
duction only occurred in daylight; beyond this, nucleation
mode aerosol coagulated into the larger size ranges and the
remaining acid condensed onto any aerosol pre§deitnent

et al. (2006 suggested that nucleation events require the
background aerosol concentration to be below a threshold
value, depending on the $S@nd acid source rates.

Concentration (cm'GJ

Time (h)

dN/dlogDp (em™)
=)

2 Experimental details ol

0
2.1 The ACTIVE campaign Wet diameter Dp (m)

. W .Fig. 1. Numerical calculations of size distribution with time. The
This study uses aerosol data from the “Aerosol and Cheml'top figure shows the change of concentration with time for a given

cal Transport in troplcal conVEction” (ACTIVE) campaign  gjze range: the legend for the curves shows: Bis the total aerosol
conducted from Darwin, in the Northern Territory of Aus- concentration (greater than 3nm)pdthe concentration greater
tralia (Fig. 2) in the wet season of 2005/6. This campaign than 20 nm, N5 greater than 25 nm andj$0y as the acid produc-
took advantage of the regularity of deep convective stormgion rate. The lower figure shows the size distribution of the aerosol
in this region to investigate the composition of air uplifted by and the various curves represent the distribution at a given time. The
convection, and was primarily based around two research airegend indicates 21 min, 2, 5, 8, 14 and 20 h. Figure ftZiement
craft platforms: the Airborne Research and Survey (ARSF)et al-(20089.

Dornier (Allen et al, 2008, for low-level measurements and

the Airborne Research Australia (ARA) Egrett, for high- of a large monsoon system that developed the previous day

altitude outflow sampling and cirrus analysis. Details of the !
Ping y over the central Northern Territory and then moved to the

payloads and of the overall campaign are giverVayghan coast (a large mesoscale convective system developed later
et al. (2008. This study also uses data from the Falcon air- . ( 9 Vective sy velop

. ; L he day, as this storm decayed).
craft acquired during the concurrent SCOUT-O3 campaign |nInt Y: i Y . .
Darwin?\/aughan etgaj.2008. The ACTIVE campaign?:og- The ACTIVE flight of the 23 January 2006 was unique in

ered two month-long periods: the first (November—DecembelltS position dqvvnwmd of a large ponvgcﬂye anV|!. '\'e"’?”y aII'
other Egrett flights were made either inside anvils or in their

2005) experienced pre-monsoon conditions, in an enViron_’mmediate vicinity; a few survey flights were also conducted
ment polluted by recent biomass burning; while the secon y:a yTig )
ut these sampled air that had not encountered convection for

(January—February 2006) experienced both an active mon-

itiohdag more than a day. In other cases where measurements were
soon and monsoon break conditio etal, 2009. The made downwindyof convection, the anvils were so numerous
monsoon wind was maritime in origin (north westerlies) and '

hence the environment was far cleaner, with fewer fine par—that disentanglement of air parcel origin, using wind projec-

ticulates, in the second period. A summary of the Iow-IeveIt'OnS' was unreliable.
aerosol and gas measurements during ACTIVE is given by
Allen et al.(2008.
This paper will present a case study of a flight of the Egrett
aircraft from the monsoon phase of the ACTIVE campaign.
It took place on the 23 January 2006, during the dissipation
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A correction formula derived b8eifert et al(20040 from
measurements in pressure chambers was applied to the Egrett
data to allow for reduced counting efficiency at low pressure:

count efficiencyn = 1 — aexp(—Bp/ po) (2)

wherea = 1.627, 8 = 16.215, po = 1013 hPa, ang (hPa)
is the ambient pressure. At 200 mj= 0.94.

The second CPC used on the Egrett was fitted with three
diffusion disks to increase the lower size cut-off by remov-
ing smaller aerosol from the flow. As shown Bgldpausch
et al. (2009 this cut-off is in fact very gradual, and the in-
strument remained sensitive to particles down to 20—-30 nm

5 i : 5 : 5 in diameter, despite the nominal cut-off (50 % point) in de-
120 125 130 135 140 145 tection efficiency of 100 nm at 200 mb.
The Egrett aerosol inlet was mounted on the port wing of
130 132 the aircraft, protruding forward into the flow (Fig) ahead of
:  Cobourg the propeller wash. It was built to a similar design to that used
i Peninsulo in the CARIBIC experimentflermann et a).2001), to pro-
: vide isokinetic sampling (the flow speed inside the inlet tip
matches the undisturbed flow past the inlet housing). For the
' size range of particles considered in this study (10-1000 nm),
2o eflunch N Hermann et al(2001) calculated that an inlet of this type
Timor would have a 90 % transmission efficiency; larger particles
Seq will be lost due to impaction, smaller ones through diffusion
: to the wall.
There was, however, a further seven metres of stainless
I steel piping leading from the inlet to the fuselage of the
I aircraft where the CPCs were mounted, introducing poten-
: : tial loss of Aitken mode particles by diffusion to the walls.
130 132 A transmission function for aerosol as a function of size
was derived for this pipe using the model @brmley and

Melville
O\

Bathurst
Islon;gfgslond

| Ship

Fig. 2. Top: Northern Australia (cutout shown in bottom image); . o . —
bottom: a blow-up of the Darwin-Tiwi Island region — focus of the Kennedy(1949. This gave a 56% transmission for a diam

0, 0, —
ACTIVE project. The light blue line indicates the flight path of the eter of _10 nm, 80 % for 20nm an.ﬁIIQO % beyond 40nm
ARA Egrett aircraft on 23 January 2006. a function comparable to the efficiency curve of the CPC.

A check on the validity of this prediction for accumulation

mode particles was obtained by an intercomparison flight
2.2 Aircraft and payload between the Egrett and the identical CPC on the Dornier,

where the inlet length was only 2 m (for details of the Dornier
The aerosol measurements reported here are based on T&krosol inlet, sedllen et al.(2008). The two aircraft were
3010 condensation particle counters (CPCs), two of whichflown “wing-tip-to-wing-tip”, so that matching instrumen-
were flown on the Egrett and one on the Dornier. The lattertation from each aircraft should provide statistically iden-
and one of the Egrett CPCs, operated with a temperature diftical results. The intercomparison flight took place in the
ference between saturator and condenser dfahil a flow  boundary layer, where the aerosol was mainly in the accu-
rate of 11 per minute; this gives a nominal 50 % detection mulation mode. The Egrett instrument measured a slightly
efficiency for particles with diametef = 10 nm. More pre-  higher concentration than the Dornier's (FR), but within
cisely, the detection efficiency curvg(d), may be approxi-  the manufacturer’'s quoted uncertainty for particle concentra-

mated by the function: tion. These results confirm that the pipework did not affect
. the transmission of the boundary-layer aerosol, and so the

E(d)=1-a(l+exp(d — D1)/D2))"",d = Do, (1) function derived fromGormley and Kenned{1949 will be

E(d)=0.d < Dy used in segtlorﬁ when modelling the growth of the aerosol

concentration.

where Do = DyIn(a-1) + D1 with @ =1.15, D1 =113 nm Examination of the data also showed no spurious spikes in

and D, = 2.1 nm Wiedensohler et g11997. This formula  particle number when the aircraft flew in cirrus cloud, so we

gives a 50 % detection efficiency at 11.9 nm diameter. conclude that ice shattering on the inlet, which is an issue for
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Fig. 3. Port pylon of the Egrett. In the foreground is the CAPS = i o §°° R ] =—16.52
probe; above and to the left (as viewed), is the aerosol inlet. £ 6501 o & oL g’ ] l 16.48

I [ N 1 —_16.43

2 i . 1 _—_16.39
large particlesNIcFarquhar et a).2007), was not a signifi- & 600; °. ] .’12;2
cant source of particle contamination in the submicron range. § i oo | M 1626
This is consistent with the IAGOS D5 study (Petzold, per- - °°9] 5 1 W e
sonal communication, 2009) which clearly demonstrated that :é; i 32 16:17
for this design of isokinetic inlet, ice shattering does not con- 500 (% . 16.12
taminate fine or accumulation mode aerosol measurements ‘ ° ‘ ] 16.08

in cirrus clouds (but can potentially affect larger modes). 500 550 600 650 700
Dornier CPC (particles cm™)

2.3 Other instruments Fig. 4. Egrett and Dornier CPC data on the intercomparison flight.

o . Top: time line for the two CPCs Bottom: scatter plot.
A complete description of the Egrett payload is given by

Vaughan et al(2008 and only those instruments whose data
contributed to the present study are described here.

A SPEC Cloud Particle Imager (CPI-230) measured arecorded ozone over 1s. Fortunately, these were readily iden-
wide size range of cloud particles (5—875 um), by captur-tified and removed from the data.
ing images of ice crystald_éwson et al. 1998 and deliv- Three hygrometers were flown on the Egrett: one a Buck
ering a size measurement based on the image. In this in€R-2 Frost Point Hygrometer (FPHBg@sen and Buck
vestigation,>1 particle/cn? in the 10-50 um size range 1999, and the other two Tunable Diode Laser (TDL) spec-
is used to define when the aircraft was in cloud. Correc-trometers ay, 1998, an open-path and an in-board vari-
tions to the CPI-measured particle size distribution to ac-ant of the same basic design. The Buck and in-board TDL
count for depth of field and out-of-focus issues for small par-were the same instruments flown previously on the Egrett
ticles followed the procedures described @gnnolly et al.  (Whiteway et al. 2004 while the open path instrument was
(2007). Carbon monoxide was measured with resonance flunew to ACTIVE. This latter instrument was added to en-
orescence\olz and Kley, 1985 Gerbig et al. 1999 Hol- able humidity measurements in cloud as the inlets used for
loway et al, 2000. The instrument deployed in ACTIVE the other two did not remove cloud particles. The TDLs
was custom-built around the fluorescence block of an AERO-had a faster response time than the FPH (1 Hz compared to
Laser Model 502 CO sensor. The instrument was regularly0.05 Hz) but were not as accurate, while the FPH showed
calibrated, both on the ground and during flight. Data werea very slow recovery time (several minutes) after being in
collected at a frequency of 1 Hz with a precisiorde ppbv ~ cloud. On the flight considered here the open-path TDL was
and an accuracy af3 ppbv (5% at mixing ratios- 60 ppb).  scaled to the FPH in a section of cloud-free air at the be-

Ozone was measured with a model TE-49C ultraviolet ab-ginning of the flight. The NO-N@instrument deployed on-
sorption spectrometer manufactured by Analytical Systemdoard the Egrett was a modified version of the MOZAIC
GmbH, with a response time of 10-20s and a nominal acNO, instrument Yolz-Thomas et a.2005 and is described
curacy of+1 ppbv. This instrument suffered some electri- more fully in Labrador et al(2009. The detection limit was
cal interference during the flight, causing sudden changes ir200 pptv at 10 Hz and 30 pptv for an integration time of 4 s.

www.atmos-chem-phys.net/12/6157/2012/ Atmos. Chem. Phys., 12, 6 772 2012
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6000 160 ing the active monsoon period (19-24 January) this in-
] i strument measured up to 2500¢n(STP) of particles>
I ] e . 10 nm in diameter, with the vast majority of measurements
£ 55007 £ 1407 <2000 ¢cnT3 (STP). In the TTL at this time the intense con-
% E ] vective activity meant that it was difficult to find areas of
é 5000 § 120 4 cloud-free alr_ unmfluenced by conveptlon fqr over a day.
A, ] =, 1 However, the inactive monsoon which immediately followed
g ] g . (25 January to 3 February 2006) was free of deep convection,
g 45007 8 100 S allowing background aerosol concentrations in the TTL to be
5 ] g ] measured.
E 4000 E god Figure 5 summarises measurements from the two CPCs
i ] f) 1 in the TTL from a flight on 3 February, away from the in-
o ] S . fluence of convection. For the first CP& (0 nm) the me-
§ 3500 S 607 dian concentration was- 4500 cnt3 (STP) with maxima
] . < 6000cnT3 (STP); for the second the corresponding val-
3000 -] 40 ues were 100 and 160 cr (STP). These background con-

SE24 SE24 centrations allow us to place the measurements that follow,

_ _ . _ taken in convective conditions, in context.
Fig. 5. Box-whisker plots summarising aerosol concentrations mea-

sured by the two Egrett CPCs above 10km, averaged over 50s

(~ 5km) data bins, on flight SE24 on 3 February 2006. The cen-4  Nucleation case study — 23rd January 2006
tre line is the median, the boxes denote the 25 and 75 percentile and

the whiskers the 10 and 90 percentiles. Left panel: CBC1Q nm); 4.1 Flight details

right panel: CPC2 (with diffusion disks).

On this day monsoon storms formed near the coast in the

Darwin area. The Egrett took off as their anvils were be-
The instrument measured either NO alone or NO and NO ginning to dissipate; its flight path is shown in Fi2.and
(NOx), and was switched between the two modes by thesuperimposed over a contemporaneous satellite image in
Egrett instrument operator. NGneasurements only are pre- Fig. 6. The aircraft ascended to 13 km (355 K) at PiSdover

sented here. Bathurst Island, then flew south-west to 133) 129.4 W,
. retracing its path as far as 128, 130.2, before fly-
2.4 Dataanalysis ing south to 13.3S, 130.0 W, then returning via 12%5S,

) ) ~130.0 W to Darwin. The flight was designed to study the
Egrett aerosol data were grouped into two nominal sizeyjssipating anvil over the Timor Sea, beginning in clear air
ranges: greater than 10nm and greater than 100 nm, using,qp, flying into cloud.

the two CPCs. These ranges are only nominal because of
the detector efficiency curves described above; that for theg 2  Aerosol measurements
second CPC (with diffusion disks) in particular shows sig-
nificant sensitivity to particles well below 100 nm in diame- Figure7 shows the first 1.5 h of flight, as the aircraft ascended
ter. Neither counter was sensitive to partictke5000 nm be-  north-westwards over the Tiwi Islands and then flew south-
cause the isokinetic inlet and curved piping are expected tavest towards the anvil; at 14 h it was just off the coast of
have very low transmission efficiency for supermicron parti- Bathurst Island. The aircraft levelled out at 13.0h around
cles Hermann et a).200J). All the particle data were cor- 11km, in saturated air with low aerosol counts, and passed
rected for counting efficiency (E®) and adjusted to stan- through a thin cloud (CPI — dark blue line) between 13.1 and
dard temperature pressure (STP) units (equivalent to ground3.17 h as it began its ascent to 13 km. From 13.2t0 13.6 hLT
level measurements, as discussed above). For conveniendbge aircraft flew in clear air, entering cloud again at 13.66 h.
measurements from the first CPC will be referred to in thisIn cloud, the Aitken mode aerosol counts (red) were low, con-
paper as the Aitken mode and from the second CPC as thsistent with the scavenging of aerosols and precursor gases
accumulation mode. in cloud (Twohy et al, 2002, but in the intervening clear air
very high concentrations were measured (up to 28 000°.cm
STP). Figure8 shows the flight segment of Fig.overlaid on
3 Background aerosol measurements around Darwin in  the satellite image of Fig. The boundary between the high
early 2006 and low particle number concentrations and their relation to
the surrounding cloud can be clearly seen in this image.
Low-altitude measurements of aerosol particle concentra- The gas phase measurements tell a rather confusing story
tions were made by the CPC on the Dornier aircraft. Dur-for this segment of flight. Firstly, N concentrations of

Atmos. Chem. Phys., 12, 6158472 2012 www.atmos-chem-phys.net/12/6157/2012/
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Fig. 6. Egrett flight path, colour-coded with the local time, superimposed on an MTSAT channel 2 image (11.5-12.5 um). The MTSAT
image, over the Darwin area, was taken at approximately 13:20 local time.
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Fig. 7. First 1.5 h of flight, over the Tiwi Islands. The thick black line denotes aircraft altitude (km), while the other lines are as shown in the
key. Note the marked increase in aerosol concentration as the aircraft exits cloud at 13.17 h and decrease as it enters cloud again at 13.65|
The sharp drop in humidity at 13.32 h was observed independently by the three hygrometers but does not correspond to any feature in the
other three tracers (CO,3ONOx). Between 13 and 14 h the potential temperature measured by the aircraft was 350-355 K.

800-1000 ppbv would normally indicate air that had recentlyremnant of an anvil; lower CO and higheg @ere both sig-
detrained from an anvil, confirming the interpretation of the natures of recently uplifted air on this day. As the aircraft
aerosol measurements — but we know from other flightsascended between 11 and 13km, a gradual decreasg in O
that NQ, was enhanced generally in the upper tropospherecoincided with a similar increase in NObut no change in
around this timel(abrador et a].2009 and there is no cor- CO. None of the tracers showed anything like the very dra-
relation between NQand relative humidity in Figr. Ozone  matic change in humidity at 13.32 h (11.8 km) which was ob-
and CO both suggest a change in air mass as the aircraft eiserved independently by all three hygrometers: relative hu-
tered cloud at 13.65 h, consistent with this cloud being themidity with respect to ice decreased from near-saturation to

www.atmos-chem-phys.net/12/6157/2012/ Atmos. Chem. Phys., 12, 6 772 2012
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< 20%. Although there is a local increase in both the Aitken  Wind projections were initiated from the centre of the 5 km
and accumulation mode aerosol at 13.32 h, there is no corflight sections under investigation, using 50 second km)
sistent difference in either measurement between the neamedian averages of the 1-second winds. The location of
saturated lower layer and the very dry upper layer sampledhe trajectories relative to cloud was evaluated by compari-
by the aircraft. son with MTSAT infrared images. The median value of IR
The very high concentration of small particles 2 x brightness temperature (11.5-12.5 pm) was calculated over
10*cm~3 [STP]) is consistent with air having recently been a 5km radius, at the end points of the trajectories. This was
in cloud, followed by particle nucleation when the cloud dis- converted to height using a radiosonde profile measured from
sipated. However, the very dry air can only be reconcileda ship located near the Egrett path at 14:27 LT (B)g.
with descent: using the radiosonde profile from Garden Point Figure9 shows an example of the variation of cloud bright-
on the Tiwi Islands at 14:30 LT on this day, 20 % RH is con- ness temperature (left panel) derived along a trajectory. The
sistent with around 1.55km of descent, 15 % with 1.85kmcorresponding cloud top height is shown in the right panel.
and 10 % with 2.25 km of descent since the air was last satWe define the time at which the trajectory exited cloud as the
urated. The lack of contrast in ozone and CO between theoint where the derived cloud top height is equal to the air-
moist and dry sections of flight in Fig.argue against long- craft height — in this case 11.2 km, corresponding to a time
range transport being responsible for the dry layer, consiseof around 2.3 h since the air was last in cloud. This method-
tent with the presence of recently-nucleated aerosol, but welogy was applied to all the data segments.
are unable to determine from the data we have the mecha- For the wind data, uncertainties were estimated by the
nism of local descent that this implies, other than suggestingtandard deviation of the wind velocity vectors within the
a compensating displacement caused by injection of a fresb km segments. Since the MTSAT satellite scanned hourly,
convective plume. further uncertainty was introduced by the time resolution
To identify possible nucleation events during this flight, re- available in the IR images. These errors were combined to
gions when the Egrett was above 10 km and out of cloud wergrovide an uncertainty in the outflow time.
divided into 5 km sections. The criterion for identifying pos-
sible nucleation events was taken to2000 Aitken mode
particles cnt® (STP); this latter value exceeded boundary-

layer measurements made by the Dornier during this periOdI'here were found to be 115 out-of-cloud regions that po-
thus excluding any direct boundary-layer source for the ob-

served particles. The flight track was superimposed on to théentially showed signs of nucleation. Of the 115 data seg-
P ' ngr - was supermp ments with>2000 Aitken nucleicm?® (STP), 67 could be

closest MTSAT satellite image in time (infrared channel 2, analvsed using the wind proiection methodoloay above. The

11.5-12 ym); i.e. to the nearest half hour (since MTSAT data Y g broJ 9y '

were recorded hourly). Allowance was made for the 20 minother 48 occurred below higher-level cloud, so the evolution

taken for the MTSAT scan to reach the Darwin area. of cloud top height along tra!ectorle_s could not be used. qu
the 67 analysed cases, median particle number concentration

is shown as a function of the time since the parent cloud evap-
4.3 Interpretation of nucleation events orated, in Fig10. The sensitivity of the result was tested by
adding a +5K and a -5K offset to the temperature-altitude

Having identified recent nucleation events, we now tumn torelatlonshlp. This allows for the possibility of descent along

) . o . the trajectories of up to 500 m, as well as other positional
the question of time scale — how long was it since the alrerrors

) - : . .
was last in cloud? To answer this question we use the winds The Aitken mode aerosol(10nm) reached a concen-

measured on board the Egrett to project air parcels back N tion of > 20000 cnT3 (STP) after 3h, while the accu-

time for up tq 5h, 6.“ Cons_tant height. The assumptlpn of COM mulation mode (nominally 100—-1000 nm) also increased in
stant height is obviously incorrect for the dry layer in Fig.

. . . . number concentration. The latter increase is consistent with
so the analysis that follows is restricted to points where

the relative humidity over ice exceeded 70 %, correspond—Altken mode particles (20-30 nm) being detected because of

. . . S the broad efficiency cut-off imposed by the diffusion disks;
ing to a maximum descent since air exited cloud of 500 m. . ! o o .

- ) L the increase over time indicates a gradual shift in the size
Winds were derived from a combination of a Rosemount 5- .~ =~ o : . .

: distribution, bringing more particles into the detectable size

hole probe and pressure transducers, a Trimble TANS Vecfan e. This point is examined in more detail below
tor GPS attitude system and a Novatel 12-channel GPS re- ge. P ’
ceiver. A check on the validity of back-projection at con-
stant height was obtained by comparing the calculations withg Discussion
back-trajectories calculated using the British Atmospheric
Data Centre (BADC) trajectory server, based on ECMWFWe examine here the hypothesis that the storm anvil
analysis at a resolution of2x 2.5° (for further details see outgassed S© (from the PBL and/or entrained in the

Allen et al.(2009). mid and upper troposphere) which was oxidised by OH

5 Results
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Fig. 8.Infrared satellite image as in Fig, overlaid with the flight section of Fig. The flight track is colour coded with aerosol concentration

for the > 10 nm size range.

250
240
230
220

210

IR Temperature (K)

200

1904

Time (hours)

18

Cloud top height (km)

Time (hours)

Fig. 9. Variation along a trajectory taken from the above section @igThe left-hand plot shows the infrared temperature with time along
the trajectory. The right-hand plot shows cloud top height derived from the temperature; the red dashed line marks the Egrett altitude and the
time when this intersected the cloud top height, so that this trajectory was taken as exiting cloud 2.3 h prior to the aircraft observation.

(Ekman et al.2006 and further reacted with water and oxy-  Background concentrations of $@n the tropics above
gen to produce sulphuric acid. Sulphuric acid and waterl0 km are below 100 pptEhglish et al.2011 Fiedler et al.
molecules then formed clusters, leading to aerosol nucleatio2011), but concentrations can be greatly enhanced in plumes

and growth.

On the face of it, the results of Fi§0 are not inconsistent

with the modelling study o€lement et al(2006: the con-
centration of aerosal-20 nm in diameter in Figl reaches

from combustion sources (e iedler et al(2011)). Six-day
back-trajectories from the flight segment in Figcalculated
using the on-line HYSPLIT model, showed that the air origi-
nated either to the north-east (over New Guinea) or remained

10* cm—3in 3—-4 h, compared to a similar concentration after over the Northern Territory. The MODIS fire map for the pe-
~2hinthe & 10 nm) measured particles. On closer exam-riod 22—30 January 2006 (Fifj1) shows that the nearest sig-

ination however, agreement is not so goQ@iement et al.

nificant biomass burning was in Borneo and Sumatra, far to

(2006 assumed an SQOconcentration of 1 ppbv, leading to the west of the back-trajectory end-points. Together with the

an Hp SOy production rate of 1®cm3s~1. Such a concen-

measured CO concentration of 50-55 ppbyv, this rules out a

tration is very unlikely to have occurred in the Darwin area, biomass burning component to the sampled air mass.

as we now argue.

www.atmos-chem-phys.net/12/6157/2012/
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31 75 % percentile values below 150 pptv, and 90 % percentile
--------------- values below 160 pptv; excess S@as observed only on
two occasions in two thin layers (up to 270 and 380 pptv)
whose origins were not identified. Ten-day back-trajectories
from the air masses probed by the Falcon indicate that above
10 km, upper tropospheric S@vas mostly influenced by the
Indonesian boundary layer. Biomass burning was reducing
in intensity during the SCOUT-O3 campaign, consistent
with the observed decrease in $(ig. 12). As there was

no biomass burning in the Darwin area during the active
monsoon in January, it is very unlikely that the S€bn-
centration on 23 January 2006 exceeded that in December,
and 100 pptv is taken as the maximum conceivable SO
concentration during the flight considered here.

. For an estimate of OH, we first take the median upper tro-

B R e b O RS sa pospheric OH concentration of 0.23 pptv measured by the
0 Tifne outofclotd (Oumow)‘?h) 8 STRAT campaign (flown over the North Pacific between
250 1995 and 1996, at an average latitude of R2Jaegé et al.
(2001). Using the BSOy production rate ofClement et al.
(2008:

24

4_
10°;]

RHi above 70%

. ) 3
Particle Number Concentration (cm )
o
1

RHi above 70%

200
P = 10 ¥[OH][SO,Jm 3571, ©))

150
with 0.23 pptv OH (15 x 10° molecules cm3) and 100 pptv
of SO, at a pressure of 200 hPa and temperature of 223K
100 gives P ~1000cnT3s~1. This is much lower than the
A 10° cm—3s~1 used inClement et al(2008.
An alternative estimate of OH may be found using a
50 4 . global chemical transport model calculation for the time and
place of the measurement. An estimate from the p-TOMCAT
:-mw model run for the ACTIVE campaign (O. Dessens, personal
04 re——— communication, 2009) gave 0.4 pptv at 208 hPa in the mid-
0 ) 4 6 8 10 dle of the day. The corresponding relative humidity of 30v%
Time out of cloud (outflow) (h) with respect to ice is likely to be an underestimate in air that
has recently exited an anvil, so a mixing ratio nearer to 1 pptv
Fig. 10.T_riangu|ar symbols: particle number concgntration (STP) may be more appropriate in these conditions. This would
for the Aitken mode (_top plot)_, and.the accum_ulatlon mpde (bot- imply an SQ destruction rate of 4220 cms?! (assuming
tom plot) _aer.osol, agalnst the tl_me since the trajectory c_exned cloud100 pptv of SQ).
Markers indicate median particle number concentrations for the . .
A simple test of the above hypothesis can be made by

5km flight sections, and are fitted with the solid sigmoid curve for . . h b f sulohuri id | les in th
the Aitken mode. Dashed lines are the same but with cloud tempera(-esumatlng the number of sulphuric acid molecules in the

tures modified byt5 K; these indicate the sensitivity of the method Measured aerosol and comparing with the total production
to the assumption that the infrared radiance is a measure of cloudlerived using P above. For the purposes of this test, the
top height. Note that the top plot has a log-scale y-axis and the botAitken size range is assumed to contain 25 % sulphuric acid
tom has a linear scale. by mass. The minimum amount of sulphur that could be
contained in the measured aerosol is calculated by assum-
ing a monodisperse aerosol size distribution with the small-
November—December 200¥%dughan et al.2008, on the  est detectable diameter of 10 nm. Maximum aerosol con-
Falcon aircraft using lon Trap mass spectrome8pdidel  centrations were~ 25000 cnT3 (STP), corresponding to
et al, 2007). A total of 9 Falcon missions took place from 6570cnT2 in situ. This gives a sulphuric acid concentra-
Darwin during the period 16 November—9 December 2005 tion of 5.9 x 10° molecules cm®. For a production rate of
including several penetrations of deep convective anvils; for4220 cmm3s~1, this concentration would be achieved in 23
details sedriedler et al.(2011). Figure 12 shows altitude  minutes, well within the timescale implied by Fit.
profiles of SQ measured on all 9 flights. In the upper The aerosol is not monodispere however, so a more
troposphere, mean values were usually below 110 pptvdetailed calculation was performed assuming a lognormal

) ) -3
Particle Number Concentration (cm ™)
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Fig. 11.MODIS fire map for the period 22—-30 January 2006, courtesytpt//rapidfire.sci.gsfc.nasa.gov/firemaps/

aerosol size distribution: source of the particles is not therefore consistent with the ob-
served particle growth rate.
nn(D) = d_N _ Evidence that some particles grew to the 20—-30 nm range
dD after 4h comes from the CPC with diffusion disks. Using

(InD —In D)2 the same calculation as above, with a particle size distribu-
mexp _W (4) tion whose mode increases linearly with time to 19 nm af-
ter 5h, and multiplying by the detector efficiency curve of
Feldpausch et a{2006, the growth in accumulation mode
aerosol could be reproduced fairly well. Given the uncer-
tainty in the exact shape of this efficiency curve, little quan-
fitative information about the aerosol could be derived from
this CPC, but the increase in measured patrticles is a strong
qualitative indication that some patrticles are indeed reaching

whereN is the total aerosol numbeR is the diameterD is

the median (geometric mean) diameter, and the geomet-
ric standard deviation, taken here to be 1.237 nm to match th
curves in Figl. Detector efficiency curves were taken from
egn.1 for the unmodified CPC, and frofReldpausch et al.
(2006 at 200 hPa for that with diffusion disks. To simulate sizes of tens of nm over this time scale.

the results of FiglOa linear growth rate was assumed for the . o 2 mine these processes further, simulations of aerosol

particles. The timescale for the observed particle number 9 ucleation and growth were made using the AEROFOR
reach a maximum in this simple model depends only on thq,nodel presented bRirjola and Kumalg1998. The model

gfrc:p/th re;te; the dactLtJ_aI ma;xmjruhm Inltjtmber is th|en|ath:ant'lt$1nuses a 27 section representation of the aerosol distribution,
of the H,SQ, production rate. The latter was calculated with ¢, 05 10-9m to 10 x 106 m, and fully represents nu-

afixed OH concentration of 1 pptv and variableSfoncen- cleation, condensational growth and coagulation using sul-

tration. phuric acid as the primary condensable. We present results

It was found that the observed growth in particle number . -
3 . X using an S@ concentration of 100 pptv and an OH concen-
to 25000 cnT™ (STP) after 3h (FiglQ) was best simulated tration of 0.8 pptv, double the p-TOMCAT estimate, to cor-

with an SQ concentration of 50 pptv and a linear growth in respond to the maximum possible$0; production rate.

the mofehof the Tgnorm?l digtr:ib};trifn fron? Snm t()diame- The TTL conditions were modelled using a 200 hPa ambi-
ter) at our to 19nm after Sh. This result may be com- g, pressure and a temperature, taken from radiosonde mea-

parelld 2"(\’)'éh tfhe analytllcal fqr:nulae p;esintﬁd (:Bem(re]nt surements, of 220 K; the outflow humidity was taken to be
et al. (2009 for aerosol particle growth which show that a 70% for the model initiation. Because of the short time since

. _ 3.1 .
H,SOy production rate of & 10fcm3s™1 is required to detrainment of the anvil, we neglect dilution of the plume

maFch the inferred growth rate - implying an mf‘ce”' by entrainment of ambient air. The AEROFOR model was
tration of 1 ppbv. The hypothesis that $Oxidation is the

www.atmos-chem-phys.net/12/6157/2012/ Atmos. Chem. Phys., 12, 6 772 2012
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14 T T T T T T L————— The bold dotted line in Figl3 shows the expected counts

e from the unmodified CPC, calculated by multiplying the

——— 051123 aerosol size distribution at a given time with the instrument

—— 051125 . . . . L
051128 efficiency curve, equatiofh, and the pipework transmission
pediiedt function. Expected concentrations after 5h ar600 cnt3
051130 (STP) — much less than observed despite the upper limit as-
051205 sumed on the sulphuric acid production rate. This (together

particles to the observable size range.

This discrepancy between measurements and theory could
be resolved if there was another source of condensable mate-
rial, e.g. organic compoundkdukonen et a].2010. A range
of such compounds were measured on the Dornier during
ACTIVE using a tube sampler followed by off-line gas chro-
matography Allen et al, 2008. Total concentrations of or-

_ ganics of order 1 ppbv were measured in the boundary layer
between 20 and 27 January, which could have resulted in
sufficient condensable material in the storm outflow, once
the LSOy had nucleated new particles. This is consistent
with the conclusion oEkman et al(2008 based on cloud-
resolving model simulations compared with aerosol observa-
tions over the Amazon basin.

lon-assisted nucleationY§ and Turco 2001) could in-

8 Co vl / ! Lo crease the rate at which particles were formed, but does not
1 10 100 1000 explain why too few particles in the model grow to the ob-
S02, pptv se_rvable range. We note also tha_t the_,\ role of ions in nucle-
ating particles in the atmosphere is still a matter of debate —
Fig. 12. Compilation of all SQ data obtained in the altitude range ©.g-Kulmala et al.(2010; Kirkby et al.(2011).
8-12.5km, on the 9 Falcon missions conducted between 16 Novem-
ber and 5 December 2005 as part of the SCOUT-O3 campaign. At
10-12 km altitude the mean and mediany3fiixing ratios are both 7  Conclusions
around 100 pptv, with 75% and 90 % percentiles around 130 pptv
and 16_0 pptv. Note how the $Qconcentration decreases as the During the ACTIVE flight of 23 January 2006, 115 five-km
campaign progresses (cool colours at the start, warm at the end). fight sections in the TTL showed signs of recent nucleation.
Using the Egrett wind data, 67 of these were tracked back to
the anvil of a large convective storm. Much higher Aitken
also tested with a more recent nucleation parameterisatiomode aerosol concentrations were found in this detrained
by Vehkandki et al.(2002 and was found not to affect the outflow than in the boundary layer or in the anvil cloud itself.
particle concentration and growth rate for the size range ofinside cloud, the concentration of Aitken mode aerosol was
interest in this study= 10 nm). <100cnT3 (STP); downwind of the cloud, concentrations

The OH concentration was modulated with a semi- were as high as 28 000 cth(STP). These concentrations are
sinusoidal function to replicate the variation of sunlight in- consistent with similar observations in the TTL in regions
tensity during daylight hours, with simulations commenc- of deep convectionHeintzenberg et gl2003 Twohy et al,
ing 6 hours after sunrise since most convective activity in-2002.
tensified around noon local time. Sulphuric acid and total Using the wind measurements on board the Egrett to-
aerosol concentration-(0.5 nm) increase rapidly to a maxi- gether with infrared satellite images, a time scale of 2-3h
mum within 2—4 h (right, Fig13), as nucleation begins. The is deduced for observable aerosel 10nm diameter) to
sulphuric acid concentration then drops as the acid condensesach~25 000 cnt2 (STP), after air has exited a convec-
onto the ever larger population of particles; the total parti-tive anvil. In addition, there is evidence from the particle
cle concentration also decreases due to the coagulation afounter with diffusion disks of particle growth to the 20—
smaller particles into larger. A large nucleation mode exists30 nm range over a period of 4 hours. Simple estimates of
up to 5h (see 0.5, 1, 2 and 5 h curves); the emergence of theulphuric acid availability, based on measurements afi8O
Aitken mode is not evident until 8 h, when a “shoulder” ap- the first phase of the ACTIVE campaign and OH estimates
pears in the size distribution. from a global model, suggest that sufficient acid should be

% with the observed increase in signal on the second CPC) sug-
12 . . gests that the model seriously underestimates the growth of

Height, km

0
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Fig. 13.left: Aerosol size distribution as a function of wet diameter, Dp. The background8aentration was set at 100 pptv and the acid
production was semi-sinusoidally varied to replicate daylight hours. Concentration is adjusted to STP units. Right: Concentrations calculated
numerically as a function of time for molecular sulphuric acid$®€y), total aerosol number (above 0.5 nm), and aerosol humbers with
diameters over 9 nm and 24 nm. Bold dotted line shows expected counts on the unmodified CPC, using the efficiency cunendftie.
pipework transmission function

present to explain these observations. However, a detailed area during the wet season. J. Geophys. Res, 113, D06306,
model of aerosol nucleation and growth was unable to pro- doi:10.1029/2007JD008708008.

duce sufficient numbers of particlestO nm over the requi-  Allen, G., Vaughan, G., Brunner, D., May, P. T., Heyes, W., Minnis,
site time scale. This suggests either that models of aerosol P-» and Ayres, J. K.: Modulation of tropical convection by break-
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tribute to aerosol condensation and growth in the TTL. J. M.Hansel, A., Hoor, P., Kormann, R., Krejci, R., Lange, L.,
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