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Abstract. Processes occurring in the tropical upper tropo- broader atmospheric context. Also a juxtaposition of the sub-
sphere (UT), the Tropical Transition Layer (TTL), and the micron particle data with previous measurements over Costa
lower stratosphere (LS) are of importance for the global cli-Rica and other tropical locations between 1999 and 2007
mate, for stratospheric dynamics and air chemistry, and foNASA DC-8 and NASA WB-57F) is provided. The sub-
their influence on the global distribution of water vapour, micron particle number densities, as a function of altitude,
trace gases and aerosols. In this contribution we presentere found to be remarkably constant in the tropical UT/LS
aerosol and trace gas (in-situ) measurements from the tropaltitude band for the two decades after 1987. Thus, a param-
ical UT/LS over Southern Brazil, Northern Australia, and eterisation suitable for models can be extracted from these
West Africa. The instruments were operated on board ofmeasurements. Compared to the average levels in the period
the Russian high altitude research aircraft M-55 “Geophys-between 1987 and 2007 a slight increase of particle abun-
ica” and the DLR Falcon-20 during the campaigns TROCCI- dances was found for 2005/2006 at altitudes with potential
NOX (Aracatuba, Brazil, February 2005), SCOUT-O3 (Dar- temperatures@, above 430 K. The origins of this increase
win, Australia, December 2005), and SCOUT-AMMA (Oua- are unknown except for increases measured during SCOUT-
gadougou, Burkina Faso, August 2006). The data coveAMMA. Here the eruption of the Soufere Hills volcano in
submicron particle number densities and volatility from the the Caribbean caused elevated particle mixing ratios. The
COndensation PArticle counting System (COPAS), as wellvertical profiles from Northern hemispheric mid-latitudes be-
as relevant trace gases like®, ozone, and CO. We use tween 1999 and 2006 also are compact enough to derive
these trace gas measurements to place the aerosol data int@garameterisation. The tropical profiles all show a broad
maximum of particle mixing ratios (betweé&h~ 340K and
390 K) which extends from below the TTL to above the ther-
Correspondence tdS. Bor_rmann mal tropopause. Thus these particles are a “reservoir” for
BY (stephan.borrmann@mpic.de)
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vertical transport into the stratosphere. The ratio of non-TTL is given by specifying a lower TTL “boundary” level of
volatile particle number density to total particle number den-®=355K potential temperature (equivalent to 150 hPa am-
sity was also measured by COPAS. The vertical profiles ofbient pressure, or 14 km of altitude) and a TTL top level
this ratio have a maximum of 50% above 370K over Aus- with the corresponding values of 425K, 70 hPa, and 18.5 km.
tralia and West Africa and a pronounced minimum directly Since the tropical tropopause typically is located at potential
below. Without detailed chemical composition measure-temperature® =~ 380K, or roughly 16 to 18 km altitude, it
ments a reason for the increase of non-volatile particle fracis situated within the TTL. The latitudinal boundaries of the
tions cannot yet be given. However, half of the particles fromTTL are given by the subtropical jets and thus the TTL can
the tropical “reservoir” contain compounds other than sul-be considered as sub-volume of the UT/LS region, and as
phuric acid and water. Correlations of the measured aerosdhterface between the free troposphere and the stratospheric
mixing ratios with NO and ozone exhibit compact relation- overworld. The intermediate dynamical and radiative charac-
ships for the tropical data from SCOUT-AMMA, TROCCI- teristics of the TTL with several weeks of air residence times
NOX, and SCOUT-03. Correlations with CO are more scat- (Ploger et al., 2010; Kiger et al., 2009) allow microphysi-
tered probably because of the connection to different pol-cal and chemical processes to greatly affect tropospheric air
lution source regions. We provide additional data from theentering the stratosphere.
long distance transfer flights to the campaign sites in Brazil, The aerosols in the tropical upper troposphere and TTL
Australia, and West-Africa. These were executed during amost likely contribute significantly to the particles of the
time window of 17 months within a period of relative vol- global stratospheric Junge layer (Brock et al., 1995), and may
canic quiescence. Thus the data represent a “snapshot pigfluence the transport of water vapour into the stratosphere
ture” documenting the status of a significant part of the global(Corti et al., 2008; Gettelman et al., 2009; Luo et al., 2003a).
UT/LS fine aerosol at low concentration levels 15 years af-Water vapour contained in the upwelling air is removed in
ter the last major (i.e., the 1991 Mount Pinatubo) eruption.significant amounts within the TTL through freeze drying in
The corresponding latitudinal distributions of the measuredthin visible, subvisible and opaque cirrus. This is the basis
particle number densities are presented in this paper to proef the stratospheric water vapour tape recorder phenomenon
vide data of the UT/LS background aerosol for modelling (Mote et al., 1996; Randel et al., 2001; Randel et al., 2004).
purposes. The formation of cirrus and subvisible cirrus is dependent
on the properties of the aerosol (Thomas et al., 2002; Peter
et al., 2003; Luo et al., 2003b; Davis et al., 2010) although
the exact mechanisms leading to nucleation and cloud forma-
1 Introduction tion in the TTL still are unknown (Froyd et al., 2009). From
in-situ cloud and submicron aerosol particle data, de Reus
In the upper troposphere and lower stratosphere (UT/LSkt al. (2009), showed that in the tropical upper troposphere
aerosols influence the radiative budget and the actinic fluxegypically one in 3000 aerosol particles can be activated to
for photochemical reactions, serve as condensation nucleiorm an ice particle with occasional values as high as one

for altocumulus and cirrus cloud formation @mner et al.,  in 300 and as low as one in 30000. More recently Froyd
2009), and provide sites for heterogeneous chemical reacet al. (2010), presented air-borne mass spectrometric com-
tions (Borrmann et al., 1997). position measurements of ice residues from tropical cirrus

Of particular importance for many of the aerosol and cloudand subvisible cirrus clouds. They concluded that most ice
related processes in the tropics is the so-called Tropical Tranresiduals consisted of internal mixtures of neutralised sul-
sition Layer (TTL) within the UT/LS. It is defined as the phate and some organics (similar to liquid sulphuric acid
altitude band between an upper “boundary level” somewhadroplets) and that mineral dust or other heterogeneous nuclei
above the thermal tropopause and the level of net zero rado not play a role in cirrus formation. How much this can
diative heating as lower “limiting surface” (Fueglistaler et be generalised is an open question as other studies indicate
al., 2009). This lower boundary often also is close to thethe importance of metals (Cziczo et al., 2009, and references
level of neutral buoyancy where convection — with the excep-therein), mineral dust (DeMott et al., 2003; Zimmermann et
tion of occasional overshooting — does not suffice to lift air al., 2008; Kulkarni and Dobbie, 2010), and organics (Murray
parcels any higher. Based on measurements over Costa Ried al., 2010).
and Australia, Park et al. (2007), proposed that the TTL may According to current belief, the major source for aerosol
consist of two layers: The upper TTL being characterised byparticles in the lower stratosphere is gas-to-particle conver-
slow radiatively driven vertical ascent, and the lower TTL sion of precursor gases like OCS, £and SQ ultimately
being influenced by convective outflow. In the lower TTL forming binary sulphuric acid/water droplets (Thomason and
detrainment of air occurs which was lifted from as far be- Peter, 2006; Wilson et al., 2008; see especially 8iptlal.,
low as the boundary layer and possibly processed by dee@010). Brock et al. (1995) suggested that fine and ultrafine
convective cumulonimbus clouds. In the recent review papeiparticles present or formed in the tropical upper troposphere
by Fueglistaler et al. (2009), a “synthesis definition” for the can be transported into the stratosphere. Organic components

Atmos. Chem. Phys., 10, 5573592 2010 www.atmos-chem-phys.net/10/5573/2010/



S. Borrmann et al.: Aerosols in the tropical and subtropical UT/LS 5575

also may be involved (Ekman et al., 2008; Froyd et al.,while more complex composition including organic materi-
2009) in the homogeneous new particle formation. This isals may be found in the TTL. Also, metals, possibly soot and
supported by mass-spectrometric in-situ measurements frorhiomass burning residues can play a role for the chemical
Murphy et al. (1998), who found that “organic material was composition.

almost always present” in the UT/LS particles. In addition, It is quite clear that the mechanisms controlling particle
the UT/LS particle mass spectra from Murphy et al. (1998), production, ageing and composition, as well as the global
indicated the presence of metals like iron, magnesium, andpatial and temporal distribution of the sources are to a large
even mercury. Also Nielsen et al. (2007) detected solid parextent unknown or at least un-quantified for the tropical
ticles of unknown origin in the tropical lower stratosphere. UT/LS and the TTL. Obviously, this short (and incomplete)
A study based on numerical simulation of observed in-situsurvey of the recently gained knowledge demonstrates that
data indicates that ion induced nucleation in the UT/LS fa-an increasingly complex picture evolves with respect to the
cilitates gas to particle conversion for the$04/Ho0 sys-  microphysics and dynamics of the tropical UT/LS and in par-
tem (Lee at al., 2003; Lovejoy et al., 2004) and thus may beticular the TTL aerosols. This complexity is also reflected in
an important source of UT/LS aerosols. According to LeeCCM and CTM (e.g., Palazzi et al., 2009pBér et al., 2010)

et al. (2004), inside tropical upper tropospheric cirrus cloudsand mesoscale models (e.g., BOLAM; Fierli et al., 2009)
new particle nucleation events can occur. However, the sigwhich include TTL properties.

nificance of this source for the global UT/LS aerosol and the The aims of this study are: (1) To provide in-situ data for
underlying mechanisms are still unknown. Based on recensubmicron particle number densities at altitudes above 14 km
laser ablation mass spectrometric in-situ measurements in thguring the time of relative volcanic quiescence (from Jan-
TTL over Costa Rica, Froyd et al. (2009) showed that signif-uary 2005 until August 2006, although at the end of this
icant numbers of particles with sizes above 500 nm contairperiod a small eruption played a role). The data include,
oxidised organic compounds. They also conclude that then addition to the local mission flights, transfer flights of
chemical composition of these larger particles in the tropi-the Russian M-55 high altitude research aircraft “Geophys-
cal TTL depends on tropical dynamics, regional sources (im-ca” and the DLR Falcon-20 from Europe to Brazil (TROC-
plying boundary layer processes as well) and the occurrenc€INOX, 2005), to Northern Australia (2005), and to West
of overshooting cumulonimbus clouds. Furthermore, evi-Africa (SCOUT-AMMA, 2006). (2) To relate these measure-
dence has been presented by Popp et al. (2006), Hervig anflents to 1999-2007 data from other tropical locations like
McHugh (2002), suggesting (like Hamill and Fiocco based Costa Rica and to earlier data from Hawaii. (3) To show ver-
on theoretical considerations already in 1988) that nitric acidtical profile in-situ data of submicron particle number con-
trihydrate (NAT) particles are present in the tropical transi- centrations up to 20 km altitude from Brazil, West Africa
tion layer. Based on numerical simulations of the micro- and Northern Australia, and place these into a broader at-
physics and thermodynamics and on global modelling, it wasmospheric context (4) To present and discuss results from
hypothesised that these may even form a “tropical tropopauseneasurements of non-volatile residues.

NAT belt” (Voigt et al., 2008) although robust evidence for  The main instruments used to obtain the data are spe-
this is still lacking. cialised condensation particle counters (CPCs). For the M-
A comprehensive, recent overview of the mechanisms unss “Geophysica” this is the COPAS (COndensation PArticle
derlying stratospheric aerosol microphysics and chemistrycounter System; see Weigel et al., 2009) while an NMASS
as well as observations, volcanic influence, climatology,instrument was operated by the University of Denver on the

trends, and modelling of stratospheric aerosols including refNASA DC-8 and NASA WB-57F. Similar instruments were
erences to the relevant literature were presented by Thomamplemented on the German DLR Falcon-20 and a balloon
son and Peter (2006) in the WRCP SPARC Assessment Resorne CPC was utilised by the University of Wyoming. In
port No. 4 and in Chapter 3 of WMO (1999). addition measurements of gaseous species |i®@,dzone

Summarising, the aerosols in the upper troposphere angnd CO from the M-55 “Geophysica” flights are presented in
lower stratosphere seem to originate (1) from gas-to-particlegnnection with the aerosol data.

conversion processes, possibly involving organic substances,

and possibly influenced by ions induced from cosmic rays,

as well as (2) from lifting processes (like deep, overshoot-2 Atmospheric context of the TROCCINOX, SCOUT-

ing convection) which transport gases and particulate ma- O3, and SCOUT-AMMA field campaigns

terials from the boundary layer to the UT/LS. (3) Cirrus

clouds also may play a role as sources for submicron parThe measurements presented here originate from local flights
ticles. (4) Aerosols present in the tropical UT may form a of the M-55 “Geophysica” and the German DLR Falcon-20
reservoir of particles amenable for transport into the lowerresearch aircraft during the campaigns: TROCCINOX (from
stratosphere. (5) With respect to the chemical compositiomAragatuba, Brazil; Schumann, 2005), SCOUT-0O3 (based in
of the aerosol particles, sulphuric acid-water solutions are asbarwin, Australia; Vaughan et al., 2008; Brunner et al.,
sumed to be the major components in the lower stratospher2009), and SCOUT-AMMA (from Ouagadougou, Burkina
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Fig. 1. Routes of the transfer flights for the M-55 “Geophysica” with intermediate landings between January 2005 and August 2006. The
boxes indicate the areas where local research flights were carried out.

Table 1. Locations and times of the tropical campaigns TROCCINOX, SCOUT-03, and SCOUT-AMMA with the Russian M-55 “Geophys-
ica” and the German DLR Falcon-20 research aircraft.

TROCCINOX SCOUT-03 SCOUT-AMMA
Time period Jan—Mar 2005 Nov—Dec 2005 Jul-Aug 2006
Location of local Aragatuba Darwin Quagadougou
mission flights Brazil Australia Burkina Faso
at latitude and lon- 21°8'37’ S lat. 12°280" S lat., 12°2213" N lat.
gitude 50°25'34" W long. 130°50'1” E long. 1°3129” W long.
Transfer flights Oberpfaffenhofen Oberpfaffenhofen Verona
originating from Germany Germany Italy

at latitude and
longitude

Transfer flight

time period to cam-
paign site

Return transfer
flight period

Campaign website

Reference for cam-

paign overview

48°5'0" N lat.

11°170” E long.

20 Jan 2005

until

27 Jan 2005

24 Feb 2005

until

2 Mar 2005.
http://www.pa.op.dir.de/
troccinox/

Schumann (2005)

48°50"N lat.
11°170” E long.
4 Nov 2005
until
12 Nov 2005
9 Dec 2005
until
17 Dec 2005
http://www.ozone-sec.ch.cam.
ac.uk/scoub3/field campaigns/
Darwin/

Vaughan et al. (2008),
Brunner et al. (2009)

45°2345' N lat.

10°53'19" E long.

31 Jul 2006

until

1 Aug 2006

16 Aug 2006

until

17 Aug 2006
http://amma.igf.fuw.edu.pl

Cairo et al. (2010a)
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Faso; Cairo et al., 2010a). Also data are shown from thecember 2005 was much more influenced by uplift from the
transfer flights to the various campaign locations. The flightregional boundary layer.

routes of these transfers are shown together with the inter- Cross hemispheric transport: Real et al. (2010) used
mediate stops in Fig. 1. Table 1 provides relevant details oBOLAM mesoscale model calculations (Fierli et al., 2010)
the campaigns, the transfers, as well as websites for the pain conjunction with trace gas measurements to confirm the
ticipating research aircraft, their instrumentation, and flight presence of biomass burning plume remnants from central
patterns. In the time frame of the M-55 “Geophysica” trans- African fires in the upper troposphere. These were sampled
fer flights to Brazil and to Australia the DLR Falcon-20 also during the M-55 “Geophysica” flight on 13 August 2006
travelled at lower altitudes to these campaign locations perwith corresponding signatures in CO, gNO, NOy, and

forming measurements underway. submicron aerosols. According to their study the pollutants
remained over central Africa for 9 to 12 days before being

360 K potential temperature altitudes. Thus interhemispheric

The following paragraphs briefly describe — mostly from a :/r\/aelst%:ticzay contribute to the composition of the TTL over

trace gas measurement perspective —the broader atmospherlcOVershootin convection-Also from the analvses of two
situation during which the campaigns were performed. 9 : y

flights by Homan et al. (2010), it was concluded that over-
e . i shooting convection did not have a major influence on the
Quasi biennial oscillation: According to the analysed 11| composition for West Africa, while the in-situ mea-
data from the Singapore station (as presented by the Institutg,rements from Northern Australia, and also from Brazil
for Meteorology, Freie Universit Berlin), the QBO (marked  ,6vided direct evidence for this process (de Reus et al.,
by the 10m/s isotachs) was in its westerly phase betweeBngg: cCorti et al., 2008). Fierli (unpublished) and Khaykin
80 to 30hPa in January 2005 and between 80 and 70hPg; 5 (2009), do show evidence for overshooting over West
still in September 2005. Afterwards the easterly phase Wasrica. As a result evaporation of the ice particles lead to hy-
fully established throughout the stratosphere. The follow-gration within the TTL and lower tropical stratosphere (Corti
ing downward propagating westerly phase passed the 30 hFg 5| 2008) during TROCCINOX and SCOUT-03.This is in
level in February 2006 and reached flight altitudes in May rgasonable agreement with the analysis of Law et al. (2010),
2006. Thus TROCCINOX took place in the westerly phase, 5though they found an influence from lower stratospheric air

SCOUT-0O3 in the easterly, and SCOUT-AMMA againin the the mid and upper TTL during the SCOUT-AMMA cam-
beginning westerly QBO phase (Cairo et al., 2010a; Brunnerpaign period.

etal., 2009). Isentropic mixing of extratropical stratospheric air
Boundary layer influence through convective outflow:  and cross subtropical tropopause transport:Based on the
SCOUT-AMMA was performed during the West African in-situ measurements of0 Homan et al. (2010), estimated
monsoon wet season. In order to characterize the TTL ovethe contribution of aged extratropical stratospheric air within
West Africa Homan et al. (2010), analysed CO, £@nd  the TTL over West Africa to be zero at levels up to 370K and
other trace gas data. From the £@easurements they to be smaller than 20% at higher altitudes390 K).
conclude that convective outflow significantly influenced the
composition of the TTL between the 350 K and 370K poten-2.2 Instrumentation for submicron particle and trace
tial temperature levels by importing boundary layer air. At gas measurements
the same time the ozone data indicate the presence of more
aged air. Law et al. (2010), analysed air mass origins inThe aerosol number concentration of ambient aerosol par-
the TTL during August 2006 using domain filling trajecto- ticles with size diameters between 6 nm and roughly 1 pum
ries over West Africa. Whilst most air masses were alreadywas measured using two independent COndensation PAr-
residing in the TTL during the 10 days prior to the measure-ticle counter Systems (COPAS, Weigel et al., 2009), each
ments, up to 39% of the air masses in the mid-TTL belowhaving two channels. Three of the four channels sam-
370K were “perturbed” by injection of lower tropospheric ple the ambient aerosol with cut-off diameters (in terms
air from Asia, India, and oceanic regions (Law et al., 2010).of 50% detection efficiency) of 6, 10 and 14 nm, respec-
Fierli et al. (2010), used a regional mesoscale model togethetively. Because of the inlet design the upper size limit for
with the M-55 “Geophysica” observations of water vapour, the sampled patrticles is roughly 1um. The total aerosol
ozone, CQ, and aerosol to demonstrate that signatures of thenumber concentration in cnd for particles with diameters
detrainment from deep convection of mesoscale convectivdarger than 6, 10 and 14nm is denoted Mg Nio and
systems can be found as high as 17 km, and possibly higheN14 throughout this paper, while the particle mixing ratios
in some cases. Furthermore, the vertical ozone profiles seeifin number of particles per milligram of air) are given in
to indicate (Homan et al., 2010) that — in comparison with lower case asg, n10, n14, Or n. The fourth channel heats
West Africa in August 2006 — the TTL over Darwin in De- the sampled air containing the ambient aerosol particles to
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Fig. 2. Number densities and variability of submicron partichég Ng, N1g (i.e. with size diameters larger than 5nm, 6 nm, 10 nm, and
smaller tharr1 um) as function of geographical latitude and altitude (in potential temperature) from the transfer flights. In all panels the
filled dots and open circles associated with the black lines represent medians of five degree latitude bins and the coloured data points are 15
flight time averages. Upper left panel: The line with the open circles includes flights between Germany and Brazil (20 to 27 January 2005;
return: 24 February until 2 March 2005). The filled symbols refer to the transfer to Australia (4 until 12 November 2005) and back (9 until
17 December 2005). Upper right panel: Concentratidig) of the transfers from Europe to Burkina Faso (31 July and 1 August 2006) and
back (16 and 17 August 2006). Lower panels: Latitudinal profile@gin the 9 to 12 km altitude band between Europe and Brazil (left) and
between Europe and Australia (right).

250°C (for a flow rate dependent duration between 3 andin such (rare) circumstances fluctuations in the data may be
6 s) prior to the detection of the grown droplets. This way due to counting statistics. At the cruise speed of the M-55
volatile ambient particles completely evaporate and only par“Geophysica” (near 200 n$) these 15s flight-time aver-
ticles containing non-volatile residues larger than 10 nm areages correspond to 3 km horizontal resolution along the flight
counted as number densityiony (cm—3) or mixing ratio  path and for the typical ascent rate of 10T & vertical res-
nionv (Mg~1). For stratospheric measurements this impliesolution of 150 m results for the vertical profiles. The data
that binary solution droplets of sulphuric acid and water or of this paper represent the aged aerosol fraction because ei-
ternary BSOy/H,O/HNO3 droplets evaporate resulting in ther no “new particle formation” events occurred during the
zero counts of this channel. Only if, for example, particles of flights or such data were removed. (Usually such “nucleation
meteoric origin are contained inside these growing dropletsevents” are associated with particle number densiigbe-
their metallic or mineral core will not evaporate and the resid-ing much larger thatv,4 (Curtius et al., 2005; Heintzenberg
ual particles are detected as non-zero counts (see e.g., Curties al., 2003).) A full experimental characterisation of CO-
et al., 2005). PAS with laboratory and aircraft borne experiments has been

From the 1 Hz data delivered by COPAS typically 15 s av- Performed by Weigel et al. (2009).
erages are calculated and displayed as running means in the Also on board of the M-55 “Geophysica” a Multiwave-
figures below. The counting statistics are such that the sensdength Aerosol Scatterometer (MAS; Cairo et al., 2004,
detects around 100 counts per second for ambient concentr@010b; Buontempo et al., 2006) was operated, which is a
tions as low as 20 particles per 8mOnly at atmospheric  backscatter sonde for in-situ measurements of optical air and
particle concentrations as small as 2¢hthe count rate of  aerosol parameters. The MAS measures volume backscat-
the heated channel can drop to values as low as 30 per 15 &r ratio and depolarization ratio of the air in the vicinity of
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the aircraft at 532 nm and 1064 nm with a time resolution of e
5s. For the backscatter ratio the measurement precision is \>.
5% and the accuracy 0.05. Its data can be used for the de j
tection of cloud and aerosol particle ensembles and based o1, “]
the polarization measurements, shape, and hence phase, 1_"3
the optically active particles (i.e. those with size diameters
larger than approximately 0.2 um) can be discerned.

Nitrous oxide was measured on the M-55 “Geophysica”

20 1

Degrees Lati

with 90 s time resolution by means of the High Altitude Gas o & [HoeciOXMSS Geophyslcat H, .S.
—— TROCCINOX, DLR Falcon-20, N,

Analyzer (HAGAR; Volk et al., 2000; Homan et al., 2010) SCOUT-03, M-55 "Geophysica®, N,
which is a two-channel in-situ gas chromatograph. The pre- SCOUT-03, DLR Falcon-20, Ny '/\_\

.. . —@— SCOUT-AMMA, M-55 "Geophysica”, N,
cision and accuracy of theJ® measurements is better than 20 | _g— SCOUT-AMMA, DLR Falcon-20, N,
1.5%. Carbon monoxide measurements were provided with ; o o 1000
0.25Hz sampling rate, a lower detection limit of a few ppbv, Particle number concentration N in cm™

1% precision, and 6—9% accuracy by the COLD (Cryogeni-
cally Operated Laser Diode; Viciani et al., 2008) instrument. Fig. 3. Summary of the submicron particle concentration latitude
The Fast OZone ANalyzer (FOZAN; Yushkov et al., 1999; profile data of Fig. 2 from the transfers of the DLR Falcon-20 and
Ulanovsky et al., 2001) delivered ozone mixing ratios at athe M-55 “Geophysica” between Europe and Brazil, Australia, West
rate of 1 Hz with an accuracy of 10%. The ambient tem- Africa in 2005 and 2006.
perature, was measured using a Thermo Dynamic Complex
(TDC) probe with an accuracy of 0.5K (Shur et al., 2007), from 315K to 355K for the altitude range from 9km to
while other relevant parameters as position and true air speeti2 km. Figure 3 shows the medians of this data, including
have been adopted from the onboard navigational systeradditional DLR Falcon-20 measurements from the transfers
UCSE (Unit for Connection with the Scientific Equipment; to West Africa which are not shown in Fig. 2.
Sokolov and Lepuchov, 1998). From the data at potential temperature levels above 367 K,
Measurements of particle concentrations (h&kte Nig and slightly above the tropopause, an increase in particle
and Ns) also were performed on board of the DLR Falcon- humber densities from values near 20chat higher lat-
20 within the 9 to 12km altitude band deploying a set of itudes to values around 100crhcan be seen in Figs. 2
on board CPCs (Weinzierl et al., 2009; Minikin et al., 2003). and 3 for the transfer routes. The increase towards the
Other data for this paper originate from balloon-borne in-situtropics originates from the fact that the M-55 “Geophysica”
measurements by means of a condensation particle counteyas mostly flying at constant cruising altitudes (and always
(Rosen and Hofmann, 1977) during the SCOUT-AMMA above the tropopause) which implies that in the northern lat-
campaign (2006) from Niamey, Niger, Africa. The particle itudes stratospheric air was sampled and at lower latitudes
measurements from the DC-8 and WB-57F (both NASA op-air masses closer to the tropopause were encountered. Al-
erated) were performed between 1999 and 2007 adopting though in Fig. 3 there are small differences between the M-
CPC of type NMASS from the University of Denver (Wilson 55 “Geophysica” measurements during these transfers, over-
et al., 1983; Brock et al., 2000). The Russian M-55 “Geo- all the values and their latitudinal changes are remarkably
physica” and the NASA WB-57F are high altitude researchclose. The number concentrations of 10 to 50 particles per
aircraft capable of reaching 21km and 16 km, respectivelycm® from the M-55 “Geophysica” flight across the Saha-
while the NASA DC-8 and DLR Falcon 20 have a ceiling ran desert in Fig. 3 fit well into the range of concentrations
near 12 km, and the balloons ascend4®0 km. These plat- found at the same latitudes during the other flights. Thus
forms provided access to the tropical middle and upper trofor the times between January 2005 and July 2006 the mea-
posphere, the lower stratosphere, and the TTL. sured number densities of small particles were fairly homo-
geneous along the different latitude bands. At lower altitudes
within the 315K to 355K levels the DLR Falcon-20 data
3 Results and discussion show values between 100 and 500 particles pet. dRtom
six CARIBIC flights across Africa in the year 2000 Heintzen-
3.1 Background concentrations of submicron particles  berg et al. (2003) reported values g, which were up to
in the UT/LS factor of five higher than what we measured 1614 during
the SCOUT-AMMA transfers. Since the flight altitudes of
The latitudinal distribution of the measured particle num- the DLR Falcon-20 and the CARIBIC commercial airliners
ber concentrationd’s, Ng, N1 from the transfer flights (see were well within the tropical mid to upper troposphere, it is
Fig. 1, Table 1) is shown in Fig. 2. The upper panels cover al-not surprising that the number densities differ and that the
titudes between 12 kntg(~ 350K) and 18.7 km® ~ 460), variability — as seen in the lower panels of Fig. 2 — is much
and the lower panels correspond to potential temperaturerger than above the tropopause.
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Fig. 4. Vertical profiles of COPAS particle mixing ratios as function of potential temperature (in K) for the transfer to/from Darwin and

the local flights in Australia. The symbols are medians of 10K bins and the bars denote 25% and 75% percentiles. Left panel: Vertical
n10 profile measurements during the intermediate descents and ascents from the transfer flight airports between Oberpfaffenhofen (“OPH”,
Germany) and Darwin (Australia). The denominations (and colours) refer to the geographical locations of these airports with “m” (dark
green), “st” (blue), and “t” (red) standing for “mid-latitude”, “sub-tropical”, and “tropical”. Similarly, the mid-latitude and sub-tropical data

are comprehended in the blue and green curves. Right panel: Vertical profileg obtained over Darwin. Here the colour code refers

to the flight dates on the right side of the legend and the small points represent 15s averages. The potential temperature of the cold point
tropopause was near 375K.

3.2 \Vertical profiles of submicron particle mixing ratios maximum between 360K and 380 K. (Note: According to
in the tropical UT/LS between January 2005 and the flight trajectories the values above 8000 particles per mg
August 2006 on 16 November 2005 at 360 K may have been caused by

the M-55 “Geophysica” crossing its own contrail; Weigel et
al., 2009). Figure 5 contains the local profiles from Oua-
gadougou in West Africa. Here the right (green) ensemble
of points also indicates a strong increase of particle mixing
ratios (like in the right panel of Fig. 4) near 360 K within the

_ The left panel in Fig. 4 contains the COPAS vertical pro- t1|__(The red points (left curve) are discussed in Sect. 3.4.)
file measurements from the landings and take-offs for the

intermediate stops between Germany and Australia. The For placing the measurementsinto a more general perspec-
data are classified into tropical, sub-tropical, and mid-latitudetive a summary of the data is provided in the left panel of
profiles. For this placement of the respective airport lo-Fig. 6. The vertical profiles from Brazil, Burkina Faso, and
cations the updated “‘@ppen-Geiger climate classification” Australia are shown (both: M-55 “Geophysica” above 350 K,
was adopted (Kottek et al., 2006). Evidently, the particleand DLR Falcon-20 below 340 K) together with previously
mixing ratios over the entire altitude range increase towardgublished data (Brock et al., 1995) from extratropical lati-
the tropics (left panel). The right panel contains the data fromtudes (purple line) and the tropics (black line). The cold point
the individual local flights over Darwin showing a distinct tropopause above Ouagadougou was between 365 and 370K,

A subset of theig, n10, n14, n10nv vertical profiles obtained
from the transfers to and from Darwin and the local flights
from Darwin and Ouagadougou is shown in Figs. 4 and 5.

Atmos. Chem. Phys., 10, 5573592 2010 www.atmos-chem-phys.net/10/5573/2010/



S. Borrmann et al.: Aerosols in the tropical and subtropical UT/LS 5581

above Darwin around 375K, and near 380 K over Aracatuba.
The tropical profile from Brock et al. (1995) contains data 500 -
from northern and southern hemispheric tropical locations
between 1987 and 1994, where the Pinatubo period was re-
moved. Between roughly 340K and 440K all tropical pro-
files exhibit remarkable closeness over the 19 years and over
the different locations around the globe. At the same time

SCOUT-AMMA

4807 M-55 "Geophysica"

460 -

the significant difference between tropical and extratropical s Ny
profiles is evident (also when comparing with the left panel 440 - o Ny
of Fig. 4). Apparently — somewhat in analogy to the (global) e N
stratospheric Junge layer higher above — a kind of layer of e Ny,

small particles spans the tropical band with maximum mix- 207

ing ratios between 340 and 390 K. This broad maximum ex-
tends from below the TTL to above the thermal tropopause.
Based on model calculations and trajectory analyseg)é?!

et al.,, 2010; Kiger et al., 2009; Fueglistaler et al., 2004)
the time for upward transport from 340K to 400 K roughly
is 1 to 2.5 months. Thus the interpretation from Brock et

—o— Median n g

—o— Mediann,, .

400 -

380 4

Potential temperature in K

al. (1995), of the tropical upper troposphere being a source 360 11Nt

for stratospheric particles seems to be valid for the global

tropical latitude belt. Furthermore, when disregarding the 340 | | .

long time gaps between the samplings and ignoring the large 10 100 1000 10000
perturbations caused by the 1991 Mt. Pinatubo eruption, the Particle mixing ratio n in mg'1

profiles in Fig. 6 suggest that the characteristics of this par-
ticle source have remained rather constant over almost Weig 5 vertical profiles of ambient particle number mixing ratios
decades. At altitudes between 440K and 500K some dif+;; from all of the M-55 “Geophysica” local flights out of Oua-
ferences occur, the origin of which remains unclear. For thegadougou (Burkina Faso) in August 2006. The small points are
observations in Burkina Faso a small volcanic eruption is thel5 s averages and the open symbols represent medians of 10K bins
most likely cause (see Sect. 3.4). The increase over Braziith 25% and 75% percentiles. The red points are the values for
probably is connected with import of mid-latitude air becausenon-volatile particlesiion,). The cold point tropopause during
Aracatuba is at 225 and close to the subtropical jet. SCOUT-AMMA was roughly between 365 and 370 K.

The closeness of the tropical vertical profiles allows us
to formulate a parameterisation of submicron particle abun-
dance for the use in microphysical, chemical, or global chem{from Brock et al. (1995), is of unknown origin. However
istry and transport models. The parameterisatiof) in the difference in number mixing ratios is small enough that —
Eq. (1) represents the tropioag particle backgr