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Abstract. An aircraft measurement campaign involving the pled air masses downstream of the “cold trap” region over In-
Russian high-altitude aircraft M55 Geophysica and the Ger-donesia. Abundant cirrus clouds enabled the study of active
man DLR Falcon was conducted in Darwin, Australia in dehydration, in particular during two TTL survey flights. The
November and December 2005 as part of the European ineampaign period also encompassed a Rossby wave break-
tegrated project SCOUT-O3. The overall objectives of theing event transporting stratospheric air to the tropical mid-
campaign were to study the transport of trace gases througtile troposphere and an equatorial Kelvin wave modulating
the tropical tropopause layer (TTL), mechanisms of dehydratropopause temperatures and hence the conditions for dehy-
tion close to the tropopause, and the role of deep convectiodration.

in these processes. In this paper a detailed roadmap of the
campaign is presented, including rationales for each flight,
and an analysis of the local and large-scale meteorologici{ Introduction
context in which they were embedded. The campaign too

place during the pre-monsoon season which is characterizegcou_l__03 is a European integrated project aiming at a bet-

.by apronounced diurnal evolution ofld(-aep convection InCIUd'ter understanding of the link between stratospheric chemistry
ing a mesoscale system over the Tiwi Islands north of Dar-

win known as “Hector”. This allowed studying in detail the and, in particular, stratospheric ozone and climate change. In

o . h the framework of this project an aircraft measurement cam-
role of deep convection in structuring the tropical tropopause__: . . . .
aign was conducted in Darwin, Australia, during the pre-

region, In situ sqmplmg convective ovefshoots ;_ibove Stomﬁwonsoon season from 12 November to 10 December 2005.
anvils, and probing the structure of anvils and cirrus cloud

. h SO SThe objectives of the campaign were to better understand (i)
by Lidar and a suite of in situ instruments onboard the two :
. ) : transport of trace gases through the tropical tropopause layer
aircraft. The large-scale flow during the first half of the cam- : .
. . . (TTL) and into the stratosphere, (ii) the role of deep convec-
paign was such that local flights, away from convection, sam-. =7 " . .
tion in this transport, and (iii) the dehydration processes close
to the tropical tropopause.
There is considerable evidence that the Indone-
Correspondence tdD. Brunner sian/Western Pacific region or “Maritime Continent”
BY (dominik.brunner@empa.ch) plays a key role in troposphere-to-stratosphere transport
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(TST) and associated dehydration processes. This prominetgast on the scales resolved by global model wind fields.
role is due to widespread high-reaching convection over thé/ery short lived halogenated substances (VSLS) released in
warm waters of the “Tropical Warm Pool” and concomitant this region therefore have the largest potential to reach the
exceptionally cold tropopause temperatures. AccordingTTL and eventually the stratosphere before being removed
to the “stratospheric fountain” hypothesis biewell and by chemical conversion and depositidreyine et al, 2007).
Gould-Stewar{1981), the Maritime Continent is a preferred However, the relevance of the Maritime Continent for TST
region for TST. The very low tropopause temperatures in thiswas recently questioned bRicaud et al.(2007). They
“cold trap” region, and the associated freeze-drying throughanalyzed satellite observations of tropospheric trace gases
sedimentation of cirrus particles in air moving upward from in the tropical lower stratosphere for the season March-
the troposphere to the stratosphere, may explain the very lovApril-May during three years. They found that at least in
water vapor concentrations in the stratosphere. The presendhis season the trace gas concentrations show pronounced
of active freeze-drying is indeed supported by observationsmaxima over continental regions, in particular over Africa,
of subvisible cirrus clouds at tropopause level from thebut not over Micronesia. Based on this they argued that
SAGE satellite instrumentWang et al. 1996 showing a  direct injection into the stratosphere by deep overshooting
pronounced maximum in occurrence over this region. Whileconvection over central continental regions provided an
the term “fountain” emphasizes the role of vertical motion, important mechanism for TST.
Holton and Gettelmarf2001) and Gettelman et al(2002 Darwin (1228 S, 13051 E) is located at the northern tip
highlighted the importance of horizontal as opposed toof Australia known as the “Top End” (see Fig for loca-
vertical transport, which exposes air — circulating the globetion of Darwin and other geographic points referenced later).
and slowly ascending in the TTL — to the cold temperaturesOwing to its location in the tropics at the southern border
in this cold trap region. Similar conclusions were drawn of the Tropical Warm Pool and its excellent infrastructure,
by Bonazzola and Hayne®004 and Fueglistaler et al. Darwin has hosted a number of atmospheric research cam-
(2004 2005 by means of trajectory calculations based on paigns including the Maritime Continent Thunderstorm Ex-
large-scale wind fields. They modeled freeze-drying in eachperiment (MCTEX) Keenan et a).2000, the Down Under
air parcel undergoing TST by assuming its water partialDoppler and Electricity Experiment (DUNDEER(tledge
pressure to relax to the equilibrium vapor pressure over iceet al, 1992, and more recently the EMERALD-2 campaign
at the lowest temperature encountered. They demonstrate@Vhiteway et al.2004), and many others.
this equilibrium approach to yield good agreement with The Stratosphere-Troposphere-Exchange Project (STEP)
measurements and to be consistent with observed seasor@d conducted a campaign in 19&ugsell et a].1993 with
and interannual variability. objectives similar to those of SCOUT-0O3 though targeting at
An alternative hypothesis, “convective dehydration”, pos- the monsoon season. The later start of STEP was, to some
tulates that dehydration occurs mainly in very deep, over-extent, due to diplomatic delays, and was a source of regret
shooting convection that would not be represented by thdo those meteorologists who arrived ahead of the research air-
large-scale flow (e.gDanielsen1982 1993 Sherwood and  craft witnessing the vigorous nature of pre-monsoon storms
Dessler 2001). This mechanism invokes overshooting to (Danielsen 1993 p. 8665). During the pre-monsoon and
lead to very dry air caused by the extremely low temperaturesnonsoon breaks, a mesoscale deep convective system col-
in cumulonimbus turrets. Other observational and modelloquially known as “Hector” develops almost daily over the
studies, however, suggest that overshooting convection rathéfiwi Islands some 100 km north of DarwiKéenan and Car-
hydrates than dehydrates the lower stratosph€ley (et al, bone 1992. It is triggered by island heating inducing low-
1982 Chaboureau et al2007). Also in situ measurements level convergence of heat and moisture which is particularly
performed over Hector within SCOUT-O3 provide evidence concentrated along the sea-breeze fro@te¢k 2001).
that this storm is hydrating, not dehydrating the TTL and the The high predictability of the Hector system was a major
stratosphere to 2 km above the tropopa@arij et al, 2008. motivation for conducting the SCOUT-O3 campaign in Dar-
Similar evidence for the presence of ice particles injected intowin. Complemented with an excellent ground infrastructure
the lowermost stratosphere by deep convective overshootwith a polarimetric radar, regular radiosondes, and the Atmo-
had been presented previously for the Hector systeketly spheric Radiation Monitoring (ARM) site, Darwin may be
et al.(1993 and for other tropical thunderstorms over Brasil considered a “natural laboratory” for studies of tropical deep
by Nielsen et al(2007). convection. It further hosts a regional forecasting center of
The Lagrangian and Eulerian model studies by the Australian Bureau of Meteorology (BoM) which gener-
Fueglistaler et al(2004 and Levine et al. (2007 sug-  ously supported the campaign by addressing specific ques-
gest that the Maritime Continent acts as a fountain fortions during their regular briefings and providing access to
the TTL — rather than for the stratosphere itself — in thereal-time radar data and other analysis tools.
sense that air in the global TTL is largely supplied by Conducting the campaign in Darwin offered the oppor-
convective upward transport over this region. Transport intotunity to sample Hectors simultaneously at four differ-
the stratosphere, conversely, may take place elsewhere, ant altitudes through joint flights with the Aerosol and
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Fig. 1. Evolution of monthly mean geopotential [J & (color contours), winds (arrows) and temperatut€][(white line contours) at
925 hPa from October 2005 to January 2006 (ECWMF operational analyzes). The position of Darwin is indicated by the circléah panel
Red arrows are indicating particularly relevant features. Solid black lines indicate the positions of the main troughs.

Chemical Transport in Tropical Convection (ACTIVE) cam- required to transfer the aircraft from Europe to Darwin and
paign {aughan et al.2008, and to contrast pre-monsoon back. These flights constituted an essential element of the
convection with the more organized and persistent but lesgampaign but will not be treated here except for the two legs
vigourous monsoon systemddy and Ballingey2006 sam-  to and from Darwin.

pled two months later jointly by ACTIVE and the Tropical  To put the campaign into perspective, S@aliscusses the
Warm Pool — International Cloud Experiment (TWP-ICE) large-scale meteorological situation in comparison with cli-
(May et al, 2008H. matologies. SectioB discusses the evolution of the local

A general overview of the SCOUT-O3/ACTIVE field cam- wegthe_r_at Dar\_/vin W?th a chus on C(_)n\_/ection. S_ummari_es of
paign was given byaughan et al(2008. Beyond cam- the |nd|V|dua_I flights including des_crlptn_)ns (_)f mission aims,
paign logistics and a description of the payloads of the two]cllght strqteg|es, and meteorologmgl S|tuat|o_ns are given in
SCOUT-03 (Falcon and Geophysica) and the two ACTIVE Sec_t.4. Finally, Sect5 presgnts a brief anf';\lys}s of the origin
aircraft (Dornier and Egrett)faughan et al(2008 focused of ar masses sampled during the campaign in the tropopause
on the deployment of the aircraft during the two joint AC- region.

TIVE/SCOUT missions on 16 and 30 November. They also
described the atmospheric features encountered during t

h .
transfer flights from Europe. f Large-scale meteorological context

Here, a detailed roadmap of the SCOUT-O3 componen.1 Evolution of Australian monsoon and large-scale flow
is given, including rationales for each flight, and an anal-
ysis of the local and large-scale meteorological context inA summary of the large-scale tropical circulation in the Aus-
which they were embedded. Results based on the chemicatalian/Asian region covering the 2005/2006 Australian sum-
and microphysical measurements will be presented in dedimer monsoon cycle (November 2005 to April 2006) is given
cated papers accompanying this special issue and will be refin Shaik and Cleland200§. The wet season in northern
erenced here where appropriate. A total of twelve legs wereAustralia typically starts in October with the pre-monsoon or
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Fig. 2. Same as Figl but for 100 hPa. Dashed lines indicate the position of the upper level ridge.

“buildup” period characterized by easterly flow in the lower tropical convection and latent heat release shifts from
troposphere and a pronounced diurnal evolution of vigorousBurma/Thailand/Malaysia southeastward into Indonesia.
isolated storms and mesoscale systems of continental natur&he monsoon trough (a line of minimum pressure and maxi-
The climatological mean date of the monsoon onset is 28mum low-level convergence of horizontal wind and moisture,
December but it may occur several weeks earlier or later in dndicated by the solid black line) strengthens accordingly and
given year. It manifests itself by a shift to a regime of deepmoves southward eventually passing over Darwin. This pas-
westerlies and a change to more persistent but less vigorousage of the trough marks the onset of the monsoon and the
storms of oceanic nature and little diurnal variatibtolland, corresponding shift from an easterly to a westerly regime in
1986 Drosdowsky 1996). the lower troposphere.

The evolution of the monsoon circulation from October Weak easterly trade winds dominate near the surface
2005 to January 2006 is illustrated in Figsand2 based (925hPa) at Darwin between October and December. In
on monthly mean fields of wind, geopotential and tempera-November 2005 (Figlb), a trough axis extended from the
ture for the lower (925 hPa) and upper troposphere (100 hPa)justralian heat low towards Darwin as indicated by the black
respectively. During the campaign in November and De-solid line, with easterly and westerly winds on its eastern
cember, Darwin was located between the Australian sum-and western side, respectively. Between about 19 and 23
mer heat low and the equatorial low pressure trough of theNovember this axis was clearly established east of Darwin
ITCZ (Fig. 1b). According toShaik and Clelan@2009 the and low level winds changed to westerly as described later. In
position of these troughs (marked “L” in the figure) and of early December, the easterly wind regime was re-established
the subtropical ridges (“H”) was close to the climatological and lasted until 13 January when the monsoon trough finally
mean. At the 100 hPa level, the temperature, wind and presmoved south of Darwin (Fidld).
sure fields reflect the large-scale planetary wave response to

the latent heat release over the warm waters of the Tmp'caélrculations, convergence in the trough regions at low lev-

Warm Pool Matsung 1966 Gill, 1980. els is mirrored by divergence in upper level ridges in the
Convective activity intensifies considerably north of upper troposphere at 100 hPa (dashed lines in ZigDur-

Australia from October to January when the center ofing the fully fledged Australian monsoon in January, a large

Characteristic for the thermally driven Hadley and Walker
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anticyclone is established over central and southwestern Aus-(,)
tralia overlying the surface heat low (Figd). 70;

In November 2005, the axis of the upper level ridge was 100
located close to Darwin causing relatively low and highly
variable winds in the upper troposphere. Occasionally, an an-
ticyclonic circulation embedded in the ridge was established
over Northern Australia (as is visible in the October and De-
cember means). Depending on its exact position the flow
could change direction completely from one day to another. (b)
In addition, depending on the position of the ridge axis, the 70r
origin of air masses changed significantly as will be shown 100
in Sect.5.

In December, the ridge moved southwards establishing an
easterly upper level flow over Darwin which strengthened in
January with the full establishment of the monsoon (Ba.
and d). This easterly flow was also the prevailing situation
during the STEP campaign in 198Ryssell et al. 1993
Danielsen1993. At even higher levels in the lower strato- 70;
sphere the winds were generally easterly due to the Quasi- & 100
Biennial-Oscillation (QBO) being in an easterly phase, again
similar to the situation during STEP.

North-south cross-sections of the zonal mean wind com-
ponent and temperature at the longitude of Darwin {1
illustrate the vertical structure of the large-scale flow and the
evolution of temperatures in the tropopause cold trap @jig. 60 .40 20 0 20
Only isolines for temperatures below the lowest tempera- Latitude (degN)
tures observed at the mid-latitude tropopause (ab@1?C)
are shown to highlight the tropical upper troposphere. Dur-Fig. 3. North-south cross-sections of monthly mean zonal wind
ing the pre-monsoon (November/December) the monsoogomponent u [m/s] (color contours) and temperatures bel6& C
trough (black solid line) was located north of Darwin. Con- (line contours) along 131E. (a) November 2005(b) December
sequently, the low level flow at Darwin was easterly. East-2005' (c) Janua_ry 2006_. Yellow to red 'contours indicate posmve
erlies prevailed throughout the troposphere and the Ioweyglues (westetlles), bluish colors negative values (easterlies). The
stratosphere in December 2005 when the Southern Hemilt-.h'Ck black_ solid line de_notes the monsoon trough, the red dashed

. . . ine the latitude of Darwin.
sphere subtropical jet was sufficiently far south, (FBb).
In November (Fig.3a), however, a series of Rossby wave
breaking events caused a double jet structure @@ywith 2.2 Interannual and intraseasonal variability
the northern part extending towards the equator and induc-
ing westerly winds between 400 and 100 hPa over Darwin.n order to judge the representativeness of the SCOUT-O3
During a few days these westerlies even extended into theneasurements it is useful to evaluate the meteorological con-
lower troposphere. The easterly trades were thus not welllitions with respect to interannual and intraseasonal variabil-
established in November but low winds often dominated inity. Interannual variability over northern Australia and In-
the lower troposphere. In January, the monsoon trough wadonesia is dominated by the Elidi — Southern Oscillation
established south of Darwin (Figc). A deep layer of west- (ENSO). The Southern Oscillation Index frequently used as
erlies characteristic of the monsoon extended from the sura measure for ENSO indicates that the campaign took place
face to about 300 hPa changing to a pronounced easterlynder neutral to weak La Na conditions $haik and Cle-
flow aloft due to the presence of the upper-level anticycloneland, 2006. Intraseasonal variability is affected by various
(cf. Fig. 2d). tropical waves and disturbances including the Madden Julian

As indicated by the temperature contours, the tropopaus®scillation (MJO;Madden and Julignl971 Wheeler and
cold trap region was quite broad extending from atlea3SLl0 Hendon 2004). Figure4 presents a Hoviller diagram of
to 1 N centered on the equator. Cold point tropopause tem+he evolution of outgoing long-wave radiation (OLR) anoma-
peratures at Darwin were only about Warmer than in the lies (with respect to the 1979-2001 mean seasonal cycle)
core region and were coldest in December and January witlfrom October 2005 to March 2006 showing mildly negative
monthly means of about85°C, close to the values reported values at the longitude of Darwin during SCOUT-O3 con-
by Selkirk (1993 for the STEP campaign. sistent with a weak La Nia. The diagram further suggests

that the campaign was only little affected by tropical wave
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.. The SCOUT-03 Darwin Aircraft Campaign: rationale and meteorology

(early to mid-December). This may have contributed to the
enhanced cloudiness (blue colors in figure) at Darwin dur-
ing these periods. In between these events, during most of
November, the western Indian Ocean{8&3-120 E) experi-
enced lower than normal convective activity while cloudiness
at Darwin was still weakly above the 1979-2001 mean.

In contrast to SCOUT-03, the TWP-ICE campaign was
strongly influenced by an eastward propagating wave (black
solid line) indicative of an active MJO5haik and Cleland
2006. The monsoon onset occurred on 13 January, signifi-
cantly later than the mean onset date of 28 December from
the climatology. Quite typically, the onset coincided with the
arrival of the MJO Drosdowsky 1996. In February, dur-
ing the second half of the TWP-ICE campaign, there was a
monsoon break with weather conditions more similar to the
pre-monsoon situation encountered during SCOUT-03.

In summary, the large-scale tropical circulation was close
to its climatological mean during the SCOUT-O3 campaign
and no major disturbance affected the area as diagnosed by
OLR anomalies. The mean position of the Southern Hemi-
sphere subtropical jet stream, on the other hand, was unusu-
ally close to the equator in November 2005 due to a series of
Rosshy wave breaking events affecting the weather at Dar-
win as described in the following section.

Fig. 4. Hovmbller diagram (longitude versus time from 12 Septem-
ber 2005 to 13 March 2006) of outgoing long-wave radiation (OLR)
anomalies in the southern tropics €80’ S — 230 S). Darwin is
located at 12S/13T E denoted by the red dashed line. The time
periods covered by the SCOUT-O3 and TWP-ICE campaigns ar
indicated by the red boxes. The ACTIVE campaign covered both _ . . .
periods and a few days before and after. The thick black line high-Figure 5 presents the evolution of vertical profiles of
lights the eastward propagation of convective activity indicative of Wind and temperature at Darwin (128'S, 13051 E) from
the MJO. Black dashed lines indicate westward propagating equalO November to 10 December 2005 as measured by ra-
torial waves. Source: Australian Bureau of Meteorology. diosondes. Since Darwin radiosondes are assimilated into the
ECMWEF forecast system the corresponding profiles from the
ECMWF model show almost exactly the same structures and
activity. A notable exception is a westward propagating waveare therefore not presented here. Fully equipped sondes are
reaching Darwin on about 10 November (black dashed line)Jaunched twice daily by the BoM at 23:00 and 11:00 UTC.
indicative of a convectively coupled equatoriatl Rossby  Since Darwin local time is UTC + 9.5h, this corresponds
wave as described Myheeler and Kiladi$1999. Thisinter-  to about 09:30 and 21:30 LT, respectively. Two additional
pretation is supported by an objective wave filtering analysissondes measuring only winds are launched daily at 05 and
of OLR anomalies (Matthew Wheeler, personal communi-17:00 UTC. The time periods covered by the eight local
cation; not shown). About half a dozen of similar events flights on 16, 19, 23, 25, 29, 30 (2x) November and 5 De-
occurred during the six-month period represented by &ig. cember, and by the transfer flights into (12 November) and
The study ofWheeler and Kiladig1999 indeed suggests out of Darwin (10 December), are emphasized by the black
that this type of waves makes a large contribution to OLRtick marks at the bottom of each panel.
variability over Northern Australia in particular during south-  Figure5 documents the highly variable conditions during
ern hemisphere summer. the campaign in terms of direction and speed of the flow
In contrast to Fig4, which does not show any eastward in both the lower and upper troposphere. Vertical shear is
propagating anomalies during SCOUT-03, the analysis ofof great importance for the evolution and structure of thun-
equatorial (8S—5 N) OLR anomalies presented I8haik  derstorms. In an environment with little shear the systems
and Cleland(2006 suggests that there was a minor MJO tend to be narrow and short lived. Mesoscale organization
event active in Australian longitudes at the commencementequires some degree of shear with bands of convection typ-
of the SCOUT-O3 campaign, during early November, andically becoming aligned perpendicular to the low-level shear
another was just commencing at the end of the campaigrisurface to 700 hPa)Xeenan and Carbond992. Large

3 Local conditions during campaign

e3.1 Local profiles of wind and temperature
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Fig. 5. Time evolution of vertical profiles from Darwin radiosonde observations (time given in UaHorizontal wind speed (contours)

and direction (arrows). An arrow pointing upwards thus indicates southerly wifijsTemperature anomalieSQ) with respect to the

10 November-10 December diurnal mean cycle. For illustration, horizontal dashed lines are drawn at the steering level (700 hPa), main
outflow (200 hPa), and approximate tropopause level (100 hPa). The black solid line in panel (b) denotes the cold-point tropopause. Black
marks on the x-axis indicate the times of the flight missions.

shear, on the other hand, can inhibit or delay thunderstorm Eof-
development due to the growing convective plumes being
torn apart by the shearing flow. Based on an analysis of
radar and radiosonde datslay et al. (2009 found a neg-
ative trend in storm activity with increasing shear for storms
over the Tiwi Islands. Since shear was correlated with wind
speed itself, the time available for heating up the boundary 2 ;'/, S AR 26
layer air over the small islands becomes shorter with increas-~ AN g -

ing shear. They suggest that this reduced time for boundary U W T Za — 1 B
layer evolution, together with the rapid advection of storms  40s
off the islands under high shear conditions, explains this un-
expected behavior.

208

de (deg)

80E 100E 120E 140E 160E

The 700 hPa level (lower dashed line in FB). is fre- longitude (deg)
quently referred to as the steering level which determines . . .
the mean motion of storm Ce”Keenan and Carbonﬁgga Flg. 6. Potential vorticity (pVU) and wind vectors at 300 hPa on

Easterly winds dominated at 700 hPa as expected for the prez_s November 18:00 UTC. Based on Europe_an Centre for Medium
monsoon buildup (cf. Figd). Accordingly, Hectors probed ~Range Weather Forecasts (ECMWF) analysis.
over the Tiwi Islands on 16, 25, and 30 November were mov-

LCSJIZOVLT;;Z?IE;: V\:g\s/;ilelg ;Zgz::rt] tfgtg'r? dtégcﬁé\?g;itgnrégnd the characteristic cross-equatorial monsoon flow at low
. P . . levels and the pronounced easterlies at 100 hPa (cf. Eijgs.
sembling monsoon conditions. Different from a real mon-

. and2d) were absent.
soon, however, the westerlies were only weak at the surface )
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Geopotential height of the cold point tropopause (solid), the WMO lapse rate tropopause (dotted) and the 380 K potential temperature level
(grey solid).

This unusual situation was related to the northward dis-that frequently moved into Darwin from west to north-west.
placement of the subtropical jet, and was caused by a brealin the center of the intrusion south of Darwin, however, con-
ing Rossby wave approaching Darwin as shown in Big. vection was suppressed, presumably due to large-scale de-
The potential vorticity (PV) anomaly associated with the scent as well as mixing in of dry air into developing cumuli
wave was stretched into a long filament which remainedas suggested bllen et al.(2009.
almost stationary for several days. On its leading edge

the anomaly induced a strong mid-level WeSte”Y flow (Seebuilding up to a maximum speed of about 14 m/s between 26
Figs. 5 and6). The filament passed over Darwin around and 28 November. Such a jet-like maximum at 700 hPa has
25 November when PV reached a maximum absolute valug, ) yoan observed in previous campaidteepan and Car-

of abun 0.6 bvu b(_atween 500 and 600hPa, coinciding Withbone 1992. Accordingly, the Hectors on 26 and 27 Novem-
the minimum in wind speed and change from westerly ©per as well as the one on 16 November all developed in a

easterly flow seen in Fig.. As shown byAllen et al.(2009, similar fashion with an average to late start, a rapid west-

the fl_rtru;smn of stratospgerlclalr Wﬁsglgarkg_?ﬁlnlzm Ve(jrt[[%alward movement across the Tiwi Islands, and subsequent de-
profiles from ozonesondes (launched by ) an ecay over the open water.

Geophysica as dry, ozone-rich layers in the mid-troposphere
on 23 and 25 November. The 200 hPa leveN12.5 km, central dashed line in Fig).

approximately corresponds to the mean altitude of storm out-

During the period of low level westerlies the lower tro- flow and thus determines the movement of the anvil as ob-
posphere was slightly colder than average by abd@ 1 served in infrared (IR) satellite imagery. As at 700 hPa,
(Fig. 5b) while relative humidity tended to be high near the winds at 200 hPa were highly variable during the campaign
surface (not shown), possibly due to the inflow of air from due to the proximity of the upper level ridge as explained in
the nearby ocean waters west of Darwin. Convective activitySect.2.1 Thunderstorm anvils were therefore blown out into
was somewhat enhanced over the Arafura Sea north of Darcompletely different directions on different days. However, it

win (cf. Fig. 9b below) in the form of extended rain bands should be noted that, in contrast to the Egrett and Falcon, the

700 hPa winds changed back to easterly on 24 November
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Geophysica flew mostly above the anvils, or near anvil tops,Their position relative to the red dot provides an indication
in order to sample convective overshoots. At these altitudedor the direction of the outflow. These directions are largely
(p<100 hPa) the winds were usually easterly and gaining inconsistent with the flow at 200 hPa presented in 5&g.Note
strength with increasing altitude due to the easterly QBO. that on 16 November there seems to be a southwest compo-
The temperature anomalies (Figh) reveal a wave-like nent rather than the expected southern one, but actually the
pattern in the lower stratosphere inducing a warm phase asystem itself had moved rapidly to the west as mentioned
the tropopause from 10 to 14 November and a cold phasén Sect.3.1 whereas the outflow was due south. During the
from 15 to 21 November. These anomalies are related to dlights on 19, 23 and 25 November, convective outflow was
large-amplitude equatorial Kelvin wave present during thisdirected to the east as expected. 26 and 27 November were
period at the longitude of Darwin as shown by the analysisagain similar to 16 November with the systems themselves
of Ern et al.(2008. The importance of this wave for dehy- moving westward rather than the outflow. From 30 Novem-
dration will be discussed in a forthcoming paper. ber to 2 December the outflow was almost stationary, again
The evolution of the conditions at the tropopause aboveconsistent with Fig5a.
Darwin (based on 00:00 UTC and 12:00 UTC radioson- During the period of low-level westerlies (19-23 Novem-
des) is illustrated in Fig7. Mean @1o) cold point and  ber, and similarly 25 November) convection was enhanced
lapse rate tropopause temperatures wed6.1+-1.5°C and  over the Arafura sea but only moderate over the Top End.
—84.0:2.9°C, respectively. Corresponding pressures wereThis contrasts with the period 29 November to 3 December
89+6 hPa and 1048 hPa, and geopotential heights were which featured a more or less cloud-free ocean but intense
17 2406+350 m and 16 588430 m, respectively. Ice satura- continental convection over Northern Australia and the Ti-
tion volume mixing ratios at the cold point tropopause variedwis. Two large oceanic mesoscale convective systems (MCS)
between 1.4 and 3.9 ppm with a meah §tandard error of moved into the investigation area on 20 and 22 Novem-
mean,n=58) of 2.3@:0.09 ppm. The lowest value was ob- ber, and more shallow bands of rain passed the area on
served on 21 November in connection with the cold phase2l, 24 and 25 November. Rather weak Hectors externally
of the Kelvin wave. The cold point tropopause usually coin- forced by these disturbances developed on 20, 21, 22, 24 and
cided with a strong change in static stability but due to lay- 25 November whereas the Hector on 23 November was more
ers of enhanced stability, the lapse rate tropopause was frdsolated. The oceanic convection retreated to the north and
quently well below the cold point (Figlb). The cold point  west on 26 November leaving the Tiwi Islands free of clouds
tropopause was generally very close (within 300 m) of theand giving way to a rather strong Hector. On 27 November,
380K isentrope and on average 150 m lower. intense oceanic convection reappeared to the west over the
These conditions are quite comparable to those encounfimor Sea. A strong Hector evolved similar to 26 November
tered during the APE-THESEO campaign conducted over thavhich, however, interacted with the oceanic disturbances at
equatorial Indian Ocean in February and March 1999 using later stage.
the same aircraftMacKenzie et al.2006. Average cold The broad cloudy area northeast of the Tiwis on
point temperatures were about 4GSwarmer during APE- 16 November is due to remainders of a huge mesoscale
THESEO and more variable. The mean ice saturation VMRcomplex which had developed over Papua New Guinea one
was correspondingly higher (3t®.25 ppm) as compared to day earlier. It left behind a deck of cirrus clouds near the
SCOUT-03 (2.38:0.09 ppm). tropopause which should not be confused with the signa-
The low temperatures encountered during SCOUT-O3tures of the locally active oceanic systems during the west-
have proven to be invaluable for the compilation of clima- erly wind period.
tologies of ice water content and HN@ptake in tropical, Figure 9 presents the time evolution of two indicators
mid-latitude, and arctic cirrus recently performed$shiller ~ Of convective activity, convective available potential energy
et al. (2008 and Kramer et al.(2008, respectively. The (CAPE) and fractional cloud cover. CAPE is a frequently
SCOUT-03 BO and NQ measurements allowed extending used measure for the intensity of convection to be expected

these climatologies to the very low temperature range. on agiven day. CAPE values (black line in F8g) are based
on early morning (00:00 UTC) radiosondes representing tro-
3.2 Convective activity pospheric conditions around 09:00 LT before the start of con-

vection. Although the maximum CAPE of all air parcels in
The daily evolution of the 16:00 LT afternoon cloud field the lowest 500 m was calculated, CAPE usually maximized
over the Top End between 16 November (first Hector flight) for parcels very close to the surface, in agreement with the
and 30 November (last Hector flight) is shown in F&. findings ofMcBride and Frank1999. CAPE values derived
based on IR images of the Japanese geostationary satellifeom ECMWF model profiles are shown by the dotted line.
GMS. The red dot in each panel marks the position of Ap-The agreement with the sonde values is not particularly good
sley Strait, which is a tidal channel separating the two Tiwi (r=0.67) probably due to CAPE being very sensitive to vari-
Islands Bathurst and Melville and a preferred location for ations in low level moisture and temperatuhcBride and
storm initiation. Hector anvils are enclosed by white circles. Frank 1999 and ECMWF data being representative for a
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Fig. 8. Daily afternoon (06:30 UTC, 16:00 LT) GMS-5 satellite images (IR channel 4) over the Top End. Color sca@58K gray

shades, 250-230 K blue shades, 230-210K green shades, 210-190 K yellow sti@@ds red shades. The red dot marks the position of
Apsley Strait separating the two Tiwi Islands. Days featuring a Hector can be identified by the white circle enclosing the anvil. Dates with
black labels on white background are flight days. Latitude and longitude labels are shown for the top right panel only.
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Fig. 9. Time evolution of indicators of convective activitfa) CAPE derived from the 00:00 UTC radiosondes (solid) and from 00:00 UTC
ECMWF profiles (dotted)(b) Fractional cloud cover over Top End (12 to 13430 E, 1430 to 11° S) (solid) and over Arafura Sea
(12930 to 13430 E, 11 to P30 S) (dotted) derived from hourly GMS-5 IR satellite images and smoothed with a 24 h sliding average.

much larger area than the sondes (ECMWF data was useghost days where flights were dedicated to study Hector (19,

here at a resolution ofk 1°). 25, 30 November) CAPE values were well above 1000 J/kg.
According toKeenan et al(1990, Hectors typically de- CAPE was comparatively low on 16 November consistent

velop in an environment of moderate CAPE around 2000 J/kgVvith @ moderate activity over the Tiwis and the Top End as

consistent with our results. However, there was considerabléeen in Fig8. The highest CAPE of about 2600 J/kg was

day-to-day variability. On 10, 15, 18 and 29 November the present on the 30 November flight which indeed turned out

measured CAPE was zero or near-zero. On these days thete be the “golden Hector day” of the campaign.

was either no Hector at all (15 November), only a weak one

(18 November), or a very late Hector (10 and 29 Novem-

ber). Except for 29 November, these dips in CAPE are als®4  Individual flight summaries

reflected in reduced cloud cover as presented inJkg.

Both ECMWF and the soundings indicate the highestAn overview of the local flights of the M55 Geophysica
CAPE values between 30 November and 9 December wel(hereafter referred to as M55) and the Falcon conducted in
above 2000J/kg. This period was convectively very ac-Darwin including statements on main scientific targets and
tive with strong Hectors developing on all days except for meteorological situation are presented in Tallesd2 sep-

4 and 5 December. On these days, reduced insolation imrately for flights dedicated to Hector and for survey/transfer
the morning due to widespread cirrus remaining from night-flights.

time storms suppressed the convection over the Tiwis. High The M55 is a Russian high altitude aircraft with a ceil-
CAPE is thus no guarantee for a strong Hector but appears tfhg altitude of about 21 kmStefanutti et al.1999. It was

be a prerequisite. equipped with a comprehensive in-situ chemistry and micro-

Similar to the findings oKeenan et al(2000 there ap- physics package, the downward pointing miniature aerosol
pears to be no strong association between CAPE and thkidar MAL, and the microwave temperature profiler MTP
mean flow. The period of low-level westerlies, for example, (Gary, 200§. The M55 was primarily used to probe anvil
does not stand out in a notable way in terms of CAPE. Ontops and overshoots and the structure of the tropopause
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Table 1. Overview of flights dedicated to Hector.

F# Date 700 hPa steering 200 hPa outflow  Scientific goals Remarks
F1 Wed, 16 Nov E>W N—S Hector, upwind survey, Weak, isolated Hector, late stage probed over
anvil, joint mission with ocean. Large systems south of Darwin. Cloud
ACTIVE deck to NE from a huge MCS near Papua New
Guinea.
F2 Sat, 19 Nov W E SW— NE Cirrus, Hector Reasonable Hector, early development, multiple

cells. Many other systems over Top End along sea
breeze front.

F4  Fri, 25 Nov E—> W NW — SE Cirrus, late Hector Weak Hector, late development. Rain bands over
ocean, monsoon-like conditions.
F5 Mon,28Nov - - Hector, MCS Geophysica flight aborted, Falcon sampled out-
flow of Hector
F7 Wed, 30 Nov E> W (weak) E— W Hector, joint mission with Beautiful Hector, almost stationary anvil. Many
ACTIVE large systems over Top End.
F8 Wed, 30 Nov E—> W (weak) E— W post Hector, cirrus

Table 2. Overview of local survey and transfer flights.

F# Date Scientific goals Remarks
T6 Sat, 12 Nov Transfer flight Bruneb Darwin
F3 Wed, 23Nov TTL survey Survey flight towards equator. Detailed prob-

ing of rather quiescent TTL. Large monsoonal
activity north of flight path.

F6 Tue,29Nov  Mesoscale convective system Detailed probing of TTL along NS legs with
profiles at northern and southern ends. Sev-
eral large MCS over Top End passed at different
stages of the flight.

F9 Mon, 5Dec Envisat validation.

T7 Sat, 10 Dec Transfer flight Darwin- Brunei

region. An important goal of the Hector missions was to AMSOS (Vasic et al, 2005 Milller et al, 2008 to measure
study the role of convective overshoots in hydratikgdey water vapor profiles from the upper troposphere to the meso-
et al, 1982 Corti et al, 2008 or dehydrating DPanielsen sphere. This aircraft returned before the start of the local
1982 Sherwood and Dessle200]) the tropopause region campaign.

and lower stratosphere. For the 12 transfer flights from Eu-

rope to Darwin and back and for one local flight, some in-4.1 16 November, first Hector flight

struments were replaced by remote sensors including the

thermal IR instruments MIPAS-STRHpfner et al, 2007 This mission was conducted jointly with ACTIVE and in-
and CRISTA-NF §pang et a).2007), and the microwave in- volved flights of four different aircraft to sample the inflow
strument MARSCHALS. Water vapor profiles measured by into the storm (Dornier), the anvil (Falcon and Egrett) and the

CRISTA-NF along selected transfer flights were presentecfbove anvil environment and convective overshoots (M55).
by Hoffmann et al(2008. Only a weak and late Hector developed on this day of which

two stages are shown in the satellite (top) and radar (bot-

The German DLR Falc_on was .equi_pped with an tom) images in Figl0, with the flight paths of the M55 (top)
aerosol/water vapor differential absorption Lidar (DIAL) and and Falcon (bottom) overlaid. The two aircraft first headed

se;/eral In-situ flnitrunren;s. I(tj vxas _uds_edf_tolé)robe thg Vehrt"north crossing Melville Island which was still quiet at this
(C:;a stLuct_ure 0 g € C(;]u and, umr: ity 'Ef‘l ,_to guide the_ time (label 1 in figure). The M55 then flew a holding pattern

eophysica, anc to characterize the anvils in-situ at t e'rupstream of the Tiwis perpendicular to the flow in order to
main outflow altitude of about 200hPa. A more detailed

. fthe i load . H characterize the background air between 14 and 19 km alti-
g;/:\/('%vog the instrument payloads was given\iagghan tude into which the anvil would evolve (label 2 in panel a).

The Falcon flew a similar pattern but further north to probe
On the transfer flights down to Darwin, a third aircraft with its Lidar the high level cirrus associated with the mas-
joined in, a Swiss learjet carrying the microwave radiometersive mesoscale system above Papua New Guinea mentioned
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Fig. 10. GMS-5 IR channel 4 (top) and Berrima 256 km range radar pictures (bottom) of 16 November 15:30 LT (left) and 17:30 LT (right),
respectively. For satellite image color scale refer to BidRadar images show rain rates changing from light (blue) to moderate (yellow) to
heavy (red). Flight paths of Geophysica (top) and Falcon (lower panels) are overlaid. Positions where the Falcon leaves the domain of the
Radar image are marked in the lower panels. Aircraft positions corresponding to the time of the corresponding satellite or radar image are
highlighted by circles (or by a red arrow in panel b). Specific points of interest referred to in the discussion are marked by black numbers in
white squares.

earlier (cf. Fig.8). With strong easterly steering (Fifa), a  the M55 headed back northwest trying to sample the over-
single-cell Hector blew up over Bathurst Island near Apsleyshoots of a mildly active and already dying cell (Fidb,
Strait around 15:10 LT (FiglO, left panels). Radar echoes red arrow). It finally returned to continue probing the envi-
reached up to a maximum altitude of about 17 km aroundronment above the main anvil by slowly descending into the
16:30 LT. The M55 approached the cell from the north de-top of the cloud (label 3 again).

scending stepwise from 19 km down to the anvil top. By the - afier characterizing the inflow region in the north the Fal-

time the M55 arrived, the anvil was already detached and,,, yetymed to the south of the Tiwis where it was flying

moving south (Fig10b, label 3). As the main activity _had east-west cross-sections at 12 600 m below the anvil thereby
been advected off the coast over the Timor Sea by 17:30 LTcharacterizing its vertical structure by Lidar (Figod,
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label 4). The Egrett flew northeast-southwest oriented tran4.3 25 November, third Hector flight

sects above the Falcon and inside the anvil at 13100 and

13700 m, whereas the Dornier was characterizing the lowThis flight was conducted during the period influenced by
level inflow by flying large circles around Bathurst and the the breaking Rossby wave and was only partly dedicated to
active cells. The final return of the four aircraft to Darwin Hector since the Tiwis were still influenced by the frequent
was complicated by a number of highly active cells pop- passage of oceanic systems. If no Hector were to develop
ping up along the sea breeze front south and east of Darwisoon after take-off, the M55 would join the Falcon in probing
(Fig. 10d, label 5) but they all managed to land safely as thecirrus clouds over the Timor Sea where the ice-cloud forecast

systems stayed south of the airport. of the University of Lancaster predicted the presence of high
altitude cirrus formed in-situ (seRen et al, 2007 for the
4.2 19 November, second Hector flight cirrus forecast methodology).

The M55 first flew a holding pattern north of the Tiwis
where it characterized the tropopause region in east-west di-
rection at two flight levels slightly below~370 K) and above

~390K) the cold point tropopause, respectively (Figa,

bel 1). The Falcon made a transect along the same line but

With weak westerly steering of 3-5 m/s (see FHag) the first

cells developed over the eastern end of Melville Island on
the opposite side of the Tiwis compared to 16 November.
On both days the convection was thus initiated along the se

breeze front opposing the main flow, which is typical for the in opposite direction (FigL2c, label 1). As there was little

evolution of Island convectiorkgenan et a].2000. More . sign of convective growth over the Tiwis by 13:30 LT, the
cells soon followed along the northwest coast of Melville alcon and M55 were sent onto a long north-eastward leg to
and south coast of Bathurst. These cells were all short-livecgoint 127 E and 930 S at the border of the Brisbane Flight
consistent with the low vertical sh_ear (Figa). By the time Information Region (label 2). At that point the Falcon made
the Ealcon and M55 took eff, multiple cells had formed over a right turn towards a large cloud system in the north visi-
Melville Island concentrating along the southern sea breezg,. i, Fig. 12b whereas the M55 made a left turn. Both air-

frent in an east-west oriented line paral_le_l to the steering ﬂowplanes then flew north-south transects back and forth along
(Fig. 11c). Note that the shape of the Tiwis favors the forma- 129 E to connect the cloudy and clear parts of the domain,

tion of zonally oriented sea breeze fronts at the northern and, focussing on observations of cirrus clouds (Figb, la-
southern coastlines (e.garbone et al.2000. Cold pool bel 3). Short-lived cells popped up over the Tiwis around

formation by these early storms probably led to mesoscalé 4.30 | T phyt sustained activity only started after 15:00 LT
organization and a reorientation of the system (Saebone o1 yorth-western Melville and Bathurst Island. The eastern
et al. (2000 for a general description of this process) With o s of the Tiwis remained quiet most probably due to the
ﬂnz;\l/:/“glsenicfeuli/ ggévnlg‘r']r;ghzgrﬁ’;r:rei?]d:f&gr g)ytthh?sstti?nee”ng presence of high level cirrus reducing the solar heating over
' that part of the Island. Finally, all convection concentrated

the cells were already decaying and the M55 was flying Anto a single Hector cell near Apsley Strait which was active

18.5 km (410-430K potential temperature) ebove the mature, only a short time from 15:18 to 15:58 LT (see Figd).

an\{|l (Fig. 11b, label 1). Aceordmg to the pilot's report. no Despite the expected distinct easterly steering this cell was
active overshoots were visible anymore but only a diffuseg 1 igingly stationary. The M55 was immediately directed
haze up to 18.5km. . Significant gravity wave activity was 4 Hector when it appeared in the radar images but upon ar-
experlenced by the pilot who reported that the vertical speeciivm around 16:20 LT the cell was already dying. Neverthe-
indicator showed ascent at 5 m/s. less, the M55 was able to probe extensively the air above a

In addition to sampling Hector, the Falcon and MS5 flew o1 and completely flat anvil (with a top at about 17 km) in
long north-south transects (label 2) as the trajectory forecastg primrose-like pattern, each loop flown at a lower altitude

indicated largely different air mass origins north and south Of(Fig 12, red arrow). On its return to Darwin, the Falcon

Darwip (see trajectory analysie presented in %ctOp .the passed Hector downstream to the east (E#gl, label 4) re-
returning transect at about 06:45 UTC the M55 revisited themotely sensing the vertical structure of the anvil by Lidar,

aged Hector anvil porpoising at t_he top of the cirrus deCkLanding was again complicated by a squall line moving west
(label 3). The Falcon was following the same north—southtowards Darwin airport (Figl2b, d). The Falcon landed be-

transect thereby passing the Hector anvil downstream (to th?ore and the M55 immediately after passage of this system.
east) of the Tiwis four times between 04:45 and 06:30 UTC

at different stages of ageing (label 4). The Falcon Lidar, 4
measurements indicate a mean anvil top of approximately
17.5km. Significant development of convection started overTnis mission was again conducted jointly with ACTIVE.

the Top End along the sea breeze front around 05:00 UTGyector was much taller and stronger than in the previous ex-
(Fig. 11d). Clouds associated with these systems were probz njes. Convection was initiated around 13:00 LT. In con-

ably crossed during the final descent into Darwin airport. o<t t0 16 and 19 November, it was triggered on the upstream
rather than on the downstream (in terms of the steering wind)

30 November, “golden Hector day”
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Fig. 11. GMS-5 IR channel 4 (top) and Berrima 256 km range radar pictures (bottom) of 19 November at 13:30 LT (left) and 14:30 LT
(right), respectively.
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Fig. 12. GMS-5 IR channel 4 (top) and Berrima 256 km range radar pictures (bottom) of 25 November 13:30 LT (left) and 17:30 LT (top
right) and 16:30 LT (bottom right), respectively.

sea breeze front over east Melville Island. However, theTiwis cirrus was ubiquitous between 14 and 17.5 km mostly
steering was generally weak on this day. Deep convectiorunrelated to Hector. Near Hector the cirrus deck usually be-
then rapidly developed all over Melville Island, arranging it- came too thick for the Lidar to penetrate so the morphology
self into a squall line propagating southward (Figc). Very of the anvil is difficult to determine in these cases. Around

light upper-level winds (Figha) caused the anvil to flow radi-  17:10 LT, before returning to Darwin, the Falcon made a last
ally out from the storm complex with a slight north-eastward approach of Hector at its southern edge recording cirrus up to
drift. about 18.2 km well above the levels of the background cirrus.

The Falcon and M55 first flew an east-west transect south As seen in Fig.13a, b the M55 spent most of its time

of the Tiwis to characterize the upstream environment (la-above Hector. The downward pointing Lidar MAL onboard

bel 1), though “upstream” was not well defined on this day. the M55 shows a mean anvil deck at 17 km and overshoots
The Falcon then characterized the region north of the Tiwisreaching up to about 18 km. Individual cirrus apparently de-
(label 2) occasionally approaching the edge of the Hectortached from the anvil were recorded even up to the flight
anvil (e.g. around 16:30 LT). Both north and south of the level at 18.5 km well inside the stratosphere, consistent with
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Fig. 13. GMS-5 IR channel 4 (top) and Berrima 256 km range radar pictures (bottom) of 30 November 15:30 LT (left) and 17:30 LT (right),
respectively.

the Falcon observations and confirmed by the in-situ instru- The Dornier again flew circles around the Tiwi Islands,
ments. The effect of this event on hydrating the lower strato-measuring profiles between 550 m and 3200 m. With such an
sphere is described in detail Borti et al.(2008. According  extensive anvil, the Egrett could only sample one part of it in
to Schiller et al.(2008, the ice water content observed dur- detail and concentrated on the radial flow over NE Melville
ing such Hector events penetrating the tropopause was highdsland.

by several orders of magnitude compared to that of other cir- . .
y J P Apart from featuring a strong Hector, this day was a true

rus typically formed at the cold tropical tropopause. The de-, olden dav” as the meteorological conditions were favor-
tailed analysis of ice particle size distributions presented byg y gl ” W v

. able for a second flight mission targeted at aged anvil out-
de Reus et al2008 demonstrates that ice crystals observed .
” 2009 ! y fjsow. On the evening of 30 November, less than 4 hours after

in Hector overshoots above the tropopause comprised siz . ;
as large as 40@0m maximum dimension and an ice Waterele?ndmg’ the Falcon and M55 took off again tq re-.sample the
air masses lofted by Hector and to find indications of hy-

content of 0.k 103 to 1.7x10 3 g/m?3. . . ) ) .
x g dration or dehydration after evaporation and sedimentation
of ice particles. Since tropopause-level winds were light,

www.atmos-chem-phys.net/9/93/2009/ Atmos. Chem. Phys., 9,1932009



110 D. Brunner et al.: The SCOUT-O3 Darwin Aircraft Campaign: rationale and meteorology

130 140 20000 [

15000 [~

10000 [~

Pressure altitude (m)

5000 [~

-13 -12 -1 -10 -9 -8 -7
Latitude (degN)

420 |

130 140

Fig. 14. GMS-5 IR image of 23 November valid at about 340i ( B

06:00 UTC (05:30 LT) with flight paths of the M55 Geophysica [ ]

(white) and Falcon (black) overlaid. 320~ } .
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the aircraft were able to perform zig-zag survey manoeuvres Latitude (degN)

close to the Tiwi islands. However, the light winds also made

the position of the Hector outflow uncertain. Both aircraft F19: 15. North-south section of M55 (black and colors) and Falcon

observed extensive cirrus decks covering an area of approxdrey) flight altitude (top) and potential temperature (bottom) on

imately 60,000 square kilometers just north of Darwin. Evi- 23 November.

dently, cirrus cloud remnants of Hector, and other sea-breeze

initiated convection of the afternoon (see Fi), had coa-

lesced to form a nearly uniform deck between 12 and 16 kn#ltitude) and 365K {16 km), one at or slightly above the

altitude, with much thinner ribbons of cloud disconnected cold point tropopause~(17 km), and one level well above at

Potential temperature (K)
w
[+2]
o
I
1

from the main deck at altitudes up to 18 km. 400-410K ¢-18 km).
As shown by the wind arrows in Fid5 the flow situation
4.5 Survey flights on 23 November was quite peculiar with north-westerly winds at 15km and

17 km but opposite winds in between at 16 km and above at

Flight planning for all flights and in particular the survey 18km, indicative of a wave (amplitude about 6 m/s). This
flights was supported by a suite of forecast tools includingwave was neither present in the ECMWF analysis nor in the
standard and upper level weather charts prepared by KNMlradiosonde observations at Darwin at 09:30 LT (cf. Bag.
the Lancaster cirrus forecast mentioned earlier, backwardExtremely dry air (1.5-2 ppm) was measured by the FISH
and forward trajectory calculations using Lagrantge¢nli Lyman- instrument Zoger et al. 1999 onboard the M55
and Davies1997), and domain filling backward trajectories between 380 K and 390K near the cold point tropopause (not
using the CLaMS modeKpnopka et al.2007) to determine  shown). Since potential temperature surfaces are generally
the origin of airmasses. rising towards the equator at these levels, temperatures tend

The main goal of the mission on 23 November was theto decrease on constant pressure flight legs towards the equa-
detailed probing of the rather quiescent TTL above the Ara-tor (cf. Fig.3). On the second highest pressure level, how-
fura Sea including remote and in situ sampling of cirrus nearever, the coldest conditions were observed in the middle of
the cold point tropopause (Fi@4). Figure9b indicates that the leg between £(5 and 12 S where the air was also the
cloud cover over the Arafura Sea was the lowest of the wholedriest. North of 10S the FISH HO data became highly
campaign. Both the Falcon and M55 therefore flew longvariable at the lower two levels suggesting the presence of
north-east oriented legs towards the equator perpendiculdce particles, confirmed by measurements of the Multiwave-
to the mean flow expected to be north-westerly in the TTL.length Aerosol Scatterometer (MAS) which measures the
A north-south section of the M55 and Falcon flight levels light emitted by three laser diodes at different wavelengths
in terms of altitude and potential temperature is shown inand backscattered from aerosols and cloud partiéldedni
Fig. 15. Flying back and forth along the same line twice, etal, 1997 Cairo et al, 2004. This flight will thus be partic-
the M55 sampled the tropopause region at four different lev-ularly interesting to study dehydration processes in the TTL.
els, two within the TTL at about 360 K~15km pressure The close association of the low water vapor concentrations
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with the cold phase of the Kelvin wave visible in Figh will Latitude (degN)

be demonstrated in a forthcoming study where measured hu-
midities will be compared with saturation vapor pressures afi9- 17.  North-south section of M55 (black) and Falcon
the coldest temperatures along the calculated back trajectd9rey) flight altitude (top) and potential temperature (bottom) on
ries (Brunner et al., manuscript in preparation, 2008). Ac-29 November.
cording to that analysis the dry air masses sampled on this
flight had encountered a very cold tropopause 2—3 days ear-
lier in the equatorial cold trap region. As seen in Figthe N Fig. 16. In the morning the coastal area around Darwin
Falcon extended its flight towards the active monsoon regiorfd the Tiwis were overcast due to the remainders of a large
in the north where it was able to probe the anvil of an oceanidCS which had been active overnight. Convection therefore
thunderstorm with a top at about 17 km. Convective activity Started further inland rather than along the sea breeze front as
was also present in the southern part of the domain. Befor&n other days. Several large and long-lived complexes built
14:30 LT (05:00 UTC) it concentrated on the Tiwis while af- UpP (Figs.16and8), their anvils soon covering the whole area
ter 15:00 LT (05:30 UTC) it was becoming more intense in Of the Top End. The Falcon and M55 flew extended north-
the Darwin area. south transects along 130 E. As shown in Fig.17, the

A moderate Hector developed on this day (see alsodig. M55 made two vertical profiles down to 15 km (360 K) and
whose anvil clouds extended uptd.7.5km as observed by UP t0 20km (440K) at the northern and southern extremes
both the Falcon and M55 Lidars, somewhat higher than the?f this transect, presumably inside and outside of the “tropi-
oceanic systems. The two narrow temperature drops nedf! Pipe” Plumb 1996, respectively, as indicated by largely
11.8' S and 380K (Figl5, lower panel) occurred directly different tracer-tracer correlations. On _thelr flrst_ southward
above a Hector overshoot as seen in the data of the dowrl€9 the Falcon and M55 had to cross a line of active thunder-
ward pointing Lidar MAL Cairo et al, 2004 and were as- storm developmer_n near 4516 S (see Figl6). The I_:alcon
sociated with a 40% increase in nucleation mode particlegn@naged to pass in between two updraft cores while the MS5
(diameters<6 nm) measured with the Condensation Particle €W over the eastern edge of the core region at a (geometric)
Counter System COPAS(rrtius et al, 2009, indicative of ~ altitude of 17.7 km some 20 min after the Falcon.

new particle formation. At this position and again two hours later at°334° S
when the M55 passed over a second, even more active line
4.6 Survey flights on 29 November further north, the M55 encountered gravity wave activity

triggered by the storms. This is visible in Fij7 as fluc-
On 29 November the main target was again the charactertuations in potential temperature at the respective positions.
ization of the TTL and, in addition, a detailed profiling in Temperature exhibited peak-to-peak variations of about 5K
the lower stratosphere up to aircraft ceiling altitude. In con-while pressure (top panel) stayed fairly constant. The CO-
trast to 23 November the TTL was highly perturbed by a PAS measurements again indicate formation of new parti-
number of MCS that developed over the Top End as seertles, probably triggered by these waves (not shown). North
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Fig. 18. Flight path of the Geophysica (black line) and Falcon
(grey line) on 5 December. Colored symbols are the tangent heights
of the limb scans of MIPAS-STR. The line of sights of the CRISTA-
NF and MARSCHALS limb sounders are similar. Also shown are
the tangent points of MIPAS limb scans from the temporally closest
Envisat satellite overpasses. Satellite orbits are labelled by orbit b
number and date/time. 1000 |
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of about 1830 S the Falcon Lidar observed thick anvil cir- 10000 ]
rus between 15 and 18 km altitude from the active MCS. The 8000 ]
M55 was mostly flying inside these layers. At about3d® S T T T T T 1’30
three distinct cirrus layers were seen instead of a single thick Longitude / degE

layer which may afford the excellent opportunity to study cir-

rus and convective outflow of different origin and at different Fig. 19.  (a) Transfer flight paths from Brunei into Darwin of
stages of ageing. M55 (white curve) and Falcon (black curve, mostly below white

curve) overlaid on GMS-5 satellite image of 12 November 2005,
09:00 UTC. The Falcon flew between 06:00 and 10:00 UTC, the
M55 between 10:00 and 14:30 UT(®) 532 nm backscatter ratios
(parallel polarization) measured by the DLR differential absorption
The flight mission on 5 December was optimized for re- |idar (DIAL). Flight paths of the Falcon (bottom line) and M55
mote sensing from the M55 by the thermal infrared limb (upper line) are overlaid. The x-axis (longitude) is roughly aligned
sounders CRISTA-NF and MIPAS-STR and the microwave with that of the satellite image.

limb sounder MARSCHALS. The two aircraft basically fol-

lowed a triangular path south of Darwin over the Australian

continent. Figurel8 shows the map of the flight patterns of rus deck on both legs between Darwin and approximately
the M55 (black) and the Falcon (grey) with the geo-location 19°30' S reaching up to 17 km. South of 130’ S, the TTL

of the tangent points of MIPAS-STR analyzed scans duringwas nearly cloud-free except for sporadic subvisible cirrus
the western leg. The sequences during the eastern leg agd the cold point tropopause. The cloud top heights of the
similar, but towards the west. In the southernmost leg, thecirrus deck were consistently detected by the limb sounders
M55 descended to 14 km to enable intercomparison of thédrom the M55. In the southernmost parts, retrievals deep into
limb sounders with in-situ measurement made on this airthe troposphere were achieved.

craft. The M55 flew the triangle clockwise while the Fal-

con flew anti-clockwise to obtain the best overlap in space4.8 Transfer flights into and out of Darwin

and time between its in-situ and Lidar measurements and

the remote measurements from the M55. The first part ofAs mentioned earlier, transfer flights were an integral part
the flight was made before sunrise to get optimal conditionsof the campaign. Here, only the two flights from Brunei to
for the Lidar. The flight was planned to probe as long asDarwin (12 November) and back (9—-10 December) are pre-
possible in cloud-free conditions to enable profiling by the sented as they provided additional sampling of the tropical
limb sounders into the TTL and down into the troposphere.environment around Darwin. The flight paths overlaid on se-
The Lidar onboard the Falcon detected a 4-5km thick cir-lected satellite images are shown in Figj8.and20 together

PN SRS
oo PNEEANOEO LR BREGR AR

4.7 Remote sensing flight on 5 December
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with 532 nm backscatter ratios measured by the DIAL Lidar j)
on the Falcon. On the way to Darwin the Lidar was point- B 120 : 130

a complete profiling (in particular of water vapor) through-
out the depth of the troposphere and TTL. These two flights

flight altitude in the lower stratosphere was selected and the
tropopause region scanned from above. @
The meteorological situation was largely different on the
two flights. On the transfer to Darwin on 12 November, the
flight domain was almost completely covered with anvil cir-
rus outflow. The cirrus deck was strongly structured due <
to the merging of outflows from numerous storms but was
rather sharply limited to a relatively low top at 16 km alti-
tude. Approaching Darwin over the Arafura Sea, the cirrus

became much thinner but was still present despite the seem- 120 180
ingly clear area in the IR satellite image. b - ‘ ‘ ‘ ‘ ‘ ‘
On the return flight taking place in the early morning con- i N &

16000 - 7

vective activity was much weaker as suggested by Zig.
The cloud layers observed by the Lidar below the Fal-
con flight path (Fig.20b) perfectly match the positions of

14000 - 7

12000 b

Altitude / m

SR eEAemO R IEREE R RS

clouds in the satellite picture. The MAL Lidar on the M55 0o TR “ ]
(not shown) detected a compact cirrus layer betweefi E27 10000 [ ) ‘}ﬂ wm) ]
(when MAL was switched on) and 12E reaching almost to 8000 . } (M‘n ol .
the flight level at 17.5 km, thus more than 1 km higher than e 1s 1o 1 e 16 s 1
on the first flight. On the second half of the leg to Brunei, Longitude / degE

conversely, MAL and DIAL were probing a virtually cloud- _ _ . .
Y P 9 y Fig. 20. (a)Transfer flight paths out of Darwin back to Brunei of

free troposphere from the surface to 17.5km. The rerT]Ot(%\/ISS (white curve) and Falcon (black curve, mostly below white

sensing instruments thus encountered ideal conditions to r€urve) overlaid over GMS-5 satellite image valid of 9 Decem-

trieve trace gas profiles deep into the equatorial tropospherg,e 21:00 UTC. The Falcon flight was between about 22:00 and

02:00 UTC, the M55 flight between 20:00 and 01:00 UTig} Same
o ) ) as Fig.1% but for 9 December. Note that the Lidar was pointed
5 Origin of air masses in the TTL and lower strato- downwards from the Falcon track on this flight.

sphere

Air parcel trajectories provide useful insight into the recent As mentioned in Sec®.1 the origin of air masses sam-
history and origin of the sampled air masses which will be pled in the tropopause region depended on the position of
related to their chemical signatures. 10-day backward trajecthe upper level ridge axis. Figur@d and 22 demonstrate
tories were started every 10sZ km) along the Falcon and that this led to a distinct separation in origin between the
M55 flight tracks using the trajectory tool Lagrantvérnli first four (16—25 November) and the last four local flights
and Davies1997 based on 3-h ECMWEF three-dimensional (29 November-5 December). During the first half of the
winds (6-h analyzes plus 3- and 9-h forecasts in between). Irtampaign air masses primarily originated over the equatorial
addition to the trajectory position, temperature, humidity andand Northern Hemisphere Western Pacific. They approached
potential vorticity were traced along the trajectories to char-Darwin from the northeast thereby passing through the cold
acterize the physical air mass histories. In this section, wearap region (cf. Fig2b) where they were potentially dehy-
only present a brief analysis of the trajectories started fromdrated to low water vapor mixing ratios. The lower panel in
the M55 flight tracks above the 200 hPa level representativd-ig. 21 suggests that these air masses often experienced sub-
of the TTL and the lower stratosphere around Darwin. Sincestantial upward transport, potentially from the marine bound-
trajectories are based on model resolved 3-D winds, subgridary layer. This is supported by very low CO and €on-
scale transport by convection is not resolved. The trajectoriegsentrations measured in the TTL on these flights, in partic-
can therefore be considered to represent the large-scale hisfar on 16 November. The Hector flight on 19 November
tory of the background environment rather than of air parcelsncluded a transect to the south because air of different ori-
injected locally by deep convection. gin was expected there. Figu2é confirms that this air had a
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Fig. 21. Origin of air masses sampled by Geophysica in the upperFig. 22. Same as Fig21 but for the last four local flights (29
troposphere and lower stratosphepe:R00 hPa) on the first four lo-  November, 2 x 30 November, 5 December).

cal flights (16, 19, 23 and 25 November). The 10-day backward tra-
jectories were calculated based on 3-h wind fields of ECMWF. Only
trajectories started every 5 min along the flight tracks are shyn.
Horizontal map(b) Pressure versus time relative to the day of the
flight.

Summary and conclusions

A tropical aircraft measurement campaign was conducted in
the framework of the European integrated project SCOUT-
distinctly different origin over the subtropical Indian Ocean. O3 at Darwin, Australia in November/December 2005. The
Air masses in the lower stratosphere mostly originated fromcampaign aimed at studying the mechanisms of transport
the east or north-east and had travelled only small distance$irough the TTL and into the stratosphere, and more specifi-
of typically 2000-3000 km within 10 days. cally the role of deep convection versus large-scale transport,
During the second half of the campaign the air originateddeta"S of cirrus formation and dehydration, and the fate of
over the equatorial Indian Ocean as well as over SouthVery shortlived substances.
ern Hemisphere subtropical and middle latitudes (B). The campaign took place during a near neutral phase of
These air masses typically followed an anticyclonic path overENSO and no major tropical wave disturbance was present.
the Indian Ocean and approached Darwin from the southCloudiness near Darwin was close to average (weakly above)
thereby passing over the Australian continent. CO agd O when compared with a 20 year climatology. The campaign
concentrations in the TTL were on average distinctly higherwas executed in the pre-monsoon season characterized by
on these flights compared to the first four local flights. Mea-easterly low level winds and a pronounced diurnal cycle
surements of aerosols, CO, and ozone taken by the Dornign thunderstorm activity and precipitation. The monthly
aircraft of ACTIVE suggest that the boundary layer was mean position of the (Southern Hemisphere) subtropical jet
largely influenced by biomass burning over northern Aus-was shifted equatorward in November 2005 and a series of
tralia in November 2005Allen et al, 2008. Convective  Rossby wave breaking events at the jet affected Darwin be-
upward transport from the Australian boundary layer thustween 19 and 25 November inducing a period of strong west-
likely contributed to the enhanced CO and ozone concentraerly winds at mid-levels (600-150 hPa) and a few days of
tions observed in the TTL. unusual (yet weak) westerlies at the surface. Consequently,
thunderstorms developed under largely variable conditions in
terms of steering (direction of storm motion), vertical shear,
and direction of anvil outflow. CAPE levels were in the range
1000 to 3000 J/kg typical for this region and time of the year,
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with the larger values occurring only on and after 30 Novem-tailored products and for providing access to forecast data used
ber. Thunderstorm vigor showed only little relation with extensively during the campaign. We are grateful to Matt Wheeler
CAPE except that development was largely suppressed ofBoM) for providing an analysis of equatorial wave activity during
days when no or very little CAPE was present. the campaign. This work has bgen supported by the European
Detailed probing of the thunderstorm system Hector, Community grant through the project SCOUT-O3 under contract

which develops over the Tiwi Islands almost daily in the COCE-CT-2004-505390.
early afternoon, was carried out on five out of eight local
flights, two of which being co-ordinated with the ACTIVE
campaign. Anvil tops were typically located at 17 to 17.5km
altitude close to the cold point tropopause (cf. Big) which References
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