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Abstract. In this study we examine the simulated down-
ward transport and mixing of stratospheric air into the up-
per tropical troposphere as observed on a research flight
during the SCOUT-0O3 campaign in connection with a deep
convective system. We use the Advanced Research Weather
and Research Forecasting (WRF-ARW) model with a hori-
zontal resolution of 333 m to examine this downward trans-
port. The simulation reproduces the deep convective sys-
tem, its timing and overshooting altitudes reasonably well
compared to radar and aircraft observations. Passive tracers
initialised at pre-storm times indicate the downward trans-
port of air from the stratosphere to the upper troposphere as
well as upward transport from the boundary layer into the
cloud anvils and overshooting tops. For example, a passive
ozone tracer (i.e. a tracer not undergoing chemical process-
ing) shows an enhancement in the upper troposphere of up
to about 30 ppbv locally in the cloud, while the in situ mea-
surements show an increase of 50 ppbv. However, the passive
carbon monoxide tracer exhibits an increase, while the ob-
servations show a decrease of about 10 ppbv, indicative of an
erroneous model representation of the transport processes in
the tropical tropopause layer. Furthermore, it could point to
insufficient entrainment and detrainment in the model. The
simulation shows a general moistening of air in the lower
stratosphere, but it also exhibits local dehydration features.
Here we use the model to explain the processes causing the
transport and also expose areas of inconsistencies between
the model and observations.

1 Introduction

The air in the tropical upper troposphere is subject to mean
upward transport: above the level of zero radiative heat-
ing, the Brewer—Dobson circulation leads to slow upwelling,
which can however be penetrated by rapid overshooting con-
vection (Corti et al., 2006; Pommereau, 2010; Randel and
Jensen, 2013). In both scenarios air predominantly enters
the stratosphere, while stratosphere-to-troposphere exchange
preferably occurs around the subtropical jet and in the mid-
latitudes (Holton et al., 1995; Stohl et al., 2003; Tang et al.,
2011). In tropical deep convection, strong upper-level up-
drafts are not uncommon, and there are also strong upper-
level downdrafts associated with these (Heymsfield et al.,
2010). These downdrafts in tropical overshooting deep con-
vection may irreversibly transport stratospheric air across
the tropopause into the upper troposphere, but the extent to
which they impact upper tropospheric chemistry and the net
flux across the tropopause is currently unclear.

The tropical tropopause layer (TTL), defined by
Fueglistaler et al. (2009) as the layer above the level
of main convective outflow (14km/355K) and up to
18.5km/425 K, is the interface between the free troposphere
and the stratospheric overworld. Ozone and water vapour in
the TTL have important roles, e.g. for the radiation budget
and thus surface temperatures (Solomon et al., 2010), both
being major greenhouse gases (Huntrieser et al., 2007).
For example, a change in ozone in the TTL of 5 % causes
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a radiative heating response of 0.5Kdec™! (Forster et al.,
2007). Deep convection, which effectively redistributes trace
gases throughout the atmosphere, plays an important role
by changing the trace gas composition, including water
vapour, in the TTL. Trace gases can be transported from the
boundary layer to 15 km altitude within 30 min (Thompson
et al., 1997), which is fast enough to transport very short
lived substances (VSLS) from the boundary layer into
the TTL and possibly into the stratosphere. Halogenated
VSLS, containing bromine, chlorine, and iodine, play an
important role in ozone destruction (Law and Sturges, 2007;
Aschmann et al., 2011; Hossaini et al., 2012). Furthermore,
anvil clouds originating from deep convection provide
surfaces for heterogeneous reactions. For example, von
Hobe et al. (2011) show evidence for heterogeneous chlorine
activation on TTL cirrus. Thus, transport and mixing of air
in the TTL can play an important role in altering chemical
species. On the other hand, convective downdrafts can
transport free tropospheric air into the boundary layer (Hu
et al., 2010). While the transport in convective updrafts is
well studied (e.g. Folkins et al., 2002; Barth et al., 2007;
Pommereau, 2010; Romps and Kuang, 2010), especially in
the mid-latitudes (e.g. Wang, 2003; Hegglin et al., 2004;
Mullendore et al., 2005; Homeyer et al., 2014), only few
studies look at the downward transport of tracers triggered
by convection (Lu et al., 2000; Hu et al., 2010; Barthe et al.,
2011). However, these upper-level downdrafts, which are
either direct convective downdrafts or related to gravity
waves, may also transport dry and ozone-rich stratospheric
air across the tropopause (Lu et al., 2000). Downward
transport of stratospheric air in relation to convection has
been reported in the mid-latitudes (e.g. Shapiro, 1980;
Lamarque et al., 1996; Poulida et al., 1996; Stenchikov
etal., 1996; Chagnon and Gray, 2010; Pan et al., 2014). This
implies that mixing of boundary layer and stratospheric air
could happen in the upper tropical troposphere in connection
with deep convection. Pommereau (2010) points out that
convective transport could play a more important role in
troposphere-to-stratosphere transport than slow radiative
ascent; however, the implications of such transport and
mixing for the TTL chemistry are unknown.

Deep convective clouds may even overshoot into the
stratosphere, injecting trace gases, water vapour, and even
ice crystals directly (Corti et al., 2008; de Reus et al., 2009).
There has been an ongoing debate about whether these in-
jections lead to dehydration or hydration of the stratospheric
air. It was argued that water vapour would condense onto
the overshooted ice crystals which then sediment back to
the troposphere (Danielsen, 1982) and thus dehydrate the air.
However, in situ observations as well as modelling results
during the last decade suggest a net hydrating effect (e.g.
Chaboureau et al., 2007; Corti et al., 2008; Chemel et al.,
2009; de Reus et al., 2009; Pommereau, 2010), mainly by
direct injection of water vapour and ice that sublimates in
the stratosphere. However, idealised simulations have shown

Atmos. Chem. Phys., 15, 6467-6486, 2015

the importance of prevailing TTL background conditions
(Jensen et al., 2007; Hassim and Lane, 2010): by driving
the humidity in the TTL towards ice saturation, overshooting
convection may dehydrate or hydrate, depending on whether
the TTL was supersaturated or subsaturated before. Hassim
and Lane (2010) found net hydration in the stratosphere,
which was subsaturated, regardless of the TTL humidity. At
present it is unclear what the relative impacts of these lo-
calised storms are on the global scale, though observational
campaigns during the early years of this millennium demon-
strated a high frequency of overshooting events (Pommereau,
2010), which contrast with the generally assumed scarcity of
these events. A high-resolution climatology of the extent and
number of overshooting convection events would be needed
to fully quantify their impact.

During the Australian pre-monsoon season (November—
December), a very intense deep convective storm system
develops almost daily over the Tiwi Islands near Darwin
(so-called “Hector”; Keenan et al., 1994; Carbone et al.,
2000; Crook, 2001). In general, Hector develops as a con-
sequence of converging sea breezes and interacting cold
pools (Carbone et al., 2000). Due to the high probability of
Hector developing, several observational experiments have
been carried out in Darwin, Northern Territory (Australia).
One of these campaigns was the SCOUT-O3 experiment
(Stratospheric-Climate Links with Emphasis on the Upper
Troposphere and Lower Stratosphere; Brunner et al., 2009)
in November—December 2005. The aim of this campaign was
to study the transport of trace gases and water vapour and the
role of deep convection therein.

This paper presents a combination of in situ measure-
ments and modelling results of a Hector storm system during
the SCOUT-O3 campaign. The observations and simulation
show the importance of downdrafts from the stratosphere for
the composition of trace gases. Additionally, the impact of
the overshooting convection on the water vapour in the TTL
and lower stratosphere is studied.

2 Measurements and case description

This case study focusses on measurements and simulations
of a Hector thunderstorm on 30 November 2005. On this day
an intense Hector developed above the Tiwi Islands, which
is described in detail by Chemel et al. (2009). Chemel et al.
use simulations performed with the Weather Research and
Forecasting (WRF) model and the UK Met Office Unified
Model (UM). In situ cloud microphysical measurements of
this storm are reported by Frey et al. (2014). These mea-
surements were obtained aboard the high-altitude aircraft
Geophysica as part of the SCOUT-O3 campaign (Brunner
et al., 2009). Convection was initiated around 03:30 UTC
(13:00 LT; LT =UTC + 9:30; Brunner et al., 2009) and the
research flight took off at 03:44 UTC (Frey et al., 2014). Dur-
ing this research flight, measurements in overshooting cloud
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Figure 1. Observed ozone and carbon monoxide mixing ratio pro-
files (left and middle panel) during the double flight on 30 Novem-
ber 2005. On the right, the median observed profiles with the 33
and 67 percentiles (error bars) are shown together with the model
initialisation profiles (see Sect. 5). The shading indicates the TTL
as defined by Fueglistaler et al. (2009) and the dashed line indicates
the cold point tropopause (CPT).

turrets were performed, which penetrated into the strato-
sphere up to potential temperatures of 417 K; see Corti et al.
(2008) and de Reus et al. (2009) for details. These stud-
ies show that the observed cloud particles were a result of
convective overshooting and did not form in situ. The over-
shoots were encountered by the Geophysica between about
05:40 and 07:00 UTC at altitudes between 18.0 and 18.7 km
(de Reus et al., 2009). The Darwin C-band polarimetric
radar (CPOL; Hassim et al., 2014) confirmed this and de-
tected overshooting cloud turrets with maximum echo top
heights of 19 km over the Tiwi Islands between 04:00 and
07:00 UTC (Vickal Kumar, personal communication). Addi-
tionally, trace gas measurements were obtained for ozone and
carbon monoxide aboard the Geophysica by the Fast OZone
ANalyzer (FOZAN; Yushkov et al., 1999; Ulanovsky et al.,
2001) and the Cryogenically Operated Laser Diode (COLD;
Viciani et al., 2008) instruments. FOZAN is a chemilumi-
nescence sensor with an accuracy of 10 % and a precision of
0.01 ppm that measures ozone mixing ratios at 1 Hz sampling
frequency. COLD has an accuracy of 6-9 % at the lower de-
tection limit of a few nmolmol~1, and a precision of 1 %.
Its sampling frequency is 0.2 Hz. At given aircraft speeds the
sampling frequencies of the instruments translate to horizon-
tal distances of 150-200 m and 750-1000 m, respectively.
The Geophysica performed two flights on 30 November,
the first flight mainly around and above the developing and
mature Hector, the second flight in Hector cloud remnants.
FOZAN and COLD were operational during both flights and
the measured profiles are shown in Fig. 1. Both species show
a distinct feature around the 390K level: clearly elevated
ozone mixing ratios and decreased CO mixing ratios rela-
tive to those expected in typically shaped profiles are seen.
The deviations of the observed median profile from the ex-
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pected typically shaped profile are about +50 ppbv for ozone
and —10ppbv for CO. While photochemical production of
ozone can occur in deep convection due to lightning, this
would not affect the CO mixing ratios. While COLD made
no observations in the lower troposphere, CO sinks there can
be excluded, as measurements performed aboard the Egrett
aircraft during the same campaign time show (Allen et al.,
2008). They found CO mixing ratios of approximately 80—
100 ppbv at the altitudes up to 4km. On the other hand,
stratospheric air is CO poor and ozone rich. The reduction
in ozone mixing ratios between 360 and 380 K during the
second flight indicates convective influence on the profile
(by upward transport of ozone-poorer air from the boundary
layer, e.g. Folkins et al., 2002). Further indication of convec-
tive influence is given by the non-volatile aerosol measure-
ments shown by de Reus et al. (2009, their Fig. 8), where
elevated non-volatile aerosol concentrations can be found
above 390K. Furthermore, a trajectory analysis was con-
ducted to exclude the influence of a large-scale stratospheric
intrusion. The kinematic trajectories were calculated with
LAGRANTO (Wernli and Davies, 1997) based on ECMWF
operational analysis fields with a horizontal grid spacing
of 0.125° and 60 vertical levels and were initialised on
30 November 2005 at 06:00 UTC, at different altitudes, i.e.,
75, 80, 85, 90 hPa, above the Tiwi Islands. From this analysis
it was concluded that the measured tracers were not signifi-
cantly influenced by a large-scale stratospheric filament (not
shown), but were rather modified by local processes. Synthe-
sising this information, the observed ozone and CO profiles
therefore imply downward transport of stratospheric air.

While several studies have examined the effect of over-
shooting on the upward transport of air masses into the strato-
sphere, particularly looking at humidity and also cloud par-
ticles, the role of downward transport has seldom been in
the focus or reproduced by models. However, in-mixing of
dry and ozone-rich stratospheric air into the TTL will have
important implications for the radiative forcing, chemistry,
cloud formation, and humidity here.

3 Model and its configuration

The Advanced Research WRF (WRF-ARW) Version 3.4.1
was used to simulate the Hector storm system that devel-
oped on 30 November 2005. The model was run using five
one-way nested domains. The innermost domain (domain 5)
was centred above the Tiwi Islands, north of Darwin, Aus-
tralia. The locations of the domains as well as their horizon-
tal grid spacing (Ax) are given in Fig. 2. The computations
were made on 129 vertical levels up to a pressure level of
10 hPa, with around 100 m vertical spacing in the TTL. For
the outermost domain, a time step of 90s is used; the nested
domains have a nest-to-parent time step ratio of 3: 1. A5km
deep implicit gravity-wave damping layer is established and
vertical velocity damping is also used. Meteorological initial
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Figure 2. Location of model domains and their horizontal grid spac-
ing. The Geophysica flight path is superimposed in light blue.

and boundary conditions were derived from the ERA Interim
reanalysis (Dee et al., 2011) model level data with 60 verti-
cal levels and a horizontal spacing of 0.75°. The model was
initialised on 29 November at 12:00 UTC to allow for model
spin-up. An earlier start (6, 12, 24 h) resulted in a weaker
Hector or Hector not evolving at all.

The Tiwi Islands are generally flat; however, there is a
mountain ridge that might affect Hector development. There-
fore, 3 arc-seconds (about 90 m) Shuttle Radar Topography
Mission (SRTM; Farr et al., 2007) topography replaces the
standard WRF topography on domains 4 and 5 in this study
and 30 arc-seconds SRTM data were used on domain 3 (to
give a smooth transition to the lower-resolution WRF topog-
raphy domains and to avoid boundary problems). For the land
use categories we used MODerate resolution Imaging Spec-
troradiometer (MODIS; Friedl et al., 2002) data at 1 km res-
olution and the Noah land surface model (Chen and Dudhia,
2001).

For the surface and boundary layer, the quasi-normal scale
elimination (QNSE) scheme is used (Sukoriansky et al.,
2005). The QNSE scheme is classified as a turbulent ki-
netic energy (TKE) closure scheme. The daytime part uses
the eddy diffusivity mass-flux (EDMF; Pergaud et al., 2009)
method with shallow convection, with the mixing height
diagnosed on the basis of TKE. While vertical diffusion
is performed by the PBL scheme, we use a simple hori-
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zontal diffusion option along the model levels. The K co-
efficient for horizontal diffusion is diagnosed from hori-
zontal deformation and stability following a Smagorinsky
approach. A positive definite sixth-order horizontal hyper-
diffusion is used to act as a selective shortwave numerical
noise filter. For the computation of long- and short-wave
radiation, we used the Rapid Radiative Transfer Model for
GCM schemes (RRTMG,; lacono et al., 2008), an improved
version of the RRTM. The RRTMG schemes work with the
Monte Carlo Independent Column Approximation (MCICA)
method of random cloud overlap. It is used operationally in
the ECMWF weather forecast system. Cumulus parameter-
isation is applied for domains 1 and 2, namely, the Betts—
Miller-Janjic operational eta scheme (Janjic, 1994). Con-
vection is treated explicitly on the other three domains. For
the cloud microphysical calculations, the NSSL two-moment
microphysics (Mansell et al., 2010) is implemented. The
NSSL scheme calculates cloud water, rain, ice, snow, grau-
pel, and hail and the corresponding hydrometeor number
concentrations.

4 Hector development

The background conditions of several meteorological pa-
rameters as simulated in the innermost domain are shown
in Fig. 3. The cold point tropopause can be found at
16.9km and the hygropause just 100m above. The cold
point tropopause as observed by the Geophysica was lo-
cated at 17.3km (de Reus et al., 2009); however, it has
to be cautioned that the measurements were taken dur-
ing the flight when Hector had already developed, and
are thus not directly comparable to the domain aver-
age presented here. The height of the simulated cold
point tropopause changes to 16.8km/16.8km/17.1km at
06:00 UTC/09:00 UTC/12:00 UTC. Between 13.9km and
16.3km, the relative humidity with respect to ice (RH;)
reaches above 100 %, with a maximum of 105 % at 15.4 km.

The evolution of simulated 10m winds, radar reflectiv-
ity! at 10 km altitude, column maximum radar reflectivity,
and outgoing longwave radiation (OLR) is shown in Fig. 4.
One deep convective cell develops over the eastern part of
Bathurst Island (the smaller island to the west) and a stronger
cell at the eastern part of the mountain ridge on Melville Is-
land in the island’s south-east. Subsequently the latter cell
travels along the ridge towards the west. The radial outflow
from cold pools evolves into an offshore flow to the south-
east of Melville Island between 05:30 and 06:00 UTC. The
locations of the modelled cloud signals compare reasonably
well to observations as shown in Brunner et al. (2009, cf.
their Fig. 13). Satellite images (not shown) illustrate that in
its mature stage Hector starts travelling towards the north-

1The radar reflectivity is calculated by the NSSL microphysics
scheme following Ferrier (1994), assuming pure Rayleigh scatter-
ing.
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Figure 3. Profile of meteorological parameters prior to Hector de-
velopment (04:30 UTC). Profiles are averaged over domain 5 and
show temperature and potential temperature in the left panel, the u
and v wind components in the middle panel, and relative humidity
with respect to ice and water vapour mixing ratio in the right panel.

west between 06:33 and 07:33UTC, whereas in the mod-
elled OLR fields this shift happens about half an hour later.
At this later stage the anvil identified by OLR covers much
of Melville Island.

The vertical evolution of Hector is shown in Fig. 5. The
zonal cross section is chosen in a way that it intersects the
convective core at around the highest updraft and downdraft
speeds. The dashed line indicates the 0.01 g kg~ ice mixing
ratio, often used to represent the cloud boundary. The cloud
layer around 15 km (which developed over night) would un-
der that definition not count as cloud. This is also the alti-
tude of slight supersaturation (cf. Fig. 3) which presumably
leads to the formation of thin ice clouds. The first convec-
tive cell develops at around 130.45° E at 04:30 UTC (cf. the
Bathurst cell in Fig. 4) and reaches its maximum altitude of
about 13km at 04:50 UTC. However, the cross sections here
do not intersect the middle of this cell, since it ceases, and a
second, stronger cell starts developing at 04:40 UTC, around
131.1° E. The cloud tops shown in Fig. 5 exhibit ice water
content (IWC) and number concentrations (not shown) sim-
ilar to those reported by the measurements in de Reus et al.
(2009). The timing of the simulated overshoots is similar to
that of the Geophysica measurements; however, the CPOL
radar reported frequent overshoots from 04:30 UTC (inferred
here from cloud tops higher than the average cloud top). The
aircraft was simply not at those altitudes at the time of the
first overshoots. As with the comparison of OLR fields with
the satellite images, the modelled Hector overshoots indicate
a lag in timing of approximately half an hour to an hour.

The development of the modelled Hector was sensitive to
the chosen boundary and surface layer schemes and model
initialisation time. Particularly, the strength of Hector and the
maximum overshooting altitude were affected. The sensitiv-
ity to surface and boundary layer schemes was also shown by
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Hoyle et al. (2011), who compared the tropical transport pro-
cesses of 14 different (lower-resolution) models. In our case,
the QNSE surface and boundary layer schemes gave the best
results in reproducing Hectors’ cloud top altitude, compared
to the CPOL radar and aircraft measurements. While replac-
ing the WRF topography on domains 3, 4, and 5 with SRTM
topography improved timing by about 20 min (on domain 4),
the higher resolution of domain 5 again improved the tim-
ing of Hector onset by a further 30 min relative to domain
4. There is also a slight sensitivity towards the cloud micro-
physical scheme used. In addition to the NSSL microphysics,
the WDM®6, Thompson, and Morrison two-moment schemes
(Lim and Hong, 2010; Thompson et al., 2008; Morrison
et al., 2009) were tested. While Thompson, Morrison, and
NSSL all simulated Hectors with clouds reaching high into
the TTL, convection in the WDM®6 scheme just reached up
to 10 km. From the remaining three, the Thompson scheme
produced the smallest Hector in horizontal and vertical ex-
tension. Morrison and NSSL simulated higher vertical wind
speeds (about 8-10ms~1 higher) and higher reaching tur-
rets, also producing overshooting into the stratosphere, as ob-
served. The NSSL scheme achieved slightly larger horizon-
tal and vertical extents than the Morrison scheme. While the
timing is similar for the Thompson and Morrison schemes,
the NSSL scheme showed a better timing by about half an
hour. Thus, overall, the NSSL scheme performed best, and
was chosen for the rest of the study.

5 Convective transport and mixing of passive tracers
5.1 Passive layer tracers

To gain a closer look at the redistribution of air masses in
the TTL due to deep convection, passive tracers have been
initialised at 04:30 UTC. This time was chosen since convec-
tion was shallow and did not reach above 5 km and, thus, it is
a time prior to the development of Hector (see Fig. 5). More
importantly, the TTL was still in its pre-convection state. Two
initial sets of passive tracers were introduced on different
altitude and potential temperature layers as indicated in Ta-
ble 1. The values of the passive tracers in the respective layers
were set to 1, while the layers above and below remained at
0.

Figure 6 shows vertical cross sections of BLA, Al, A2,
A3, and A4 distributions at 06:00 and 12:00 UTC. The dis-
tribution of the tracers during the mature stage of Hector
(06:00UTC) not only shows the upward transport of air
masses from the lower levels (BLA, Al, and A2), but also
significant downward transport from the upper layers (A2,
A3, and A4). The boundary layer tracer as well as the free
tropospheric tracer (BLA and A1) are transported high up
into the TTL; the boundary layer tracer is transported with
greater efficiency than the free tropospheric tracer. Both trac-
ers are still visible after convection ceased at 12:00 UTC,
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Figure 4. Evolution of 10 m surface winds (arrows), radar reflectivity at 10 km altitude (left panels), column maximum reflectivity (middle
panels), and OLR (right panels) as simulated in domain 5.

Table 1. Specification of passive tracer layers. The tracers carry an
amount of 1 in these layers and are 0 outside at the time of tracer

initialisation at 04:30 UTC.

Altitude tracer

Potential temperature tracer

BLA <2km
Al 2-10km
A2  14-16km
A3 16-18km
A4 18-20km

BLT <315K
T1 315-350K
T2 350-370K
T3 370-390K
T4 390-410K
T5 410-430K

suggesting irreversible transport. Small amounts of BLA,
Al, and A2 even reach up to about 21 km at 09:00 UTC and
fall back to 20 km at 12:00 UTC (on scales smaller than plot-

Atmos. Chem. Phys., 15, 6467-6486, 2015

ted here). Only A4 reaches somewhat higher into the strato-
sphere, which is not surprising since its initialisation altitude
is already situated in the lower stratosphere. Some signs of
upward transport are also visible in the other tracers, but
considerable amounts of air have been mixed downward at
the same time. The TTL tracers A2, A3, and A4 all show
downward transport reaching several kilometres below their
initialisation layers. The transport of the tracers is also cross-
isentropic, as can be seen in Fig. 72. Here, the domain aver-
aged profiles of the potential temperature layer passive trac-

2Linear interpolation has been applied in the vertical to regrid
data onto a regular potential temperature ordinate (Figs. 7-11, 13,
14). Care should be taken interpreting the figures when isentropes
are near vertical. However, different interpolation methods lead to
almost identical results.
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ers are shown at 06:00, 09:00, and 12:00 UTC, plus the in-
cloud averages of the tracers at 06:00 UTC.

As one might expect, the in-cloud averages show much
higher values of the tracers than the domain averages (note
the different x axis scale for the in-cloud averages). This is
because the transport of air masses happens on the convec-
tive cloud scale and mostly does not spread out horizontally
during the mature Hector. Plus, the domain averages also av-
erage over non-convectively influenced regions. It is inter-
esting to note that above roughly 355K the boundary layer
tracer BLT is more abundant than the free tropospheric tracer
T1. The profiles show that there is in-mixing of boundary
layer air as well as lower stratospheric air in the TTL. Even
hours after Hector (12:00 UTC), signs of the tracers can be
found outside their initialisation layers, showing the potential
for boundary layer and stratospheric air to mix and undergo
chemical processing.

5.2 Passive ozone and passive CO tracers

As discussed in Sect. 2, the trace gas measurements during
the SCOUT-03 flight on 30 November 2005 indicate down-
ward mixing of stratospheric air into the upper troposphere
(cf. Fig. 1). To examine this in the model, idealised pro-
files of ozone and CO were used to initialise a further set
of passive tracers, hereafter pOs and pCO. We did not use
the profile measured by the ozonesonde on this case study
day, since this profile was influenced by the active Hector.
Instead the ozone profile used here is a smoothed version of
the observed ozonesonde profile from 4 December 2005, a
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non Hector day with a clearer resemblance to background
conditions. An idealised CO profile adapted from the flight
profile on 25 November 2005, with high values in the tropo-
sphere and low values in the stratosphere, is used as the pCO
initialisation profile. Since these are passive tracers, there is
no chemical processing, but only transport and mixing. The
initialisation profiles for pO3 and pCO are shown in Fig. 1
in the right panel.

One of the first simulated overshoots reaching the
tropopause region occurred at 05:20 UTC. A longitudinal
cross section of the vertical wind field through the convective
core is shown in Fig. 8a. The 0.01 g kg~ cloud contour is su-
perimposed as well as isolines of the pOg tracer. The top of
the cloud is located in a downdraft region, indicating that the
overshooting updraft is collapsing, while to the west (down-
stream) there is a small updraft stream. The pOs isolines
show a downward transport of pOs-richer air from above in
the downdraft. This is corroborated with the T4 tracer field
that is shown in Fig. 8b. Amounts of this tracer reach down
into the cloud (to about 350 K) whose cloud top is at 390 K,
the lower level of the tracer initialisation layer. In Fig. 8c the
wind field is overlain with pCO isolines. Interestingly, these
do not provide an indication of downward transport of strato-
spheric air, but of upward transport of lower tropospheric air.
The lower right panel shows the boundary layer tracer BLT
(initialised below 315K). It illustrates that boundary layer
air can be found throughout the cloud. These tracer perturba-
tions imply that mixing within the cloud is very active.

In a second example, a stronger overshoot during the ma-
ture Hector is shown in Fig. 9. Again, downward mixing

Atmos. Chem. Phys., 15, 6467-6486, 2015
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of pQOs-rich air can be seen; e.g. compare the tilt in the
120 ppbv isoline that approaches the altitude of the 90 ppbv
background surface. Thus, an enhancement of about 30 ppbv
can be found locally. The in situ measurements exhibit an

Atmos. Chem. Phys., 15, 6467-6486, 2015

increase of about 50 ppbv. The in-cloud increase in pCO is
in disagreement with the in situ measurements that show a
decrease of about 10 ppbv. The T4 and BLT tracers are dis-
tributed throughout the upper cloud parts, indicating down-
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The left panels show the vertical wind (coloured contours) over-
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show coloured contours of the T4 (b) and BLT (d) tracers. The
0.01gkg™? cloud contour is displayed on all cross sections. The
white dashed/dash-dotted lines indicate the 0.1 and 1% thresholds
of the tracer’s original value.

ward as well as upward mixing into the cloud anvil. The
fact that pCO increases in the cloud suggests that there is
more boundary layer tracer mixed upwards than stratospheric
tracer downwards.

The mixing pattern as well as the cloud are highly vari-
able in space and time. This is illustrated in Fig. 10. Here,
A pOs, i.e. the difference of the pO3 tracer from the initiali-
sation profile at 04:30 UTC, is shown. The middle panel cor-
responds to the 06:00 UTC cross section as in Fig. 9. The left
panels show the cross sections shifted by 2 km to the south,
the right panels shifted 2km to the north. The upper pan-
els show the cross sections 10 min prior and the lower panels
10 min later. In general, there is a pOg increase in the top part
of the cloud, while a decrease is obvious in the anvil between
350 and 360 K. The rise seems to be slightly stronger towards
the windward (eastern) side of the cloud. Furthermore, in the
420-440 K layer we find increased pQgs; in some subfigures
this increase extends further downward towards the cloud.

Profiles of in-cloud averages of passive tracer deviations
from the initialisation profiles have been calculated and are
displayed in Fig. 11. The reduction of pO3 due to upward
transport from the boundary layer is obvious in the free tro-
posphere (325-360K). Between 360 and 400K, pOs in-
creases with respect to the background profile, and thus indi-
cates downward mixing of pOgz-rich air. The pCO tracer, on
the other hand, shows an increase in the layer around 340—
380K, peaking at about 360 K, where A pQO3 changes from
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Figure 9. Same as Fig. 8 but for 06:00 UTC.

negative to positive. Thus, in the 360-380 K layer, these two
tracers show signs of upward as well as downward mixing
into this layer. Comparing the in-cloud tracers BLT and T4
reveals more influence of boundary layer air in the lower
cloud parts. At about 370K the in-cloud tracer profiles in-
tersect and the influence of stratospheric air becomes more
significant above this level. Convection becomes inactive at
around 07:00 UTC; however, some further changes to the in-
cloud tracer profiles may occur, presumably due to horizontal
advection or other lateral in-mixing processes not related to
convection.

5.3 Turbulent kinetic energy

In order to illustrate where the model identifies mixing,
Fig. 12 shows the parameterised turbulent kinetic energy
(TKE).

At 05:20UTC there is a little mixing at the windward
(eastern) part of/behind the cloud, but in Fig. 8 no mixing
is clearly visible there. The two figures agree about mix-
ing in the cloud turret. However, TKE appears only in the
front part of the cloud turret. At 06:00UTC the parame-
terised TKE indicates mixing in a large part of the cloud
and above the cloud, though not in the front anvil. At both
times TKE is highest where the isentropes show strong de-
viations from their relaxed state. Furthermore, the isentropes
illustrate gravity wave activity, induced by the convection.
The superimposed u-w wind vectors additionally indicate
the wave response. The wind reversal at 06:00 UTC at about
19 km and 130.94° E is suggestive of wave breaking. Also, at
05:20 UTC a slight reversal can be seen at about 18.5 km and
131.05" E, but here it is not strong enough to cause overturn-
ing. Thus, at early times the mixing is confined to the cloud,
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consistent with the localised tracer perturbations in Fig. 8.
At later times, the TKE is more widespread (also outside the
cloud), leading to stronger tracer perturbations.

6 Modelled water vapour

As the previous section indicates downward transport of
stratospheric air into the upper troposphere through mixing,
the question arises how it affects the water vapour fields. By
bringing down dry stratospheric air, these downdrafts could
lead to either direct dehydration or evaporation of cloudy

Atmos. Chem. Phys., 15, 6467-6486, 2015

air parcels, thus reducing cloud heights and cloud amount.
For this reason, we look at cross sections of differences in
the pre-Hector water vapour field (04:30 UTC) from Hector
as well as post-Hector water vapour fields. Additionally, a
further passive tracer field was initialised with the domain
average water vapour profile at 04:30 UTC, hereafter called
passive water vapour or pH»O. Since it is passive, it does
not interact, e.g. there is no phase change due to micro-
physics. Thus, by comparing the pH,O field to the modelled
“real” water vapour field, the effects of cloud microphysics
(e.g. cloud particle formation, evaporation, and sedimenta-
tion) can be studied.
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The alteration of the water vapour field is shown as in the
previous section for the 05:20 UTC example by means of a
vertical cross section in Fig. 13a, on the left-hand side. The
0.01gkg~! cloud contour is depicted in solid. The cloud re-
gion next to the updraft (cf. Fig. 8) indicates some moistening
compared to the pre-Hector field of up to 2.5 ppmv, while the
cloud part to the east and deeper within the cloud exhibits a
dehydration of up to —5ppmv. There also is a slight dehy-
dration above the cloud top. A hydration layer can be found
outside the cloud on the bottom of the TTL. This layer is
topped by a 5-10 K thin dehydration layer, which reaches up
to 15 K thickness at the eastern side of the cloud and a reduc-
tion in water vapour by up to —1.2 ppmv.

A similar picture is given by the 06:00 UTC example
(Fig. 13b, left panel). The difference in the modelled wa-
ter vapour fields shows a hydration in the upper downwind
(western) cloud parts (up to 5ppmv) and dehydration in
the lower anvil and to a large part on the upwind (eastern)
side of the cloud (up to —5ppmv). The stratospheric cloud
parts (above 380K) are also surrounded by dehydrated air
masses, reaching —1.4 ppmv. However, atop the overshoot,
hydrated air spreads out in a “humidity anvil”, accounting for
0.35ppmv. The cross sections on the right of Fig. 13 show
the distribution of the pH»O tracer deviation to the back-
ground profile (ApH20). Enhanced passive water vapour
can be found throughout the clouds (of more than 17 000
and 19 000 ppmv at 05:20 and 06:00 UTC, respectively) and
dehydration directly on top of the cloud. The in-cloud hy-
dration is that massive because the tracer considers no mi-
crophysical processes. At 05:20 UTC, the cloud-top dehy-
dration pattern reaches down to almost 370 K on the wind-
ward side (east), while on the western side it just reaches ap-
proximately 385 K. Dehydration is strongest at the cloud top,
reaching —2.9 ppmyv, thus stronger than in the water vapour
field. Also, at 06:00 UTC, the pH,O dehydration feature on
top and around the cloud top is stronger than in the water
vapour field (up to —4 ppmv compared to —1.4 ppmv). En-
hanced pH,O can be found in the layer around 440-460 K,
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as in the water vapour field, which is in the region of the
local water vapour minimum. However, in the latter, this hy-
dration extends downward towards the cloud. At both times a
pH20 hydration layer at the TTL bottom can be found, but it
is somewhat thicker than in the water vapour fields and is not
topped by a dehydration layer. This difference between the
water vapour and pH,O fields at the TTL bottom can also
be seen in the further evolution as shown in Fig. 14. Further-
more, it is found at altitudes where the model simulated a
very thin cloud layer (cf. Fig. 5). Thus, the dehydration on
top of the layer is a result of the microphysics.

Figure 14 shows that a layering of dehydration and hy-
dration evolves, which, however, does not match between
the water vapour and pH,O fields. This cannot solely be
explained by micropysical processes, but horizontal advec-
tion also has to be taken into account, as Fig. 15 shows. For
example, the 410 and 420K levels show an increase in hu-
midity from the south which cannot be seen in the ApH>0
field. This is an indication of horizontal advection of mois-
ture. Still, an enhancement of moisture due to Hector can be
discerned. The A pH,O fields help in this regard to illustrate
where Hector influenced the air masses. The 07:00 UTC ex-
amples at 390-410 K show that in the short term Hector has
humidifying as well as dehydrating impacts, also visible in
Fig. 14: the tower of lofted ice, which appears as a hydrating
core, is surrounded by dehydrated air. In the 09:00 UTC pic-
tures the dehydrating surrounds become less visible or even
disappear. However, on all levels, enhanced moisture content
can be found at places where Hector had an influence com-
pared to the air in the background field.

Nevertheless, the ring-shaped dehydration feature at the
400K level at 07:00 UTC seems to be stronger than the en-
closed hydration. In a rough estimate the water vapour mix-
ing ratio of the complete feature averages to —0.22 ppmv,
while the (unaffected) air to the north-east of this feature has
an average of about —0.09 ppmv. Thus, we find a net dehy-
dration at this level. Similarly, there are net dehydrations at
395 and 405 K. At 09:00 UTC on the latter two levels Hec-
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tor’s impact changes to a slight hydration, while at 400 K we
still see a small drying. Prior to Hector the air at these levels
was subsaturated with respect to ice, while during Hector’s
most active phase, supersaturations can be found in small
ring-shaped areas and also in the centre, certainly excited by

Atmos. Chem. Phys., 15, 6467-6486, 2015

convection-induced gravity waves. In these small regions ex-
isting ice particles may grow and thus reduce the amount of
water vapour; however, since the supersaturation regions are
very small, it seems more persuasive that the drying is a re-
sult of dryer air being transported by either updrafts from the
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Figure 15. Change in humidity at 07:00 UTC (left column) and 09:00 UTC (middle column) on different potential temperature levels. The
right column shows the change of pH,O at 09:00 UTC for comparison. Superimposed are the horizontal wind vectors on the respective level.

hygropause region (around 370 K) or downdrafts from higher
stratospheric levels (cf. Fig. 9). The change from dehydration
at 07:00 UTC to hydration at 09:00 UTC is certainly caused
by sublimating ice particles, injected by the overshoots.

The Awater vapour and A pH,O fields at 09:00 UTC in
the 380, 390, 400, and 440K levels reveal a small general
dehydration. On the ApH0 fields, the drying must stem
from sources other than horizontal advection or cloud micro-
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physics, here from a little large-scale lifting (also visible in
the passive layer tracers). Thus, parts of the dehydration ob-
vious on the Awater vapour fields, to the extent of drying in
A pH>0, should also be caused by the large-scale lifting. The
A pH,0 field shows a hydrating/dehydrating dipole where
Hector impacted the pHO field. While the strong humidifi-
cation is caused by the injection of pH,O from lower levels,
the dehydration appears stronger than in the water vapour
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fields, since there is no sublimation possible, which provides
a pH,O-moisture source in the dehydrated regions.

Together, the wind and A pH,O fields show the shearing
of Hector in the upper levels.

7 Discussion
7.1 General model representation

There have been a number of studies pointing out the diffi-
culty of simulating deep convective systems in general and
Hector in particular. For example, Wapler et al. (2010) and
Wapler and Lane (2012) highlight local difficulties in rep-
resenting the timing of convection and the diurnal cycle in
general. Zhu et al. (2013) point out that in their study all
simulated Hectors were weaker in intensity and smaller in
size than the observed thunderstorms. Problems may arise
due to prescribed aerosol loads acting as condensation nu-
clei which do not reflect actual aerosol amounts (Connolly
et al., 2013). Homeyer et al. (2014) indicate that the vertical
resolution of the meteorological input fields, particularly in
the UTLS, can impact the model representation of the cross-
tropopause transport. Also, the horizontal resolution has been
shown to be an important factor in order to resolve the con-
vective processes (Bryan et al., 2003). In this regard, Chemel
et al. (2009) state that their 250 m resolution better resolves
the convection than their 1 km domain, but that the charac-
teristics are generally similar in space and time. In the sim-
ulations shown here, general features may be similar in the
333 m and 1 km domains; however, the timing is better in the
higher-resolution domain and also the convective transport is
stronger. In general, the simulation of the overshooting cloud
tops presented here agrees reasonably well with observations
(as in de Reus et al., 2009), though convection is delayed by
about half an hour.

7.2 Tracers

The in situ measurements of ozone and CO on 30 Novem-
ber 2005 show an increase/decrease in mixing ratios in the
380-395K layer, respectively, which suggest a downward
transport of air from above. As observed overshooting cloud
tops reached up to 414K (de Reus et al., 2009), this alter-
ation in trace gas mixing ratios is well within the altitude
layer affected by the upper cloud parts. The tracer experi-
ments also suggest that there is not only uplifting of boundary
layer air into the upper cloud parts (overshoots and anvil), but
also downward transport of stratospheric air. This downward
transport, however, is weaker than would be expected from
the in situ measurements of ozone and CO. The observations
show an increase in ozone mixing ratios of about 50 ppbv and
a decrease in CO mixing ratios of about 10 ppbv, while the
model suggests an increase in pO3 of about 30 ppbv and even
an increase in pCO and thus mixing of boundary layer and
stratospheric air. Ozone could be further enhanced by pho-
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tochemical production (which is not simulated here) due to
lightning (e.g. Bozem et al., 2014), but not by these amounts.
On the other hand, Wang and Prinn (2000) show that when
considering the chemical processes related to lightning in
clouds, there may even be a lightning-related ozone loss.
However, lightning would not affect the CO mixing ratios,
and since there is no other source of ozone-rich and CO-
poor air masses, down-mixing of stratospheric air is the most
likely reason for the changed tracer mixing ratios during this
Hector flight. Lateral entrainment of horizontal gradients in
the tracers may lead to changes in the profiles and cannot be
ruled out completely here, particularly since some altitude
levels are affected by horizontal advection. However, strato-
spheric intrusions or tropopause folds, which would lead to
horizontal gradients, were not observed on this day, and the
back trajectories also point towards local processes as a ma-
jor contributor to the stratospheric signature.

There are a few studies that point out the possibility of
overestimated upward transport in WRF, which could lead to
the differences in observation and simulation. For example,
Cummings et al. (2013) see an overestimation of modelled
CO mixing ratios at anvil altitudes of a simulated Hector.
Zhu et al. (2013) concluded that the imperfect simulations of
convection may lead to underestimation of the exchange of
trace gases between troposphere and stratosphere. The results
presented here may indicate an underestimation of down-
ward transport, an overestimation of upward transport (such
that after mixing of the stratospheric and boundary layer air
one sees an enhancement rather than a decrease in CO), or a
combination of both. Additionally, the pO3 and pCO tracers
seem to be affected only very locally, which is not supported
by the in situ measurements. It is unlikely that the Geophys-
ica solely flew in those narrow parts (cf. the flight path in
de Reus et al., 2009, Fig. 5). The measurements do not show
more spread than at other altitudes, so the downward trans-
port of air seems to be less localised than the simulations
suggest. Possibly, the model does not allow enough entrain-
ment and detrainment at the upper cloud parts. In addition,
insufficient entrainment and detrainment in the free tropo-
sphere would lead to too much boundary layer air reaching
the upper cloud.

7.3 Transport and mixing

While there are several studies showing how downdrafts
carry free tropospheric air into the boundary layer (e.g. Betts
et al., 2002; Sahu and Lal, 2006; Hu et al., 2010), only few
report on downward mixing from the tropical stratosphere.
Lu et al. (2000) showed with 2-D cloud resolving modelling
that convective towers that reach the tropical tropopause have
the potential to transfer ozone-rich air down into the cloud
anvil. While their model reproduces observed deep convec-
tive clouds, the measurements do not include trace gases.
With a 3-D cloud resolving model, Barthe et al. (2011) sim-
ulated a mesoscale convective system (MCS) in West Africa,
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also using passive tracers to study vertical transport. Their
UTLS tracer, initialised at 10-20 km altitude, was shown to
be mixed downwards. However, there was no distinction be-
tween its stratospheric and tropospheric origin, and this study
is also lacking trace gas measurements. Baray et al. (1999)
show ozone measurements in relation to a tropical cyclone.
Their measurements suggest direct transport of air from the
stratosphere to the troposphere; however, an explicit determi-
nation of this exchange in the ECMWEF and National Meteo-
rological Center (NMC) model data was not visible due to the
coarseness of the model grids. Similarly, Suhre et al. (1997)
report ozone-rich transients over the tropical Atlantic Ocean
in the vicinity of deep convection. These have been found at
altitudes between 10 and 12 km. As possible explanations for
the origin of these ozone-rich air masses, they suggest either
direct downward transport or quasi-isentropic transport from
the extratropical stratosphere. To our knowledge, this study
is the first that directly links observations and model results
showing a direct transport of stratospheric air into the tropi-
cal troposphere in relation to deep (overshooting) convection
on the scale of a single convective cell.

Reasons for downward transport of high ozone mixing
ratios are discussed in the literature for events in the mid-
latitudes. These are linked to gravity wave breaking (Lamar-
que et al., 1996), cut-off lows (Price and Vaughan, 1993), and
to tropopause folds (Shapiro, 1980). While we find no indi-
cations for the latter two possible explanations, gravity wave
activity very likely plays a role in the downward transport
here, as demonstrated by Fig. 12. Here, we find gravity wave
breaking which is known to cause mixing (Wang, 2003; Lane
and Sharman, 2006), but there is also downward transport
and mixing prior to wave breaking (e.g. at 05:20 UTC). How-
ever, the downward transport may in parts still happen as a re-
sponse to the gravity waves. Lane and Sharman (2006) point
out that due to the vertical displacement of just a few hundred
metres, gravity waves may not cause efficient mixing. Our
simulation indicates transport and mixing over larger vertical
distances (cf. Figs. 6 and 7) of a few kilometres or few tens
of Kelvin. Thus, the convective downdrafts and their strength
are a further important factor.

As the model results show, air masses are mixed down-
ward and have a potential for chemical processing. For ex-
ample, T4 is still present several tens of Kelvin below its
initialisation layer hours after the convection decayed. This
is contradictory to Barthe et al. (2011), who show that their
UTLS tracer was not efficiently entrained into the cloud and
recovered its initial value after the MCS had passed. How-
ever, the upper layer tracers in this study are not transported
efficiently into the lowest layers of the atmosphere, in agree-
ment with Barthe et al.’s findings. In another study, Bding
et al. (2014) conclude that cloud top entrainment is insignif-
icant in deep convection and that downward transport would
only reach over a few hundred metres. Figures 8, 9, and 11,
however, indicate downward transport over larger distances
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and also that the altitude layer tracers A2, A3, and A4 are
being transported several kilometres downwards (cf. Fig. 6).
Our results show the potential for stratospheric and bound-
ary layer air to mix in the anvil of the deep convective cloud.
Depending on the location of the deep convection, polluted
surface air masses may be transported into the anvil from the
boundary layer. Thus, two very different air masses have the
potential to mix, and with the ice clouds providing surfaces
for heterogeneous reactions, this air mix would be able to
further undergo rapid chemical processing. von Hobe et al.
(2011) point out the possibility for chlorine activation on
TTL clouds. The delivery of VSLS from the boundary layer
becomes more important in this light, particularly in future
climates with stronger tropical convection (Hossaini et al.,
2012). Additionally, the high radiation levels in the anvil re-
gion together with the cloud ice particles can lead to locally
enhanced OH mixing ratios (Wang and Prinn, 2000), fur-
ther facilitating the chemical reactions. Subsequent slow up-
welling can transport this new air mix into the stratosphere.

7.4 Water vapour

As other modelling and observational studies, we find a
moistening effect of overshooting convection on the strato-
sphere (e.g. Grosvenor et al., 2007; Corti et al., 2008; de Reus
et al., 2009; Chemel et al., 2009). However, this moistening
does not extend throughout the upper TTL and lower strato-
sphere; instead, there are also some layers of dehydration.
One dehydration layer can be found at the TTL bottom. Here,
between 352 and 362 K, the pre-Hector water vapour field
was supersaturated with respect to ice and should thereby,
following Hassim and Lane (2010), lead to dehydration. The
simulated dehydration here is not present in the ApH,0
field, indicating that microphysical processes caused the dry-
ing, as expected. In this regard, we note that the generally
accepted cloud threshold of 0.01gkg—! might be mislead-
ing. IWCs as small as 0.01mgm~2 have been observed in
overshooting convection (de Reus et al., 2009). In our fig-
ures the cloud edge (with such IWCs) would better be rep-
resented by a value of 0.1 mgkg~1. Under this new defini-
tion the true cloud depth is captured and thus the modelled
clouds reach higher than with the previous definition. For ex-
ample, the 05:40 UTC overshoot in Fig. 5 would reach almost
2 km higher when considering a lower cloud threshold, and
the overshoot at 06:00 UTC would reach approximately 20 K
higher (reaching 440 K instead of roughly 420 K; cf. Fig. 13).
Furthermore, a thin layer at the TTL bottom would be clas-
sified as cloud, corroborating that microphysical processes
have led to the dehydration in this layer.

The levels above (upper TTL and stratosphere) all show
RH; <100 % in the pre-Hector profile and also in the aver-
ages at later times. Thus, ice crystals in these layers are sub-
ject to sublimation and consequently humidify air here, and
no dehydration is to be expected (Hassim and Lane, 2010).
Nevertheless, between 395 and 405 K, dehydration is found
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at 07:00 UTC, which however mostly turns into hydration at
09:00 UTC. Ice has been injected into these levels by Hec-
tor, which will sublimate and humidify the air. Depending on
the size of the ice particles, complete sublimation can take a
few hours (cf. Fig. 7 from de Reus et al., 2009), hence the
change from initial dehydration at times closer to ice particle
injection to hydration (which at the 400 K level might still
be in progress). The dehydration surrounding the overshoot-
ing cores can also be found in the pH,O fields, and therefore
can be attributed to vertical motions, i.e. either updrafts from
the hygropause (370 K) or downdrafts from higher, compar-
atively dry, stratospheric levels.

Even though Chemel et al. (2009) conclude that Hector
has a moistening effect, one of their simulations shows a
slight dehydration in the 370-380 K layer. This is at a some-
what lower altitude than in our simulation, but their hydration
maximum is also approximately 10 K lower than ours.

Changes in the water vapour field are on the one hand
caused by Hector, by transporting air with different humid-
ity and by microphysical processes, but also by simultaneous
horizontal advection of dryer or moister air. Since it is hard
to disentangle the two, no statement about the amount of hu-
midification or dehydration due to overshooting convection
can be made here.

The question of how deep convective overshooting im-
pacts humidity is unable to be answered simply by either
hydration or dehydration. The background conditions in the
3-D humidity fields as well as time since the overshooting
convection have to be considered. Previous studies have ar-
gued that water vapour could condense onto ice crystals in
the overshot cloud turrets which then sediment and dehydrate
the air (Danielsen, 1982; Jensen et al., 2007). Since the air
in our simulation was subsaturated, no freezing could occur.
However, air from around the hygropause, which was located
at about 370 K, was transported upwards (cf. passive tracers
in Fig. 7). Thus, the dehydration in this layer could be a re-
sult of this upward transport and in-mixing of dryer air from
around the water vapour minimum. Likewise, the downdrafts
(cf. Fig. 9) may deliver comparatively dry stratospheric air to
these layers. Since the stratosphere is predominantly subsatu-
rated with respect to ice, the question arises whether the over-
shooting dehydration mechanisms was a misinterpretation. It
might be the reason why this mechanism could not be con-
firmed by modelling studies even when using relatively large
ice crystal aggregation efficiencies and low aerosol concen-
trations (Jensen et al., 2007).

8 Conclusions

Simulations of the 30 November 2005 Hector event were per-
formed with the WRF-ARW model. On the innermost do-
main with 333 m horizontal spacing, reasonable realistic rep-
resentation of the modelled storm system was achieved. A
number of passive tracers have been introduced to study the
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role of transport, including transport from the stratosphere to
the troposphere. Furthermore, this study presents ozone and
carbon monoxide in situ measurements that indicate down-
ward transport from the stratosphere. Increased ozone mixing
ratios and decreased CO mixing ratios are found in the upper
TTL at altitudes concurrent with convective cloud tops. In
general, the simulated passive tracers show an upward trans-
port of boundary layer air into the cloud anvil and overshoot-
ing tops and also downward transport from the stratosphere
into the TTL. Enhancement in the passive ozone tracer is
found above 360 K; however, it is not sufficient to match
the measurements (up to 30 ppbv compared to 50 ppbv). The
pCO tracer, in disagreement with the observations, shows an
increase between roughly 340 and 390 K. Thus, the simula-
tions indicate either (a) an underestimation of the downward
transport of stratospheric air into the troposphere, (b) an over-
estimation of upward transport from the boundary layer or
free troposphere, consistent with insufficient entrainment, or
(c) a combination of the two. Furthermore, insufficient en-
trainment and detrainment in the overshooting tops and anvil
parts of the convective cloud, as well as in the free tropo-
sphere, in the simulation may lead to additional discrepancies
between model and observation.

These results show the high potential for mixing of bound-
ary layer air and stratospheric air in the TTL within clouds.
While halogenated VVSLS are transported from the boundary
layer, the clouds and strong solar radiation provide a high
OH abundance locally. This creates a high potential for gas-
phase and heterogeneous chemistry in the cloud anvils and
overshooting tops that can lead to ozone destruction. Pom-
mereau (2010) points out that overshooting convection is
happening much more frequently than previously thought,
and thus could play a major, or even dominant, role in the
transport from the troposphere to the stratosphere. In turn,
convective-scale downward transport from the stratosphere
as shown here should be considered when looking at TTL
chemistry on local and global scales. However, it is not yet
well studied and our ability to model the TTL generally is
challenged. To our knowledge this is the first study that com-
bines in situ measurements and cloud resolving modelling
showing the downward transport from the stratosphere into
the upper troposphere in the tropics on the convective cloud
scale. This is a further indication that the transport processes
around the tropical tropopause are not fully understood.

In our simulations a lower cloud contour of 0.1 mgkg~!
better represents observed IWCs than the generally accepted
0.01gkg~'. Thus, we would suggest using the lower thresh-
old for defining a model cloud. The overshooting convection
has been found to affect the humidity fields of the upper TTL
and the lower stratosphere. Generally, we found a moisten-
ing; to what extent is hard to disentangle due to additional
horizontal advection of moister or dryer air, depending on
the altitude layer. Interesting to note though is the net drying
found at 400 K where the dehydration surrounding the cloud
core is stronger than the hydration in the core, even though
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this altitude layer is generally subsaturated with respect to
ice. Thus, the question of whether overshooting convection
leads to hydration or dehydration is not only dependent on
the initial water vapour profile, but also on the altitude of the
layer and time since the overshooting. Overshooting convec-
tion in a subsaturated environment can actually lead to both
hydration and dehydration.
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