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ABSTRACT

The dynamics ofHector theConvector, which overshot into the stratosphere on 30November 2005 over the

Tiwi Islands, Australia, is investigated using a giga-large-eddy simulation with a 100-m cubic mesh. Individual

updrafts, defined as 3D objects with vertical velocity above 10m s21 are identified. Among the 20 000 updrafts

formed during the most intense phase, only a dozen were more than 4 km tall. The two tallest updrafts

accounted for more than 90% of the total vertical mass flux through the tropical tropopause layer. Their

locations were determined by low-level convergence lines first created by the sea breeze in the morning, then

enhanced by cold pools due to cumulus congestus. They finally reinforced each other as they moved inland

and intersected. The two tallest updrafts that overshot the tropopause were contrasted with those occurring

1 h earlier and later. They presented larger widths (up to 8 km), greater buoyancy (up to 0.1m s22), stronger

vertical velocities (up to 50m s21), and larger hydrometeor contents (more than 10 g kg21). They kept their

core weakly diluted on their way to the stratosphere with an entrainment rate as low as 0.08 km21. Both the

low-level convergence lines intensified by cold pools and the reducedmixing in the troposphere were found to

be the determinant for the transition from deep to very deep convection.

1. Introduction

In the tropics, the very deep convective systems are

so deep that they cross the tropical tropopause layer

(TTL) and reach the stratospheric overworld (Holton

et al. 1995). Because of their supposed scarcity, the

capacity of very deep convective events to redistribute

low-troposphere species into the stratosphere has long

been considered negligible. Recent observations have

attracted renewed attention to the role of very deep

convection on the stratosphere composition. Ice particles

were found in the lower stratosphere above continental

Brazilian thunderstorms (Chaboureau et al. 2007; Nielsen

et al. 2007) and over the famous thunderstormHector the

Convector in Australia (Corti et al. 2008; de Reus et al.

2009). Associated cloud-resolving model (CRM) simu-

lations were successful in simulating very deep convec-

tion (e.g., Chaboureau et al. 2007; Chemel et al. 2009; Liu

et al. 2010). Dauhut et al. (2015) performed a series of

large-eddy simulations (LESs) and CRM simulations of

Hector. They found a stratosphere hydration of 3000 tons

(1 ton ’ 1000kg) over the storm episode, almost con-

verging at 100- and 200-m horizontal grid spacings. Up-

scaling this hydration, they estimated the contribution of

very deep convection to the troposphere-to-stratosphere

water mass flux at 18%. This result suggests that the very

deep convection can have a large impact on the compo-

sition of the stratosphere.

An aspect of Hector not investigated so far is its in-

ternal organization that leads to the stratosphere hydra-

tion.Hector theConvector is amulticellular thunderstorm

that develops on an almost daily basis during the pre-

monsoon period (November and December) above the

Tiwi Islands, 100kmnorth ofDarwin, NorthernAustralia

(Keenan et al. 1989). Its regularity makes it a natural

laboratory and the subject of many studies investigating

the triggering of the most intense convection (Crook

2001; Saito et al. 2001; Ferretti and Gentile 2009), the

microphysical properties of overshooting convection

(Frey et al. 2014), and the sensitivity of its representation

to models (Chemel et al. 2009) and to their resolution

(Dauhut et al. 2015). The last four studies focused on the

event of 30 November 2005, documented during the
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Stratospheric-Climate LinkswithEmphasis on theUpper

Troposphere and Lower Stratosphere (SCOUT-O3)

campaign (Brunner et al. 2009). On that day, Hector

comprised two main cells: the first was apparently trig-

gered by the intersection of two sea-breeze fronts in the

east of the islands and the second by the encounter of the

gusts produced below the first cell with another sea-

breeze front (Ferretti andGentile 2009). Some pockets of

ice crystals were observed to be injected into the strato-

sphere by Hector (Corti et al. 2008; de Reus et al. 2009).

The goal of this article is to investigate the key pro-

cesses that led the thunderstorm to overshoot into the

stratosphere. The internal structure of Hector is in-

vestigated in terms of individual updrafts. The updrafts

are the elementary structures of the active parts of the

system, where air masses ascend faster than anywhere

else. Previous studies have considered the updrafts all

together and computed their statistical properties inside

the whole volume of the updrafts (e.g., Khairoutdinov

et al. 2009; Romps and Kuang 2010; Dauhut et al. 2015).

Here, each individual updraft is identified through the

application of a clustering algorithm. It is then possible to

compute statistics on the population of updrafts, to detect

any outstanding structures that enableHector to reach the

stratosphere, and to characterize them. In the following, it

will be shown that the two tallest updrafts are those that

matter for the hydration of the stratosphere.

The first question concerns the formation and the

properties of the tallest updrafts that reach the tropo-

pause. The mechanisms leading to the triggering and

development of Hector will be investigated in detail.

The second question addresses the efficiency of the

transport toward the stratosphere. In particular, two

characteristics determine how efficient the transport is:

the vertical mass flux of the updrafts and the entrain-

ment of environmental air. The latter measures how

much the updrafts are diluted by the environment dur-

ing their ascent in the atmosphere.

How this dilution affects the planetary boundary layer

(PBL) air rising to the stratosphere is a long-debated

question. The existence of very tall updrafts with almost

no dilution by environmental air was first postulated by

Riehl and Malkus (1958). However, since this pioneer-

ing work, many CRM studies have shown the existence

of dilution for updrafts. Typical midtroposphere values

of entrainment around 0.2 km21 have been found for

different deep convective cases (e.g., Khairoutdinov and

Randall 2006; Del Genio and Wu 2010; de Rooy et al.

2013). In general, the entrainment rate is reduced with

increasing convection depth (Del Genio and Wu 2010).

The intensity of the entrainment is also lower in the

middle of the updraft vertical extension, while larger

values are found at the base (Del Genio and Wu 2010;

de Rooy et al. 2013). A numerical study in radiative–

convective equilibrium attested to the virtual absence of

undiluted PBL air at the tropopause and even at the

freezing level (Romps and Kuang 2010). Instead, the

capacity of the updrafts to overshoot the tropopause was

attributed to the boost given by the release of latent heat

due to the freezing of hydrometeors. For this Hector

case of very deep convection, we will show the existence

of two tall updrafts that experienced the least dilution

ever evidenced and accounted for most of the vertical

mass flux into the stratosphere.

The use of a giga-LES in this study is worth emphasiz-

ing. A few LESs of deep convection have been run so far:

a shallow-to-deep transition over land (Khairoutdinov

and Randall 2006), a maritime deep convection in near

equilibrium (Khairoutdinov et al. 2009), and Hector the

Convector (Dauhut et al. 2015). These studies show that

the cumuli are quickly diluted by the mixing with the

environment during the shallow convection phase. This

quick dilution, a scale-aware process, affects the time

needed by the convection to deepen. As a result, the up-

draft core velocities and total water content are larger at

finer resolutions. This points out the need for a minimum

of 100- or 200-m grid spacing to resolve the convective

flow properly in a deep convective system.

This article is organized as follows. The simulation

setup and the clusteringmethod are described in section 2.

The time evolution of the thunderstorm and its updrafts is

characterized in section 3, where the importance of the

tallest updrafts is shown. The formation, the properties,

and the mass transport of these tallest updrafts are in-

vestigated in section 4. The key processes leading to very

deep convection are summed up in section 5, where per-

spectives for future work are also suggested.

2. Model design and clustering approach

a. Meso-NH large-eddy simulation

The simulation (Dauhut et al. 2015) was performed

with the anelastic nonhydrostatic mesoscale model

Meso-NH (Lafore et al. 1998). The domain of simula-

tion extended over a surface of 256 3 204.8 km2 cen-

tered over the Tiwi Islands (Fig. 1). Such a wide domain

was chosen to avoid deep convection being affected by

open conditions imposed at lateral boundaries. In the

vertical, the model had 256 levels up to 25-km altitude to

include the whole TTL and the lower stratosphere, with a

damping layer in the uppermost 3km. In the horizontal,

the grid spacing was set at 100m to resolve the most en-

ergetic eddies explicitly.With a computational domain of

1.34 billion grid points (25603 20483 256), this so-called

giga-LES was made possible thanks to the adaptation of
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Meso-NH for massively parallel computing (Pantillon

et al. 2011). It was run for 10h using 16 384 cores on an

IBMBlue Gene/Q. The prognostic model variables were

saved every 15min, generating 20 Tb of data. Physical

parameterizations included a 3D turbulence scheme based

on 1.5-order closure (Cuxart et al. 2000), a mixed-phase

microphysical scheme (Pinty and Jabouille 1998), the ra-

diative scheme used at the European Centre for Medium-

RangeWeather Forecasts (ECMWF;Gregory et al. 2000),

and the Interactions between Soil, Biosphere and Atmo-

sphere (ISBA) scheme (Noilhan and Planton 1989).

The sounding (Fig. 2) launched from Darwin at

0930LST (0000UTC) 30November 2005was used for the

initial conditions. The convective available potential en-

ergy was 2074Jkg21. We extended the water vapor pro-

file between 13 and 17km with the water vapor content

from the ECMWF analysis. Above 17km, based on ob-

servations by Corti et al. (2008), the water vapor content

increased from 2ppmv at 380K (17km) to 4ppmv at

410K (18km) and took a uniform 4-ppmv value aloft. No

large-scale forcing was applied. The description of orog-

raphy and land cover was obtained from 1-km-resolution

databases in order to remain the same when applied to

coarser-resolution simulations (Dauhut et al. 2015). A sea

surface temperature of 298C, a surface soil temperature of

308C, and a moisture content of 0.16m3m23 taken from

the ECMWF analysis were used for surface initial con-

ditions. Over the ocean, the sea surface temperature was

kept constant with time. As a consequence, the change in

air–surface fluxes was due to the variation in atmospheric

temperature and wind only. Over land, the surface fluxes

were computed by the ISBA scheme. This allows the land

surface fluxes to evolve in time with the change of both

soil and atmospheric variables.

To explore the sensitivity of Hector’s properties to the

horizontal resolution, we performed additional simulations

FIG. 1. Domain of simulation. Thewhite rectangle is the domain of analysis, centered above

the Tiwi Islands (Bathurst and Melville Islands to the west and east, respectively). The black

lines are the coastlines. The color shades indicate the altitude above sea level.

FIG. 2. Atmospheric profiles of temperature (solid line) and

dewpoint temperature (dashed line) from the sounding taken in

Darwin at 0930 LST 30 Nov 2005.
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with grid spacings of 200, 400, and 800m using the same

parameterizations, domain, and integration time. These

simulations at coarser resolutions also reproducedHector’s

overshoots and its water transport into the lower strato-

sphere (Dauhut et al. 2015). The vertical velocity distri-

butions were relatively robust with the resolution for the

grid spacings between 100 and 800m. They all showed

90th-percentile profiles of the upward wind velocity de-

parting one from the other of less than 2ms21. At

1300LST, the spectra of the verticalmotions between 9 and

12km of altitude were compared to the theoretical spec-

trum (Fig. 3). For all resolutions, the kinetic energy con-

tained in the vertical motions ranging from 7.5- to 75-km

horizontal scale was almost constant, on the order of

1021m2 s22. At smaller horizontal scales, thekinetic energy

decreased following the theoretical power law of25/3. For

the 400- and the 800-m grid spacings, the smallest scales

contained too much kinetic energy compared to the the-

oretical spectrum. This suggests a lack of energy dissipa-

tion by the turbulence scheme for these grid spacings. In

contrast, the spectra of vertical motions for the simula-

tions with 100- and 200-m grid spacings fit the theoretical

spectra very well for wavelengths shorter than 5km. This

shows that the vertical motions were well resolved down

to a wavelength of 200m for the LES. In the rest of the

study, only the LES output (100-m grid spacing) will be

considered.

b. Updraft cluster identification

Wedefine updrafts as three-dimensional objects made

of connected grid points for which the vertical velocity

exceeds an arbitrary threshold. Once detected and

identified, these objects can be described individually by

computing geometrical, thermodynamical, and dynam-

ical properties. Updraft cluster identification consists in

distinguishing the different updrafts and in giving a

different identity number to each. In practice, two grid

points of the atmosphere have the same updraft identity

number if and only if they belong to the same updraft:

that is, there is a path connecting them where the ver-

tical velocity is over the threshold. Two criteria define

our cluster identification: the vertical velocity threshold

and the rules of connectivity.

The vertical velocity threshold is assumed to be large

enough so that local fluctuations of the vertical velocity

will not be considered as updrafts and that the updrafts

are properly separated from one another. A threshold of

1m s21 is commonly used (e.g., Khairoutdinov et al.

2009; Romps and Kuang 2010; Glenn and Krueger 2014)

but accompanied by a threshold on condensed water

content. In cases of very deep convection likeHector the

Convector, strong gravity waves are excited (Lane et al.

2001), producing fluctuations of vertical wind in the

upper troposphere and in the stratosphere, which must

not be mistaken for updrafts. They reach a maximum

amplitude of 4m s21, which is much less than the

strongest updrafts. Since the LES presents very large

values of vertical velocity, up to 8m s21 for the 90th

percentile and 22m s21 for the 99th percentile of the

vertical velocities over 1ms21 (Dauhut et al. 2015), we

selected a threshold of 10ms21. Visual inspection sup-

ported this choice for the detection of updrafts.

The rules of connectivity determine the shape of the

updrafts. Two contiguous grid points (i.e., sharing a

common face either in the horizontal or the vertical di-

rection) are considered as connected. Diagonal con-

nections are considered only in the vertical direction in

order to take slantwise convection into account.

As the LES has more than 1 billion grid points, the

updraft cluster identification had to be run on parallel

computers for practical efficiency. The MPI library was

used for communication between processors. We ap-

plied the updraft cluster identification algorithm to the

snapshots of the whole 3D simulated volume (available

every 15min) every time deep convection occurred. An

example is given at 8-km altitude, at 1315 LST (Fig. 4a).

The updrafts occupy only a small part of the cloud sec-

tion. The 10 largest updrafts can be identified, the

smaller ones being too small to be noticed at the scale of

the islands. The whole population at this time, more

than 16 000 updrafts distributed between around 1- and

18-km altitudes, was represented in terms of vertical

extent versus base altitude, volume, maximal effective

width, and base effective width (Figs. 4b–e). The effec-

tive width is the diameter of a circle having the same

FIG. 3. Spectra of vertical motions at 1400 LST at 9–12-km alti-

tudes in the LES (100-m grid spacing), the 200-, 400-, and 800-m

simulations. The theoretical power law at 25/3 is shown with the

black dashed line.

5044 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 73



area as the cross section of the updraft. Two main sub-

populations were distinguished: short updrafts with a

vertical extent of less than 4km (the vast majority) and

tall updrafts with a larger vertical extent (the remaining

updrafts, between 10 and 20). The presence of the two

different subpopulations was robust whatever the

threshold on the vertical velocity. The short updrafts

were characterized by a volume lower than 10 km3, a

maximal effective width lower than 3km, and a base

effective width lower than 2km. The tall updrafts had a

base below 6-km altitude, most of them even below

4-km altitude. The tall updrafts were contrasted from

the short updrafts with a larger volume, most of them

with a larger maximal effective width (up to more than

8km), and a quarter of them with a significantly larger

base effectivewidth (up to 7km). The two tallest updrafts,

around 16km tall, had the largest values of volume (both

around 500km3), maximal effective width (both 8.7km),

and base effective width (6.9 and 4.7km for the tallest

and the second tallest updrafts, respectively). These very

large horizontal extents, even at the base, found for the

tallest updrafts, suggest that a large effective width is a

property that characterizes them. Indeed, the effective

widths at the base of the tallest updrafts were found

limited up to 4km for the rest of the time. The relation

between the large horizontal extent and the dilution of

the tallest updrafts needs to be investigated. The current

study addresses this question by computing the effective

entrainment rate of the tallest updrafts and by quanti-

fying the transport of conserved variables inside the

tallest updrafts. First, the importance of the two tallest

updrafts during the whole time deep convection oc-

curred is highlighted in section 3b. Their characteristics

are then investigated in section 4.

3. Overview

a. Main features

The life cycle of Hector reproduced by the LES, and

in particular its gradual growth toward the stratosphere,

FIG. 4. LES outputs at 1315 LST. (a) Horizontal cross section of cluster identity numbers at 8-km altitude over the analysis domain. The

two tallest updrafts are in blue and red, and the others are in orange. The clear sky is in light blue, and the cloud section is in white (cloud

content above 10mg kg21). The arrows represent the horizontal wind at 8-km altitude. The straight black line corresponds to the position

of the vertical cross section shown in Fig. 9b. Histograms of updraft population in terms of vertical extent (x axis) (1/3-km bin intervals) vs

(b) altitude of their base (1/3-km bin intervals), (c) their total volume (1/10 logarithmic bin intervals), (d) their maximal effective width (1/30

logarithmic bin intervals), and (e) effective width of their base (1/6-km bin intervals). The color shading gives the logarithmic number of

updrafts in each bin.
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are shown in Fig. 5. The vertical profile of the hydro-

meteor content, the precipitation, and the surface fluxes,

all averaged over the analysis domain shown in Fig. 1,

allow the time evolution of Hector to be characterized

with different phases, most during one hour.

The preconditional phase spanned from the beginning

of the simulation to 1115 LST. The increase of surface

fluxes over land first yielded dry convection over the

Tiwi Islands. Cumulus humilis then appeared at the top

of the PBL from 1000 LST. In agreement with the study

by Saito et al. (2001), visual inspection of horizontal

sections of the wind components (not shown) revealed

that convective rolls formed on the windward (west) side

of the islands from 1030 LST and that the sea breeze, as a

result of the contrast in surface heat fluxes over land and

sea, deflected the westerlies toward the Tiwi Islands (the

wind slightly rotated toward the islands along the

northern and the southwestern coasts, and its amplitude

dramatically decreased along the southeastern coast: i.e.,

the lee shore). At 1115 LST, the congestus phase began

with the first cumulus congestus reaching the freezing

level, around 5-km altitude. The precipitation became

significant, on the order of 2mmh21, from 1200 LST as

some cumulus congestus passed the freezing level and

reached an altitude of 10 km.

The deep convection phase appeared at 1215 LST,

with cumulonimbus tops around 14-km altitude, the

lower bound of the TTL. The sensible heat flux over the

islands was then maximum. During the following hour,

the precipitation increased steadily, reaching 25mmh21.

At the surface of the islands, the sensible heat flux de-

creased back to itsmorning value, whereas the latent heat

flux increased up to a maximum of 250Wm22. Mean-

while, the growth of deep convection showed two gradual

stages. First, the cumulonimbus tops stayed at around

14km for half an hour and then reached 16km for an-

other half hour. At 1315 LST, the very deep convection

phase started as cumulonimbus overshot the tropopause

(defined here by the 380-K potential temperature, which

corresponds to the climatological cold-point tropopause

situated around 17km). During the following hour, the

hydrometeor content steadily increased both in the

stratosphere and in the troposphere, while the precip-

itation increased drastically up to 56mmh21, and the

sensible and latent heat fluxes decreased to 180Wm22

over the islands.

From 1415 LST onward, Hector lost its vigor. The

hydrometeor content in the troposphere decreased.

The precipitation remained at its highest value for half

an hour and then decreased sharply to 10mmh21. At

the surface, the heat fluxes continued to decrease over

the islands, whereas they increased over the ocean

because of the cold pools. In the stratosphere, the hy-

drometeor content decreased slowly as a result of

sedimentation of ice particles. From 1515 LST onward,

Hector was a more-stratiform-than-convective cloud

system as the vertical velocity was strongly reduced

(not shown). The precipitation rate remained almost

steady (around 14mmh21) for 1 h and then slowly de-

creased to zero at 1730 LST. Below the freezing level,

the hydrometeor content decreased significantly be-

tween 1700 and 1800 LST, to almost zero thereafter.

Aloft, the stratiform cloud in the troposphere and the

hydrometeor content in the stratosphere decreased

slowly, as a result of evaporation and advection out of

the analysis domain.

We selected 1115, 1215, 1315, and 1415 LST as key

moments, representative of the congestus, deep, very

deep, and mature convection phases, respectively. The

evolution of the updraft population during the deep,

very deep, and mature convection phases is described in

section 3b. The shape and properties of the tallest updrafts

are studied in section 4.

b. Updraft population

The identification of the updrafts over the whole do-

main resulted in large populations of three-dimensional

objects with very diverse sizes and properties. The

evolution of their number, their geometry, and their

mass flux through the freezing level and the base of the

TTL is shown in Fig. 6. All characteristics show a similar

FIG. 5. Temporal evolution of (a) hydrometeor content,

(b) precipitation rate at the surface, and (c) surface fluxes. In (c),

sensible and latent heat fluxes are in red and blue solid lines over

the islands and in orange and green dashed lines over the ocean,

respectively. The key moments representative of the congestus,

deep, very deep, and mature convection phases are highlighted

with the black, green, red, and orange vertical dashed lines,

respectively.
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evolution in the early afternoon, with an increase during

the deep convection phase, a peak during the very deep

convection phase, and a decrease during the mature

convection phase. There were around 10 000 updrafts

during the three phases, but most of them were ex-

tremely short (less than 333m tall, for instance, at

1315 LST in Fig. 4b). Among the few tall updrafts, the

two tallest ones had similar vertical extents and, most

of the time, they were at least 2 km taller than the

others. We now focus on their contribution to the vol-

ume and to the air mass flux in order to determine

whether they were the most important coherent struc-

tures in the vertical transport.

After an intermittent increase during the deep con-

vection phase, the maximal vertical extent reached its

largest value of around 16km and then remained con-

stant for half an hour (Fig. 6a). The number of updrafts

increased steadily until the end of the very deep con-

vection phase, when it peaked around 20000. During the

mature convection phase, Hector experienced a decrease

of the maximal extent of its updrafts, back to deep con-

vection values (around 11km), and a dramatic decrease

in their number, which divided by 5 in 1h, because of the

decreasing convective activity (Fig. 5a).

The total volume of the updrafts (Fig. 6c) increased

sharply during the deep convection phase (multiplied by

8 in 1 h), peaked at 1800km3 during the very deep con-

vection phase, and decreased sharply during the mature

phase (divided by 10 in 1 h). The increase in volume is

representative of the growth of Hector in the vertical

direction, whereas the decrease shows its weakening

without any change in its vertical extent (see the hy-

drometeor content in Fig. 5a). Interestingly, the two

tallest updrafts accounted for more than 60% of the

total volume during the very deep convection phase and

around 40% the rest of the time.

The air mass flux due to all the updrafts just above the

freezing level (at 5-km altitude; Fig. 6d) was around

1.4Tg s21 during the very deep convection phase. The

contribution of the two tallest updrafts then accounted

for 40%–60%. At 14-km altitude (corresponding to the

base of the TTL), the air mass flux was truly significant

during the very deep convection phase only, 0.34 Tg s21

on average. It is noteworthy that the contribution of the

two tallest updrafts accounted for 91% on average. At

1315 and 1400 LST, the second tallest updraft contrib-

uted even more than the tallest.

The very deep convection phase exhibited amaximum

in the number of updrafts, their vertical extent, their

volume, and their air mass flux at different levels. The

values during the deep and mature convection phases

were lower but still significant for all properties, except

for the flux through the base of the TTL. This flux

characterized the ability of Hector the Convector to

affect the composition of the TTL and the stratosphere.

The two tallest updrafts contributed 91% of this flux,

demonstrating that they were far more important than

the other updrafts. It is of key importance to understand

why and how such updrafts form and what gives them

the ability to transport low-tropospheric air into the

FIG. 6. Evolution of updraft characteristics: (a) maximal vertical extent in red and number of updrafts in black,

(c) volume of the updrafts, and vertical air mass flux at (d) 5- and (b) 14-km altitude. The very deep convection

phase is shaded in gray. In (b)–(d), the values for all the updrafts, the two tallest updrafts, and the tallest updraft are

in black, orange and red, respectively.
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TTL and the stratosphere. The following section tackles

these questions.

4. Characteristics of the tallest updrafts

a. Development

As shown in the following, the tallest updrafts appear

above areas of large moisture flux horizontal conver-

gence. The latter are organized into lines of large posi-

tive values in the PBL, called convergence lines here.

Maps of the moisture flux horizontal convergence at

210m above the surface (where they are best defined),

together with maps of the potential temperature at the

first model level (20m above the surface), are shown for

the congestus, deep, very deep, and mature convection

phases (Fig. 7). For the congestus phase, the formation

of convergence lines is demonstrated using vertical

sections of the tallest updraft across a line perpendicular

to the coast (Fig. 8). For the deep, very deep, andmature

convection phases, vertical cross sections of the tallest

updrafts are represented (Fig. 9). Vertical profiles of the

atmosphere 15min before the development of these

updrafts are examined in Fig. 10.

At 1115 LST, the congestus phase started. The near-

surface potential temperature (Fig. 7a) was 2K higher

over the islands than over the ocean because of the

contrast in sensible heat flux that exceeded 300Wm22.

The sea breeze developed for about 45min and led to

the convergence of the horizontal wind at the scale of

the islands. Local values of moisture flux horizontal

convergence over 3 gm23min21 were reached along

the coasts, forming early convergence lines (Fig. 7b).

Vertical sections, crossing the early convergence line

along the eastern coast of Melville Island (East Island),

where the tallest updraft was located, are drawn per-

pendicular to the coast every 15min (Fig. 8). For the

congestus phase, the convergence lines are built along

the coasts, where the sea breeze meets the buoyant air

masses at the islands’ surface. Above these lines, the cu-

mulus congestus formed at the top of the PBL and ex-

tended up to the freezing level (e.g., at 6km west of the

coast at 1130 LST and at 15km at 1200 LST). They pro-

duced rain and cold pools (at 8 km west of the coast at

1145 LST and at 15kmwest at 1215 LST) that pushed the

convergence lines farther inland.

At 1215 LST, the deep convection phase began. The

convergence lines, still parallel to the coastlines, were

advected toward the islands’ center by the sea-breeze

surface circulation (Fig. 7d). Few cold pools, shaded in

blue in Fig. 7c, contributed to the inland advection of the

convergence lines, and to their reinforcement, in the

east of Melville Island and in the south of Bathurst

Island. The moisture-flux horizontal convergence in-

creased to 5 gm23min21 in most of the convergence

lines. In the east of Melville Island and between the two

islands, the two tallest updrafts reached 14-km altitude.

The position of these updrafts at 10-km altitude was

shifted by 4 km eastward compared to the closest con-

vergence line. This shift in space was due to the delay

between the time needed for deep convection to trans-

port near-surface air to this altitude and the time spent

by the convergence line to be advected farther inland.

One of the two tallest updrafts in the east of Melville

Island is shown in Figs. 9a and 9d. Its base was thin (a few

hundred meters), and the updraft became larger with

altitude (up to 2–3 km). Its top was collocated with the

top of the corresponding cloud and was surrounded by

an intense subsiding shell, with downward wind stronger

than 5ms21. Such a subsiding shell may have a strong

influence on the interaction between the developing

cloud and its environment by controlling the entrain-

ment of humid air at the cloud top and sides.

At 1315 LST, the very deep convection phase started.

The convergence lines (Fig. 7f) stopped being parallel to

the coasts; they were then driven by the edges of the cold

pools (Fig. 7e). Whereas some of the convergence lines

started to be expelled out of the islands, some others

continued to move toward the center of the islands

(Fig. 7f), where they intersected with moisture flux hor-

izontal convergence larger than 7gm23min21. Above

these lines, the two tallest updrafts developed up to al-

most 18-km altitude, one being located in east-central

Melville Island and the other to the west of this island

(shown in Figs. 9b,e). At the surface and at x 5 12km in

Fig. 9b, the latter produced heavy rain, with more than

2gkg21 in the lowest 3km. Its base at 3-km altitude was

about 3km across, and it was around 8km large in the

free troposphere, from 6-km altitude up to the TTL base

at 14-km altitude. Its top reached the tropopause above

17km, and the corresponding cloud overshot into the

stratosphere. Intense subsiding shells were still present

near the top of the tallest updraft, with downward wind

stronger than 10ms21, and along the edges of the tallest

updraft, between 8- and 13-km altitudes. These intense

downwardmotions occurred at the cloud edges, changing

the properties of the entrained air fromdry to humid. The

other updraft shown in Figs. 9b and 9e, at x5 22km, also

produced heavy rain and had a large base, but its vertical

development was inhibited by the subsiding air that de-

trained from the tallest updraft.

At 1415 LST, themature convection phase began. The

updrafts led by the intersection of the convergence lines

at the island center gathered and connected with each

other to form convective clusters (Fig. 7h). The tallest

one is shown in Figs. 9c and 9f. The convective clusters
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generated heavy loads of rain below their bases. This led

to a massive cold pool (Fig. 7g) that spread horizontally,

with near-surface potential temperature down to less

than 298K (6K less than outside the cold pool) and

humidity divergence larger than 3 gm23min21 over the

center of the islands. This massive cold pool expelled

the convergence lines out of the islands. The base of

the convective cluster, between 4- and 6-km altitude,

was multiple (Fig. 9c). Although it formed a connected

structure extending more than 7km horizontally, its

shape was more complex than the very deep updraft in

Fig. 9b. The top of the convective cluster was at 13-km

altitude. Intense subsiding shells were no longer located

at the cloud top only but were ubiquitous around the

updrafts. Subsiding shells stronger than 5ms21 were

found between 7- and 16-km altitudes. The overall

structure of the vertical wind inside the cloud system

appeared much more complex than for the deep and

very deep convection phases, with variations of vertical

velocities larger than 2m s21 that spread in the whole

cloud system. The cloud showed a large anvil in the

upper troposphere, between 11- and 15-km altitude,

FIG. 7. (a),(c),(e),(g) Horizontal cross sections of potential temperature at the first model level, 20m above the

surface. (b),(d),(f),(h) Horizontal cross sections of moisture flux horizontal convergence 210m above the surface level.

Thehorizontalwind is superimposed. (top)–(bottom)The congestus (1115LST), deep (1215LST), very deep (1315LST),

andmature (1415LST) convection phases are represented. The black contours show the location of the updrafts at 10-km

altitude. The colored straight lines indicate the positions of the vertical cross sections presented in Figs. 8 and 9.
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with an upper portion stretched by the easterlies be-

tween the tropopause and 18-km altitude (Fig. 9c).

To analyze the environment in which the tallest up-

drafts developed, the vertical profiles of moisture flux

horizontal convergence, equivalent potential tempera-

ture ue, and water content were averaged inside cylin-

ders centered over these updrafts, 15min before their

occurrence (Fig. 10). The radius of the cylinders was

8 km so as to entirely encompass the volume later oc-

cupied by the updrafts and their close environment. At

1300 LST, before the triggering of the very deep con-

vection phase, ue at the surface was 356K (the same

value as at 1200 LST), and the CAPE, 2146 J kg21, was

very close to the 1200 LST value. The moisture flux

horizontal convergence doubled (1.6 vs 0.7 gm23min21)

because of the intensification of the convergence lines

discussed above. The hydrometeor content in the lower

troposphere, up to 9-km altitude, also doubled in value

compared to 1200 LST, with the cloud development of

the deep convection. This gave an extra latent heat re-

lease when the liquid hydrometeors were entrained in-

side the updraft and frozen during their uplift. The water

vapor content increased nonuniformly, with local in-

crease around 1 gkg21. The intensification of the con-

vergence lines, the loading of the low troposphere with

liquid hydrometeors, and the increase of humidity in the

low troposphere may explain why the tallest updrafts

reached the stratosphere after 1300 LST and not be-

fore. At 1400 LST, the liquid hydrometeor content had

doubled again in comparison to 1300 LST (2 g kg21 on

average between 3 and 4.5 km), whereas the icy hy-

drometeor content ranged from 2 to 4 g kg21 between

5 and 15 km. These heavy loads of ice in the tropo-

sphere did not favor the growth of the updrafts to

FIG. 8. Vertical sections, located across the blue line in Fig. 7 at 1115 LST, of density anomaly

(color shading), zonal and vertical wind (arrows), cloud envelope (black contour at 5mg kg21),

rain mixing ratio over 10mg kg21 outside the clouds (dots), and moisture flux horizontal

convergence over 3 and 5 gm23 min21 (magenta contours) at (a) 1115, (b) 1130, (c) 1145,

(d) 1200, and (e) 1215 LST.

5050 JOURNAL OF THE ATMOSPHER IC SC IENCES VOLUME 73



the stratosphere, since entrained ice particles only

made a negative contribution to the buoyancy. In

contrast, they could contribute to downdraft develop-

ment, especially when downdrafts reached the freezing

level and icy hydrometeors melted, absorbing latent

heat. The water vapor content continued to increase

nonuniformly, still with amplitudes around 1 g kg21.

The main reason why the tallest updrafts grew less high

during mature convection than during very deep con-

vection could be found in the significant reduction of

surface ue (22.5K on average). This reduction was

because of massive cold pools reaching the surface, as

can be seen in Fig. 7g, and the subsequent decrease of

the CAPE value, here by a factor 2.

The tallest updrafts, and convection in general,

appeared above the convergence lines that were first

driven by the sea-breeze surface circulation only, and

then together with the downdrafts produced by the

previous convection [in agreement with Saito et al.

(2001)’s analysis]. The humidity convergence at the

surface increased and peaked when the convergence

lines intersected over the islands’ center. At this time

(the very deep convection phase), the tallest updrafts

had large bases and were supplied with surface air with

large ue. They grew in an environment moistened by the

previous deep convection and reached the stratosphere.

Intense subsiding shells at the cloud top and sides may

control the local interactions between the tallest up-

drafts and their environment. Later (during the mature

convection phase), the cold pools replaced the warm

buoyant air at the surface with colder air: the tallest

updrafts no longer reached the stratosphere.

b. Properties

The geometrical, dynamical, thermodynamical, and

microphysical properties of the tallest updrafts in the deep,

very deep, and mature convection phases are examined

(Fig. 11). The geometry of the tallest updrafts is described

using the vertical profile of the effective width in Fig. 11a.

In the deep convection phase, the tallest updraft was 10km

tall and started at 4-km altitude. In the very deep con-

vection phase, the tallest updraft was a convective plume

that reached the lower stratosphere. Of the three phases,

the very deep convection one presented the tallest updraft

with the largest vertical extent (16km), maximal effective

width (more than 8km between 8- and 12-km altitudes),

FIG. 9. Vertical cross sections of one of the two tallest updrafts at the (a),(d) deep, (b),(e) very deep, and (c),(f) mature convection

phases in the LES. (a)–(c) The tallest updraft is in red; the other updrafts are in bright colors or black. Clear sky is in blue, cloud with cloud

content larger than 10mg kg21 is in white, rain heavier than 10mg kg21 is in gray, and rain heavier than 2 g kg21 is in dark gray. The

magenta contours indicate areas of moisture flux horizontal convergence over 3 and 5 gm23 min21. (d)–(f) The vertical wind speed is

shaded, and the cloud and rain content larger than 10mg kg21 are contoured in black. The tropopause is represented by a red line.
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and effective width of the base (more than 4km). In the

mature convection phase, the tallest updraft was the con-

vective cluster shown in Fig. 9c. Its vertical and horizontal

extents, 13 and 7km respectively, were lower than those of

the tallest updraft of the very deep convection phase.

Concerning the dynamical properties, vertical profiles

of the average and maximal vertical velocities of the

tallest updrafts are shown in Fig. 11b. For the tallest

updrafts of the deep convection and the mature con-

vection phases, the vertical velocity was almost constant

with altitude, with an average value between 14 and

16ms21 and a maximum value between 25 and 35ms21.

For the very deep convection phase, the average vertical

velocity was much greater, increasing from 15ms21 at

4-km altitude to 22m s21 at 10-km altitude, and then

decreasing, back to 17ms21 in the TTL between alti-

tudes of 14 and 17 km. Themaximal vertical velocity was

also larger for the very deep convection phase than for

the other two phases: over 45ms21 between 7- and

14-km altitude, and over 33ms21 in the TTL.

The positive buoyancy of the tallest updrafts (Fig. 11c)

explains the large vertical velocities reported above. To

quantify the negative contribution of the hydrometeor

loading (Fig. 11d), the buoyancy computed without

taking into account the hydrometeor loading is also

shown in Fig. 11c. The tallest updrafts showed positive

values of buoyancy (around 0.1m s22) up to their level

of neutral buoyancy, between 10- and 13-km altitudes.

As a consequence, they exhibited upward vertical ve-

locities up to at least 3 km above their level of neutral

buoyancy within the stratified TTL. The hydrometeor

loading was around 8gkg21, which acts to reduce the

buoyancy by a factor of 2. Note that at the freezing level

(around 5km), the liquid hydrometeor contents de-

creased sharply with height because of fast heteroge-

neous freezing of rain drops, but supercooled water

remained up to 8-km altitude, as a result of more gradual

homogeneous freezing of the cloud droplets. The tallest

updraft of very deep convection presents outstanding

properties. It extended even 5km above its level of

neutral buoyancy and exhibited the largest values of

buoyancy and hydrometeor loading, up to 11 g kg21, and

larger than 6 g kg21 up to the tropopause.

The upward transport of near-surface warm, moist air

parcels is a source of buoyancy in the tallest updrafts.

This process is examined using the profiles of the frozen

moist static energy (MSEi) of the tallest updrafts com-

pared to the environment (Fig. 11e). The environmental

profile was taken from the large-scale oceanic environ-

ment, shown in Fig. 2. MSEi is conserved when an air

parcel exchanges nomass with its surrounding, even if its

water content changes phase. Whatever the convection

phases, the average MSEi is almost constant with height

in some large parts of the updrafts, suggesting little di-

lution there. Because the average MSEi was larger than

in the environment up to their level of neutral buoyancy,

a large proportion of the buoyant air found in the

tallest updrafts was likely transported with weak di-

lution from the islands’ surface, where it was heated by

the intense heat fluxes (Figs. 5c, 10c). The average

MSEi, however, decreased with height at the updraft

base. Further, the maximal values of MSEi differed

from the average ones, up to 10K for the very deep

convection phase. This indicates that dilution occurred

within the tallest updrafts.

The latent heat release due to water condensation,

freezing, and deposition is the other source of buoyancy.

In the absence of any dilution, the potential temperature

u can increase only because of the latent heat release. To

investigate the latent heat release inside the tallest up-

drafts, their lapse rate, computed as the vertical gradient

of their average potential temperature, is shown and

compared to the environmental lapse rate (Fig. 11f). In

the absence of any latent heat release, the lapse rate in

the updrafts ranges from zero without any mixing to the

FIG. 10. Vertical profiles of (a) moisture flux horizontal conver-

gence, (b) water mixing ratio, and (c) equivalent potential temper-

ature, averaged in a cylinder of 8-km radius and centered at the

location of the tallest updrafts shown inFig. 9 but taken 15minearlier

than times shown in Fig. 9. The profiles preceding the deep, the very

deep, and themature convection phases at 1200, 1300, and 1400 LST,

are in green, red, and orange, respectively. In (b), water vapormixing

ratio is in solid lines, the sum of the liquid species in dashed lines, and

the sum of the solid species in dotted lines. The tropopause is located

with a dashed–dotted line in (b). TheCAPEat the surface, computed

from pressure and temperature fields averaged inside the cylinders, is

indicated for 1200, 1300, and 1400 LST in (c).
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environmental lapse rate in case of complete mixing.

Beyond, a larger lapse rate inside the updraft than in the

environment necessarily implies some latent heat re-

lease. As a result, the updraft lapse rate was larger than

the environmental one up to 8–10 km, regardless of the

convection phases. This shows that the latent heat re-

lease contributed to their positive buoyancy. The largest

and highest overtaking was found inside the tallest up-

draft of very deep convection, between 7 and 10 km,

consistent with its largest buoyancy. The role of the

latent heat release needs to be further investigated and

quantified.

The entrainment of environmental air by the tallest

updrafts (Fig. 11g) was computed considering that the

total water content was conserved when no dilution

occurred. The loss of water due to precipitation was

neglected. The underlying assumption is that the local

budget of the falling in and falling out precipitation is

small compared to the change of total water content due

to dilution. To compute entrainment rates « that were

FIG. 11. Vertical profiles of (a) effective width, (b) vertical velocity, (c) buoyancy, (d) hydrometeor loading, (e) frozen moist static

energy, (f) u lapse rate, (g) entrainment, and (h) detrainment for one of the two tallest updrafts of the deep convection (1215 LST; green),

very deep convection (1315 LST; red), and mature convection (1415 LST; orange) phases. In (b) and (e), thick lines stand for average

values and thin lines for maximum values. In (c), thick lines stand for the total buoyancy and thin lines for the buoyancy computed without

taking into account the hydrometeor loading. In (d), the solid phase is represented by dotted lines and the liquid phase by dashed lines. In

(e) and (f), the environment profile is in black. In (g) and (h), vertical straight lines indicate 0 and 0.2-km21 values for comparison. The

tropopause is represented by a gray dashed–dotted line.
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comparable with the entrainment of the subgrid up-

drafts parameterized in the deep convection schemes,

we used the bulk formula dqu/dz5 «(qe 2 qu), where the

environmental profile of total water content qe corre-

sponds to the large-scale environment. Note that « is

subject to uncertainties relative to the conservative vari-

able selected. It was calculated using MSEi up to 6–8km

(below the altitude of theMSEiminimum).Values on the

same order as those derived from the total water content

were obtained. Concerning the oceanic large-scale envi-

ronment, it was assumed not to vary during the course of

the simulation, so the initial profile shown in Fig. 2 was

used for qe. The vertical profiles of the averaged total

water content in the updrafts qu and the environmental

profile were fitted in order to avoid large variations of

entrainment with altitude.

The entrainment values of the tallest updrafts were

low, on the order of 0.1km21 (Fig. 11g). Such a low value

was found for the least entraining plume of oceanic

tropical clouds up to 7km (de Rooy et al. 2013) and of

Amazonian deep convection up to 14km (Khairoutdinov

and Randall 2006). The tallest updraft of the deep con-

vection phase showed larger values in the upper tropo-

sphere, over 0.2km21 above 12km, in the range of typical

entrainment rate found by Del Genio and Wu (2010). In

contrast, the profile of entrainment of the very deep and

mature convection phases was low even in the upper

troposphere. The surrounding cloud may have had a

buffering effect, as the tallest updrafts did not entrain air

from the environment but rather cloudy air from the

previous convection phase (see the water content 15min

earlier in Fig. 10b). Remarkably, the tallest updraft of the

very deep convection phase exhibited an almost uniform

entrainment of 0.08km21 between 2 and 18km. It ap-

peared then to be part of the least entraining updrafts up

to the tropopause evidenced so far.

The capability of the tallest updrafts to redistribute air

parcels at upper levels is illustratedwith their detrainment

d (Fig. 11h). The detrainment is computed from the

budget of the conservative variable used for the entrain-

ment «, leading to the expression dM/dz5 («2 d)M,

where M is the vertical mass flux of the tallest updraft.

Whatever the convection phases, the tallest updrafts

showed detrainment values exceeding 0.4km21 above

12km, strongly increasing with the altitude up to around

20 times the values of the entrainment rate. Much larger

detrainment rates than entrainment rates were already

found by de Rooy and Siebesma (2008). Note that the

tallest updraft of very deep convection redistributed air

parcels up to the tropopause. This was at a much higher

altitude than the ones of the two other convection phases,

and this was directly linked with its larger vertical extent.

At lower levels (from the base to 8-km altitude), the

detrainment was slightly negative. These negative values

noticed in previous studies (e.g., de Rooy and Siebesma

2010) are unphysical and usually cut off to zero. This is a

limitation of the bulk model, which is due to the humidity

of the air entrained into the tallest uprafts, larger than the

bulk model for entrainment would assume.

Among the intense convection phases, the very deep

convection phase stands out, with the tallest updrafts

having exceptional dimensions (16 km tall and over

8 km wide), vertical velocities (over 15ms21 on average

and over 30ms21 as the maximum), buoyancy (up to

about 0.1ms22), water loading (over 6 gkg21 throughout

the TTL), and extremely low entrainment (0.08km21) up

to the tropopause. The following section investigates the

entrainment and the mass transport in these tallest up-

drafts in greater detail.

c. Mass and water transport

To analyze the capacity of the tallest updrafts to carry

water and surface air masses up into the stratosphere,

the vertical profiles of the air mass flux and the water

mass flux are shown for the tallest updrafts at 1315 LST

in Figs. 12a and 12b, respectively. The question of the

dilution of the tallest updrafts with the environmental air

was addressed with vertical cross sections of MSEi, of tur-

bulent kinetic energy (TKE), and of two low-troposphere

passive tracers (Fig. 13). The origin of the air inside the

tallest updrafts was quantified with five different pas-

sive tracers (Fig. 14).

The vertical profiles of the air mass flux and water

mass flux were computed at 1315 LST, considering all

the updrafts, the two tallest and the tallest one only

(Figs. 12a,b). The air mass flux of 107 kg s21 for all the

updrafts at 17-km altitude, considering the area of the

domain of simulation (5 3 1010m2), exactly matched

the value of 2 3 1024 kgm22 s21 found by Chaboureau

et al. (2007). They averaged the flux as a result of around

50 overshoots over 24 h, which is equivalent to the two

tallest updrafts’ contribution for the hour of very deep

convection in our simulation. As already seen in section

3b at two specific altitudes, the two tallest updrafts ac-

counted for a large proportion of the air mass and water

mass fluxes because of all the updrafts (Figs. 12a,b). They

were in the range of 15%–50% between 2- and 5-km al-

titudes, and 50%–80% between 5- and 11-km altitudes,

where their contributions to the air and water mass fluxes

were up to 109 and 107kg s21, respectively. Aloft, the

mass fluxes decreased sharply with altitude, but the con-

tribution of the two tallest updrafts continued to increase,

reaching 100% at 16-km altitude and above.

To investigate the dilution of the tallest updrafts by

the environmental air, Fig. 13a represents MSEi for the

tallest updraft at 1315 LST in the same cross section as in
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Fig. 9. The air in the large base of this updraft had the

same values of MSEi (around 349kJ kg21) as the air in

the PBL. It was transported up to the freezing level

(around 5-km altitude) with almost no dilution. Between

5- and 13-km altitudes, the updraft exhibited a core with

MSEi about 345–348kJkg
21, and some other parts with

lowerMSEi (335–345kJkg
21), indicatingmixing with the

environmental air. Between 14- and 17-km altitudes (in

the TTL), MSEi in the updraft was slightly lower than

below, indicating that a larger amount of tropospheric

air had been entrained. In the TTL, the environment

showed larger MSEi than in the updraft. Detrainment

outside the updraft became apparent, with, for exam-

ple, MSEi 5 342 kJ kg21 between x5 14 and 18 km and

z 5 15 and 17.5 km.

The mixing is further investigated with TKE shown in

the same vertical cross section (Fig. 13b). The subcloud

turbulent eddies that contribute to the mixing of envi-

ronmental air inside the updrafts are assumed to have a

typical length smaller than 1km. TKEwas then calculated

as the subgrid-scale TKE plus the grid-scale turbulent ki-

netic energy. The latter was computed using the departure

of the three components of the resolved wind field from

their average values over a 900-m square. TKE values in

the cloud ranged between 1 and 70m2 s22. Interestingly, at

the base of the updraft, around 4-km altitude, only the

borders of the updraft showed intensemixing by turbulent

eddies activity (TKE around 20m2 s22). In contrast, the

core showed lower TKE values, between 1 and 10m2 s22,

while the wind speed was very high, over 20ms21 upward.

The ascent in the lowest part of the updraft was thus less

turbulent in the core than at the edges, reducing the di-

lution of the surface air masses transported in the core.

Aloft, and up to the tropopause, mixing was intense at the

edge of the updraft and also inside it, at the edge of the

core. The inhomogeneous composition of the updraft, al-

ready seen with MSEi in Fig. 13a, corresponded to the

inhomogeneous mixing occurring in regions of strong

gradient ofMSEi. Also, an intensemixing due to subcloud

turbulent eddies occurred in the regions of strong de-

trainment, between 13- and 18-km altitudes.

Passive tracers are now shown on the same vertical

cross section to visualize the entrainment of air from

different layers into this updraft (Figs. 13c,d). Five

tracers were initialized with a concentration value of 1,

15min earlier (at 1300 LST) in the PBL (PBL tracer), be-

tween the PBL top and the freezing level (low-troposphere

tracer), between the freezing level and 16-km altitude

(upper-tropospheric tracer), between 16- and 17-km

altitudes (TTL tracer), and above 17-km altitude

(stratosphere tracer). The PBL tracer (Fig. 13c) was

efficiently uplifted by the updraft. Concentrations found

in the updraft corewere as high as 0.9 up to 9-km altitude,

0.8 up to 12-km altitude, and 0.3 up to 17-km altitude, the

usual level of the tropopause. Consistently, concentra-

tions of 0.3 of a subcloud tracer have been found in the

uppermost 2km of the troposphere for oceanic deep

convection in radiative–convective equilibrium (Romps

andKuang 2010). In the tallest updraft, the dilution of the

PBL air was mostly due to the entrainment of environ-

mental air below the freezing level, materialized by the

low-troposphere tracer (Fig. 13d), and especially around

the base of the updraft.

The distributions of the different origin layers for the

air masses inside the tallest updrafts are further quan-

tified in Fig. 14. The tallest updraft of the deep convec-

tive phase (Fig. 14a) was composed of 40% of PBL air at

its base and about 20% at its top. Up to 10-km altitude,

half of its volume was composed by air entrained below

the freezing level. Above 10-km altitude, it was mostly

composed of upper-tropospheric air. This result is con-

sistent with the larger values of entrainment in the upper

troposphere shown in Fig. 11g. The tallest updraft of the

very deep convective phase (Fig. 14b) contained more

than 65% of PBL air in its base and about 25% in its top.

Whatever the levels in this updraft, the PBL air made up

more than 20% of the air. This indicates a weak dilution

of the updraft by the environmental free-tropospheric

air. The tallest updraft of the mature convection phase

(convective cluster; Fig. 14c) was made of about 40% of

PBL at its base, down to 0% in the last 2 km at its top.

Whatever the altitude, the air from the lower free tro-

posphere composed about 60% of the convective cluster

volume. This is consistent with the relatively large values

of entrainment in the lower troposphere shown in

Fig. 11g. The entrainment of low-MSEi air between the

FIG. 12. Vertical profiles of (a) vertical air mass flux and

(b) vertical water mass flux at 1315 LST in the LES. The contri-

bution of the tallest updraft, the two tallest updrafts, and all the

updrafts are in red, orange, and black, respectively.
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PBL and the freezing level partly explains the MSEi

values in the convective cluster (Fig. 11e), which were

lower than in the tallest updraft of the very deep con-

vective phase. In the upper troposphere, the entrain-

ment by the convective cluster was reduced (Fig. 11g),

whereas almost no PBL air was left at the top of the

updraft (Fig. 14c). This apparent paradox may be ex-

plained by the fact that the entrainment was computed

using the total water as a conservative quantity and that

the air entrained by the convective cluster was loaded

with hydrometeors (Fig. 10b). The little change in the

water loading of the convective cluster with altitude

(low entrainment in Fig. 11g) may then hide its dilution

by the free-tropospheric air with low MSEi (Fig. 14c).

During the very deep convection phase, the two tallest

updrafts accounted for most of the air mass flux and the

water mass flux from the freezing level up to the strato-

sphere. Most of the entrained air came from the lower

troposphere, below the freezing level. It was transported

at the edges of the tallest updrafts and only mixed with

the core several kilometers away from its source region.

The exceptional buoyancy of the tallest updrafts is

explained by a transport without dilution, especially in

the core of the updraft base, where a less-turbulent

vertical ascent was seen. The large amount of water

transported above the freezing level also led to a large

additional gain in buoyancy by latent heat release.

5. Conclusions

The giga-LES (100-m grid spacing) of Hector the

Convector on 30 November 2005 performed by Dauhut

et al. (2015) was used to investigate the organization of

the vertical mass fluxes up to the stratosphere. By ap-

plying a clustering algorithm, the updrafts were identified

as connected individual 3D structures, where the vertical

velocity exceeded 10m s21. Among the thousands of

updrafts detected at any time when the convection was

FIG. 13. Vertical cross sections of the second tallest updraft at 1315 LST: (a) frozen moist static energy, (b) turbulent kinetic energy, and

tracers initialized 15min earlier (c) in the PBL and (d) between the PBL top and the freezing level.
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deep, only a dozen were more than 4 km tall, and the

two tallest were the most important coherent struc-

tures for the transport toward the stratosphere. Their

contribution to the air mass flux and water mass flux

was over 50% above the freezing level and over 90%

across the TTL.

The key processes that enabled Hector and its two

tallest updrafts to reach the stratosphere have been

highlighted. They are schematically depicted in Fig. 15

during the four convective phases (congestus, deep, very

deep, and mature convection):

1) The sea breeze: It leads to the mesoscale conver-

gence of the surface winds, enhances the conver-

gence of the humidity above the islands, and triggers

the first congestus clouds and precipitation along the

coast. The sea breeze lasts throughout the develop-

ment of Hector.

2) The cold pools: They are generated by the down-

drafts of the precipitating cumulus, and they lift the

air that has been warmed at the surface of the islands.

They trigger new precipitating cumulus at their edge.

From the mature convection phase onward, the

massive cold pools prevent warm, moist air from

being supplied to the upcoming updrafts.

3) The convergence lines: They are first built up by the

sea-breeze fronts and then intensified by the cold

pools. They determine where the tallest updrafts

appear. The cold pools also push the convergence

lines inland, where the convergence lines are sup-

plied with warm, moist air and eventually intersect

each other, leading to extended areas of large conver-

gence of humidity.

4) The low dilution of the updrafts: The dilution of the

tallest updrafts is found to be particularly low

during the very deep convection phase. This is in

marked contrast with the deep convection phase,

during which the entrainment of environmental air

is greater, and with the mature convection phase,

during which low-MSEi air of the low troposphere is

entrained.

The tallest updrafts appear above the convergence

lines. During the very deep convection phase, the tallest

updrafts show their maximal values of effective width

(8 km in midtroposphere), buoyancy (up to 0.1m s22),

vertical velocities (up to 50ms21), and hydrometeor

contents (10 g kg21). The weakly diluted ascent in the

base of the tallest updrafts leads to the uplift of a large

load of liquid water above the freezing level, contrib-

uting to the great buoyancy of the tallest updrafts. The

outstanding strength of these tallest updrafts makes

them akin to the hot towers postulated by Riehl and

Malkus (1958). However, they are subject to uncer-

tainties in their microphysical representation. This was

documented recently in two model intercomparisons for

precipitating shallow convection (van Zanten et al. 2011)

and deep convection (Varble et al. 2014). In the latter

study, the models produced too-strong updrafts that

transported too much rain through the freezing level.

The subsequent large freezing leads to large latent heat

release, positive buoyancy, and eventually too-efficient

FIG. 14. Distribution of the passive tracers inside the tallest updrafts at (a) 1215, (b) 1315, and (c) 1415 LST. The

passive tracers were initialized 15min earlier in the following layers: the PBL (red), the lower troposphere (yellow),

the upper troposphere (green), the TTL (dark blue), and the stratosphere (purple).
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transport of water. This positive feedback (too-strong

updrafts are likely to become even stronger) may ex-

plain why the models diverge from the observed in-

cloud vertical velocities. Other studies (Lebo et al.

2012; Grabowski and Jarecka 2015) discussed the im-

pact in convection of the saturation adjustment, an as-

sumption common to many bulk microphysics schemes.

The latter leads to boost the updrafts just aloft the

freezing level, rather than in a wider range of altitudes

within the upper troposphere.

The large width of the tallest updrafts, even at the base

(about 4km), also helps to keep the dilution low. Below

the freezing level, the entrained air is mixed with only

the outer part of the tallest updrafts, whereas their core

is kept weakly diluted. The large widths of the tallest

updrafts and themixing confined at their outer edges are

consistent with the weak effective entrainment. It would

be interesting to investigate the mixing with further de-

tails, especially since the most energetic motions are re-

solved in this giga-LES. Some tracer methods allow one

to compute the local entrainment by the eddies at the

interface between the updrafts and their environment.

For example, the impact of the intense subsiding shells

shown by Glenn and Krueger (2014) and evidenced here

may be estimated. Their role in inhibiting or favoring the

exchanges between the tallest updrafts and their close

environment—including the potential interaction and

aggregation between the updrafts—remains to be docu-

mented indeed. This will be investigated in an upcoming

isentropic analysis dedicated to the overturning circula-

tion of Hector the Convector.

The overshoots into the stratosphere appear during

the very deep convection phase. During this phase, a

large flux of PBL air mass crosses the whole TTL. Af-

terward, the remnants of clouds that spread in the

stratosphere are a signature of the cross-tropopause

transport. An aspect not yet studied in this LES is the

sequence of mechanisms leading to the irreversibility of

the transport into the stratosphere. A forthcoming study

will analyze the mixing processes of the tropospheric air

mass in the stratosphere.

Finally, it would be worthwhile to compare the in-

ternal organization of other cases of very deep convec-

tion with the one described in this study. Are the four

FIG. 15. Schematic diagram of the successive phases of convection, emphasizing the processes that lead the

thunderstorm to overshoot into the stratosphere. (a) The congestus convection phase, (b) the deep convection

phase, (c) the very deep convection phase, and (d) themature convection phase are illustrated. The freezing level at

5 km, the level of the deep convective outflow at 12 km, and the cold-point tropopause at 17 km are represented by

the gray solid lines. The sea breeze (thin green arrows) forces convergence above the idealized island. The main

cumulus clouds of the current phase and of the previous phase are outlined in black and gray, respectively. The cold

pools (blue) force and intensify the moisture flux horizontal convergence (magenta) that leads to the growth of the

tallest updrafts (thick red arrow). The low values of dilution by entrainment of the environmental air are illustrated

by two embedded black half arrows.
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processes mentioned above common to the other trop-

ical storms that overshoot the stratosphere? The sea

breeze is absent for most of the African and South

American cases since they are generally purely conti-

nental.Mesoscale circulations, instead of sea breeze, can

trigger congestus convection, however. Cold pools are

already known to play a key role in the organization and

the deepening of the convection [e.g., Schlemmer and

Hohenegger (2014) and the references therein]. Intense

convergence lines at the edges of the cold pools have

also been evidenced, but their intersection as a system-

atic triggering factor of the deepest convection still

needs to be proved. The existence of very tall updrafts,

accounting for most of the transport, and their ex-

tremely low dilution, are challenging to observe. Their

ubiquity in very deep convection is evenmore difficult to

demonstrate. Field campaigns to investigate the deep

interior of the tallest thunderstorms, together with as-

sociatedmodeling studies with LESs, would then greatly

advance our knowledge of very deep convection, its

dynamics, and its capacity to contribute to troposphere-

to-stratosphere transport. Further, the very tall updrafts

should be represented by the convection parameteriza-

tion scheme of climate models. This is not the case,

as the contribution of very deep convection to the

troposphere-to-stratosphere transport is found negligi-

ble by existing climate models. Our study pointed out

the role of the convergence flux in the boundary layer in

triggering and driving the convection, while CAPE kept

its initial value during the 1-h-long deep convection

phase. Such a process might now be represented in the

ECMWF model. Indeed, a recent convective closure

subject to boundary layer was shown to improve the

representation of equilibrium and nonequilibrium con-

vection (Bechtold et al. 2014). The implementation of

low entrainment rate in convective plumes remains to be

investigated.
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