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Referat:

Eine der gröÿten Unsicherheiten in der Bestimmung des Klimawandels stellen Wolken dar.

In ihnen �nden zahlreiche Prozesse vonWolken- bis mm-Skala statt und interagieren untere-

inander sowie mit atmosphärischen Prozessen. Diese Komplexität und die benötigte hohe

räumliche Au�ösung zur Erforschung kleinskaliger Prozesse sind nur zwei Herausforderun-

gen in der Wolkenforschung. Ein bislang unzureichend erforschter Prozess am Wolkenrand

ist das Einmischen. Dieser beschreibt den turbulenten Transport von ungesättigter Umge-

bungsluft in die Wolke. Anschlieÿendes Mischen führt zur Verdunstung von Tropfen und

zu negativem Auftrieb am Wolkenrand. Man unterscheidet zwei Arten des Einmischens:

Einmischen an der Wolkenoberkante und seitliches Einmischen. Ersteres ist vor allem an

der Oberkante von stratiformen Wolken zu �nden, wobei seitliches Einmischen vor allem

bei Cumuluswolken eine Rolle spielt.

Diese Arbeit untersucht mit Hilfe von hochaufgelösten Messungen (cm-Skala) beide Arten

des Einmischprozesses. Gemessen wurde mit der Hubschrauber Messplatform ACTOS

(Airborne Cloud Turbulence Observation System). An der Oberkante einer Stratocumu-

lusschicht führt scherungsinduziertes Einmischen zu einer turbulenten Inversionsschicht

(TIL). Diese besteht aus wolkenfreier Luft und scheint aufgrund der Turbulenz mit der

darunter liegenden Wolkenschicht gekoppelt zu sein. Je dicker die TIL ist, desto stärker

wird die Turbulenz gedämpft. Auf diese Weise ist die TIL auf eine maximale Dicke

beschränkt und direktes Mischen zwischen Wolkenoberkante und freier Atmosphäre wird

gehemmt. Am Rand von �achen Cumuluswolken wird die �subsiding shell� durch scherungs-

bedingtes seitliches Einmischen initiiert. Ihre Entwicklung konnte anhand von detailierten

Messungen in kontinuierlich wachsenden Passatwindwolken untersucht werden. Das Wach-

stum der �subsiding� shell auf Kosten des Wolkenkerns und die gleichzeitige Zunahme der

Abwindgeschwindigkeit in der Region stimmt quantitativ mit der Simulation einer ideal-

isierten �subsiding shell� überein.

Diese einzigartigen Messungen anWolkenrändern stellen einen bemerkenswerten Fortschritt

in der Wolkenforschung dar, der die zukünftige Forschung beein�ussen wird.
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Abstract:

Clouds are one of the major uncertainties in climate change predictions caused by their

complex structure and dynamics. Numerous cloud processes are acting from cloud-scale

down to mm-scale and interplay with each other as well as with atmospheric processes.

This complexity on the one hand and the high spatial resolution required to analyse the

small scale processes on the other hand cause di�culties in cloud research. One important

and until now insu�ciently understood process in cloud microphysics is the entrainment

process. It de�nes the turbulent transport of sub-saturated environmental air into the

cloud region. Subsequent mixing leads to the evaporation of cloud droplets resulting in

negatively buoyant air at cloud edge. One distinguishes between two types of entrainment

processes: cloud top and lateral entrainment. While the �rst type is mostly detected at

the top of stratiform clouds, lateral entrainment plays an important role for the dynamics

of cumulus clouds.

Within in this thesis, highly-resolved measurements with a resolution down to the cen-

timeter scale performed with the helicopter-borne measurement payload ACTOS (Airborne

Cloud Turbulence Observation System) are used to study both types of entrainment pro-

cesses. Shear-induced cloud top entrainment leads to a turbulent inversion layer (TIL)

atop of a stratocumulus layer consisting of clear air. The TIL seems to be coupled with the

underlying cloud layer due to the turbulence intensity. With increasing thickness of the

TIL the turbulence inside is damped monotonically leading to a maximum layer thickness

and inhibiting direct mixing between cloud top and free troposphere. At the edges of shal-

low trade wind cumuli, shear-induced lateral entrainment generates a subsiding shell. Its

evolution is analysed based on detailed measurements in continuously developing shallow

cumuli. With the cloud evolution, the subsiding shell grows at the expense of the cloud

core region and an increasing downdraft velocity is observed within this region. These

observations are con�rmed with the simulation of an idealised subsiding shell.

The results present unique observations at the edges of clouds and are an appreciable

progress in cloud research which decisively in�uence future research.
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90 Ref. (Number of references)
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Wolkenbildung

Stratus

Wenn von dem stillen Wasserspiegel-Plan

Ein Nebel hebt den �achen Teppich an,

Der Mond, dem Wallen des Erscheins vereint,

Als ein Gespenst Gespenster bildend scheint,

Dann sind wir alle, das gestehn wir nur,

Erquickt', erfreute Kinder, o Natur!

Dann hebt sichs wohl am Berge, sammelnd breit,

An Streife Streifen, so umdüsterts weit

Die Mittelhöhe, beidem gleich geneigt,

Obs fallend wässert oder luftig steigt.

Cumulus

Und wenn darauf zu höhrer Atmosphäre

Der tüchtige Gehalt berufen wäre,

Steht Wolke hoch, zum herrlichsten geballt,

Verkündet, festgebildet, Machtgewalt,

Und, was ihr fürchtet und auch wohl erlebt,

Wie's oben drohet, so es unten bebt.

Cirrus

Doch immer höher steigt der edle Drang!

Erlösung ist ein himmlisch leichter Zwang.

Ein Aufgehäuftes, �ockig löst sichs auf,

Wie Schä�ein tripplend, leicht gekämmt zuhauf.

So �ieÿt zuletzt, was unten leicht entstand,

Dem Vater oben still in Schoÿ und Hand.

Nimbus

Nun laÿt auch niederwärts, durch Erdgewalt

Herabgezogen, was sich hoch geballt,

In Donnerwettern wütend sich ergehn,

Heerscharen gleich entrollen und verwehn! -

Der Erde tätig leidendes Geschick!

Doch mit dem Bilde hebet euren Blick.-

Die Rede geht herab, denn sie beschreibt;

Der Geist will aufwärts, wo er ewig bleibt.

Johann Wolfgang von Goethe (1749�1832)





1 Introduction

1.1 Clouds

Goethe's poem from 1821 is only one example of painters and poets' fascination with

clouds. Indeed, clouds have been the inspiration for numerous of works of art and

are simultaneously elements of intensive research activities. In his poem, Goethe

poetically describes four cloud types, which were �rst de�ned within the scienti�c

cloud classi�cation by Howard (1803). Howard's classi�cation scheme is still applied

in modern meteorology, even though it was already written at a time when scien-

tists assumed that clouds consist of bubbles. This assumption was present until

Assmann performed comprehensive microscopical studies of cloud droplets in 1884.

Clouds were only observed at ground level for a long time, until Jacques Alexandre

César Charles (1746 � 1823) conducted the �rst instrumented manned balloon �ight

measuring temperature and pressure of the atmosphere in 1783. However, in-situ

cloud measurements were not performed until 1903, when Wigand realised the �rst

comprehensive study of the in-cloud shape of ice crystals and graupel particles using

an instrumented manned balloon. Hence, cloud research is a relative young science,

which has experienced an abrupt and accelerated increase since 1940 caused by nec-

essary funding, personnel support, and particularly technological development, e.g.

computers, radars and satellites becoming available for scientists.

However, clouds were still indicated in the Intergovernmental Panel on Climate

Change Report 2007 (IPCC Report) as �a major source of uncertainty in the sim-

ulations of climate changes� (Solomon et al., 2007). This great uncertainty is due

to the complexity of processes acting within clouds on the one hand, and the inter-

action of these cloud processes among themselves and with atmospheric processes

over a wide range of spatial and temporal scales on the other. The atmospheric mo-

tion (macroscale motion, e.g., fronts, pressure systems, atmospheric stability down

to microscale motion, e.g., droplet collision, entrainment) in�uences the structure

and dynamics of cloud patterns which range in size from hundreds of kilometers for



4 1 Introduction

large synoptic-scale cloud patterns down to < 1 kilometer for individual clouds. But

clouds also in�uence the atmospheric motion. They are responsible for up to 30%

of the Earth's albedo (Solomon et al., 2007). Moreover, deep-convective clouds in-

�uence the general circulation (e.g., Hadley �, monsoon circulation). Hence, clouds

play an important role in the radiation and energy balance of the atmosphere and

are most relevant for climate. But the changing conditions within the atmosphere

caused by the anthropogenic climate change also a�ects the clouds. Presently, no

explicit statement can be given on how clouds react on the increase of anthropogenic

aerosol emission and atmospheric temperature and how the cloud feedbacks in�u-

ence the climate in response (Heintzenberg and Charlson, 2009). Therefore, the

detailed understanding of the complex cloud processes in particular in terms of a

climate change is a very important task in research activities.

On global average, clouds produce a net cooling a�ect on the climate (Heintzen-

berg and Charlson, 2009). But the impact on the atmospheric radiative budget de-

pends strongly on the cloud type. General circulation models (GCM) indicate that

low-level marine clouds provide the greatest contribution to the spread in climate

sensitivity. An increase of 15 − 20% in the amount of low-level clouds is presumed

to counteract a doubling of CO2 (Slingo, 1990). Thereby, the predominant cloud

types in the marine boundary layer are stratocumulus and shallow trade wind cu-

mulus. The �rst type features a large fractional overage and a strong negative net

cloud radiative forcing, while shallow cumuli have a small cloud fraction and a weak

negative net cloud radiative forcing, but they occur over a much larger area of the

ocean (Heintzenberg and Charlson, 2009). Both cloud types are characterised by a

weak dynamical forcing, which is the reason why small changes in boundary layer

properties and dynamical forcing have strong in�uence on their cloud cover. These

slight changes in cloud cover and also in cloud height and cloud emissivity can ex-

ert a stronger in�uence on the Earth's radiative budget than equivalent changes in

greenhouse gases (Heintzenberg and Charlson, 2009). Therefore, the understanding

of the impact of boundary layer clouds on climate depends on the detailed under-

standing of the cloud processes acting from cloud-scale down to mm-scale.

The most important small-scale process at cloud edge is the transport of warm,

sub-saturated environmental air into the cloud region, called �entrainment process�.

Subsequent mixing with cloudy air in�uences the cloud structure and dynamics.

The analysis of both processes is challenging because the most aircraft observations

are performed with a true airspeed of about 100m s−1 which enables only a spatial

resolution down to the meter scale. One possibility to analyse the small-scale pro-

cesses is the slow-moving platform �ACTOS� developed at the Leibniz Institute for
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Tropospheric Research (Siebert et al., 2006a). The helicopter-borne measurement

platform operates with a low true airspeed of 20m s−1 and combined with a high

sampling frequency, measurements with a spatial resolution down to the centimeter

scale are enabled. Within this thesis, these highly-resolved measurements are used

to study the impact of both types of entrainment processes, cloud-top and lateral

entrainment, on the small-scale structure of clouds. Both types are dominant in

di�erent cloud types. While cloud-top entrainment mainly in�uences the structure

of stratocumulus clouds, lateral entrainment is mostly present at the edges of cu-

mulus clouds. The appearance and characteristics of both cloud types are brie�y

introduced in the following Sections.

1.1.1 Stratocumulus

General aspects

In the international cloud atlas of the World Meteorological Organisation (WMO)

a stratocumulus cloud is described as a �grey or whitish, or both grey and whitish,

patch, sheet or layer of cloud which almost always has dark parts, composed of tes-

sellations, rounded masses, rolls, etc., which are non-�brous (except for virga) and

which may or may not be merged; most of the regularly arranged small elements have

an apparent width of more than �ve degrees� (World Meteorological Organization,

1975). Such cloud decks can be found over large areas of the world and especially

over the colder oceans where they can cover thousands of square kilometers. In the

annual mean, stratocumulus clouds cover 23% of the Earth's surface (Wood, 2012).

Some regions are frequently covered by this cloud type (e.g., coast of California and

Mexico, coast of Peru and Chile, coast of north� and southwestern Africa), whereas

the occurrence at other regions depends on seasonal characteristics. This temporary

occurrence is caused by the fact that the formation and maintenance of stratocumu-

lus clouds depend on two conditions: i) a stable strati�cation in the free troposphere

which suppresses deep convection and leads to the formation of a shallow layered

cloud topped by a strong inversion and ii) a continuing moisture supply from the

surface to counteract diluting processes (Driedonks and Duynkerke, 1989).

Stratocumulus clouds, which are mostly located at top of the well-mixed boundary

layer, have a large impact on the Earth's albedo. The re�ection of the incoming

solar radiation is increased by 40− 60% compared to the cloudless case. This large

impact is not compensated in any signi�cant way by the divergences of the longwave
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radiative �uxes due to a stratocumulus cloud deck which leads consequently to a

large net radiative cooling of such clouds. These in�uences on the Earth's radiative

energy budget also lead to an impact on the turbulent structure of the boundary

layer. Additionally, the impact of stratocumulus cloud decks on heat and moisture

in�uences local weather conditions (Driedonks and Duynkerke, 1989). Hence, stra-

tocumulus cloud decks play an important role in the atmospheric energy budget and

on climate. Therefore, a realistic reproduction of the extensive stratocumulus decks

in models is very crucial for the understanding of its impact on climate and climate

change.

Physical processes

This section will take a closer look at individual processes acting within and at the

edges of a stratocumulus cloud. A schematic picture of this layer topping a well-

mixed boundary layer is presented in Fig. 1.1, whereby the grey region marks the

stratocumulus cloud deck.

latent heat

release

entrainment

subsidence

SW rad. 

heating

LW rad. 

cooling & heating

moisture and heat

cold downdrafts &

warm updrafts

produce mixing

wind shear

Figure 1.1: Overview of physical processes occurring within and at the edge of a stra-

tocumulus cloud. Thereby, SW and LW denote the short� and longwave

radiation �uxes.

The structure and dynamics of a stratocumulus layer is strongly in�uenced by the

surface �uxes of moisture and heat. Droplet formation by condensation leads to the

release of latent heat which is a source for buoyancy production and turbulence. If
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the buoyancy of the resulting rising air parcels is large enough, they overshoot the

inversion layer and initiate cloud-top entrainment. So, potentially warm, dry, and

sub-saturated free-tropospheric air is transported into the cloud layer from above

(Bennetts et al., 1986; Driedonks and Duynkerke, 1989). A detailed introduction of

cloud-top entrainment is given in Section 2.2.1. Further mechanisms which could

initiate cloud-top entrainment are radiative cooling at cloud top on the one hand,

initiated by the larger upward-directed outgoing longwave radiation �ux compared

to the downward �ux. On the other hand, the absorption of 15% of the solar incom-

ing radiation leads to a warming extending deep into the cloud layer (Bennetts et al.,

1986; Driedonks and Duynkerke, 1989). Both processes can produce convective tur-

bulence (denoted by the whirls of arrows in Fig. 1.1) and could cause a destabilisation

of the cloud and the whole boundary layer. Additionally, the combination of both

processes can decouple the cloud layer from the underlying boundary layer and cut

o� the cloud deck from the surface �ux which would lead to the dissolution of the

cloud deck (Driedonks and Duynkerke, 1989). Furthermore, large-scale subsidence

could also lead to the dissolution process of the cloud deck through advection of the

inversion layer. The structure, especially of the cloud top, can be further in�uenced

by wind shear. The latter acts as a further mechanical source for turbulence but

its precise role for cloud-top entrainment process is discussed controversially (Wang

et al., 2012).

1.1.2 Cumulus

General aspects

Cumulus clouds are described in the Internatinal cloud atlas of the WMO as �de-

tached clouds, generally dense and with sharp outlines, developing vertically in the

form of rising mounds, domes or towers, of which the bulging upper part often re-

sembles a cauli�ower. The sunlit parts of these clouds are mostly brilliant white;

their base is relatively dark and nearly horizontal. Sometimes Cumulus is ragged�

(World Meteorological Organization, 1975). The vertical extension of these clouds

can be very di�erent. Shallow cumuli have mostly a cloud top height lower than 2 km

while the top of cumulus clouds with a large vertical extent can reach a top-height

of 10 km. Just as the vertical extent the cloud lifetime covers a huge range from

minutes to several hours. But all cumulus clouds are characterised by a relatively

small horizontal diameter compared to their respective vertical extent, i.e., < 2 km
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for shallow cumuli to ≈ 5 km for the largest ones. This causes the weaker net cloud

radiative forcing compared to a stratocumulus layer. Koren et al. (2008) pointed out

that these clouds with an area smaller than 1 km2 cause the largest contribution to

the total cloud re�ectance. Combined with the large amount of cumulus clouds over

wide areas of the planet, an explanation is given for the large feedback of cumulus

clouds on climate.

The dynamics of cumulus clouds are very complex and until now not completely un-

derstood in detail. Dynamical processes over the full range of the turbulent energy

cascade in�uence the cloud evolution and its lifetime, and can lead to the formation

of heavy rainfalls within less than one hour, as for instance in the trade wind re-

gion (Langmuir, 1948). Furthermore, cumulus clouds have an impact on the vertical

transport of heat, moisture, aerosol, and momentum, and on the radiative transfer

between the well-mixed boundary layer and the free troposphere (Siebesma et al.,

2003). Hence, cumulus clouds play an important role for the moisture and energy

balance within the troposphere.

Physical processes

Cumulus clouds develop due to the achievement of the lifting condensation level

of a rising thermal. At this level, the water vapour within an air parcel starts to

condensate which leads to further positive buoyancy due to the release of latent

heat. The positive buoyancy of the air parcel can be enhanced at the level of free

convection. Possible mechanisms limiting the cloud growth are on the one hand

an inversion layer, where the surrounding air is much warmer suppressing a further

ascent, or mixing processes, which lead to a dilution of the cloud top on the other

hand. A sketch of a cumulus cloud is given in Fig. 1.2.

A cumulus cloud is characterised by a strong updraft which can be found in the cloud

core. These updrafts are compensated by downdrafts in the near environment of the

cloud. The resulting horizontal wind shear at cloud edge leads to lateral entrain-

ment which in�uences the dynamics and evolution of cumulus clouds. A detailed

introduction of lateral entrainment is given in Section 2.2.2. At cloud top, further

processes are the solar radiative heating and longwave radiative cooling, although

the impact of these two processes is much smaller than in the case of stratocumu-

lus clouds. Nevertheless, both processes could initiate cloud-top entrainment which

in�uences primary the structure and dynamics of the cloud top region.
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cloud-top entrainment

SW rad. 

heating

LW rad. 

cooling 

& heating

surface fluxes of 

moisture and heat

lateral

entrainment

downdraft

Figure 1.2: Overview of physical processes occurring within and at the edge of a

cumulus cloud.

1.2 Motivation of this work

This thesis deals with the investigation of the impact of entrainment on the struc-

ture and dynamics of clouds. The entrainment process belongs to the processes in

cloud research which are assumed to play an important role for cloud dynamics but

their analysis is not straightforward. Although, within the last decades the measure-

ment technique was enhanced in terms of instrumentation (e.g., increased sampling

frequency), data analysis, and measurement possibilities (aircraft, remote sensing,

satellite), there are still a lot of open questions concerning cloud physics, especially

cloud microphysics, e.g.,:

• How do turbulent processes such as entrainment and subsequent mixing in�u-

ence the evolution of clouds?

• How does vertical wind shear above a stratocumulus layer in�uence the struc-

ture and dynamics of the underlying cloud?

• Which processes cause the ability of warm cumulus clouds to develop rain
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within less than thirty minutes after their formation?

These questions de�ne the scope of this thesis. Based on measurements with a spatial

resolution down to cm-scale the turbulent structure at top of a stratocumulus cloud

deck and at the edges of shallow cumuli will be analysed. Therefore, measurements

were performed within two di�erent measurement campaigns. The �rst one was

performed in the north of Germany over the Baltic Sea in 2007 and addressed the

impact of shear-induced cloud-top entrainment on the dynamics of a stratocumulus

cloud. The second campaign was conducted in the trade wind region near Barbados

in November 2010 and April 2011 performing measurements at the edges of shallow

trade wind cumuli to analyse lateral entrainment.

This thesis is structured as follows: Chapter 2 presents a general introduction to

turbulent motion and entrainment while Chapter 3 introduces the measurement pay-

load ACTOS, presents the measurement technique of individual instruments, and

describes the data post-processing. The following two Chapters deal with the two

measurement campaigns including a brief introduction of the campaign followed by

the data analysis and results. Thereby, Chapter 4 is addressed to cloud-top entrain-

ment at top of a stratocumulus, while Chapter 5 presents the analysis concerning

lateral entrainment at the edges of shallow cumuli. The thesis �nishes with a sum-

mary of the results.



2 Turbulence and entrainment

Turbulence is a common feature within the majority of �ows observed in the atmo-

sphere. Pictures as wads of smoke of a chimney, swirls in a river or the di�usion

of co�ee and milk within a Latte Macchiato are well-known. The development of

turbulence in a �ow is triggered by small instabilities producing turbulent kinetic

energy. Turbulence enables fast mixing between di�erent air masses in the atmo-

sphere and the transport of heat, moisture, and momentum in the boundary layer.

Hence, turbulence plays a major role in many atmospheric processes but the details

of turbulence on di�erent processes are often not fully understood yet. One example

is the impact of turbulent mixing at cloud edge on cloud dynamics and structure.

Within the following Chapter, basic aspects of turbulence are presented. Afterwards,

the turbulent entrainment process at cloud edges is introduced.∗

2.1 Turbulence

A picture of a turbulent �ow behind two identical cylinders is shown in Fig. 2.1

which demonstrates the complex and randomness structure of a turbulent �ow. In

general, the structure of such �ows depends on the �ow pattern as well as initial and

boundary conditions. In contrast, the structure of a laminar �ow is characterised by

a mean velocity without �uctuations and no change in time. The character of a �ow

is de�ned by the Reynolds number Re. This non-dimensional number was introduced

by Osborne Reynolds in 1883 (Reynolds, 1883) and represents the relation between

inertial and viscous forces. The calculation is based on the mean velocity of the

�ow U , the typical �ow dimension L and the kinematic viscosity of the �uid ν:

Re = U L
ν
. The Reynolds number of a laminar �ow is characterised by comparably

low values indicating high viscous forces. For example, within the Reynold's pipe-

∗Please note that some parts of the following Chapter are taken from Katzwinkel et al. (2012)

and Katzwinkel et al. (2013) without further notice.
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Figure 2.1: Example of a turbulent �ow behind two identical cylinders. The picture

is taken from Frisch and Kolmogorov (1995).

�ow experiment the �ow is laminar for Re < 2300 while the �ow is turbulent for

Re > 4000 (Pope, 2000). The Reynolds numbers in between characterise the gradual

transition from a laminar to a turbulent �ow. It is assumed that this transition is

triggered by small instabilities producing the turbulent kinetic energy (Tennekes and

Lumley, 1972; Davidson, 2004). The development and maintenance of turbulence

depends on the receipt of energy from the mean �ow due to its dissipating character.

Without obtaining energy from the mean �ow turbulence decays rapidly due to

viscosity, Re decreases and the �ow is getting laminar. Within the atmosphere,

there are two main sources of energy: shear in the �ow and buoyancy, whereby the

latter can be in�uenced by radiative or evaporative cooling and solar heating. For

a more-detailed description of the individual sources of energy the reader is referred

to section 2.2.

2.1.1 Turbulent scales and the energy cascade

The previous section dealt with the appearance and development of turbulent �ows

while the following Chapter will give a closer look on the structure of a turbulent

�ow. In general, a turbulent �ow can be described by eddies of di�erent sizes. A

precise de�nition of an eddy is not straightforward but Pope (2000) described an

eddy as �a turbulent motion which is localised within a region of size l, that is

moderately coherent over this region�. The largest eddy size l0 in a turbulent �ow is

comparable to the typical �ow dimension L and these eddies have a characteristic

velocity u0 ≡ u(l0), a timescale τ(l0) ≡ l0/u0 and a Reynolds number Re ≡ u0l0/ν.

Vortex stretching (lengthening of eddies) causes the unstable structure of the largest
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eddies which leads to a break-up process whereby the large eddies break into smaller

ones. Thereby, the energy which they received from the mean �ow is transported to

the yet smaller eddy sizes. The break-up process continues up to a su�ciently small

Reynolds number Re(l) = u(l)l/ν where the eddy motion is stable and the kinematic

energy of the eddies dissipates by molecular viscosity. The rate of energy which

is �rst transported constantly to yet smaller eddies and dissipates at the smallest

scales can be estimated with ε ∼ σ3
w

l0
, where σw denotes the standard deviation of the

vertical wind velocity. The smallest eddy scales are de�ned by Kolmogorov and its

length scale η, velocity υη and timescale τη are calculated as follows (Kolmogorov,

1941):

η = (ν3/ε)1/4, υη = (νε)1/4, τη = (ν/ε)1/2. (2.1)

The energy dissipation rate ε is determined by the transfer of energy during the

�rst break-up process (Pope, 2000). The whole break-up process and the transport

of energy to successively smaller and smaller eddies is called the energy cascade

(Pope, 2000; Frisch and Kolmogorov, 1995). Figure 2.2 shows a schematic picture of

the energy cascade including the separation into the three ranges (after Frisch and

Kolmogorov, 1995). The �rst part is the energy-containing range, where the largest

eddy sizes obtain their energy from the mean �ow. Within this range the eddies

are anisotropic and una�ected by molecular viscosity. The next part is the inertial

range, where the energy is transported from one eddy size to the yet smaller one.

In this subrange, the eddies are isotropic and molecular viscosity plays a minor role.

The last part is the dissipation range, where the eddy motion is stable and molecular

viscosity leads to the dissipation of the eddies. These subranges are separated the-

oretically at di�erent length scales (Pope, 2000). The energy-containing range and

the inertial range are separated by a length scale approximately lEI ≈ 1/6l0 and the

inertial range and dissipation range are separated by a length scale approximately

lDI = 60ν. With increasing Re the di�erence between largest and smallest eddy

scales widens leading to a larger inertial range (Tennekes and Lumley, 1972).

The distribution of the turbulent kinetic energy E among the di�erent eddy sizes

is given for homogeneous turbulence by the energy spectrum function. The bulk of

energy is located within the larger scales which transport the most part of heat and

momentum (Tennekes and Lumley, 1972). Within the inertial range, the amount of
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Figure 2.2: Energy cascade with the largest and smallest scales of eddies lo and η

modi�ed picture based on Frisch, 1995

energy decreases with decreasing eddy size constantly concerning the Kolmogorov

-5/3 spectrum. This behaviour results from the second similarity hypothesis of Kol-

mogorov that describes the universal form of the statistics of the eddy motions only

determined by ε within this range. Hence, the energy spectrum function can be

given in the form: E(κ) = C ε2/3 κ−5/3 (where κ denotes the wave length and C

is a universal constant) (Pope, 2000). Within the dissipation range, the bulk of

dissipation is located. Hence, the balance of turbulent kinetic energy is given by

production and dissipation.

Atmospheric strati�cation can damp turbulence due to shear or buoyancy, respec-

tively. Both processes lead to the deformation and distortion of eddies which con-

sume kinetic energy from the turbulent �ow and lead to damping of turbulence.

The smallest eddy scales which are a�ected by shear or respective buoyancy can be

estimated based on the Corrsin and Ozmidov scale (Smyth and Moum, 2000). In

general, the damping e�ect of turbulence by strati�cation can be quanti�ed with

help of the Richardson number Ri. It is de�ned by the relation of energy production

compared to the loss of energy due to strati�cation. Within the energy balance

equation, this lost of turbulent kinetic energy is considered with the buoyancy term

(Brucker and Sarkar, 2007). The following sections will give brief introductions of
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assumptions in turbulence theory and turbulent parameters.

2.1.2 Local isotropy

A basic requirement for the turbulence theory of Kolmogorov is the assumption of

the local isotropic structure of a turbulent �ow within the inertial range. Isotropy

means independence of statistical properties on rotation, translation, and re�ection

of the coordinate axes (Wyngaard, 2010). An isotropic �ow is characterised by a ra-

tio of 4/3 concerning the lateral and longitudinal components of the one-dimensional

kinetic energy spectrum. This ratio results from the calculation of the velocity cor-

relation tensor of two points separated by the distance r. Using the tensor one can

calculate a relation between lateral and longitudinal velocity correlation functions.

Combined with the fact that the energy spectrum function E is twice the Fourier

transform of the velocity correlation, it results in a relation between lateral and

longitudinal components of E: E33(κ1) = E22(κ1) =
1
2
(E11(κ1)− κ1

dE11 (κ1 )
dκ1

), where

i = j = 3 and i = j = 2 denote the lateral components, i = j = 1 denotes the longi-

tudinal component and κ1 denotes the longitudinal component of the wavenumber

vector. Finally, using the kinetic energy spectrum function within the inertial sub-

range: E(κ) = C ε2/3 κ−5/3 yields E33

E11
= E22

E11
= 4

3
. A detailed derivation can be found

in the textbooks of Batchelor (1953); Pope (2000); Wyngaard (2010).

Within this work, the local isotropy of a velocity �eld is analysed with σ2
w/σ

2
u, where

w denotes the vertical wind velocity and u the longitudinal component of the hori-

zontal wind velocity. If the variances are considered as local parameter, where they

do not represent the entire layer and contributions from larger structures are �ltered

out, then the variance equals the integrated energy spectrum function and the 4/3

ratio is also valid for the variances.

2.1.3 Taylor hypothesis

In turbulence theory most theoretical derivations (e.g., local isotropy) are based

on the assumption of a spatial separation between two points of distance r. But,

measurements in the atmosphere are usually performed using an ultra sonic or a

hot-wire anemometer, which measure the velocity at one point at di�erent time.

The time-series measurements can be transformed into a spatial-distance relation-



16 2 Turbulence and entrainment

ship using Taylor's hypothesis of frozen turbulence (Biltoft, 2001). This hypothesis

assumes that in the case of approximately stationary and homogeneous turbulence

with a low intensity, the turbulent �eld is advected with the mean �ow and does

not changes over the measurement time scale. Hence, Taylor pointed out that if the

turbulent �uctuations u′ are small compared to the mean �ow velocity U , u′

U
� 1,

then x = Ut where x denotes the space and t the time coordinate (Garratt, 1994).

2.1.4 Energy dissipation rate

The energy dissipation rate ε denotes the amount of energy which is transported

between the di�erent eddy scales, and it represents a measure of turbulence intensity.

Within this work, the calculation is based on two di�erent methods: i) direct method

and ii) the second-order structure function. The �rst method is based on the direct

de�nition of ε (Oncley et al., 1996):

ε ≡ ν

(
∂ui

∂xj

)2

. (2.2)

With the assumption of local isotropy only one velocity gradient can be considered,

and based on the validity of Taylor's hypothesis the spatial gradient can be changed

in temporal increments of the wind velocity ∂tU . Hence, the calculation of ε is given

by:

ετ ≡ 15 ν

U τ

(∂tU)2τ , (2.3)

where U denote the horizontal wind velocity and · τ denotes the average of the

respective parameter over the integration time τ . This direct method requires a

spatial resolution on the order of 10 times the Kolmogorov length scale (∼ 1 cm)

which is a challenge for atmospheric observations.

The second method is based on the use of the second-order structure function S(2)(t′)

which is calculated based on the di�erence in velocity between two points x+ r and

x. The spatial di�erences are transformed into temporal di�erences by assuming the

Taylor hypothesis, leading to the second-order structure function as follows:

S(2)(t′) ≡ (u(t)− u(t+ t′))2τ ' 2ε2/3τ (t′uτ )
2/3

, (2.4)
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where t′ represents the time lag and u denotes the longitudinal component of the

wind velocity. Re-arranging of eq. 2.4 leads to the calculation of ε as follows:

ετ ' (0.5 (S(2)(t′))τ )
3/2

(t′ uτ )
. (2.5)

Further information are described in Siebert et al. (2006b) and references therein.

2.1.5 Buoyancy

Buoyancy B describes the impulse of an air parcel to move up or down according to

the density di�erence between the air parcel and its environment:

B = −g
ρ− ρ0
ρ0

, (2.6)

where ρ denotes the density of the air parcel and ρ0 denotes the environmental

density.

Within the atmosphere, the density can hardly be measured. Therefore, the density

di�erence can be transformed into a temperature di�erence using the logarithmic

derivation of the state equation p = ρRlT :
∆p
p

≈ ∆ρ
ρ

+ ∆T
T
. Thereby, it is assumed

that ∆p
p0

� ∆ρ
ρ0

and ∆T
T0

≈ ∆Θ
Θ0

, where Θ denotes the potential temperature. The latter

de�nes the temperature of an air parcel which is transported dry-adiabatically to a

reference level p0, mostly used 1000 hPa. The calculation is given by:

Θ = (T + 273.15)

(
p0
p

)Rl
cp

, (2.7)

where T denotes the temperature, Rl marks the gas constant of air, and cp denotes

the speci�c heat capacity at a constant air pressure.

The calculation of the buoyancy is based on the virtual potential temperature of a

moist air parcel which is the theoretical potential temperature of a dry air parcel

with the same density as the moist air parcel at same pressure. Its calculation is

based on the liquid water and water vapour mixing ratios:
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Θv = Θ(1 + 0.61qv − ql) (2.8)

where the water vapour mixing ratio qv = 0.622 e
(p−e)

, where p denotes the atmospheric

pressure and e the water vapour partial pressure calculated with the Magnus approx-

imation (Lawrence, 2005), and the liquid water mixing ratio ql =
LWC

ρ
, where LWC

denotes the liquid water content and ρ the density of air. Under cloudy conditions,

the virtual potential temperature is not a conserved variable due to its dependence

on ql.

Hence, the calculation of B changes to (Heus and Jonker, 2008; Etling, 2008):

B = g
Θv −Θv0

Θv0

, (2.9)

whereby the bar denotes the mean value of the respective parameter.

2.1.6 Turbulent kinetic energy

The evolution of small-scale turbulence with time can be calculated using the balance

equation for turbulent kinetic energy (e.g., Brucker and Sarkar, 2007; Etling, 2008).

It is composed of the production term P , buoyancy term B, transport term ∂Ti

∂xi

(where T is the identi�er for �transport� of turbulent kinetic energy) and dissipation

term ε:

dE

dt
= P +B − ∂Ti

∂xi

− ε. (2.10)

The production of turbulent kinetic energy results from the deformation of the mean

velocity �ow due to, e.g., shear. This is given by:

P ≡ −〈u′
iu

′
j〉
∂ui

∂xj

, (2.11)
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where 〈u′
iu

′
j〉 describes the turbulent momentum �ux which can be approximated

using the gradient of ui and the turbulent di�usion coe�cient for momentum Km:

〈u′
iu

′
j〉 = −Km

∂ui

∂xj
(Etling, 2008). Considering only the vertical transport of momen-

tum (∂u
∂z
) and approximating this gradient further by di�erences ∆U and ∆z, the

calculation of the production term is given by:

P = Km

(
∆U

∆z

)2

. (2.12)

Within the further analysis, the mean observed turbulent di�usion coe�cient of

Km = 0.2m2 s−1 is used.

The buoyancy term describes the amount of energy originating from the vertical

transport of temperature �uctuations within the atmosphere. It can either enhance

the turbulent kinetic energy or damp it. The calculation bases on the turbulent heat

�ux 〈w′Θ′〉:

B =
g

Θ
〈w′Θ′〉 (2.13)

and its impact depends on the leading sign. To explain the impact of the buoyancy

term on the energy budget in detail, �rst the �ux is approximated using the gradient

and the turbulent di�usion coe�cient for heat Kh (〈w′Θ′〉 = −Kh
∂Θ
∂z
). Thereby,

Kh can be replaced by the Prandtl number Pr multiplied by Km leading to the

calculation of the Buoyancy term as follows:

B = −KmPr
g

Θ

∂Θ

∂z
, (2.14)

The impact of the buoyancy term on the energy budget is given by ∂Θ
∂z
. In the

case of ∂Θ
∂z

< 0, the strati�cation is unstable (light warm air is located below the

heavy cold air) which leads to an enhancement of turbulence. Otherwise for ∂Θ
∂z

> 0

the potentially warmer air is located above the heavy cold air (stable strati�cation)
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leading to a decrease of the turbulent kinetic energy due to the loss of energy by

vertical motion of the air parcels (Etling, 2008).

For the consideration of vertical mixing e�ects the use of conserved variables for

moist adiabatic processes is useful. Such a conserved variable is the liquid-water

potential temperature Θl. It describes the potential temperature of an air parcel

within which all liquid water is evaporated. The calculation is as follows (Betts,

1973):

Θl = Θ− (ql LvΘ)/(cpT ) (2.15)

where Lv denotes the latent heat of vaporisation. Combined with the approximation

of gradients by di�erences (∆Θl and ∆z), the �nal equation for the buoyancy term

is given by:

B = −KmPr
g

Θl

∆Θl

∆z
, (2.16)

whereby the Prandtl number is assumed with the typical value Pr ≈ 1.

The dissipation term of Eq. 2.10 consumes turbulent kinetic energy leading to a

decay of turbulence.

Within this work, the calculation of the transport term is neglected, mainly because

we are unable to make any reliable estimate of its contribution.

Finally, the balance equation of the turbulent kinetic energy used within this work

is given by:

dE

dt
= Km

[(
∆U

∆z

)2

− Pr
g

Θl

∆Θl

∆z

]
− ε. (2.17)

2.1.7 Gradient Richardson number

Within the atmosphere, the development or evolution of turbulent kinetic energy

depends on the amount of energy production/reduction due to buoyancy relative to

the energy production due to shear. This relation is given by the buoyancy term and
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the production term of the balance equation and is called �ux Richardson number

Ri named after the physicist and mathematician L.F. Richardson:

Ri =
g
Θ
〈w′Θ′〉

〈w′u′〉∂u
∂z

. (2.18)

Here, the �uxes are also approximated using the gradients which lead to the gradient

Richardson number. A further approximation of the gradients by di�erences leads

to the calculation of Ri in the following way:

Ri =
g

Θl

dΘl

dz(
dU
dz

)2 . (2.19)

The evolution of the turbulent �ow depends on the speci�c values Ri. In the case

of Ri > 1, more energy is lost by buoyancy than produced by shear. Consequently,

the turbulence within the �ow is strongly damped. If Ri = 1, the intensity of

turbulence stays constant because the same amount of energy is produced by shear

as lost by buoyancy. Turbulence would increase in the case of Ri < 1, because the

production of energy due to shear is larger than the loss of energy by buoyancy. An

endless increase is prevented by the energy dissipation, hence turbulence is referred

to be fully developed within this range. Thereby, for Ri < 0.25 the �ow is fully

turbulent while in the range of 0.25 < Ri < 1 the turbulence becomes more and

more intermittent. In the case of Ri < 0, turbulence is enhanced due to both terms

caused by the positive impact of the buoyancy term on the energy budget (Kondo

et al., 1978; Etling, 2008).

2.1.8 Ozmidov and Corrsin scale

For theoretical calculations the structure of an eddy is assumed to have a spherical

structure. So, the diameter of the largest eddies is de�ned by the parameter l0.

But the spherical structure of eddies can be in�uenced by atmospheric processes as

shear and buoyancy which lead to deformation and distortion. If this is the case, the

eddies de�nitely have a �squashed� velocity structure, i.e., the velocity variance is

signi�cantly reduced in the vertical dimension compared to horizontal dimensions.

Such processes would lead to a loss of turbulent kinetic energy and cause a damping

of turbulence. The degree of damping of turbulence depends on the scales of eddies
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which are in�uenced by shear and buoyancy. An estimation for the smallest scale

which is a�ected is given by the Ozmidov and Corrsin scales.

The Ozmidov scale lo represents the scale above which buoyancy strongly in�uences

the energetics. The calculation is based on the energy dissipation rate and the ambi-

ent buoyancy frequency Nf (Nf =
√

g
Θ

∂Θ
∂z
, also known as Brunt-Vaisala frequency):

lo =
√

ε
N3

f
(Smyth and Moum, 2000).

The Corrsin scale lc represents the scale above which shear acts to distort eddies.

Its calculation is based on the energy dissipation rate and the background shear

S (S = du
dz

at top of a stratocumulus or S = dw
dx

at the edge of shallow cumuli,

respectively): lc =
√

ε
S3 (Smyth and Moum, 2000).

2.2 Entrainment

Entrainment plays an important role for dynamics and evolution of clouds. This was

already pointed out in the mid 1950's by Stommel (1947) and Squires and Warner

(1957). Entrainment de�nes the turbulent transport of dry, sub-saturated environ-

mental air into the cloud region. Thereby, one distinguishes between two types of

entrainment processes: i) cloud-top entrainment which is characterised by penetra-

tive downdrafts into the cloud region from above and ii) lateral entrainment leading

to the transport of sub-saturated environmental air into the cloud region from the

side. The �rst kind is mostly detected at top of stratiform clouds, while lateral

entrainment is a major characterisation of cumulus clouds. Turbulence at top of a

stratocumulus cloud is thought to be generated through thermodynamic destabil-

isation, for example due to radiative cooling and possible buoyancy reversal (e.g.,

Deardor�, 1980; Mellado, 2010), or through wind shear and the resulting Kelvin-

Helmholtz instability (e.g., Wang et al., 2008). At the edge of cumulus clouds also

wind shear and the resulting evaporative cooling e�ect are thought to be the major

sources for turbulence and lateral entrainment (Heus and Jonker, 2008).

The instability due to radiative cooling is caused by the di�erence of longwave ra-

diative transfer at cloud top. The radiation temperature of the cloud region is

higher compared to the radiation temperature of the free troposphere above leading

to a lower downward longwave radiative �ux than the upward outgoing one. Con-

sequently, the cloud top radiates thermal energy and cools spatially. Due to the

inhomogeneity of the cloud top, some regions are more a�ected by radiative cooling

compared to neighboring which leads to stronger descents of the air parcels in these
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sub-saturated environmental air 

saturated cloudy air 

Figure 2.3: The picture shows the turbulent structure at cloud edge, whereby the

white arrows illustrate eddies of di�erent size.

regions.

Wind shear describes the variation of the �ow in terms of speed and/or direction.

Large-scale wind shear initiates the generation of turbulence through the deforma-

tion and distortion of air parcels resulting in a rotational movement.

A photo of a cloud edge illustrating the turbulent eddy structure is shown in Fig. 2.3.

The sub-saturated environmental air located above the cloud region is transported

into the cloud region by turbulent eddies of di�erent size (marked with the white

arrows in Fig. 2.3). The subsequent mixing with moist, saturated cloudy air leads to

the evaporation of cloud droplets resulting in a cooling e�ect and the subsidence of

air parcels. Thereby, the mixing time in�uences the kind of mixing within the cloud

region. A fast mixing process leads to nearly similar �elds of water vapour and tem-

perature for all droplets which experience nearly the same saturation. Consequently,

the droplet size distribution is shifted towards smaller diameters without a change

in number concentration. This type of mixing is called homogeneous. If the mixing

process proceeds slowly, the mixing type is called inhomogeneous. In this case, a

fraction of droplets evaporates completely while a neighbouring droplet fraction re-

mains una�ected. Consequently, the droplet size distribution remains constant but

the number concentration will decrease (Lehmann et al., 2009). Hence, entrainment

in�uences the �ne-scale turbulent and microphysical structure of clouds.
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2.2.1 Cloud-top entrainment

Cloud-top entrainment is a characteristic of stratocumulus as well as of cumulus

clouds. In here, the focus is on entrainment at top of a stratocumulus layer. Such

layers are located at top of the well-mixed boundary layer which is often strongly de-

coupled from the overlying free troposphere. The interface is typically characterised

by sharp, vertical gradients in absolute humidity, potential temperature, aerosol con-

centration, and often horizontal wind velocity. Compared to the free troposphere,

the boundary layer tends to be potentially colder and humid, with rather distinct

dynamical and pollution properties. This is illustrated schematically in Fig. 2.4. The

temperature inversion acts to suppress mixing but the small amount of turbulence

that forms results in an important connection between the boundary layer and the

troposphere, and the following entrainment is critical to cloud layer evolution (e.g.,

Stevens, 2002).

Formation of turbulence and evolution of turbulent mixing in a stable strati�ed envi-

ronment are problems of broad geophysical interest and have been widely explored.

Generally speaking, in �ows with constant shear and density gradients the growth

of turbulent kinetic energy is inhibited by buoyancy forces for Richardson numbers

greater than approximately 0.1 (Peltier and Caul�eld, 2003). For �ows with spa-

tially localised shear and strati�cation, such as often exists at stratocumulus cloud

top, the Ozmidov length scale is expected to decrease with time as mixing progresses

(Smyth and Moum, 2000). Such layers have been observed to grow to an asymptotic

thickness as the shear contribution to the turbulent kinetic energy budget decays

more rapidly than the buoyancy contribution of opposite sign (Brucker and Sarkar,

2007; Smyth and Moum, 2000). This interplay of destabilising shear and stabilising

buoyancy is made further complex when the interface is bounded on one side by a

cloud layer, leading to radiative and evaporative energy �uxes that tend to alter the

energy budget and, therefore, the rate of turbulent mixing.

What is the nature of the cloud-top environment? Lenschow et al. (2000) showed

through an analysis of DYCOMS (Dynamics and Chemistry of the Marine Stra-

tocumulus; Lenschow et al. (1988)) data that the cloud/clear air transition is very

sharp, but also that the interface is �leaky�, leading to a mixture of boundary layer

and free-tropospheric air just above cloud top. In these studies there was very lit-

tle vertical shear and we may ask, therefore, to what extent the leakiness depends

on shear. Rogers and Telford (1986) observed one case with appreciable vertical
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Figure 2.4: Strati�cation of a cloud-topped well-mixed boundary layer and the over-

lying free troposphere: vertical pro�les of total water mixing ratio qt,

liquid water mixing ratio ql, liquid potential temperature Θl, virtual

potential temperature Θv, horizontal wind velocity U , number concen-

tration of interstitial aerosol N , energy dissipation rate ε, net shortwave

SW and net longwave LW radiation �uxes.

shear in which a clearly de�ned, 10 to 15m�thick, transition layer formed between

cloud top and the inversion. They argued that the layer acts as a bu�er against

entrainment instability: direct mixing between cloud and free troposphere would

support the instability, but mixing across the entire transition layer is damped.

Large eddy simulations (LES) demonstrate that this conditioned layer is almost al-

ways present above stratocumulus cloud tops and that its maintenance is related

to `local' shear e�ects due to convective eddies (Moeng et al., 2005). High spatial

resolution measurements have provided further characterisation of what has been

termed the �entrainment interface layer�, consisting of �laments of clear and cloudy

air over a wide range of sizes down to the instrument resolution of 10 cm (Gerber

et al., 2005; Haman et al., 2007). Based on those measurements it was suggested

that after multiple mixing events the entrainment interface layer becomes as buoyant

as the air at cloud top (Gerber et al., 2005). de Roode and Wang (2007) provide

further observational evidence from FIRE I and refer to the process as detrainment,

through which diluted, but still saturated air forms a local environment at the cloud

boundary. The dependence of the interface layer on shear was highlighted in the

LES studies of Wang et al. (2008), who observed that the layer thickness increases

with shear intensity, and noted that the inversion layer tends to evolve to a constant
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bulk Richardson number of approximately 0.3.

2.2.2 Lateral entrainment

Lateral entrainment is a common feature at the edges of cumulus clouds. Followed

by subsequent mixing between sub-saturated environmental and cloudy air, it leads

to the development of a thin �subsiding shell� at cloud edge. A �rst indication

of this shell was given by laboratory experiments performed by Woodward (1959)

which indicated a cumulus cloud as a thermal characterised by a body of updrafts

surrounded by a shell of downdrafts. This picture was further clari�ed by aircraft

and radar studies of small, maritime cumuli by Jonas (1990) and Knight and Miller

(1998). Jonas (1990) further pointed out that the presence of the subsiding shell

increases the entrainment instability at cloud edge by transporting cloud-top air to

lower levels of the cloud. Tracer experiments performed by Stith (1992) con�rm

such transport and showed the lateral entrainment of these tracer parcels at lower

levels. Hence, not only sub-saturated environmental air is entrained into the cloud

core region at one level diluting the rising air parcel within the cloud core region.

Also cloud-top air or detrained cloud air from di�erent levels can be entrained into

the cloud core region (Abma et al., 2013). This complex picture is illustrated in

Fig. 2.5 in the upper part although the entrainment process takes place at all levels

of the cloud.

The �rst assumption of Jonas (1990) referred to a mechanical forcing behind the

downdrafts within the subsiding shell, but this was refuted by aircraft observations

performed by Rodts et al. (2003). They observed a conspicuous dip in the virtual

potential temperature pro�le and no dip in the total water mixing ratio pro�le at

cloud edge, providing evidence for evaporative cooling as the driving mechanism of

the subsiding shell. These �ndings are illustrated in the lower part of Fig. 2.5 where

w, B, and Θv show a dip at cloud edge and qt just changes from environmental

to cloud value. The observations of Rodts et al. (2003) were compared with large

eddy simulations by Heus and Jonker (2008) and the numerical calculation of the

individual terms of the vertical momentum equation con�rmed the assumption that

buoyancy is the dominant force in the subsiding shell. Heus and Jonker (2008) dis-

cussed further that the transport of cloud-top air down to lower levels within the

subsiding shell refreshes the air at cloud edge which in�uences the lateral mixing

process and could create a stronger subsiding shell. The same e�ect can also be

generated by an increase in aerosol particle number concentration which seems to
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Figure 2.5: Schematic picture of a few aspects of cumulus dynamics and a horizon-

tal cross section of mean parameters such as total water mixing ratio

qt, liquid-water potential temperature Θl, vertical wind velocity w and

buoyancy B within the environmental and cloudy region.

enhance the evaporative cooling rate at cloud edge, leading to enhanced negatively

buoyant air at cloud edge (Small et al., 2009). The important role of the subsiding

shell for cloud dynamics is further indicated by the increased turbulence intensity

within the shell (Siebert et al., 2006b) and the di�erent air properties between sub-

siding shell and far-environment in terms of humidity and buoyancy (Jonker et al.,

2008). The latter has in�uences on the mixing process at cloud edge in terms of

inhomogeneous and homogeneous mixing (Gerber et al., 2008b) in�uencing further

the cloud microphysics.

Detailed analysis of the shell properties, however, has been challenging because the

horizontal extent of a typical shell is comparable to or less than the resolution of LES
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cloud models or of aircraft data. Two detailed studies of the structure of cumulus

clouds are given by Wang et al. (2009) and Wang and Geerts (2010). The �rst one

analysed the dynamics of the cloud margin with a thickness of 10% of the cloud

diameter which is characterised by descending and relatively cold air. The second

study characterised three main facts of the cloud edge: negative buoyancy, cold

anomaly, and local subsidence. Nevertheless, they were not able to resolve the small-

scale �uctuations due to a spatial resolution of 10m and 5m, respectively. Also, LES

do not resolve the smallest scales leading to an underestimation of the subsiding shell

by LES compared to observations (Heus et al., 2009). Abma et al. (2013) addressed

these LES limitations by performing the �rst fully resolved computational study

of the �ne-scale structure of turbulent mixing and the formation of a subsiding

shell. The time evolution of a small portion of an idealised subsiding shell was

analysed based on direct numerical simulations (DNS). The results show that during

the lateral entrainment and mixing process, the thickness of the subsiding shell

grows quadratically and the downdrafts increase linear with time. Coupling to large

scales remains an open aspect of this problem, however. This indicates that the

quanti�cation of the lateral entrainment process is not trivial.

With the closure of this Chapter the basic ideas of turbulence and entrainment

are formulated which are essential for the understanding of the following analysis.

The next Chapter deals with the basics concerning measurement technique and

experimental set-up.



3 Airborne Cloud Turbulence

Observation System

For the analysis of the numerous above mentioned meteorological problems, highly-

resolved in-situ measurements are necessary. Within this thesis, the �ne-scale mea-

surements in the cloudy boundary layer are performed with the helicopter-borne

measurement payload ACTOS (Airborne Cloud Turbulence Observation System).

The combination of a low true airspeed and a high sampling frequency enables a spa-

tial resolution down to cm�scale. High-resolution measurements are performed for

meteorological standard parameters (e.g. temperature, humidity, and pressure), tur-

bulence, and microphysical properties of clouds (e.g., liquid water content, droplet

size and number distribution). The following Chapter is aimed to introduce the

measurement payload starting with a general overview which is followed by brief de-

scriptions of the individual measurement techniques and the data post-processing.

3.1 General overview

The airborne measurement payload ACTOS for �ne-scale measurements has a long-

lived development. The platform was designed to measure meteorological standard

parameters (temperature, wind vector, humidity and pressure), microphysical prop-

erties (liquid water content, number concentration of interstitial aerosol), and pay-

load position and attitude. This �rst version of ACTOS had a length of 4m and a

total weight of 140 kg with a frame made of aluminium. First tests were performed

in April 2000 followed by a �rst �eld campaign at the German North Sea, Meldorfer

Bight, in September and October 2000. The �rst version of ACTOS was carried

25m below a tethered balloon called MAPS-Y. Detailed information concerning the

�rst version of ACTOS and the �rst measurement campaign are given in Siebert

et al. (2003). Since then, the payload was subject to continuous improvements and
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Figure 3.1: General overview of the current version of ACTOS with its instrumen-

tation.

changes concerning the instrumentation. Additionally, the carrying system changed

from the tethered balloon to a helicopter with the advantage of an increased �ight

height and �exibility and an increased external load. A picture of the current version

of ACTOS and its instrumentation is given in Fig. 3.1. The length of the payload

is ≈ 4m but the total weight including instruments is increased to the maximum

of 200 kg. The weight of the frame is reduced using carbon �bre and aluminium.

Most of the instruments are located in the frontal part (left side of Fig. 3.1): ther-

modynamic sensors (temperature and humidity probes, infrared hygrometer, ultra-

sonic anemometer), sensors with a high sampling frequency (hot-wire anemometer,

Ultra-Fast Thermometer (UFT)), and microphysical sensors (Particle Volume Moni-

tor (PVM-100A), Phase-Doppler Interferometer (PDI), Laser Doppler Anemometer

(LDA). These instruments are spatially collocated within a few tens of cm. The

body includes further instruments (e.g., scanning mobility particle sizer for aerosol

measurements), the power supply, and the data acquisition system. Additionally,

the navigation system and the GPS are located in the middle part. The tail in the

back keeps ACTOS in a stable �ight direction.

The current payload is located on a 140m�long rope below the helicopter. It oper-

ates with a true air speed (TAS) of 20m s−1 and has a climbing rate of 2m s−1. The

minimum TAS is a compromise between a stable �ight condition of the helicopter

and maximum resolution of the measurements. At that rate, the measurements are

not in�uenced by the rotor downwash. A schematic picture of the de�ection of the

rotor downwash is shown in Fig. 3.2, which is taken from Siebert et al. (2006a). Dur-

ing the �ight, the instruments are energised by rechargeable batteries and the data

acquisition system records the data in real time. The payload works autonomously
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Figure 3.2: A schematic picture of helicopter and ACTOS during a �ight situation.

The rotor downwash is de�ected backwards by a true air speed of 15 −
20m s−1. The �gure is taken from Siebert et al. (2006a)

and only standard parameters are transmitted on-line to the helicopter where they

are monitored by a scientist. Measurements could be performed up to a height of

3 km. All measurements are limited in relation to the visual �ight rules for the

helicopter. One consequence of the �ight-safety regulations is that the helicopter

has to stay outside of the cloud while ACTOS performes measurements in the �rst

' 100m below cloud top. For further informations concerning ACTOS the reader

is referred to Siebert et al. (2006a).

3.2 Instrumentation

This section deals with a brief description of the functionality and performance of

the instruments which are necessary for the analysis of this work. At �rst all mea-

surements are summarised in Tab. 3.1 which gives the sensor type, the measured

variables, and the manufacturer. A comprehensive description of most of the mea-

surement equipment can be found in Siebert et al. (2003).



32 3 ACTOS

Sensor Parameter manufacturer

Ultra sonic anemometer u, Tν Gill Instruments, Lymington,

UK

Hot-wire anemometer,

mini CTA

U Dantec Dynamics A/S,

Skovlunde, Denmark

Ultra-fast thermometer,

type 55P11

T Dantec Dynamics A/S,

Skovlunde, Denmark

Dewpoint Hygrometer,

type TP3-ST

T , Td Meteolabor AG, Switzerland

LiCor 7500 a LI-COR corperation, Lincoln,

Nebraska USA

BAROCAP Barometer,

type PTB220

p Vaisala, Helsinki, Finland

Condensation particle counter,

model 3762A

N TSI Inc., St. Paul, MN, USA

Particle volume monitor,

type PVM-100A

LWC, PSA Gerber Scienti�c, INC., USA

Phase Doppler Interferometer Nd, Dd, vd Artium Technologies Inc., Sun-

nyvale, CA, USA

NAVIGATION

IMU, type INAV-1700 Φ, Υ, Ψ, Ω, UP IMAR Navigation GmbH, St.

Ingbert, Germany

GPS, type VectorPro Φ, Υ, Ψ, Ω, UP CSI Wireless, INC., Calgary,

Canada

Acra KAM�500 data acquisition Acra Control (now Curtiss

Wright), Parsippany; NJ, USA

Table 3.1: Summary of the instruments included in the following analysis.



3.2.1 Wind velocity measurements 33

3.2.1 Wind velocity measurements

An ultra-sonic anemometer Solent HS (hereafter called �sonic�) is used to measure

the three-dimensional wind vector and the virtual temperature. The measurement

bases on the time-of-�ight principle. Therefore, the system consist of six transducers

orientated on three axes whereby in each case two transducers act as pair. Each of

these two is emitter as well as detector for short (< 1ms�long) ultrasound pulses.

The pulses are emitted in a moving medium and the times of �ight of these pulses

in each direction are measured. The measurement of the sonic temperature utilise

the dependence of the sonic speed on temperature. The measurements were per-

formed with a sampling frequency of 100Hz whereby the measurement resolution

are ∆u = 0.01m s−1 and ∆T = 0.01K. Further information concerning the com-

position and functionality are given by GILL Instruments (2004) and Siebert and

Muschinski (2001). The sonic measurements are corrected for attitude and platform

velocity and the wind vector is transformed into an Earth-�xed system (Siebert

et al., 2006b). A short description of the correction is given in section 3.3.

A one-component hot-wire anemometer measures the horizontal wind velocity U .

It consists of a thin tungsten wire (5µm) from Dantec Dynamics A/S which is

plated with platinum. The measurement bases on a constant wire temperature,

whereby the convective heat transfer between the �ow and the wire is measured. The

measurement technique and adequate sensors are described by the manual of Dantec

Dynamics A/S (2012) and Wendisch and Brenguier (2013). The sampling frequency

of the hot-wire anemometer is 2192Hz. The in�uence of droplet impactions on the

thin wire under cloudy conditions has to be considered by applying a despiking

algorithm described in Siebert et al. (2007). After using this algorithm, a non-

overlapping block average over 5 samples is applied within this analysis which leads

to a �nal sampling frequency of 438Hz. In the post-processing, the hot wire data

are calibrated with the sonic data. The despiking and calibration algorithm are

described in section 3.3.

3.2.2 Temperature, humidity, and pressure measurements

Beside the virtual temperature measurements of the sonic, highly-resolved tempera-

ture measurements are performed with an Ultra-Fast Thermometer (hereafter called

�UFT�). The UFT is a modi�ed version of the instrument described in Haman et al.
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(1997). The measurement bases on the resistance of a thin wire from Dantec Dynam-

ics A/S with a diameter of 2.5µm with a resistance of about 12 Ω. In front of this

wire a shaped rod is mounted which protects the wire from cloud droplet impaction.

A wind vane behind the sensing wire �xes the position upwind. The whole system

is rotatable and can change its position with respect to the local instantaneous �ow.

The dew point temperature Td is measured with a dew point mirror consisting of a

mirror plane, which is cooled electrically down to the condensation point of water

vapour. The detection of this point bases on the decreased optical re�ectivity of the

mirror due to the condensed water vapour on the plane. The corresponding dew

point temperature is measured with a thermocouple, while a second thermocouple

measures the air temperature. The dew point mirror has a time resolution of 1 s.

Further information are given by the manual of Meteolabor AG (2010).

The absolute humidity a is measured with a LiCor 7500 (manual of LI-COR, Inc.,

2009). It is an absolute, non-dispersive open-path gas analyser and bases on the

infrared absorption of water vapour and CO2 molecules according to the Lambert-

Beer law. Infrared radiation is emitted on one side of the 12.5 cm�long pathway

and the reduced radiation is detected with a lead selenide detector on the other

side. The measurements were performed with a sampling frequency of 20Hz. The

measurement of the amount of CO2 was not object of this work.

The static pressure p is measured with a Vaisala BAROCAP Barometer PTB220

(manual of Vaisala, 1999). The measurement bases on a silicon capacitive absolute

pressure sensor with an absolute accuracy of ± 0.3 hPa at 20 ◦C and a resolution

of 1Pa (e.g., a vertical displacement of 10 cm can be resolved). The measurements

were performed with a sampling frequency of 100Hz.

3.2.3 Aerosol and cloud droplet measurements

The number of interstitial aerosolN is measured with a condensation particle counter

(CPC, model 3762, TSI Inc.). The sensor consists of 3 main parts: (1) saturator,

(2) condenser, and (3) optics. Through the pre-impactor inlet the sub-micrometer

particles are transported to a heated saturator block where the aerosol is saturated
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with respect to a working �uid. Afterwards, the particles are led through a cooled

condenser tube where the sub-micrometer particles are coated with a condensable

vapor (n-butyl alcohol) to grow by condensation to an optically detectable size (e.g.,

10µm in diameter). These droplets are detected individually by the optics and

following electronics post-process the signal. Afterwards, the data are converted

into the number concentration using the sample �ow rate. The used CPC measures

particles with a diameter of > 6 nm. For further informations the reader is referred

to the manual of TSI Inc. (2000).

The liquid water content LWC, particle surface area (PSA), and the e�ective

droplet radius (reff ) of cloud droplets are measured with a particle volume moni-

tor, PVM-100A (Gerber et al., 1994). On one side of a pathway a laser-diode light

source (with a wavelength of 780 nm) is located and the optics and detectors are

located on the other side. The sampling tube is faced into the wind direction and

is passed-by the laser beam. The droplet ensemble that passes the sampling volume

of 1.25 cm3 scatter the laser light into the near-forward direction and a lens focuses

this scattered light on a transmission �lter and corresponding sensors. One signal is

proportional to LWC and the other one is proportional to the PSA and reff which

is given by reff ∼ 3
ρw

LWC
PSA

(Gerber et al., 2008a).

The Phase Doppler Interferometer (PDI, Artium Technologies Inc.) measures the

size and velocity of the cloud droplets. Thereby, a laser beam is splitted into two

beams which cross each other under a known angle. The intersection area forms

the probe area. If a droplet passes this probe area, it scatters the laser light which

is detected by three spatially separated detectors. The phase shift between two

of these signals is inversely proportional to the droplet diameter. Afterwards, the

droplet number concentration, liquid water content and droplet size distribution can

be estimated. The most striking advantage is that the instrument does not rely on

the intensity of the scattered light to determine droplet size, but the wavelength of

the scattered light. The droplet velocity is measured based on the Doppler frequency.

Further information is given in Chuang et al. (2008).

3.2.4 Navigation

In addition to the atmospheric measurements on ACTOS, the velocity conponents,

attitude, and position of the payload itself are measured. These measurements
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are necessary to translate the measured wind vector from the platform coordinate

system into an Earth-�xed system (see Chapter 3.3). The position, velocity, and

attitude are measured with two di�erent systems: i) a dGPS (di�erential global

positioning system, Vector Pro by CSI Wireless, Inc., Calgary, Canada) and, ii) an

inertial navigation system (iNAV by iMAR Navigation GmbH, St. Ingbert, Ger-

many). The �strap-down� inertial navigation system (see Wendisch and Brenguier

(2013) for a general overview of airborne navigation issues) provides attitude an-

gles, angular rates, and payload velocity components. The system mainly consists

of three orthogonally-�xed �bre-optical gyros and accerlerometers with an output

rate of 10Hz. To minimize drift e�ects of the inertial sensors, these readings are

combined with long-term stable dGPS data in particular platform velocity and yaw

angle. This combination is performed in real-time by a navigation computer.

During the �ight, all data are collected in real-time with an airborne data acquisi-

tion unit type KAM-500 (Acra Control Ltd., Dublin, Ireland). The data is stored

on-board on a compact �ash card and partially transmitted to the helicopter for

monitoring.

3.3 Data post-processing

3.3.1 Wind vector transformation

The three-dimensional wind vector as measured by the sonic refers to a payload

�xed coordinate system. Therefore, the wind vector has to be transferred into an

earth-�xed system (east, north, up) by applying an Euler transformation. The

transformation is performed using the method described in Edson et al. (1998) where

the wind vector in the Earth-�xed System (~ue = (ue, ve, we)) can be calculated as:

~ue = Ce
p~us + ~Ω×Ce

p
~M + ~uP . (3.1)

Here, ~us = (us, vs, ws) denotes the velocity vector measured with the sonic in plat-

form coordinates which is transformed to earth coordinates using the rotation ma-

trix Ce
p = Rz(Ψ) ·Ry(Υ) ·Rx(Φ) where R denotes the three basic rotation matrices

around the axes x, y, z. The second term in Eq. 3.1 includes the angular velocity
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vector ~Ω and the position vector ~M of the anemometer with respect to the navi-

gation unit (here, the anemometer is located 2m in front of the navigation unit).

With the third term, the translational velocity vector of the platform with respect

to the Earth-�xed system ~uP = (uP , vP , wP ) is considered.

3.3.2 Calibration of hot-wire data

The hot-wire data have to be corrected concerning the droplet impactions and to be

calibrated. The impact of a droplet on the thin wire leads to a sharp increase of the

signal due to evaporation of the droplet on the wire. Such increase has a duration

of ≈ 5 samples corresponding to 0.5ms (sampling frequency = 2192Hz, see hot-wire

description above). To detect such sharp increases within the signal the forward

di�erences are calculated. If these di�erences are larger than a certain threshold,

the data point is replaced by the value of the running median which is calculated

parallel and which does not include the droplet signal. Averaging over 5 values leads

to the �nal sampling frequency of 438Hz.

Figure 3.3: Calibration of the hot wire data using the sonic data. The black dots

denote the measured values and the red line marks the �tted curve.

After despiking, the data are calibrated by means of the sonic data. The one-

component hot-wire only measures the horizontal wind velocity, therefore the hot-
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wire data are plotted with the horizontal wind velocity of the sonic (U =
√
u2 + v2 )

(Fig. 3.3). The curve is �tted by a polynomial of third order.



4 Turbulent inversion layer above

a marine stratocumulus cloud

The impact of cloud-top entrainment and subsequent mixing of potential warm and

dry free-tropospheric air with potential cool and moist cloudy air on the �ne-scale

structure of a stratocumulus layer is analysed. High-resolution measurements at

top of a stratocumulus layer above the Baltic Sea show a turbulent mixing layer

(TIL) above the cloud. This layer is driven by shear-induced cloud-top entrainment

and seems to be actively coupled with the cloud layer. After the presentation of

the measurement campaign and the weather conditions during the observation pe-

riod, the di�erent layers around cloud top including the TIL are analysed and the

consequences for the entrainment process are discussed.∗

4.1 Campaign and Meteorology

The observations of the turbulent and thermodynamic structure of a stratocumulus-

cloud-topped marine boundary layer were performed in October 2007 above the

Baltic Sea. The measurement site was located in the North of Germany above the

Kiel Bay which is illustrated in Fig. 4.1. Logistical aspects and the infrastructure at

the airport of Kiel were the main reasons for this measurement site, although it is not

such a typical region for stratocumulus development as for example the west coast of

South Africa or South and North America (where appreciable campaigns took place,

e.g., DYCOMS II (Stevens et al., 2003)). However, the North-Atlantic lows which

move within the westward �ow transporting cool and moist air towards the southwest

region of the Baltic Sea (Feistel et al., 2008; Rheinheimer and Nehring, 1996) and the

local land-sea wind circulation cause a maritime in�uence on the weather conditions.

∗Please note that some parts of the following chapter including Fig. 4.4 to 4.9 are taken from

Katzwinkel et al. (2012) without further notice.
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Figure 4.1: Measurement site: a) Location of Kiel in the north of Germany and b)

detailed view of Kiel with the airport and the measurement site above

the Baltic Sea.

A typical aspect of the local wind circulation is the development of a sea front which

leads to the change of wind direction and velocity and additionally to the change

from more continental to maritime weather conditions (Feistel et al., 2008). As a

consequence of an intensive local circulation, the typical sea cloudiness consisting of

a broad stratocumulus with occasional precipitation develops. Such cloud conditions

were present on the measurement day and are described in the next section.

4.2 Weather conditions

The local weather conditions during the analysed measurement �ight on 8th Octo-

ber, 2007 which was performed between 0930 and 1100 UTC are presented in the

following. Selected conditions during the pro�le measurements above the Sea are

plotted in Fig. 4.2. A well-mixed boundary layer is observed with height-independent

mean potential temperature of Θ = 285K and a mean absolute humidity a = 5gm−3

slightly decreasing with height up to a temperature inversion at a height of 1.3 km.

The horizontal wind velocity U shows high variability between 5 − 20m s−1 in the

lower part of the boundary layer up to ≈ 750m while the part above is characterised

by U ≈ 6m s−1. Around the inversion layer at ≈ 1300m height, U shows an increase

to 11m s−1. The wind direction shows high �uctuation between south-southeast and
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Figure 4.2: Strati�cation of the atmospheric boundary layer and the lowest free tro-

posphere above the Baltic Sea near Kiel in the north of Germany on

October 8th, 2007.

north below 180m, above this height the wind changes more and more to northerly

direction with constant directions from north above 750m height.

On the measurement day, the well-mixed marine boundary layer was topped by a

broad stratocumulus layer. A view from the helicopter on the top of such a cloud

layer is presented in Fig. 4.3 which shows the homogeneous and �at cloud structure.

Based on meteorological information from the airport, the coverage of the lowest

clouds was 7/8 and the cloud base was located at heights between 900 − 1100m

during the observation period. On this day, the 200 to 300m�thick stratocumulus

layer was topped by a temperature inversion with a vertical extension of about

50m. The following analysis refers to measurements at heights between 1.1 and

1.4 km including the upper part of the stratocumulus layer, the TIL, and the lowest

part of the free troposphere. The thermodynamic and turbulent structure of these

layers is analysed based on six �dolphin-like� pro�les around cloud top with a vertical

peak-to-peak amplitude of approximately 300 m. Thereby, ACTOS was dipped into

the cloud from above, while the helicopter has to stay outside due to the visual �ight
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Figure 4.3: Photograph of the stratocumulus layer above the Baltic Sea on 8th Oc-

tober, 2007.

restrictions.

4.3 Results

The analysis of the cloud top region and the TIL starts with the time series of

selected parameters of the single measurement �ight presented in Fig. 4.4. The

sampling strategy is illustrated by means of the measurement height (z) shown in

panel a), the cloud is indicated by the LWC in panel b), Θl and a are shown in

panel c), and U and N are presented in panel d).

The cloud layer is characterised by a maximum LWC ≈ 0.4 gm−3, a meanΘl ≈ 285K

and a ≈ 5 gm−3. The aerosol particle number concentration N inside the cloud layer

�uctuates between 500 cm−3 and 900 cm−3. The free troposphere above the cloud is

characterised by Θl ≈ 293K, a ≈ 0.7 gm−3 and a nearly constant N ≈ 150 cm−3.

In between, the shaded regions marks periods when the TIL was passed, which is

characterised by a strong wind shear where U increases from 6m s−1 inside the cloud

layer to 11m s−1 in the free atmosphere and all other parameters gradually change

from their in-cloud values to the free-tropospheric ones. In total, the TIL was passed

six times during the �ight, marked by the Roman numbers at top of the shaded areas.

Figure 4.5 shows a more-detailed view of the turbulent and thermodynamic prop-



4.3 Results 43

1200
1300
1400
1500

z
/ 

m

0

0.2

0.4

0.6

L
W

C
/ 

g
 m

-3

0

2

4

6

a
/ 

g
 m

-3

285

290

295

Θ
l
/ 

K

40600 40800 41000 41200 41400 41600 41800

6

9

12

U
/ 

m
 s

-1

40600 40800 41000 41200 41400 41600 41800

seconds of day / s

250

500

750

1000

N
/ 

cm
-3

a)

b)

c)

d)

I II III IV V VI

Figure 4.4: Time series of six subsequent pro�les at the top of a marine stratocumu-

lus layer. The following data are shown: a) height (z), b) liquid water

content (LWC), c) liquid water potential temperature (Θl) in black and

absolute humidity (a) in red, d) horizontal wind velocity (U) in black and

number concentration of interstitial aerosol (N) in red. The mean true

airspeed of ACTOS was 14 m s−1. The grey boxes mark the respective

turbulent inversion layer (TIL) of each pro�le.

erties for one penetration through the TIL (transit IV in Fig. 4.4). The �rst four

panels (Fig. 4.5 a, b, c, and d) display LWC, Θl, a, U , and N . In the following

three panels (Fig. 4.5 e, f, and g) the turbulence is characterised by means of Ri, ετ ,

and σ2
w/σ

2
u. For the calculation of these parameters the reader is referred to sections

2.1.7, 2.1.4 and 2.1.2, respectively. In practice, the gradient Richardson number

Ri is calculated from di�erences in U and Θ over a height di�erence of 5m, and

then smoothed with a 25m vertical running average. Additionally, within Fig. 4.5

e, the critical value of Ric = 1 is marked with a vertical black line. Here, the energy

dissipation rate is calculated with an integration time of τ = 1 s which corresponds

to 100 samples. The last panel (Fig. 4.5 g) presents the ratio of σ2
w/σ

2
u as a measure

of local isotropy of the velocity �eld. Each value is estimated from a subrecord of
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Figure 4.5: Vertical pro�les of: a) liquid water content (LWC), b) liquid water

potential temperature (Θl), c) absolute humidity (a) in black and hori-

zontal wind velocity (U) in red, d) number concentration of interstitial

aerosol (N), e) gradient Richardson number (Ri), with Ri = 1 marked

with the vertical black line, f) local energy dissipation rate (ετ ) and g)

local isotropy (σ2
w/σ

2
u), with σ2

w/σ
2
u = 4/3 marked with the vertical dot-

ted line. The horizontal blue lines denote the turbulent inversion layer

(TIL), as de�ned by the level at which Ri = 1. For this example the

inversion layer extends somewhat higher than the interfacial layer. The

pro�le corresponds to transit IV in Fig. 4.4.

100 samples similar to the length as for ετ . It has to be pointed out that the lower

integration limit is determined by the length of the subrecord and, therefore, σ2
u

and σ2
w do not represent the entire layer and contributions from larger structures

are �ltered out. Here, the value is used in a qualitative way to distinguish between

the di�erent conditions in the cloud and the TIL. Observations in the atmosphere

reveal ratios for isotropic �ows in the range of 1 to 4/3 (Biltoft, 2001). Therefore,

the value σ2
w/σ

2
u = 4/3 is marked with the dashed line in Fig. 4.5 g.

The vertical pro�les in Fig. 4.5 illustrate the remarkably linear transition from

boundary-layer to free-tropospheric values of a, U , and N . The blue horizontal

lines in Fig. 4.5 denote the TIL, as de�ned primarily through the wind shear, and
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to a lesser extent through the absolute humidity. Interestingly, in this pro�le the

inversion layer (Θl) actually extends slightly higher into the troposphere than the

TIL (as is the case with four of the other six pro�les shown in Fig. 4.4). Panels

e and f show that the TIL is characterised by Ri slightly less than 1, and approx-

imately constant ετ at about the same levels as in the underlying cloud layer. A

di�erence between the cloud layer and the TIL is clearly seen in the local isotropy

ratio shown in panel g). While inside the cloud layer the turbulence tends to be

isotropic, the ratio decreases signi�cantly below one inside the TIL representing

anisotropy and increasingly two-dimensional turbulence. It should be noted that

this departure from isotropy casts some doubt on the precise estimates of ετ because

the connection to the second-order structure function (described in section 2.1.4)

assumes homogeneous, isotropic turbulence (Siebert et al., 2010).

In order to get a more generalised picture of the cloud top and the TIL, the thermo-

dynamic and turbulent properties are averaged over the six pro�les. To accomplish

the averaging the height was normalised according to the following two de�nitions:

znorm = 0 denotes the cloud top characterised by LWC < 0.01 gm−3 and znorm = 1

marks the top of the TIL (characterised by dU
dz

≈ 0). The averaged pro�les are

shown in Fig. 4.6 and display a qualitatively similar structure as the single pro�les.

The black lines represent the mean values and the dotted lines denote the maximum

and minimum values of each parameter.

All averaged variables are nearly constant with height within the measured regions

above and below the TIL, i.e., inside the cloud and in the free troposphere. In be-

tween lies the well-de�ned TIL, which covers nearly the whole inversion layer and

acts as a turbulent entrainment region between the two bounding thermodynamic

and dynamic regimes. Speci�cally, variables Θl, a, U , and N change nearly lin-

early across the TIL from in-cloud to free-tropospheric values. At the same time,

ετ is essentially uniform across the cloud and the inversion layer, suggesting that

the two regimes are strongly coupled dynamically: ετ of ∼ 10−3 m2 s−3 is observed

both in the cloud and in the TIL and decreases by nearly one order of magnitude at

the top of the TIL. This is consistent with the Richardson number, which is below

unity for the cloud and TIL and sharply increases at the boundary between the TIL

and the free troposphere. However, the small-scale structure of the turbulence in

the cloud and the TIL di�ers signi�cantly in terms of isotropy. Due to the strong

strati�cation inside the TIL, the turbulence tends to become more anisotropic and

two-dimensional, which is typical for stably strati�ed �ows (Mauritsen et al., 2007).
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Figure 4.6: Mean pro�les averaged over six individual soundings. Before averaging,

the height was normalised with znorm = 0 denotes the height of cloud

top and znorm = 1 marks the height of disappearance of the horizontal

wind shear. The black lines represent the averaged values and the dot-

ted lines mark the minimum and maximum values for the six pro�les.

Displayed are: a) liquid water content (LWC), b) liquid water potential

temperature (Θl), c) absolute humidity (a), d) number concentration

of interstitial aerosol (N), e) horizontal wind velocity (U), f) gradient

Richardson number (Ri), g) local energy dissipation rate (ετ ) and h)

local isotropy, with σ2
w/σ

2
u = 4/3 marked with the vertical dotted line.

4.4 Conclusion

The porpoise-dive sampling strategy is often used in aircraft studies of marine

stratocumulus cloud tops. For example, during the DYCOMS-II experiment (e.g.,

Haman et al., 2007) a similar approach led to the estimate of an entrainment inter-

face layer of 0 − 70m�thickness, based on high-resolution LWC and temperature

measurements. It is important to recognise, however, that the ACTOS pro�les

should be interpreted somewhat di�erently because of the relative �ight speeds.
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The true airspeed of the C-130 aircraft is about 100m s−1 with a climbing rate of

about 2m s−1. Consequently, the aspect ratio of vertical to horizontal �ight path is

about 1:50 compared to 1:7 for the ACTOS �ights. Therefore, the slant path taken

through the turbulent inversion layer with the C-130 is much more in�uenced by

large scale horizontal variability and the measurements tend to represent an aver-

aged picture of the cloud top, even for single pro�les. In contrast, in the ACTOS

sampling scenario the slant path is considerably less than the depth of the boundary

layer (≈ 1300 m), yielding an approximate `vertical pro�le' by avoiding averaging

over many boundary-layer scales.

The consistent picture of the TIL emerges in spite of signi�cant variability observed

in the layer thickness. The observed thickness ∆zsub of the TIL ranges from 37 to

85m, between the nearly constant free-tropospheric and in-cloud values for liquid

water potential temperature, Θl,top = 293K and Θl,cloud = 285K, and horizontal

wind speed Utop = 11m s−1 and Ucloud = 6m s−1. It follows that ∆zsub directly

determines the wind shear
(
dU
dz

)
, atmospheric stability

(
dΘl

dz

)
, and, therefore, Ri.

This dependency is demonstrated in Fig. 4.7 where the two gradients and Ri are

shown to be approximately linear functions of ∆zsub (the gradients decreasing and

Ri increasing).

The dependency of Ri on the square of the wind shear and linearly on tempera-

ture gradient (Eq. 2.19) directly leads to the question whether one can estimate

a maximum thickness of the TIL: With increasing thickness of the TIL, all gradi-

ents decrease and the wind-shear driven turbulence will decreases more rapidly than

the decreasing temperature gradient allows turbulence to develop. A maximum

thickness ∆zmax should be reached when Ri exceeds the critical value of Ric ≈ 1.

Approximating gradients with �nite di�erences, Eq. 2.19 gives

∆zmax ≤ Ric
Θl

g

(∆U)2

∆Θl

, (4.1)

where Θl represents the mean value in the TIL and ∆U = Utop − Ucloud and

∆Θl = Θl,top−Θl,cloud. With the measurement results of Θl = 289K, ∆U = 5m s−1,

and ∆Θl = 8K and an assumed Ric = 1, a maximum thickness of ∆zmax ≈ 90m is

estimated. This estimate is consistent with the observed maximum of ∆zsub = 85 m

(pro�le I in Fig. 4.4).

The corresponding picture of the TIL is illustrated in Fig. 4.8. Figure 4.8a shows

the idealised initial situation without the TIL and, therefore, in�nite gradients of U
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Figure 4.7: Impact of thickness (∆zsub) of the turbulent inversion layer on its tur-

bulent properties. Dependencies are calculated for: a) horizontal wind

shear (dU
dz
), b) atmospheric stability (dΘ

dz
), c) gradient Richardson number

(Ri), d) averaged local energy dissipation rate (ετ ) and e) entrainment

velocity (we).

and Θl at cloud top (Sc top) whereas Fig. 4.8b shows the situation after the TIL

has developed and the gradients are �nite. The layer is assumed to thicken until

the critical Ri is achieved and further turbulent growth of the layer ceases due to

decreasing shear. The picture is similar to the classical turbulent mixing layer, but

in our situation the �uid below the shear zone is turbulent and that above the shear

zone is very weakly turbulent or quiescent. It could be considered the cloud-top ana-

logue of the idealised, spatially-localised shear layer discussed by Smyth and Moum

(2000), for which �any initial strati�cation, however weak, will eventually prevail

over the shear and damp the turbulence�. The analogy is not perfect, however,

because one half of the layer is constantly turbulent, and we speculate that this is

the reason for the continuity of the energy dissipation rate between the cloud layer

and the turbulent inversion layer (e.g., see Figs. 4.5 and 4.6). Furthermore, these
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Figure 4.8: Schematic illustration of the development of the cloud top due to entrain-

ment. a) Initial situation: between cloud layer (characterised by Ucloud

and Θl,cloud) and free troposphere (characterised by Utop and Θl,top) an

in�nite inversion is located at Sc top. b) Entrainment processes lead to

the generation of a turbulent inversion layer within the inversion layer

with a maximal thickness of ∆zmax, which is determined by ∆Θl, ∆U ,

and the gradient Richardson number (see text for more details).

observations and the conceptual picture outlined in Fig. 4.8 are consistent with the

LES studies of Brucker and Sarkar (2007) for a turbulent, strati�ed clear-air mixing

layer and of Wang et al. (2008) for a stratocumulus top with strong shear, who both

showed monotonic layer growth until Ri ≈ 0.3.

At least semi-quantitatively, the TIL evolution can be further analysed by consid-

ering the terms of the balance equation for turbulent kinetic energy (e.g., Brucker

and Sarkar, 2007) as mentioned in section 2.1.6. The negligence of the transport

term is supported with the logic that there is no strong vertical gradient of ετ ob-

served. Figure 4.9 shows the magnitude of the production (P ) and buoyancy (B)

terms as well as the di�erence P −B and the observed mean ετ . For small ∆zsub the

energy production due to shear dominates over the suppressing buoyancy, but with

increasing ∆zsub the rate of increase of turbulent kinetic energy dE/dt is gradually
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Figure 4.9: Di�erent terms of the turbulent kinetic energy balance equation. P is

the production due to shear, B is the buoyancy term, and ε are observed

energy dissipation rates as a function of TIL thickness ∆zsub. The values

Km, ∆U , ∆Θ, and mean Θ are taken from observations and Prandtl

number Pr ≈ 1 is assumed.

decreasing until a critical value of ∆z is reached, beyond which P − B becomes

negative and turbulent kinetic energy is destroyed. Since ε is positive de�nite this

is the maximum thickness to which the TIL can develop. For our observations this

critical thickness is about 90m, which corresponds well with the value estimated

with the Richardson criterion and the maximum observed thickness (see previous

paragraphs).

The in�uence of strati�cation on turbulence can be further elucidated by considering

relative magnitudes of the large-eddy scale le, the Corrsin scale lc, and the Ozmidov

scale lo (Smyth and Moum, 2000). We �nd that these length scales are all on the

order of 1m (ranging from approximately 1 to 4m) and that they do not change

signi�cantly or show any clear trend over the measured range of ∆zsub. Even within

the scatter, however, it is observed that le > lo > lc, con�rming that the largest
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turbulent eddies are strongly in�uenced by buoyancy, as was initially indicated by

the anisotropy in the large-scale velocity �uctuations (e.g., Figs. 4.5 and 4.6). But

because le and lo are of the same order of magnitude the majority of the turbulent

cascade is likely not strongly in�uenced by buoyancy e�ects. This is quanti�ed by

the ratio between the Ozmidov scale and the Kolmogorov scale (lK = (ν3/ε)
1/4

)

to give a buoyancy Reynolds number (ReB = (lo/lK)
4/3 = ετ/(νN

2)), of 4500 <

ReB < 65000. Such values are well beyond the critical value of ReB = 20 indicated

by Smyth and Moum (2000) and indicate a large range of eddy scales una�ected by

buoyancy and viscous-dissipation damping e�ects. Even so, it should be noted that

le � ∆zsub, and therefore, the TIL is not thoroughly mixed by eddies of the same

scale as the layer thickness, as might be the case for the underlying boundary layer,

for example. This may account for the remarkably smooth, linear pro�les observed

even in instantaneous realisations of the TIL, as shown in Fig. 4.5.

The nearly linear pro�les of mean Θl, a, U , and N inside the TIL, e.g., as shown in

Figs. 4.5 and 4.6, are consistent with the assumption of constant turbulent di�usion

coe�cients Km and Kh (for mass and heat, respectively). Therefore, a mean Km

can be calculated using the mixing-length formulation suggested by Hanna (1968):

Km = 0.3σw l = 0.3σ4
w ε−1 with the typical large eddy length scale le = σ3

w/ε. For

each pro�le, ετ is averaged over the TIL to estimate ε. The standard deviation

σw has been estimated from individually detrended segments of the pro�le with an

integration length of 6 s each. The length has been chosen to interpret structures

with a dimension up to about 12m as turbulent �uctuations assuming a climbing

rate of 2m s−1. Sensitivity tests with di�erent integration lengths lead to a typical

uncertainty for σw of about 10%; for one pro�le a maximum value of 25% was

estimated. The range of the estimated le is 2 to 5m resulting in a range for Km of

0.1 to 0.3m2 s−1 for the six pro�les.

Using Km the entrainment �ux can be approximated with the temperature gradient

assuming Km ≈ Kh (e.g., Prandtl number Pr ≈ 1):

〈w′Θ′〉 = −Kh(∂Θ/∂z) = −Kh(∆Θ/∆zsub). Afterwards, the entrainment velocity

can be calculated as we = (−〈w′Θ′〉)/∆Θ = Kh/∆zsub. The resulting entrainment

velocities range from about 1 to 5× 10−3 ms−1, comparable for example to the values

determined by Faloona et al. (2005) for the stratocumulus-topped marine boundary

layer. The dependence of ετ and we on ∆zsub are shown in the two bottom panels of

Fig. 4.7. Interestingly, the ε averaged over the TIL does not show a clear trend with

∆zsub. The estimated we, however, hints at a decrease with ∆zsub, which is consis-
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tent with the LES results of Wang et al. (2008). The decrease can be understood by

noting that the entrainment velocity scales as we ∼ σw(le/∆zsub), and that le and σw

are observed to be rather constant for the measured pro�les. At least in the case of

le, the lack of variability is likely due to its consistent collapse to be of the same order

as lo. If this is the case, it suggests that the ratio le/∆zsub, already small, continues

to decrease as the TIL thickens and that there is a minimum we corresponding to

the maximum layer thickness ∆zmax (i.e., when the critical Richardson number is

reached). Therefore, we can speculate that although the cloud interface is leaky, to

use the language of Lenschow et al. (2000), the leakiness decreases as the TIL de-

velops. Furthermore, because le/∆zsub � 1 we can qualitatively state that it likely

grows through nibbling rather than engulfment. This e�ective elimination of direct

communication between the cloud layer and the free troposphere may be the cause

of the bu�er against entrainment instability suggested by Rogers and Telford (1986).

Although, further high-resolution measurements at top of stratocumulus layer per-

formed with a similar �ight strategy are necessary, we assume that this large-scale,

shear-dominated situation contrasts with the picture of local-scale shear resulting

from large-scale convective eddies (e.g., Sullivan et al., 1998; Kurowski et al., 2009).

We can speculate that the large-scale convective eddies, in this case are not so im-

portant in generating the shear, but possibly in driving vertical undulations that

lead to variations in the TIL thickness. For example, one might envision pulsating

bursts of turbulence and entrainment as the boundary layer `squeezes' the TIL and

therefore sharpens the wind shear gradient. This sharpening would lead, in turn, to

a local reduction in Ri, analogous to that observed by Kurowski et al. (2009) in the

weak shear scenario. In this view, while the mean vertical shear of horizontal wind

velocity is a property of the large-scale synoptic �ow, the local thickness of the TIL

itself is still coupled to boundary-layer dynamics, as is the local entrainment rate

through its dependence on TIL thickness. One possible indication of such squeezing

e�ect could be the cloud top of pro�le II in Fig. 4.4 at a height of 1286m, while the

cloud top of the neighbouring pro�les is located at a height of 1254m. Furthermore,

the thickness of the TIL of pro�le II is ∆zsub = 37m, while the neighbouring TIL

thickness are 85m respectively 60m. Clearly, more evidence would be necessary to

support or refute this concept. For example, a consistent correlation between cloud

top height and TIL thickness could be indicative of a squeezing e�ect. Robust char-

acterisation of such a correlation would require measurements in an area with large

scale homogeneity, coupled with measurements of dynamics within the lower bound-
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ary layer. Additionally, properties of the TIL, when it is present, are relevant to the

evolution of marine stratocumulus through the entrainment process. The TIL exists

as a result of shear-induced entrainment of sub-saturated and potentially warmer

free-tropospheric air. With increasing thickness of the TIL the air adjacent to the

cloud top is increasingly cool and humid, so that local mixing events are less extreme

in their thermodynamic properties as illustrated by the arrows indicating the eddies

in Fig. 4.8. Thus, we can suppose that the microphysical response to cloud-top en-

trainment will transition from inhomogeneous to more homogeneous mixing as the

mixed air becomes increasingly `pre-humidi�ed' (Lehmann et al., 2009).





5 Subsiding shells at the edges of

trade wind cumuli

Within the CARRIBA (Clouds, Aerosol, Radiation and tuRbulence in the tRade

wInd regime over BAbardos) campaign, high-resolution measurements of shallow

cumulus clouds were performed in the trade wind region. The analysis is aimed to

study the impact of lateral entrainment on the �ne-scale structure of cloud edge

where shear-driven transport of sub-saturated air into the cloud region leads to the

development of a subsiding shell. Adjacent to the turbulent and buoyant subsid-

ing shell, a non-turbulent, non-buoyant �secondary shell� with a slight downdraft

is observed. In the trade wind region, continuous development of shallow cumuli

over the day allows for an analysis of the properties of both shells as a function of

di�erent cloud evolution stages. The chapter starts with a brief description of the

measurement campaign and the meteorological conditions in the trade wind region,

followed by the measurement results.∗

5.1 Campaign and Meteorology

The characterisation of the �ne-scale structure at the edge of shallow cumuli is

based on measurements performed in the framework of the CARRIBA campaign.

The campaign took place in the trade wind regime over Barbados in November 2010

and April 2011. Here, only a brief summary of details which are important for the

cloud edge analysis is provided. For a more-detailed description of the CARRIBA

project the reader is referred to Siebert et al. (2013).

Barbados is the eastern-most Caribbean island (Fig. 5.1a), located at 13◦ 10′ N and

∗Please note that some parts of the following chapter including Fig. 5.5 to 5.10 and Tab. 5.1 are

taken from Katzwinkel et al. (2013) without further notice.
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Figure 5.1: The �gure shows the location of Barbados. Picture is taken from Google

Earth.

59◦ 32′ W. Characteristic for the island are steady trade winds coming from the east

and quite homogeneous and stationary meteorological conditions. If one neglect

ship and airplane exhausts, the region around Barbados is not in�uenced by an-

thropogenic sources over thousands of kilometers (during periods with stable trade

wind conditions). Therefore, the continuously developing trade wind cumuli could

be measured under nearly laboratory-like conditions. Holle and MacKay (1975)

analysed all-sky images from 1963 and 1968 and estimated a cloud cover of low

clouds of 35% over the island and 13% over the sea. These conditions allow for a

comprehensive study of shallow cumulus in that area which were performed during

CARRIBA with the measurement payload ACTOS (Chapter 3). All measurement

�ights started from the Grantley-Adams airport which is marked in Fig. 5.1b. In

addition to the airborne measurements, also ground-based measurements of meteo-

rological parameters and aerosol particle properties were performed at the east coast

of Barbados at Ragged Point (Fig. 5.1b). For a later combination of airborne and

ground-based measurements, most of the �ights were performed above the sea along

the east coast of Barbados, but some �ights were also done in the south of the is-

land and over the island itself. All measurement �ights started with a horizontal

�ight leg approximately 100m above the ocean surface and a vertical pro�le up to

3000m height to characterise the meteorological and aerosol particle properties of

the speci�c �ight. Afterwards, the �ight strategy was depending on the correspond-

ing aerosol and cloud situation. Either horizontal �ight legs through shallow cumuli

or aerosol measurements in di�erent heights under cloud-free conditions were per-
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formed. Due to visual �ight regulations, the helicopter had to remain above the

clouds while ACTOS performed horizontal �ight legs within the upper part of the

cloud region. Therefore, all cloud measurements were performed 50 − 100m below

cloud top.

5.2 Weather conditions

The quite homogeneous meteorological conditions within the trade wind region

present during both campaigns are shown in Fig. 5.2. For every �ight day, the

potential temperature, mixing ratio, horizontal wind velocity and wind direction

are averaged within the marine sub-cloud layer (SCL) and plotted over the day of

year (doy). During both campaigns, Θ shows only small �uctuations, around 301K

during the November campaign and around 299K during April 2011. The mixing

ratio has lower values during the April campaign than in November but shows also

quite small �uctuations for the individual campaigns (q = 17 g kg1 during November

and q = 15 g kg1 during April). The horizontal wind velocity within the SCL �uctu-

Figure 5.2: Mean meteorological parameters of the marine sub-cloud layer shown for

all �ights performed during both campaigns. The vertical lines denote

the 25th percentile of the data.
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Figure 5.3: Pro�les of potential temperature (Θ), absolute humidity (a), horizontal

wind speed (U) and wind direction (dd) obtained during the ascent of

ACTOS performed on November 20, 2010 starting at 1650 UTC.

ates between 4 − 12m s−1 for both campaigns with a direction �uctuating between

northeast and southeast.

The vertical strati�cation within the trade wind region is exemplary illustrated for

one ascent in the beginning of the ACTOS �ight performed on 20 November, 2010

at 1650 UTC (Fig. 5.3). The well-mixed SCL had a typical thickness of about 500m

and is characterised by Θ = 300K, a = 20 gm−3 with a slight decrease to the top of

the SCL and U = 10m s−1 coming from east-northeast. Above the thin transition

layer at 500m height characterised by an increase of Θ and a deacrease of a, the

conditionally unstable cloud layer is characterised by a slight linear increase of Θ

and a nearly linear decrease of a. The estimated lapse rate of 0.5K/100m for Θ

is similar to the observed lapse rate during the BOMEX (Barbados Oceanographic

and Meteorological Experiment) campaign (Siebesma et al., 2003). The horizontal

wind velocity decreases from U ≈ 10m s−1 to U ≈ 7m s−1 at a height of 1100m

while the wind direction is constant east-northeast for all heights.

At this day, the shallow cumuli developed near the thin transition layer with a
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Figure 5.4: Example of the shallow trade wind cumuli over Barbados. Picture is

taken during a research �ight along the east coast of Barbados on Novem-

ber 21, 2010.

cloud-base height of 700m. Generally during both campaigns, the cloud base varied

between 300m and 900m. Typically, in the trade wind region cumuli of di�erent

evolution stages can be found close to each other. Frequently, actively growing

clouds were observed adjacent to dissolving ones. This is caused by the continuous

development of shallow cumuli over the day based on quite homogeneous conditions

in terms of sea surface temperature and mesoscale dynamics. An example of a cloud

situation over the island recorded during one �ight in November 21, 2010 is shown

in Fig. 5.4. In the middle of the picture, dissolving or just developing cumuli are

visible, while in front of the picture and on the right side well-developed cumuli

are located. The following analysis bases on measurements in such di�erent cloud

evolution stages.

5.3 Results

5.3.1 Concepts and statistical cloud analysis

The analysis of the �ne-scale structure of the edges of shallow cumuli starts with

the basis for a statistical analysis of the high-resolution measurements within nu-

merous trade-wind cumulus clouds. Based on the observed thermodynamic and
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microphysical properties, as well as the turbulent and mean velocity pro�les, quan-

titative criteria are identi�ed for de�ning the cloud core, cloud shell, and cloud-free

environment. Furthermore, because the trade wind environment allows clouds to

be sampled at all stages of development, the statistical analysis suggests a natural

de�nition of three evolutionary stages: actively growing, decelerating, and dissolving

clouds. For the purpose of a statistical analysis, the following conditions are de�ned

for selecting individual clouds. First, small cloud fragments are excluded from the

analysis. This means that the diameter of the cloud and LWC in the cloud core

region have to be larger than 50m and 0.2 gm−3, respectively. Second, two neigh-

bouring clouds have to be su�ciently well-separated from each other so as to de�ne

a clear cloud-free environment between subsequent clouds. Therefore, the distance

to the next cloud has to be larger than 100m. 217 cloud cases ful�l these criteria.

For the de�nition of the di�erent cloud regions the following parameters are used:

LWC, vertical wind velocity w, buoyancy B, and local energy dissipation rate ε.

For the calculation of B and ετ , the reader is referred to sections 2.1.5 and 2.1.4.

For ε the results of both calculation methods are used within this section, whereby

the direct method is calculated using a moving window with a width of 100 samples

corresponding to τ ' 0.23 s. Using the hot-wire data, the �nal smoothed time series

of ετ has a resolution of about 5 cm. The method using the second-order structure

function is applied to non-overlapping sub-records of τ = 1 s getting a resolution of

20m.

In Figure 5.5 the di�erent cloud regions are illustrated with a speci�c example taken

from a single cloud penetration on November 24, 2010. In this work, we de�ne

the cloud core region as the region with LWC larger than 0.2 gm−3. For the spe-

ci�c example in Fig. 5.5, this region is characterised by nearly constant values of

a = 17 gm−3 and T = 21 ◦C, w > 0 with peak values of up to 2.5m s−1, B > 0 with

an average of about 0.01m s−2, and ετ ≈ 10−3m2 s−3. The liquid-water potential

temperature Θl shows a mean value of 289K. In the cloud-free environment, ετ

and a decrease to 10−4 m2 s−3 and 14.5 gm−3, respectively, T shows similar values

as inside the cloud core region, w and B �uctuate around zero and Θl = 302K.

The cloud edges are marked in Fig. 5.5 by the grey regions located between the

cloud-free environment and the cloud core region, adjacent to both sides. These

regions are characterised by LWC < 0.1 gm−3 with a high variability, illustrating
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Figure 5.5: A single cloud penetration: a) LWC, b) temperature (T ) and abso-

lute humidity (a) (whereby the red line denotes measurements with the

infrared-absorption hygrometer LiCor and the broken red line marks

measurements performed with the dew point hygrometer), c) vertical

wind velocity (w), d) buoyancy (B), e) energy dissipation rate (ετ ) where

the black line denotes the direct method and the crosses mark the ab-

solute values calculated based on S(2)(t′) and f) liquid-water potential

temperature (Θl) and mixing fraction (χ). The white region between the

two grey regions marks the cloud core and the two grey regions denote

the edges of the cloud. The vertical black dashed line divides the cloud

edge into part I, the subsiding shell and part II, the secondary shell.

the eddy-like structure of the cloud edge. A closer look shows that inside this region

ετ increases from environmental values to values even higher than in the cloud core
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region (black line in Fig. 5.5e). At the same point, B starts to decrease. Based

on these observations, the cloud edge is further divided into two parts (indicated

by the vertical dashed black lines). The �rst part (part I), adjacent to the cloud

core region, is characterised by reduced values of T , w < 0, B < 0 and values of

ετ ≈ 10−2 m2 s−3, again higher compared with the cloud core region. Additionally,

the absolute humidity a increases from environmental values to nearly cloud values

within this region. It should be noted, however, that the humidity measurements

do not allow a detailed look at the �uctuations due to the signi�cantly reduced

spatial resolution. The dew point hygrometer (dotted red line) measures only with

a spatial resolution of 20m and the LiCor (straight red line) was used as a closed

system to reduce the cloud droplet impaction. To analyze the humidity �uctuations

in this region highly-resolved measurements such as with a Lyman-alpha absorption

hygrometer (Zuber and Witt, 1987) would be necessary. The turbulent and humid

region at cloud edge is the above-mentioned subsiding shell (Heus and Jonker, 2008).

Between the subsiding shell and the environment a second shell is observed, here

denoted as part II. This region is characterised by temperature and humidity compa-

rable to the environmental values, a slight downdraft with B ≈ 0 and a comparably

small ετ .

The origin of the air within parts I and II of the shell can be investigated by using

the liquid-water potential temperature and the total water content. The secondary

shell consists mostly of environmental air, which can be seen in Fig. 5.5f by the

values of Θl and mixing fraction χ that are similar to the environment values. Here,

χ = (qt − qtc)/(qte − qtc), (5.1)

where the subscripts �c� and �e� denote the cloud and environmental values, re-

spectively, and the overbar denotes the average value in the corresponding regime.

Thereby, χ = 1 characterises an air parcel consisting of environmental air and χ = 0

indicates pure cloud air within an air parcel. Hence, the air inside the subsiding

shell is a mixture of environmental and cloud air as indicated by the mean value of

Θl = 299K within the shell and the nearly linear decrease of χ towards the cloud

core region with a minimum value of 0.7. Although, it has been previously assumed

that lateral mixing is the leading mechanism for the development of the subsiding

shell (Heus and Jonker, 2008), no de�nite statement about the mixing process can

be made based on the data presented here. Evidence for this assumption could be
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Figure 5.6: The variability of all 217 selected clouds is represented by the probability

density functions (PDFs) of the 90th percentile of: a) normalised liquid

water content (LWCnorm 90%), b) buoyancy (B90%), and c) vertical wind

velocity (w90%) inside the cloud core region.

the calculated mixing temperature of Θlm = χΘle + (1 − χ)Θlc = 289.1K, which is

nearly the same as the observed mean value within the shell. But the mean value

of Θl could also be interpreted as being a result of mixing of cloud air with clear

air from above indicated by an estimated lapse rate of 0.5K / 100m for Θl under

cloud-free conditions. In either case, the turbulent mixing of these two air masses

leads to an evaporative cooling e�ect resulting in negatively buoyant air at cloud

edge.

Based on the observed properties of continuously developing cumulus clouds in the

trade wind region, the selected clouds are divided into three di�erent stages of evo-

lution: a) actively growing, b) decelerated, and c) dissolving clouds. The division

is based on the calculation of the 90th percentile of B (B90%) and w (w90%) inside

the cloud core region of each of the selected clouds. The actively growing clouds

are characterised by an updraft and a positive B90% (w90% > 0 and B90% > 0).
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In the decelerated phase, the updraft is still observed, while the buoyancy shows

negative values inside the cloud core region (w90% > 0 and B90% < 0). Dissolv-

ing clouds are characterised by a downdraft and negative B90% inside the cloud

core region (w90% < 0 and B90% < 0). Figure 5.6 shows the probability density

functions (PDF) of these parameters including the 90th percentile of the normalised

LWC (normalised with the calculated adiabatic value) (LWCnorm 90%). In Fig. 5.6a,

the distribution of LWCnorm 90% varies in a broad range between 0.1 and 0.8 times

the adiabatic-calculated value. The PDF of B90% shows positive values, indicat-

ing actively growing clouds, and also negative values inside the cloud core region

(Fig. 5.6b). Figure 5.6c shows the PDF of w90% representing a majority of clouds

with an updraft inside the cloud core region. But a few clouds with downdrafts

inside the cloud core region are measured, indicating dissolving clouds.

5.3.2 Characterisation of cloud edge

In the following, the analysis of the edges � in particular the subsiding and secondary

shells (see Fig. 5.5) � of 217 shallow cumulus clouds is presented. Only edges sampled

while entering the cloud have been considered to minimise any possible in�uence of

wetting of the temperature probe.

The characterisation of the subsiding shell is based on three main parameters. One

parameter is the thickness of the subsiding shell whose calculation is based on the

de�nition by Abma et al. (2013):

δ =
1

B10%

X|w0∫
X|B0

B dx, (5.2)

where X |B0 and X |w0 denote the two boundaries of the subsiding shell: X |B0 char-

acterised by the increase of ετ from environmental to even higher values compared

to the in-cloud values and the decrease of B, respectively and X |w0 characterised

by the change of w from downdraft to updraft or the change of B from negative to

positive, respectively. Here, the integral is normalised with the 10th percentile of

the buoyancy calculated within the integration limits. The use of the 10th percentile

instead of the minimum values as described by Abma et al. (2013) is simply a result

of the dependency of the measured minimum value on the measurement resolution.

The second and third parameters for characterising the subsiding shell are the 10th



5.3.2 Characterisation of cloud edge 65

010
-6

10
-5

10
-4

10
-3

10
-2

10
-1

ε τ / 
m

2  s
-3

-200 -150 -100 -50 0 50 100

-0.05

0

0.05

0.1

B
 / 

m
 s

-2

-200 -150 -100 -50 0 50 100
-6
-4
-2
0
2
4
6

L
W

C
 / 

g 
m

-3

-200 -150 -100 -50 0 50 100

-0.05

0

0.05

0.1

B
 / 

m
 s

-2

-200 -150 -100 -50 0 50 100
x / m

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

ε τ / 
m

2  s
-3

-200 -150 -100 -50 0 50 100

-6
-4
-2
0
2
4
6

 w
 / 

m
 s

-1
;

-200 -150 -100 -50 0 50 100
-6
-4
-2
0
2
4
6

w
 / 

m
 s

-1
;

-200 -150 -100 -50 0 50 100

-6
-4
-2
0
2
4
6

L
W

C
 / 

g 
m

-3

010
-6

10
-5

10
-4

10
-3

10
-2

10
-1

ε τ / 
m

2  s
-3

0
-6
-4
-2
0
2
4
6

L
W

C
 / 

g 
m

-3

0
-0.05

0

0.05

0.1

B
 / 

m
 s

-2

-200 -150 -100 -50 0 50 100
-6
-4
-2
0
2
4
6

w
 / 

m
 s

-1
;

b) decelerated cloud

c) dissolving cloud

a) actively growing cloud

I coreenv

II I coreenv

II I coreenv

Figure 5.7: Examples of cloud edges for each of the three stages of evolution of

the trade wind cumuli: a) actively growing cloud with w90% > 0 and

B90% > 0, b) decelerated cloud with w90% > 0 and B90% < 0, and c)

dissolving cloud with w90% < 0 and B90% < 0. In all plots, the color

code is the same: blue regions mark the liquid water content (LWC),

black lines denote the vertical wind velocity (w), green and red lines mark

the energy dissipation rate (ετ ) and the buoyancy (B), respectively. The

entrance of the cloud core region (CE) is denoted by x = 0m, indicated

by LWC > 0.2 gm−3.

percentile of buoyancy, and the 10th percentile of the vertical wind velocity (w10%)

calculated also within the integration limits.

Figure 5.7 shows examples of cloud edges for each of the cloud evolution stages,

for which the criteria were de�ned in section 5.3.1. These clouds were measured

on November 14, 2010, and April 14 and 16, 2011. The x-axis shows the distance

relative to the entrance of the cloud core region (CE). For all cases, 200m in front of

the cloud core region and 100m of the cloud core region itself are shown. The di�er-

ent regions are marked with vertical black lines and a corresponding identi�er (e.g.,

env as environment). The thickness of the subsiding shell clearly di�ers in Fig. 5.7
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depending on the stages of evolution. In the case of the actively growing cloud, δ

is about 7m with w10% = −1.7m s−1 and B10% = −0.008m s−2. Additionally, the

secondary shell is apparent with a thickness of 60m. The decelerated cloud shows

a distinct subsiding shell with a broader thickness of about 20m and a downdraft

of w10% = −1.5m s−1 and B10% = −0.01m s−2. Additionally, a smaller thickness of

45m is observed for the secondary shell. In the case of the dissolving cloud an intense

downdraft inside the subsiding shell of w10% = −3.8m s−1 and B10% = −0.06m s−2

is observed. The thickness of this shell increases to nearly 170m, and no secondary

shell is observed.

Figure 5.8 shows the PDFs of the characteristic parameters (w10%, B10% and δ) of

the subsiding shells. The measured 10th percentile of downdraft inside the subsiding

shells varies between 0 and -5m s−1 (Fig. 4a). Figure 5.8b shows the PDF of B10%,

where most of the values lie in the range from 0 to −0.02m s−2. Additionally, clouds
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Figure 5.8: Probability density functions of: a) minimum downdraft velocity (w10%),

b) minimum buoyancy inside the subsiding shell (B10%), and c) the thick-

ness of the subsiding shell (δ).
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actively growing decelerated dissolving

w90% > 0 w90% > 0 w90% < 0

B90% > 0 B90% < 0 B90% < 0

n 122 79 14

w90% / ms−1 2.2 1.6 -0.8

w10% / ms−1 -0.3 -1.0 -1.9

B10% / ms−2 -0.002 -0.016 -0.033

∆(X |w0 −CE) / m 6 12 76

δ / m 2 16 82

cd / m 178 120 82

∆(CM −X |B0) / m 99 82 96

f / % 82 70 45

δd / m 68 47 6

wd / ms−1 -0.32 -0.25 -0.45

Table 5.1: The table summarises median properties of all selected clouds for each

stage of evolution. These properties are: 90th percentile of w inside the

cloud core region (w90%), 10th percentile of the downdraft velocity (w10%)

and the buoyancy (B10%) inside the subsiding shell, distance between the

boundary of the subsiding shell close to the cloud core region X |w0 and

CE (∆(X |w0 −CE)), the thickness of the subsiding shell (δ), cloud diam-

eter (cd), distance between the cloud-free boundary of the subsiding shell

(X |B0) and the middle of the cloud core region (CM) (∆(CM −X |B0)),

the relative frequency of the secondary shell (f), median thickness of the

secondary shell (δd), and median downdraft velocity (wd) inside the sec-

ondary shell.

with a positive buoyancy are observed and also a few clouds show a very strong

negative buoyancy as low as −0.08m s−2. The PDF of δ is shown in Fig. 5.8c, where

the y-axis is logarithmic for better clarity. The values vary between below 1m and

up to 175m with only a few values observed with δ > 80m.

Table 5.1 summarises the median properties of cloud edge and cloud core region as a
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function of the evolution stages. All parameters were �rst calculated for individual

clouds and afterwards averaged giving one median value for each evolution stage.

The number of clouds grouped in the di�erent evolution stages is given by n. The

majority of the observed clouds were actively growing, thus only a few dissolving

clouds are considered. This is a result of the stringent criteria for cloud selection.

Most of the dissolving clouds are rejected due to their low values of LWC or the

narrow cloud diameter. With the evolution from an actively growing cloud to a

dissolving one, w90% decreases from 2.2m s−1 to a downdraft of −0.8m s−1, while

within the subsiding shell, an increase in the absolute values of w10% and B10%

is observed. Furthermore, the cloud boundary of the subsiding shell shifts more

and more into the cloud core region, which is indicated by an increasing distance

between CE and X |w0 (∆(X |w0 −CE)). The mixing process and evaporation

of cloud droplets therefore leads to an increasing thickness of the subsiding shell δ,

while the cloud diameter decreases. A nearly constant distance between the cloud-

free boundary (X |B0) of the subsiding shell and the middle of the cloud core region

(CM) at around 90m (marked with ∆(CM − X |B0)) supports the results of Abma

et al. (2013) that the subsiding shell expands primarily into the cloud core region.

The next three parameters deal with the behavior of the secondary shell as a function

of the evolution stages of the cumuli. The secondary shell is observed at the edge

of actively growing clouds with a relative frequency of 82%, but also half of the

dissolving clouds are surrounded by such a shell. With the evolution from an actively

growing cloud to a dissolving one, the median thickness of the secondary shell δd

decreases, while the downdraft inside this shell �uctuates around wd ∼ −0.3m s−1

for all stages of evolution.

5.3.3 Comparison with model results

In this section, the consistency of our statistical results is explored with the direct

numerical simulations (DNS) by Abma et al. (2013). A brief description of the

model is given here, for further details the reader is referred to Abma et al. (2013).

DNS fully resolves turbulence down to dissipation scales, sacri�cing instead the large

eddy structure through an idealised setup. Furthermore, approximations are made

in the treatment of cloud microphysics. To simulate the lateral entrainment process

at the side of a single shallow cumulus, the model is based on a two-layer system

including an environmental and a cloud region that are well-separated. Both regions

are characterised by zero vertical wind velocity and zero buoyancy. Therefore, in
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contrast to our measurements no compensation �ow exists at cloud edge. A broad-

band perturbation initiates the mixing between the sub-saturated environmental air

and the cloudy air. The subsequent evaporation of droplets leads to a cooling e�ect

resulting in negatively buoyant air at cloud edge. This initiates the development of

the subsiding shell. With increasing time the simulated subsiding shell grows due

to further turbulent mixing between the environmental and cloudy air. The DNS

results show a quadratic growth in thickness of the subsiding shell and a linear in-

crease of the downdraft velocity. Based on self-similarity arguments these �ndings

can be described by the following equations (Abma et al., 2013):

δm(tm) = (c1c2
Bm

2
)(tm − tm1)

2 +
√
2c1c2Bmδm1(tm − tm1) + δm1, (5.3)

wm =

√
2
c1
c2
Bmδm. (5.4)

Here, δm is the thickness of the simulated subsiding shell and Bm and wm denote the

minimum values of buoyancy and vertical wind velocity within the simulated sub-

siding shell. According to the simulation of Abma et al. (2013), the initial condition

tm1 and δm1 are set to 5 s and 0.054m, respectively, and the constants c1 and c2 are

determined to be 0.24 and 0.1.

The basis for the comparison of measurements and the simulation is given by the

main properties of the subsiding shell: δ, w10% and B10% for measurements and δm,

wm and Bm for the simulated subsiding shell. While the measurements are performed

at the edges of numerous clouds in di�erent stages of evolution, the simulation con-

siders one single cloud edge and the evolution of the corresponding subsiding shell.

This evolution is calculated every 10 s according to Eq. 4 and 5, and it was observed

that the value of Bm increases linearly until reaching a typical value of 0.02m2 s−1

during the �rst 30 s, and remains constant afterwards. Consistent with the latter

stages of the simulation, Bm is taken as a constant for the subsequent comparison

with data.

Figure 5.9 shows the correlation between downdraft intensity and thickness of the

subsiding shell (Fig. 5.9a) and between downdraft intensity and buoyancy (Fig. 5.9b).
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Figure 5.9: Comparison of the measured (δ, w10%, B10%) and simulated (δm, wm,

Bm) properties of the subsiding shell: a) thickness of the subsiding shell

is plotted versus the downdraft velocity in the subsiding shell and b)

buoyancy is plotted versus the downdraft velocity in the subsiding shell.

The red lines represent the model values and the measurements are shown

by the boxes.

All correlations are plotted for the simulated subsiding shell (red lines) and for the

measured values (boxes). The horizontal line in the middle of the boxes denote the

respective median value, the upper and lower boundaries of the boxes mark the 75th

and 25th percentile, respectively and the error bars denote the 95th and 5th per-

centile. In Figure 5.9a, the simulation shows a quadratic dependence of δm on wm.

The measured δ also increase with decreasing w10%, but the measurement uncer-

tainty does not allow for a de�nitive statement about linear, quadratic, or any other

behaviour. The decreasing number of measured values with increasing downdraft in-

tensity leads to an increasing statistical uncertainty that makes rigorous conclusions

di�cult. Nevertheless, the measurements are in the range of the model prediction

and a similar tendency and absolute values are observed. A similar behaviour is

seen for the correlations shown in Fig. 5.9b. After the �rst seconds, the simulated
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value Bm remains constant with increasing downdraft intensity. The same tendency

is evident in the measurements despite their relatively large spread.

5.4 Summary and Discussion

The ACTOS observations over Barbados provide a detailed insight into the edges

of trade wind cumuli. The cloud edges were characterised by highly increased tur-

bulence compared to the cloud-free environment but also compared to the cloud

core region which is an indication for strong mixing. The key �nding was a well-

pronounced subsiding shell which was observed in all of the 217 analyzed clouds.

The width and the downdraft velocity of these shells were found to depend on the

evolution stage of the clouds, which was de�ned by cloud core region parameters

such as buoyancy and updraft velocity. The �ndings are illustrated in Fig. 5.10 for

three typical cloud evolution stages de�ned as (from left to right): i) an actively

growing cloud de�ned by positive buoyancy resulting in updrafts (B > 0 and w > 0)

in the cloud core region, ii) a decelerated cloud type with negative buoyancy (B < 0)

but still updrafts with reduced magnitude (w > 0), and �nally iii) a dissolving cloud

with negative buoyancy resulting in downdrafts (B < 0 and w < 0). Due to �ight

restrictions the helicopter had to remain above the clouds, therefore, all measure-

ments were performed within 100 m of cloud top as illustrated by the red horizontal

line (see Fig. 5.10). Therefore, the measured cloud diameter (80−100m) is probably

smaller compared to a typical cloud diameter as observed in the middle part of a

cloud, but the LES results of Heus and Jonker (2008) indicate that our results can

be probably extended to lower regions of the cloud.

The measured actively growing clouds (Fig. 5.10-i) are characterised by a compa-

rably broad cloud core region (cd) with strong updrafts and are surrounded by a

thin subsiding shell (δ). With the evolution to decelerated clouds (Fig. 5.10-ii), the

sub-saturated environmental air is mixed deeper into the cloud core region and the

subsiding shell grows at the expense of the cloud core region. The width of the en-

tire cloud including shells and cloud core region (sb) was observed to remain nearly

constant. Evaporative cooling due to lateral entrainment enhances the downdrafts

inside the subsiding shell, while the updrafts inside the cloud core region are de-

celerated due to negative buoyancy. In the dissolving stage of the cloud lifetime

(Fig. 5.10-iii), the width and the downdraft velocity of the subsiding shell increase

further while the cloud core region is shrinking.
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Figure 5.10: Schematic picture of the evolution of a cumulus cloud from actively

growing to dissolving, where the growth of the subsiding shell at the

expense of the cloud core region is illustrated. Here, δ marks the dis-

tance from beginning of the subsiding shell to the entrance of the cloud

core region, the thickness of the cloud core region is marked with cd

and sb marks the thickness of the whole system.

The qualitative agreement of the observed correlations between downdraft intensity,

width, and buoyancy of the subsiding shell with results gained from DNS by Abma

et al. (2013) help to corroborate the existence of a functional relationship between

shell properties and cloud evolution stage. The time evolution of δm in the DNS

(cf. Eq. 4) allows an estimate of the evolution time of the measured subsiding shell.

For example, if one considers an observed downdraft velocity of w10% = −3.2m s−1

and the corresponding shell thickness of δ = 100m (cf. Fig. 5a), with the help of

Eq. 4 and 5 this data point can be related to a model evolution time of t = 670 s.

But one must keep in mind that this model evolution time starts after the duration

of the spin-up phase (see paper reference) and so does not represent a real cloud

age. Additionally, the model ignores any large-scale cloud dynamics, making an

interpretation of this time even more di�cult. However, this rough estimate provides

some idea for future research as how to estimate lifetime of an observed cloud as a

function of shell width.

The presented observations of the subsiding shell are also in good agreement with

results derived from LES of an unsaturated convective mixed region around a liquid

water cloud (Zhao and Austin, 2005a,b). The dimensions of their modeled trade

wind cumuli are comparable to the presented observations. The unsaturated con-

vective mixed region in the LES is �rst smaller than the liquid water cloud and

grows in thickness with the evolution of the cloud. It contains roughly half of the
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liquid water cloud volume when the cloud top reaches its maximum height. This is

of the same magnitude as the relation between the measured cloud core region and

the subsiding shell thickness. The unsaturated convective mixed region reaches its

maximum thickness shortly before the liquid water cloud is completely evaporated.

In addition to the subsiding shell, the presented observations show also a non-

turbulent and neutrally-buoyant shell, here called a secondary shell. This secondary

shell connects the laminar environment with the subsiding shell and is observed for

every cloud evolution stage (active, decelerated and dissolving). With the evolution

of the clouds, the minimum downdraft velocity (10th percentile) remains almost

constant inside the secondary shell while the width of this shell decreases.

In the case of an actively growing cloud, the air �ow inside this secondary shell

might be explained as a compensating �ow due to the strong updrafts inside the

cloud core region. This picture is supported by the analysis of Heus and Jonker

(2008), who pointed out that 10% of the upward mass �ux in the cloud core region

is compensated in the region with B < 0 while another 13% is compensated by being

dragged along downward with the subsiding shell. A more detailed analysis of the

mass-�ux compensation by Jonker et al. (2008) leads to the conclusion that �... the

compensating downward mass-�ux takes place in the immediate proximity of clouds

and not in the form of a weak uniformly subsiding motion�.

The subsiding and secondary shells are also observed in the stage of dissolving clouds,

so it follows that there must be a mechanism that still results in downward motion

although the upward mass-�ux in the cloud core region is reduced. The details

of the driving forces of the secondary shell are not fully understood yet, but the

observations provide the basis for some further speculations. One possibility for

the driving force of the secondary �ow is that the air adjacent to the subsiding shell

could be dragged along with the downdrafts inside the subsiding shell through lateral

turbulent transport of vertical momentum. Another idea is based on observations

by Abma et al. (2013), who showed that the minima of the buoyancy and of the

vertical velocity �elds in the subsiding shell move towards the cloud core region

with di�erent speed: the buoyancy minimum moves faster toward the cloud core

region compared with the velocity minimum. However, neither explanation is easily

reconciled with the observation that the secondary shell is nearly non-turbulent.

Finally, one might also speculate that the secondary shell could be the very diluted

remnants of a previous subsiding shell that is so diluted that the properties are close



74 5 Subsiding shell

to the environment and the turbulent kinetic energy has almost dissipated, but in

which the air is still subsiding due to inertia. The current measurements do not

necessarily favor any of these possible mechanisms, so further investigations of the

secondary shell are needed.
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Within the scope of this thesis one of the most important small-scale processes at

cloud edge is studied, the entrainment process. The transport of sub-saturated en-

vironmental air into the cloud region followed by subsequent mixing with cloudy

air leads to negatively buoyant air at cloud edge (buoyancy reversal). The resulting

impact on the cloud structure and dynamics is analysed for two di�erent types of

the entrainment process: i) cloud-top entrainment at top of a stratocumulus cloud

layer and, ii) lateral entrainment at the edges of shallow trade wind cumuli. The

underlying measurements were performed with the helicopter-borne measurement

payload ACTOS. Its low true airspeed of 20m s−1 combined with a high sampling

frequency of 100Hz enables a spatial resolution down to decimeter scale and allows

a detailed analysis of the edges of both cloud types. In both cases, the cloud edge is

characterised by a strong wind shear driving the turbulent entrainment process and

initiating the development of a turbulent mixing region at cloud edge. The main

results and conclusions for both cloud types are summarised and the two turbulent

mixing regions are compared in the following.

Based on the observations of a stratocumulus layer, the shear-induced entrainment

process and subsequent mixing with cloudy air initiates the development of a tur-

bulent inversion layer (TIL) at cloud top. This region connects the turbulent cloud

layer with the non-turbulent free troposphere and shows a nearly linear transition

from in-cloud values to free-tropospheric values in terms of potential temperature,

absolute humidity, horizontal wind velocity, and number concentration of interstitial

aerosol particles. The TIL is turbulent, with an energy dissipation rate similar to

the observed value of the lower cloud region indicating a coupling between these two

layers. However, the two layers di�er concerning local isotropy, whereby the TIL

shows increasingly two-dimensional turbulence.

The characterisation of the TIL has been observed using a porpoise-dive sampling

strategy, whereby ACTOS performed several subsequent pro�les around cloud top.
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In that way, the upper cloud layer, TIL, and free troposphere are traversed six

times. Thereby, the thickness of the TIL has been observed to vary between 37

and 85m, whereas the potential temperature and horizontal wind speed di�erences

at the top and bottom of the layer remain essentially constant. The Richardson

number therefore increases with increasing layer thickness, from approximately 0.2

to 0.7, suggesting that the layer develops to the point where the stable strati�cation

dominates over the turbulence production due to shear and, therefore, turbulence

decreases. This indication of a maximum thickness of the turbulent inversion layer is

supported by two estimations using on the one hand the critical Richardson number

of unity and on the other hand the balance equation for turbulent kinetic energy.

In both cases, the estimated thickness is on the order of the measured maximum

thickness of ≈ 90m. It is further observed that the large eddy scale is limited by

this stable strati�cation and is on the order of the Ozmidov scale, much less than

the thickness of the turbulent inversion layer. Therefore, direct mixing between the

cloud top and the free troposphere is inhibited, and the entrainment velocity tends to

decrease with increasing TIL thickness. Qualitatively, the TIL likely grows through

nibbling rather than engulfment.

Large-scale convective eddies are assumed to be important in driving the vertical

undulations that lead to variations in the thickness of the TIL. For example, one

might envisage pulsating bursts of turbulence and entrainment as the boundary layer

�squeezes� the TIL and, therefore, sharpens the wind-shear gradient. Hence, the lo-

cal thickness of the TIL itself is still coupled to boundary-layer dynamics, as is the

local entrainment rate through its dependence on TIL thickness.

Shear-induced lateral entrainment at the edges of trade wind cumuli is caused by

strong updrafts inside the cloud core region and mass-compensating downdrafts at

cloud edge. Subsequent mixing between sub-saturated environmental and cloudy

air leads to the evaporation of cloud droplets and the following cooling e�ect ini-

tiates an additional buoyant downdraft at cloud edge. So, the already existing

mass-compensating downdrafts are intensi�ed and the development of the turbu-

lent, buoyant subsiding shell at cloud edge is initiated. Adjacent to the subsiding

shell, a non-buoyant and non-turbulent secondary shell with a slight downdraft is ob-

served which connects the quiescent environment with the turbulent subsiding shell.

The analysis of both shells is based on horizontal �ight legs performed ≈ 100m be-

low cloud top due to the visual �ight regulations valid for the helicopter. The �ight

legs performed within the upper part of the cloud region may result in a reduced
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observed cloud diameter (80− 100m) compared to a cloud diameter as observed in

the middle part of a cumulus cloud.

The nearly steady-state conditions within the trade wind region allows for measure-

ments of 217 trade wind cumuli of di�erent lifetimes and enables the analysis of both

shells depending on di�erent cloud evolution stages (actively growing, decelerated

and dissolving clouds). Within this thesis, the cloud stages are de�ned using the sign

of mean vertical wind velocity and buoyancy in the cloud core region. The observed

actively growing clouds are characterised by a broad cloud core region with positive

buoyancy and updrafts and are surrounded by a small subsiding shell. Within the

observed evolution from an actively growing to a dissolving cloud, the sub-saturated

environmental air is mixed increasingly deeper into the cloud core region and the

subsiding shell grows at the expense of the cloud core region. Hence, the observed

dissolving clouds, characterised by a negative buoyancy and weak downdrafts within

the small cloud core region, are surrounded by a relative broad subsiding shell with

comparable strong downdrafts. The qualitative agreement of the measurement re-

sults with results gained from direct numerical simulation for the temporal evolution

of one single subsiding shell corroborates the assumption of a functional relationship

between shell properties and cloud evolution stage. This relationship might be the

basis for further research on the question of how to estimate the life time of an

observed cloud as a function of shell width.

The laminar secondary shell might be explained as a mass-compensational �ow for

actively growing clouds. With evolution of the cumuli, the secondary shell shows a

decrease in size, while the intensity of the downdraft is nearly constant. This indi-

cates, that beside the mass-compensation additional mechanisms are present that

still result in downward motion although the upward mass-�ux in the cloud core

region is reduced. The discussion in section 5 o�ers di�erent possible explanations

for the downdrafts within this shell: i) the air inside the secondary shell could be

dragged along with the downdraft of the subsiding shell, ii) the secondary shell

could be caused due to a shift between buoyancy and downdraft region, or iii) the

secondary shell is a strongly diluted remnant of a previous subsiding shell. Nei-

ther of the �rst two explanations is easily reconciled with the observation that the

secondary shell is nearly laminar. Nevertheless, the results presented in this thesis

do not support any of the hypothesised mechanisms and further work is needed to

understand the details of this phenomenon.

Both layers, the turbulent inversion layer at top of a stratocumulus cloud and the



78 6 Summary

subsiding shell at the edges of shallow trade wind cumuli are highly relevant for

the evolution of the respective cloud type through the entrainment process. Shear-

induced entrainment of sub-saturated environmental air initiates the development

of these turbulent layers and with increasing thickness of both layers the air adja-

cent to the cloud region is getting colder and moister. Therefore, the region around

the clouds is pre-conditioned and the entrained air might be almost saturated. This

means that turbulent mixing can be considered as a dilution process because droplets

do not evaporate in the mixed air (Gerber et al., 2008b) and only the number con-

centration is reduced.

In spite of the similarities, both layers di�er concerning their turbulent structure

and the way turbulent kinetic energy is produced. In the case of the stratocumulus

layer, the turbulent inversion layer resembles the picture of a classical shear layer

(e.g., Smyth and Moum, 2000). As the mixing between the two �uid regions develops,

the mixed region becomes thicker and the reduced gradients result in a monotonic

decrease of turbulence intensity. In contrast, in the case of the subsiding shell, the

initial shear is caused by strong updrafts in the cloud core with mass-compensating

downdrafts at cloud edge as observed in actively growing clouds. This strong shear

initiates lateral entrainment and subsequent mixing of sub-saturated environmental

with cloudy air leading to negatively buoyant air at cloud edge. The latter increases

the downdrafts, which in turn leads to an increase of shear and a resulting ampli�-

cation of turbulent mixing. A possible result could be an even stronger entrainment,

so at least for a time, there is a positive feedback with mixing inducing further mix-

ing. Here, only speculations about the mechanism are possible but this seems to

be a fascinating twist on the well-studied problem of turbulent shear layers which

hamper the determination of cause and e�ect.
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