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Abstract

Stratocumulus clouds are ubiquitous around the globe. On average, they cover
around 20 % of the Earth’s surface. Wide-spread presence, persistence and high
albedo makes them important for the energy balance of the planet. Because only
minor variations in coverage or optical thickness can impact the surface radiation
budget, the feedback of stratocumulus clouds to global warming remains one of the
major sources of uncertainty in model-based climate predictions.

Marine stratocumulus clouds typically occupy upper few hundred meters of the
atmospheric boundary layer. Circulation and turbulence in such a stratocumulus-
topped boundary layer (STBL) is driven primarily by the cloud top radiative cooling
which can be supported by evaporative cooling, latent heat release, surface heating
and wind shear. The transport of moisture from the ocean surface maintains the
cloud against entrainment drying. The efficiency of vertical transport, hence the
properties of stratocumulus cloud and its evolution, is dependent on the thermody-
namic and dynamic structure of the STBL. When the STBL grows in depth, the
drivers of the circulation weaken or the subcloud layer stabilizes, then the mixing of
air volumes across the entire STBL depth may become impossible to sustain. The
boundary layer decouples, i.e. the stratocumulus cloud is disconnected from the
moisture supply from the surface.

Within the present study, the stratification, turbulence and aerosol properties
in coupled and decoupled marine STBLs are compared using high resolution in situ
measurements performed by the helicopter-borne platform ACTOS in the region of
the Eastern North Atlantic. Particular attention is given to small-scale turbulence.

The thermodynamically well-mixed (i.e. coupled) STBL was characterized by
a comparable latent heat flux at the surface and in the cloud top region, and sub-
stantially smaller sensible heat flux in the entire depth. Turbulence kinetic energy
(TKE) was efficiently generated by buoyancy in the cloud and at the surface, and
dissipated with comparable rate across the entire depth. Structure functions and
power spectra of velocity fluctuations in the inertial range were reasonably consistent

with the predictions of Kolmogorov theory. The turbulence was close to isotropic.



In the decoupled STBL, decoupling was most obvious in humidity profiles. Heat
fluxes and buoyant TKE production at the surface were similar to the coupled case.
Around the transition level, latent heat flux decreased to zero and TKE was con-
sumed by weak static stability. In the cloud top region, heat fluxes almost vanished
and buoyancy production was significantly smaller than for the coupled case. TKE
dissipation rate inside the decoupled STBL varied between its sublayers. Structure
functions and power spectra in the inertial range deviated from Kolmogorov scaling.
This was more pronounced in the cloud and subcloud layer in comparison to the sur-
face mixed layer. The turbulence was more anisotropic than in the coupled STBL,
with horizontal fluctuations dominating. The degree of anisotropy was largest in
the cloud and subcloud layer of the decoupled STBL.

Integral length scales, of the order of 100 m in both cases, indicate turbulent
eddies smaller than the depth of the coupled STBL or of the sublayers of the decou-
pled STBL. It is hypothesized that turbulence produced in the cloud or close to the
surface is redistributed across the entire coupled STBL but rather only inside the
sublayers where it was generated in the case of the decoupled STBL. Scattered cu-
mulus convection, developed below the stratocumulus base, may play an important
role in the transport between those sublayers.

In both cases, the size distribution of aerosol particles did not change signifi-
cantly with height, except for the influence of activation inside the cloud. Three
principal modes were identified in the aerosol size distributions: Aitken, accumu-
lation and larger accumulation. The sources of the observed aerosol particles were
likely sea spray emission and long-range transport of continental aerosol combined
with the entrainment into the STBL. The total concentration of aerosol particles
and the concentration of cloud condensation nuclei were constant below the coupled
stratocumulus. In the decoupled STBL, the concentrations in the subcloud layer
were smaller than in the surface mixed layer.

Most of the results concerning the coupled case are consistent with the previous
studies of stratocumulus dynamics. The observations of TKE production, heat fluxes
and turbulent fluctuations in the decoupled STBL fit well into the range of conditions
reported in the literature. The important novelty of this work are the results on
small-scale turbulence because the parameters like local dissipation rate, intertial
range scaling, anisotropy and length scales were not addressed in the context of
STBL coupling before.



Streszczenie

Chmury stratocumulus sa wszechobecne na catym $wiecie. Pokrywaja $rednio
okoto 20 % powierzchni Ziemi. Ich powszechne wystepowanie, trwalos¢ i wysokie
albedo czynia je istotnymi dla bilansu energetycznego catej planety. Poniewaz tylko
niewielkie r6znice w pokrywie lub grubosci optycznej moga wptywac na bilans radia-
cyjny powierzchni, odpowiedz tych chmur na globalne ocieplenie pozostaje jednym
z glownych Zrodel niepewnosci w prognozach klimatu.

Morskie chmury stratocumulus zwykle zajmuja gorne kilkaset metrow warstwy
granicznej atmosfery. Cyrkulacja i turbulencja w warstwie granicznej zwiericzonej
stratocumulusem (WGZS) sa napedzane przede wszystkim przez chtodzenie radia-
cyjne na wierzchotku chmury, ktére moze byé dodatkowo wspomagane przez chto-
dzenie zwigzane z parowaniem kropelek, uwalnianie ciepta utajonego, ogrzewanie
przy powierzchni oraz $cinanie wiatru. Transport wilgoci z powierzchni oceanu
utrzymuje chmure, przeciwdzialajac jej wyparowaniu pod wplywem wciggania su-
chego powietrza sponad warstwy granicznej. Wydajnos$¢ transportu pionowego, a
wiec rowniez wlasciwosci chmury stratocumulus i jej ewolucja, zalezy od termodyna-
micznej i dynamicznej struktury WGZS. Gdy WGZS rosnie, cyrkulacja stabnie lub
warstwa podchmurowa ulega stabilizacji, wowczas mieszanie powietrza w calej gte-
bokosci WGZS moze sta¢ sie niemozliwe do utrzymania. Warstwa graniczna ulega
rozsprzezeniu, tzn. chmura stratocumulus zostaje odtaczona od doptywu wilgoci z
powierzchni.

W ramach niniejszej pracy poréwnano wtasciwosci stratyfikacji, turbulencji i ae-
rozoli pomiedzy sprzezona a rozsprzezong morska WGZS, wykorzystujac w tym celu
pomiary in situ o wysokiej rozdzielczosci wykonane w rejonie pétnocno-wchodniego
Atlantyku przy pomocy platformy ACTOS na $migltowcu. Szczegdlng uwage zwrod-
cono na wlasnosci drobnoskalowej turbulencji.

Dobrze wymieszana sprzezona WGZS charakteryzowala sie poréwnywalnym stru-
mieniem ciepta utajonego na powierzchni i w gornej czesci chmury oraz znacznie
mniejszym strumieniem ciepta jawnego w calej gtebokosci. Energia kinetyczna tur-

bulencji (EKT) byta wydajnie generowana dzieki efektom wypornosciowym w chmu-



rze i na powierzchni, natomiast dyssypowana w poréwnywalnym stopniu w calej gte-
bokosci. Funkcje struktury i widma mocy dla fluktuacji predkosci byty w zakresie
inercyjnym zgodne z przewidywaniami teorii Kotmogorowa. Turbulencja byta bliska
izotropii.

W rozsprzezonej WGZS jej rozsprzezenie byto najbardziej widoczne w profi-
lach wilgotnosci. Na powierzchni, strumienie ciepta i produkcja EKT przez wypor
byty podobne do przypadku sprzezonego. W okolicach warstwy przej$ciowej, stru-
mien ciepta utajonego spadat do zera, a EKT byta pochtaniana z uwagi na stabil-
nos¢. W rejonie wierzchotka chmury strumienie ciepta niemal zanikaly, a produkcja
EKT przez wypor byta znacznie mniejsza w poréwnaniu do przypadku sprzezonego.
Tempo dyssypacji EKT wewnatrz rozsprzezonej WGZS réznito sie pomiedzy jej
podwarstwami. Funkcje struktury i widma mocy odbiegatly w zakresie inercyjnym
od skalowania przewidywanego przez teorie Kolmogorowa. Ten fakt byl bardziej
widoczny wewnatrz chmury i w warstwie podchmurowej w poréwnaniu z warstwa
powierzchniowa. Turbulencja byta bardziej anizotropowa niz w sprzezonej WGZS,
z dominujacymi fluktuacjami w kierunku poziomym. Stopienn anizotropii byl naj-
wiekszy w warstwie chmurowej i podchmurowe;j.

Skale catkowe rzedu 100 m w obu przypadkach wskazuja, ze wiry turbulencyjne
sa mniejsze niz gtebokosé sprzezonej WGZS czy tez gtebokosé podwarstw rozsprze-
zonej WGZS. Postawiono hipoteze, ze turbulencja wytworzona w chmurze lub w
poblizu powierzchni jest rozprowadzana w calej sprzezonej WGZS, natomiast w
przypadku rozsprzezonej WGZS tylko wewnatrz podwarstwy, w ktorej zostata wy-
generowana. Istotng role w transporcie miedzy tymi podwarstwami moga odgrywac
chmury cumulus, tworzace sie ponizej podstawy stratocumulusa.

W obu przypadkach rozktad wielkosci czasteczek aerozolu nie zmieniat sie zna-
czaco z wysokoscia, z wyjatkiem wplywu aktywacji wewnatrz chmur. Zidentyfi-
kowano trzy gtowne mody: Aitkena, akumulacyjny i akumulacyjny wiekszy. Zro-
dtami obserwowanych aerozoli byta prawdopodobnie emisja z powierzchni oceanu
oraz transport aerozolu kontynentalnego potaczony z wcigganiem powietrza do war-
stwy granicznej. Caltkowite stezenie czasteczek aerozolu i stezenie jader kondensacji
byty state ponizej sprzezonego stratocumulusa. W rozsprzezonej WGZS stezenia w
warstwie podchmurowej byly mniejsze niz w warstwie powierzchniowej.

Wiekszos$¢ wynikow dotyczacych przypadku sprzezonego jest zgodna z wezedniej-
szymi badaniami dynamiki chmur stratocumulus. Pomiary produkcji EKT, stru-

mieni ciepta i fluktuacji turbulencyjnych w rozsprzezonej WGZS mieszcza si¢ w



szerokim spektrum mozliwych warunkéow opisywanych w literaturze. Istotna nowo-
Scig tej pracy sa wyniki dotyczace drobnoskalowej turbulencji, poniewaz parametry
takie jak lokalne tempo dyssypacji EK'T, skalowanie zakresu inercyjnego, anizotropia

i skale dtugosci nie byty wczesniej badane w kontekscie stopnia sprzezenia WGZS.
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Chapter 1

Introduction

In the introduction, I discuss the definition, occurrence and importance of stratocu-
mulus clouds. The structure and main physical processes operating in a stratocumulus-
topped boundary layer (STBL) are described with a focus on turbulence. The
phenomenon of STBL decoupling is explained, followed by the discussion of the
mechanisms leading to decoupling as well as its consequences for the evolution of
the STBL. Next, I review the previous studies concerning turbulence properties in
decoupled STBLs. Finally, the area of the measurements analyzed in this study —
the Eastern North Atlantic (ENA) — is introduced with respect to typical cloud and
boundary layer properties.

It is assumed that the reader is familiar with the basic knowledge in the fields of
turbulence, atmospheric boundary layer and atmospheric thermodynamics. These
topics are extensively covered in a number of classical textbooks, e.g. Stull (1988);
Pope (2000); Markowski and Richardson (2010). The content of this chapter is based
on the range of research articles treating specifically about stratocumulus clouds and
STBLs.

1.1 Stratocumulus clouds

1.1.1 Characteristics

According to the traditional classification, stratocumulus is a genus of clouds occur-
ring in the low levels of the atmosphere. The name, originating from Latin, refers to
its appearance, with stratus meaning “cover, spreading” and cumulus meaning “heap,
pile, accumulation”. World Meteorological Organization (WMO) defines stratocu-

mulus in its International Cloud Atlas (World Meteorological Organization):



Chapter 1. Introduction

Grey or whitish, or both grey and whitish, patch, sheet or layer
of cloud that almost always has dark parts, composed of tessellations,
rounded masses, rolls, etc., which are non-fibrous (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 5°.

Within the cloud observation coding, stratocumulus genus corresponds to the
labels Cp4, Cp5 and C8, depending on the origin and additional features. In this
work, two configurations involving the mature developed stratocumuli are primarily
considered: stratocumulus non-cumulogenitus (Cp5) and stratocumulus together
with cumulus where the base of stratocumulus is located at a different height than

the base of cumulus (Cp8). Those clouds are illustrated in the sketches given in the
WMO cloud atlas (Fig. 1.1).

I S

(i) CL5: Stratocumulus non-cumulogenitus (ii) Cp,8: Cumulus and Stratocumulus

Figure 1.1: Sketch illustrations for the cloud observation codes involving stratocu-
mulus. From International Cloud Atlas (World Meteorological Organization).

The layered form of stratocumulus clouds is often maintained thanks to a cap-
ping temperature inversion providing strong static stability. Although horizontally
flat from large-scale perspective, their upper surface often exhibits quite a complex
structure when smaller scales, below ~100 m, are considered (see photograph in
Fig. 1.2). The characteristic feature, discerning stratocumulus from other strat-
iform cloud genera, is their dynamics driven to a large extent by the convective

instability resulting from cloud-top radiative and evaporative cooling.



1.1. Stratocumulus clouds

Figure 1.2: Photograph of a typical stratocumulus cloud over the ENA taken from
the helicopter during one of the flights of the ACORES field campaign. Mount Pico
is visible on the right side.

1.1.2 Relevance

Low-level stratocumulus clouds cover around 20 % of the Earth’s surface in annual
mean, more than any other cloud type (Wood, 2012). Incoming solar radiation is
mostly reflected at the cloud top while the effect of a cloud on outgoing longwave
radiation is minor comparing to a cloud-free situation. Thus, the strong negative
net radiative forcing contributes to the cooling of the underlying atmosphere and
surface.

Wide-spread presence, persistence and high albedo make marine stratocumulus
important for the energy balance of the planet (Hartmann et al., 1992). Minor
variations in coverage and optical thickness impact the radiation budget, therefore
low-level cloud feedbacks remain the major sources of uncertainty in model-based cli-
mate predictions (Boucher et al., 2013; Schneider et al., 2019). Only relatively small
differences in their coverage, albedo or thickness can potentially offset or strongly
amplify the anthropogenic global warming caused by the increased concentration of

greenhouse gases.

1.1.3 Climatology

The occurrence of stratocumulus clouds around the globe is strongly linked to the

general circulation of the atmosphere. Typically, they occupy the upper few hun-
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dred meters of the atmospheric boundary layer in the conditions of large-scale sub-
sidence, strong lower-tropospheric stability and moisture supply from the surface
(Wood, 2012). Such conditions are usually present in the subsiding parts of the
Hadley circulation, in particular over the subtropical oceans with upwelling of cold
deep water (Fig. 1.3). Over the subtropical eastern oceans, the stratocumulus an-
nual mean cover can reach even more than 60 %. The so-called semi-permanent
subtropical marine stratocumulus sheets feature the pattern which is roughly lati-
tudinally symmetric about the tropical convergence zone, although in the Southern

Hemisphere those sheets tend to be a bit larger.

Stratocumulus cloud cover [annual mean] Insufficient data

—

0 5 10 15 20 25 30 35 40 45 50 55 60

Fraction of low cloud cover due to stratocumulus [annual mean]  |nsufficient data

I [ [ I [ [ /1

o M0 20 30 4 50 60 70 80 90

Figure 1.3: Climatology of stratocumulus clouds: (a) annual mean coverage, (b)
fraction of annual mean low-cloud cover due to stratocumulus. From Wood (2012).

Other typical locations of frequent stratocumulus formation include midlatitude

oceans, in particular in the post-cold-frontal air masses related to midlatitude baro-



1.2. Stratocumulus-topped boundary layer

clinic systems. Moreover, stratocumulus often occurs in polar regions and in cold-air
outbreaks over the oceans (Fig. 1.4). Broadly speaking, stratocumulus clouds are
climatologically important over the vast majority of the Earth’s surface. Even in
the places where they seem to be relatively scarce, they contribute significantly to

the total low cloud cover.

Midlatitude stratocumulus

Cold Air outbreak 18 March 2008 at 14:45 UTC
~ =

g

Figure 1.4: Satellite imagery from the Geostationary Operational Environmental
Satellites (GOES) showing stratocumulus clouds in midlatitudes, subtropics, and
associated with a cold-air outbreak. From Wood (2012).

1.2 Stratocumulus-topped boundary layer

1.2.1 Main driving processes

The primary mechanism driving the circulation inside an STBL is longwave radia-
tive cooling at the cloud top which produces convective instability. An additional
source of turbulence is provided by buoyancy due to surface heat fluxes, wind shear,
latent heat release in updrafts, evaporation in downdrafts and evaporative cooling
associated with the entrainment of dry, warm air from the free troposphere (FT)
(Lilly, 1968; Stevens, 2002; Gerber et al., 2016; Mellado, 2017).
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Circulation and turbulence facilitate horizontally homogeneous cloud structure
and maintain the cloud by connecting the cloud layer with the surface source of
moisture. Turbulence also contributes to maintain or enhance the temperature in-
version right above the cloud top where the gradient can reach 10-20 K over the
vertical distance of a few meters only. The key processes important for the STBL
state and evolution are shown schematically in the sketch (Fig. 1.5) from Wood
(2012).

Longwave
cooling  Solar
4 heating
Entrainment  FREE TROPOSPHERE

S oS
Evaporative cooling Latent heating ¥ C .
Turbulent . {
\ MiXIng s Drizzle ' A BOUNDARY LAYER

Sea surface Surface fluxes
energy & moisture

Figure 1.5: Schematic of the key processes in an STBL. From Wood (2012).

1.2.2 Stratification

The properties of an STBL are dependent on the level in which the stratocumu-
lus is coupled with the sea surface fluxes, in particular of latent and sensible heat
(Bretherton et al., 1995; Bretherton and Wyant, 1997; Ghate et al., 2015; Zheng
et al., 2018b). Moderately shallow STBLs (about 500-1000 m) are often well mixed
(Stull, 1988; Markowski and Richardson, 2010; Wood, 2012) and exhibit the largest
fractional cloud coverage. Their typical vertical structure features: temperature T’
decreasing with dry adiabatic lapse rate I'; below the cloud and moist adiabatic I',,
inside the cloud, strong capping temperature inversion at the top, near-constant con-
centration of moist-conserved variables such as total water mass fraction ¢; = ¢, +
(where ¢, denotes specific humidity and ¢, liquid water mass fraction) and liquid
water potential temperature #; from the surface up to the inversion base.

In addition, the well-mixed character of an STBL is indicated by the lifting
condensation level (LCL) consistent with the cloud base height (CB). Horizontal
winds u., v, (eastward and northward) are generally nearly constant with height
z, except for close to the surface, but there is often strong wind shear across the
inversion manifested in the gradient of wind magnitude U or wind direction dd. The

example vertical profiles in well-mixed STBLs are given in Fig. 1.6 and Fig. 1.7.
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Figure 1.6: Vertical profiles of water vapor ¢, and liquid water ¢; mass fractions,
equivalent potential temperature 6, and temperature 7T for a summertime shallow
and quite well-mixed STBL observed over the North Sea. Dots denote mean values
from horizontal legs. Dotted lines show the profiles expected for a well-mixed layer.
From Wood (2012) who adapted from Nicholls (1984).
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Figure 1.7: Vertical profiles of liquid water potential temperature, potential tem-
perature, eastward v and northward v horizontal wind components, total water and
water vapor mixing ratios for a shallow and quite well-mixed STBL observed over
the northeastern Pacific in the research flight TO10 of the Physics of the Stratocu-
mulus Top (POST) field campaign. From Malinowski et al. (2013), their original
notation.
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A particularly important part of an STBL is the cloud top region where the
entrainment and mixing of warm dry air from the FT occurs. The range of heights
between the cloud top and the upper limit of the influence of mixing from the
boundary layer is described as the entrainment interface layer (EIL). Entrainment
and mixing affect the whole cloud structure and are crucial for the STBL evolution.
The structure of the EIL and the properties of the entrainment process have been
investigated in many observational studies (Lenschow et al., 2000; Faloona et al.,
2005; Gerber et al., 2005; Haman et al., 2007; Katzwinkel et al., 2012; Carman et al.,
2012; Malinowski et al., 2013; Gerber et al., 2013; Jen-La Plante et al., 2016) as well
as numerical simulations (Stevens, 2002; Moeng et al., 2005; Yamaguchi and Randall,
2008; Kurowski et al., 2009; de Lozar and Mellado, 2015, 2017; Mellado, 2017).
Therefore, these topics are not in the focus of the present work which addresses

rather the structure of an STBL below the cloud top region.

1.2.3 Turbulence

The state of an STBL is profoundly influenced by the turbulence operating inside.
The amount of energy contained in turbulent motions affects the entrainment of the
air from the FT and the intensity of mixing inside the boundary layer. On the other
hand, turbulent fluxes of heat, moisture, momentum and other constituents define
the mean properties and the evolution of a stratocumulus cloud. The intensity of
turbulence is regulated by different mechanisms producing, consuming or dissipating
turbulence kinetic energy (TKE).

Essential for the analysis of turbulence is the decomposition of any variable:

z(t) = (z(t)) + 2'(t) (1.1)

into a large-scale slowly varying mean (x(t)) and small scale turbulent fluctuations
2'(t) in the procedure called Reynolds averaging or Reynolds decomposition (e.g.
Stull, 1988).

1.2.3.1 TKE and turbulent variances

Turbulence kinetic energy is generated primarily by cloud top cooling (radiative
or evaporative), surface warming, latent heat release and wind shear (Malinowski
et al., 2013; Gerber et al., 2016; Kopec et al., 2016), where the exact contributions

of those effects depend on specific conditions (see sec. 1.2.3.3). Because the efficient
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operation of such processes is typically confined to specific locations (e.g. cloud top
or surface layer), the intensity of turbulent fluctuations of wind velocity, temperature
or humidity may vary with height.

The variance of vertical wind fluctuations (w?) usually maximizes away from the
top and bottom STBL boundaries, but predominantly in its upper portion where
positive buoyancy is induced by latent heat release. For example, this is visible in the
measurements and simulations of the first research flight (RF01) of the second Dy-
namics and Chemistry of Marine Stratocumulus (DYCOMS-II) field study (Fig. 1.8).
The maximum of (w) indicates the level where updrafts and downdrafts are the
strongest. Typically, the downdrafts originating at the cloud top are stronger and
smaller in area than the updrafts because cloud top cooling is the dominant driver of
convection in STBLs. However, the opposite effect can be observed close to the sur-
face when surface heat flux is significant or in cumulus-coupled STBLs (see sec. 1.3).
The relative strength of those updrafts and downdrafts is manifested by the sign of
the third moment of vertical velocity fluctuations (w”) (Fig. 1.8). In general, the
motions in an STBL are stronger at night when the net radiative driving at the

cloud top is stronger.
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Figure 1.8: Vertical profiles of vertical velocity variance (left) and third moment
(right) for the DYCOMS-II RF01. Markers indicate estimates as derived from the
in situ (solid dot with bar) and radar (circle-dot) observations. The in situ data
shows the mean and standard deviations about the mean for 2.5 min (15 km) sub-
legs of 30 min legs. The light shading spans the distribution of the results for
different models and is delimited by the maximum and minimum value within the
ensemble. The dark shading denotes the central half of the distribution as delimited
by the first and third quartile. The solid line is the ensemble mean. The dashed
lines are two selected models from the ensemble. Horizontal dashed lines delimit the
cloud area. From Stevens et al. (2005).
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In a well-mixed STBL or well-mixed sublayers of a decoupled STBL, it was
found that the profile of (w?) often follows convective scaling, i.e. it can be non-
dimensionalized to obtain a universal function with the use of the reference convec-
tive velocity scale w,. This scale is defined as the integral of the buoyancy flux (e.g.

Wood, 2012, Eq. (4)):

"y
0 v

where h is the layer depth, g is gravitational acceleration, 6, is virtual potential
temperature. Typical values of w, in STBLs are 0.25-1.25 ms™! (e.g Nicholls and
Leighton, 1986; De Roode and Duynkerke, 1997; Faloona et al., 2005). Certain
studies reported that the form of this universal function can be the same as found
for dry convective boundary layers (Lenschow et al., 1980) when taken upside-down
because the primary source of convection is located at the top instead of the bottom
of the boundary layer (Nicholls and Leighton, 1986; Duynkerke et al., 1995; Tjern-
strom and Rogers, 1996; De Roode and Duynkerke, 1997). Although the location of
the maximum (w'?) is predicted well by the similarity curve, Nicholls and Leighton
(1986) as well as De Roode and Duynkerke (1997) pointed out that the exact value
is rather underestimated. Those authors discussed that such an effect can be related
to the small density difference across the inversion which allows for the deformation
of the interface in response to local vertical motions. This stays in contrast to the
rigid lid boundary at the surface in the case of a dry convective boundary layer.
Fig. 1.9 shows an example of the profiles of (w'?) measured in different research
flights which collapse to a single curve when normalized by w?.

In contrast to the vertical, turbulent eddies are not limited in the horizontal
direction by the depth of the boundary layer. Usually, the variance of horizontal
longitudinal wind fluctuations (u?) features local maxima close to the cloud top
and close to the surface (e.g. Duynkerke et al., 1995, Fig. 14a). At those locations,
turbulent eddies diverge in the horizontal direction and there might be significant
wind shear. Due to the absence of clear geometrical constraints and the diversity in
wind shear magnitude, no universal scaling of (u"?) was found in STBLs.

As the consequence of the usual form of the profiles of (u?) and (w?), TKE
stays relatively constant throughout the height, with the local maxima close to the
cloud top and the surface (Stevens et al., 2005; Kopec et al., 2016). The example of
a TKE profile from the latter publication is given in Fig. 1.10.

10
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Figure 1.9: Scaled vertical velocity vari- Figure 1.10: Turbulence kinetic energy
ance in a stratocumulus layer. Different (TKE) from the simulations of the POST
symbols denote different measurement TO13: black lines — with shear, grey —
flights. The dashed line is the univer- without shear, dashed — without radia-
sal function from Lenschow et al. (1980). tive cooling, solid — with radiative cool-
From Nicholls and Leighton (1986). ing. From Kopec et al. (2016).

1.2.3.2 Turbulent fluxes

Turbulent fluxes are crucial to facilitate the vertical transport across an STBL as well
as to maintain a stratocumulus cloud or drive its evolution. The vertical transport, in
particular of heat and moisture, is closely related to the degree of dynamic coupling.

In general, vertical flux is required to be a linear function of height if a layer
is supposed to remain well-mixed (e.g. Stull, 1988). Total heat flux is customarily
partitioned into sensible heat flux ), related to the differences in temperature of air
volumes and latent heat flux @), related to the differences in moisture content which

can be converted into heat in the process of condensation:

Qs = pCp <’LU/91> y Ql = va (w’q@) (13)

where p is air density, 6 potential temperature, L, latent heat of vaporization for

water and ¢, specific heat of dry air at constant pressure.
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Qs and Q); evaluated at the surface quantify the transfer of heat and moisture,
respectively, between the ocean and the atmosphere. In marine boundary layers,
Q) is typically much larger than Q). For instance, Ghate et al. (2015) reported the
mean surface sensible heat flux of 9.4 and 7.9 W m~2 while the mean surface latent
heat flux of 103 and 72 Wm™2 for the two measurement stations located in the
southeastern Pacific and northeastern Atlantic, respectively (c.f. sec. 1.4.3).

@, is proportional to the vertical flux of water vapor (w'q,). Specific humidity is
not itself a conserved quantity due to possible phase transitions. Instead, conserved
in moist processes is ¢; which includes the contribution of ¢;. Total water flux (w'q;)
can either decrease or increase with height because the water sink due to entrainment
can be comparable to the water source due to surface evaporation. The flux can be

partitioned into several terms:
(w'qp) = (w'q,) + (w'qp) + wra. (1.4)

The turbulent flux of liquid water (w'q) can contribute significantly in the cloud
(Nicholls, 1984; Duynkerke et al., 1995). Gravitational settling of rain and cloud
droplets is denoted by wrq; where wr stands for the settling velocity dependent on
size and tilde refers to the average across the same area as for turbulent fluxes which
is however not exactly a Reynolds average in its usual sense (c.f. Nicholls, 1984). In
a thick stratocumulus, precipitation and cloud droplet sedimentation can reach the
magnitude comparable with other terms (Nicholls, 1984; Duynkerke et al., 1995; De
Roode and Duynkerke, 1997). Measuring all the terms of the above water budget
simultaneously poses a challenge for experimental projects. Moreover, most of the
vertical transport of moisture is realized by the eddies of large horizontal scales
which require a very long measurement path to ensure an acceptable sampling error
(Lenschow and Stankov, 1986; Lenschow et al., 1994).

1.2.3.3 TKE budget

The intensity of turbulence and its temporal evolution in an atmospheric boundary
layer under the assumption of horizontal homogeneity can be well described by the
TKE budget equation (e.g. Stull, 1988, Eq. 5.1b):

d 9, p O 0y IW'TKE) 1 d{w'P’)
ZTKE = — — — ik SV A
ot Ty (0] — ) = ) e i T e
%/_/ ~~ v~ %’_/
B S Tr Pr
(1.5)
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1.2. Stratocumulus-topped boundary layer

where B is buoyancy production/consumption, S is shear production, Tr is tur-
bulent transport, Pr is pressure correlation term, € is TKE dissipation rate, P is
pressure and v is lateral wind velocity.

In a typical STBL, the dominant terms which provide a crude approximate bal-
ance are B, € and T'r. The strength of shear production depends on the mean wind
profile. S can be significant if there is a considerable wind gradient across the cloud
top and capping inversion. Otherwise, S is limited to surface friction and local
shear induced by the plumes diverging below the stable interface at the top. Such
a case of a shallow well-mixed nocturnal STBL with rather restrained wind shear is
represented by the observations of the DYCOMS-II RF01. Those conditions were
simulated by Mellado et al. (2018). Fig. 1.11 presents the profiles of the leading

terms in the TKE budget equation from their simulations.
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Figure 1.11: Leading terms of the TKE budget in the simulations of the DYCOMS-
IT RFO01. Darker colors indicate higher Reynolds number of the simulation. From
Mellado et al. (2018).

Usually, buoyancy is the primary source of turbulence inside an STBL. B is
maximum in the cloud layer (Nicholls and Leighton, 1986; Duynkerke et al., 1995).
Significant buoyancy is induced particularly by the radiative or evaporative cooling
at the cloud top (Gerber et al., 2016) and further enhanced by the in-cloud latent
heat release (Lilly, 1968; Moeng et al., 1992; Bretherton and Wyant, 1997). The
exact position of B maximum results from the vertical distribution of longwave
cooling and the proportions between the strength of cloud top cooling and latent
warming (Duynkerke et al., 1995; Dodson and Small Griswold, 2021). Often, there
is an abrupt increase in B above the cloud base. Moreover, B can be also significant

close to the surface from where convective plumes might originate, depending on the
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surface temperature and heat fluxes. B is frequently slightly negative right below
the cloud base which indicates TKE consumption. Under such conditions, TKE
needs to be transported to this place so that the STBL remains well-mixed. If not
compensated by efficient transport (see positive T'r at this location in Fig. 1.11),
the strong negative buoyancy can lead to boundary layer decoupling (Turton and
Nicholls, 1987; Bretherton and Wyant, 1997; Stevens, 2000).

Buoyancy in a marine STBL is strongly related to moisture transport and dis-
tribution. For instance, under the condition of the same potential temperature, the
air volumes from the surface, which are humid thanks to evaporation (related to
latent heat flux), can be more buoyant than the air volumes from the cloud top,
which are dried due to the mixing with the FT and precipitation. The difference in
buoyancy becomes even stronger if one considers diabatic effects, such as radiative
and evaporative cooling at the cloud top, latent heating in the cloud or convective
heating at the surface (related to sensible heat flux). The differences in buoyancy
drive the circulation which mixes the boundary layer.

Turbulent transport mostly acts to remove a portion of the TKE from the loca-
tions where it is efficiently produced (e.g. in the cloud, at the surface) and supply it
to the locations of consumption or limited production (Fig. 1.11). Mean dissipation
rate is typically of similar order across the STBL with local maxima at the surface
and at the cloud top.

The magnitudes of the relevant contributions to the TKE budget were analyzed
by Kopec et al. (2016) who simulated the STBL as observed in the POST flight
TO13. This case is not considered a “classical” STBL, in particular with respect
to thermodynamic stratification. Namely, the FT was relatively humid and the
gradient of ¢; across the cloud top was relatively weak. This prevents buoyancy
reversal which occurs when the mixtures of cloudy and free-tropospheric air can
become negatively buoyant due to evaporative cooling. Their TKE budget analysis
(Fig. 1.12) highlighted the role of wind shear and cloud top radiative cooling for
turbulence generation. As expected, B was significant close to the surface and the
cloud base. However, the region of efficient production did not span throughout
the whole cloud. On the other hand, shear contributed substantially to the TKE
production at the cloud top and at the surface. T'r reduced the TKE in the bottom
half of the STBL and supplied the TKE in the middle of the cloud. Pr was smaller

in relation to the other terms analyzed.
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Figure 1.12: TKE budget analysis for the simulations of the POST flight TO13: (a)
buoyancy production/consumption, (b) shear production (c) turbulent transport,
(d) pressure correlation. Line styles denote different model runs as in Fig. 1.10.
From Kopec et al. (2016), their original notation.

1.2.4 Aerosols

The spatial distribution of aerosol particles is dependent on the general stratification
of the atmosphere. On the other hand, the microphysical and optical properties
of stratocumulus are influenced by the particle number concentration N,, particle
number size distribution (PNSD) and particle composition because they serve as
cloud condensation nuclei (CCN). Under some circumstances, clouds additionally
play an important role in the process of new particle formation (Wehner et al.,
2010, 2015; Williamson et al., 2019) which might, in turn, modify CCN concentration
Neeon and consequently cloud droplet number concentration N;.

Over remote oceans, where stratocumulus clouds habitually reside (see sec. 1.1.3),
anthropogenic emissions of aerosols are quite limited. Therefore, particle generation
at the ocean surface, long-range transport and new particle formation are significant
factors that determine the chemical composition, morphology and vertical distribu-
tion of boundary layer aerosols (China et al., 2015; Dzepina et al., 2015; Schum et al.,
2018; Zheng et al., 2018a; Wang et al., 2020; Zheng et al., 2020a). The properties
and distribution of aerosol particles are closely related to the structure of the ma-
rine boundary layer, either cloudy or cloudless, and the history of its evolution — for

instance the degree of dynamic coupling between multiple levels (see also sec. 1.3.5).
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1.3 STBL decoupling

1.3.1 Mechanism

From the point of view of density, the STBL stratification is constantly destabilized
by buoyancy generation or consumption (cloud top radiative cooling, latent heat
release, surface buoyancy flux) which are localized at specific levels. In order to
maintain the well-mixed state, the circulation and turbulence need to redistribute
the buoyancy so that density changes at the same rate everywhere. This often
involves negative B in the subcloud layer (c.f. sec. 1.2.3.3). However, B cannot
take whichever value due to the constraints imposed by the TKE budget. When the
required B turns too negative, the well-mixed regime cannot be sustained.

For example, when an STBL grows in depth above ~1 km through the entrain-
ment from the FT, the longwave cooling at the cloud top might become too weak
to generate the circulation capable of mixing the positively buoyant volumes across
the full STBL depth. The circulation ceases to sustain the mixing and the STBL
becomes decoupled, i.e. the cloud is disconnected from the moisture supply from the
surface. Then, the STBL separates into sublayers which can become dynamically
independent and vary in mean thermodynamic properties.

The decoupled state can be achieved due to the operation of various physical

mechanisms. They can be conceptually categorized into the following order:

e reducing the intensity of radiatively driven circulation in relation to the bound-

ary layer depth
— deepening-warming: the entrainment of warm and dry free-tropospheric
air which abruptly deepens the STBL (Bretherton and Wyant, 1997),

— diurnal insolation: the absorption of solar radiation which heats the cloud
layer and partially offsets the effect of longwave cooling during daytime

(Nicholls, 1984; Turton and Nicholls, 1987; Caldwell et al., 2005),
e stabilizing the subcloud layer by low-level cooling

— warm air advection: the transit of the STBL onto colder waters (Stevens

et al., 1998; Zheng and Li, 2019; Zheng et al., 2020b),

— precipitation evaporation: the consumption of latent heat which results
in the cooling of the subcloud layer (Caldwell et al., 2005; Dodson and
Small Griswold, 2021).
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1.3.1.1 Deepening-warming

The explanation of this mechanism was provided by Bretherton and Wyant (1997).
It is relevant for STBLs over eastern subtropical oceans being advected by the trade
winds towards the equator over progressively warmer waters. As the sea surface
temperature (SST) rises, the convection intensifies due to the increasing buoyancy
flux which, in turn, enhances the entrainment of warm and dry free-tropospheric
air into the boundary layer. Simultaneously, the surface relative humidity decreases
and the surface latent heat flux increases. The LCLs corresponding to updrafts and
downdrafts separate. The stratocumulus cloud layer (SCL) becomes drier than the
surface mixed layer (SML).

As the separation of the LCLs continues, updrafts give rise to small cumulus
clouds. The cumulus convection penetrates the SCL and further enhances the en-
trainment which facilitates a positive feedback loop. The STBL rapidly deepens
while the diabatic cooling at the cloud top stays nearly constant. In terms of the
cloud layer energy balance, the equilibrium between the diabatic cooling and the
entrainment warming is broken by the increased entrainment. At some point, radia-
tive driving is not sufficient to maintain the well-mixed state for the entire depth.
The sublayers of the STBL are then only intermittently coupled by the penetrative
cumulus convection.

Strong @), forces the buoyancy flux in the cloud to be much larger than in the
subcloud layer. Although vertically averaged B changes only slightly in time, in-
cloud B increases but sub-cloud B becomes increasingly negative (c.f. sec. 1.3.4.3).
Assuming an STBL with any negative buoyancy flux below the cloud base can be
considered decoupled, Bretherton and Wyant (1997) developed a “minimal decou-
pling criterion”. They found the process of deepening-warming is driven primarily
by the increasing fraction of surface @); to the radiative flux divergence across the
STBL (flux ratio). In order to satisfy the criterion, the flux ratio needs to ex-
ceed the threshold which is proportional to the fraction of the STBL filled by the
cloud and to the entrainment efficiency. For typical subtropical STBLs, it implies
Q; > 50-100 W m~2, depending on specific conditions. Other factors, such as drizzle
evaporation, solar insolation or sensible heat flux, do contribute to the process but

with less importance.
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1.3.1.2 Diurnal insolation

Marine STBLs are often subject to a strong diurnal cycle driven primarily by the
changes of solar insolation and its absorption in the upper portion of a stratocumulus
cloud. In contrast to clouds originating from convective plumes rising from a heated
surface, marine stratocumuli exhibit maximum sky coverage, cloud thickness and
liquid water path (LWP) in the early morning instead of the afternoon. Shortwave
warming partially offsets longwave cooling, therefore suppresses convective circula-
tion during the day. For relatively deep boundary layers (above ~1 km), it is quite
common to experience reversible daytime decoupling (Turton and Nicholls, 1987).
Due to the absorption of solar radiation at the cloud top, the effect of longwave
cooling is too weak to generate the circulation strong enough to effectively supply
moisture from the surface. Nevertheless, the dynamic coupling between the cloud
and the surface can be restored after sunset.

Because the process is controlled by the amount of energy absorbed by the cloud
from solar radiation, Turton and Nicholls (1987) suggested that the occurrence of
diurnal decoupling depends on season and latitude. For instance, in midlatitudes, it
is far more probable in summer while in subtropics it can be observed throughout the
year. The diurnal variations in cloud cover and thickness are particularly pronounced
in the regions of subtropical oceans where the gradual transition from stratocumulus
to trade wind cumulus takes place (c.f. sec. 1.3.1.5). The variations in cloud cover
and thickness related to reversible diurnal decoupling may significantly affect the
surface energy balance by altering radiation fluxes in the atmosphere. Therefore,
this phenomenon is also of interest from the point of view of global and regional
climatology.

Caldwell et al. (2005) studied the diurnal cycle with the focus on buoyancy flux
and its contribution towards the TKE budget. They found that, in accordance with
the changes in the cloud structure including thickness and LWP, B inside the cloud
is maximum during nighttime and minimum during daytime (Fig. 1.13). Negative B
below the cloud base starts building up around sunrise and persists throughout the
morning and the rest of the day. The deviation of cloud base height from the surface
LCL appears at the same time as the onset of negative B. In general, the STBL
remains decoupled during daylight but restores a considerably well-mixed state at

night.
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Figure 1.13: Diurnal variations in the profile of buoyancy production/consumption
obtained with a mixed-layer model fed with observations. Negative values are indi-
cated with grey shading. From Caldwell et al. (2005).
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The changes in net cloud top radiative cooling often trigger complex feedbacks
in the dynamics of an STBL. For instance, increased cooling leads to stronger cir-
culation, increased entrainment into the STBL, decreased relative humidity, and
increased surface latent heat flux. Such feedbacks operate also in response to the
diurnally changing forcing from the cloud top, however with a specific timescale.
Zheng et al. (2018b) found that the timescale for the response of latent heat flux
to the diurnal changes in cloud top radiative cooling is around 4 hours. They un-
derline that the common emergence of cumulus clouds below stratocumulus, symp-
tomatic for a decoupled STBL, is not merely a part of the diurnal cycle, but the
lifetime of the cumulus-coupled stratocumulus can be as long as several tens of
hours. The decoupling can then be considered as a rather permanent state. The
strength of cumulus convection is modulated by the diurnal cycle but those clouds
do not dissipate completely at night. In cumulus-coupled STBLs, the operation of
the radiation—turbulence—-entrainment—flux feedback connecting the cloud top with
the surface is suppressed Zheng et al. (2018b). For instance, surface @); in coupled
STBLs is usually of the same order as cloud top radiative cooling but in decoupled
STBLs with cumulus, there is negligible influence of cloud top cooling on surface
moisture and (), at least on the diurnal timescale. In the latter case, ); is often
significantly larger than cloud top radiative cooling. Stronger surface forcing further
reduces the importance of cloud top processes for driving convective circulation. It
may finally lead to the dissipation of stratocumulus and the transition into shallow

cumulus convection regime.
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1.3.1.3 Warm air advection

Low-level warm air advection in the atmosphere corresponds to an STBL moving
over the progressively colder ocean surface. Surface cooling contributes to stabilizing
the subcloud portion of the boundary layer. This promotes decoupling because much
stronger driving from cloud top would be required to generate the circulation capable
of mixing throughout the entire depth against the stable stratification. In contrast
to the previously described mechanisms, cumulus convection is prohibited due to
the stability and negative surface heat fluxes (Zheng and Li, 2019). The weakened
circulation and turbulence reduce the cloud top entrainment which, in turn, extends
the lifetime of the decoupled stratocumulus until it runs out of moisture due to
limited delivery. The dissipation may last several tens of hours. The decoupling due
to warm air advection is often observed in the warm sectors of midlatitude cyclones
over cold oceans (Zheng and Li, 2019).

In principle, the deepening-warming mechanism (sec. 1.3.1.1) can be considered a
strong cold air advection because an STBL moves over gradually higher SSTs. Zheng
et al. (2020b) argued that STBL advection and related decoupling should be treated
within a uniform framework which spans the wide spectrum of possible advection
events: from an extreme cold air advection to an extreme warm air advection.
The former is typical for the trade winds in subtropics, the latter for cyclones at
higher latitudes. The cold air advection is associated with intensified turbulence
and mixing while the warm air advection with stable stratification and turbulence
suppression. Interestingly, both can lead to boundary layer decoupling (Fig. 1.14),
yet in a different time span. The cold air advection can induce decoupling on
shorter time scales. However, it needs to be sufficiently strong in order to trigger
rapid deepening-warming. According to Zheng et al. (2020b), the rate of change for
SST should exceed 5 K per day. In general, an STBL becomes more decoupled for
stronger advection events (relevant for both extremes) but the sensitivity is weaker

for shallow boundary layers which require less mixing intensity to remain coupled.

1.3.1.4 Precipitation evaporation

Stratocumulus clouds often precipitate in the form of drizzle which in large part
evaporates before reaching the surface (Wood, 2012). Evaporation is connected with
latent heat consumption, hence with cooling, which is localized in the subcloud
portion of an STBL. This cooling contributes to the stabilization of the STBL.
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Figure 1.14: Schematic illustrating the response of STBL coupling state to low-level
temperature advections. From Zheng et al. (2020b).

The effect of evaporating precipitation on the stratification can be conceptually
considered as the transfer of energy from the subcloud layer (where precipitation
evaporates consuming latent heat) to the cloud layer (where water vapor condensates
releasing latent heat). The stable stratification suppresses circulation, turbulence
and mixing. As in the case of warm air advection, stronger driving would be required
to perform work against stability. Because cloud top radiative cooling stays rather
constant instead, the boundary layer decouples.

Precipitation evaporation was observed by Caldwell et al. (2005) to work in co-
operation with solar insolation in driving the diurnal cycle (sec. 1.3.1.2). Although
drizzle is only a relatively small term in the STBL moisture budget, it substantially
reduces the subcloud buoyancy flux. Because stratocumulus clouds precipitate more
heavily late in the night and early in the morning (owing to maximum cloud thick-
ness and LWP), drizzle evaporation may induce weak decoupling during the early
morning hours. The decoupled structure is then maintained throughout the day by
shortwave absorption. Indeed, Caldwell et al. (2005) found negative B below the
cloud already around 8:00 local time (Fig. 1.13) which is earlier than expected for
the effect of shortwave heating alone.

Dodson and Small Griswold (2021) stressed out that the actual effects of precipi-
tation on the STBL coupling state may be subtle and should be considered carefully.
For instance, the profile of evaporative cooling might play a role. If the most of pre-

cipitation water is contained in relatively small droplets, they evaporate high above
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the surface. Then, cooling is to a large extent confined in the upper part of the sub-
cloud layer. Under such conditions, evaporation contributes to the destabilization

and mixing of the subcloud layer but towards the stabilization of the cloud layer.

1.3.1.5 Stratocumulus to cumulus transition

Stratocumulus decoupling is a factor which strongly influences further evolution of
the cloud pattern and the boundary layer structure. It constitutes an intermediate
stage of transition from overcast stratocumulus into shallow cumulus convection
over subtropical oceans as the air masses are advected by the trade winds towards
the equator (Albrecht et al., 1995; Bretherton and Pincus, 1995; Bretherton et al.,
1995; Bretherton and Wyant, 1997; De Roode and Duynkerke, 1997). The successful
representation and prediction of such a transition between the two boundary layer
regimes pose a challenge for atmospheric general circulation models (Xiao et al.,
2011, 2012), in large part due to the limited understanding of the interactions of
various processes involved which hinders robust parameterizations.

Xiao et al. (2011) indicated that the transition is controlled mostly by the surface
fluxes and the properties of the F'T. Decoupled STBLs are far more likely to destruct
and evolve into shallow trade wind cumulus regime, in particular when there is a
possibility of strong buoyancy reversal in the course of mixing at the cloud top.
Due to the decoupling, the effect of entrainment drying is trapped in the cloud layer
instead of being redistributed down to the surface as in a coupled STBL. This makes
the cloud top entrainment instability (CTEI) mechanism (Deardorff, 1980; Randall,

1980) more efficient in destroying a decoupled cloud.

1.3.2 Cloud structure

Decoupled stratocumulus layers tend to reside at higher altitudes above sea level
and to be deeper than coupled ones (Dong et al., 2015). In accordance, their LWP
is larger, similarly to effective droplet radius r. (Dong et al., 2015). On the other
hand, STBL decoupling often results in the breaks in stratocumulus deck due to the
limited moisture supply and weaker circulation homogenizing the cloud structure.
The reduced cloud cover can lead to stronger surface forcing, increased intensity of
cumulus convection and decreased frequency of stratocumulus as well as its enhanced
mesoscale variability. Decoupled stratocumulus clouds with cumulus underneath

(CrL8) exhibit positive skewness of LWP statistics. This property was exploited
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by Zheng et al. (2018¢c) to design a method of detecting decoupling in subtropical
marine clouds from satellite products. The dynamics of a shallow overcast well-
mixed STBL and a deep decoupled STBL with broken clouds are compared in the
insightful schematic (Fig. 1.15) by Wood (2012).
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Figure 1.15: The structure of marine stratocumulus in (a) a shallow, well-mixed
and (b) deep, cumulus-coupled boundary layer. Gray arrows indicate the primary
motions on the scale of the boundary layer, while smaller red arrows indicate the
small-scale entrainment mixing at the inversion. From Wood (2012).

The primary process regulating the cloud structure and boundary layer dynamics
is cloud top radiative cooling. It was found to stay remarkably similar independent
of the STBL depth or its coupling state (Zheng et al., 2018b). Therefore, relatively
shallow STBLs are almost always well-mixed while relatively deep STBLs are almost
always decoupled. However, for STBLs of medium depth, the coupling state depends
on the strength of cloud top radiative cooling and other processes.

Precipitating decoupled clouds were found to have larger total cloud fraction and
reflectivity than similarly precipitating coupled clouds (Goren et al., 2018). This
can be related to the open cell mesoscale convection pattern which is frequent for
coupled stratocumuli that precipitate heavily. The mechanism driving the transition
from closed to open cell convection does not work as efficiently in decoupled STBLs
because intensive downdrafts are often decelerated by a stable transition layer (TSL).
This prevents them from reaching the surface and generating strong gust fronts

which play an important role in inducing overruning mixing and cloud layer collapse.
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1.3.3 Stratification

When an STBL becomes decoupled, several distinct sublayers can be distinguished
inside. The radiatively driven stratocumulus layer (SCL) and the subcloud layer
(SBL) in the upper part may be still mixed by negatively buoyant eddies generated
at the cloud top and positive buoyancy due to latent heat release. The surface mixed
layer (SML) at the bottom may be mixed by positive buoyancy or shear generated
close to the surface. A stable or conditionally unstable intermediate transition layer
(TSL) emerges in between.

Conserved variables (6, 0., ¢;) are not necessarily constant with height but may
feature pronounced gradients in the transition zone. However, they are often still
maintained relatively constant inside the SCL and inside the SML separately (sub-
ject to the internal dynamics of those sublayers). The sublayers of a decoupled
STBL are marked next to the example profiles in Fig. 1.16.
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Figure 1.16: Stratification of a summertime decoupled STBL over the North Sea.
Vertical profiles of equivalent potential temperature 0., temperature T, water vapor
¢, and liquid water ¢; mass fraction, eastward u,. and northward v, wind components.
Labels on the left denote the sublayers. Adapted from Nicholls and Leighton (1986).

The properties of the transition and the details of the stratification in decoupled
STBLs vary between specific cases. For instance, Nicholls (1984) observed no inde-
pendent TSL and SBL. In their study, the bottom of the deep SCL was practically
adjacent to the top of the SML. Nevertheless, despite the lack of clear indications of

24



1.3. STBL decoupling

decoupling in the thermodynamic profiles, they diagnosed it based on the analysis
of the turbulent fluxes (c.f. sec. 1.3.4.2) by comparing them with the fluxes which
would be needed to maintain the well-mixed conditions in the entire STBL.

On the other hand, Nicholls and Leighton (1986) reported a shallow SCL mixed
with a relatively deep SBL (Fig. 1.16). The TSL extended over the height range of
a few hundred meters. It was clearly distinguishable by the gradients of 6. and g,
at its top and bottom. Interestingly, the flow inside the TSL was characterized as
nearly laminar and wind shear was noticed.

The nontrivial structure of decoupling was also described by Tjernstrém and
Rogers (1996). Their first observational case featured the TSL depth between 2
and 300 m, while the second from a few tens to 100 m. In the former, a double-
layer structure of the TSL was noticed, with a wind jet in the middle. In both,
the top of the SML (the bottom of the TSL) was indicated by the gradients in
conserved variables, in contrast to the boundary between the TSL and the SCL.
The turbulence associated with the cloud was confined in the SCL, i.e. there was
no SBL dynamically mixed with the SCL.

Lambert et al. (1999), who focused on the properties of the SML, complained
that the top of the SML was not indicated by any strong vertical gradient in potential
temperature or moisture in their individual profiles because that difference was of the
same order as the typical turbulent fluctuations in the SML. This is the reason why
they developed a method for diagnosing decoupling based on the profile of the TKE
dissipation rate (see sec. 1.3.4.3). Nonetheless, they demonstrated the gradients are
indeed visible in the profiles averaged with respect to normalized height over many
individual penetrations (Fig. 1.17). It can be seen that potential temperature is
well mixed from the surface up to the top of the SML while it is stably stratified
above. Humidity slightly decreases with altitude in the SML. Similarly, horizontal
wind speed and direction were constant in the SML but changes could be spotted
in the upper portion of the STBL. The same conclusions were reached by Durand
and Bourcy (2001).

In a decoupled STBL, the LCL associated with the conditions in the SML differs
substantially from the actual observed stratocumulus base. This LCL is located
mostly above the top of the SML (Lambert et al., 1999). The TSL is often stable
to dry convection but unstable to moist convection (Tjernstrom and Rogers, 1996;
Lambert et al., 1999). Conditional instability allows for cumulus updrafts to pene-

trate through and intermittently restore the coupling between the moisture source
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Figure 1.17: Stratification of an autumn decoupled STBL over the ENA during the
SEMAPHORE field project. Vertical profiles of potential temperature (left) and
specific humidity (right) relative to the SML mean, averaged with respect to height
which was normalized to the SML depth h and the inversion height Z;. Horizontal
bars give RMS values among the samples. From Lambert et al. (1999), their original
notation.

at the ocean surface and the stratocumulus cloud (Bretherton and Wyant, 1997; De
Roode and Duynkerke, 1997).

Objective criteria developed to diagnose decoupling in experimental data usually
exploit the properties of the STBL stratification described above (see sec. 4.1).
Those criteria are often based on the basic thermodynamic quantities: the difference
in moist-conserved variables between the lowermost and the uppermost portion of
the STBL or on the difference between the LCL calculated for surface conditions
and the actual CB (Wood and Bretherton, 2004; Jones et al., 2011; Ghate et al.,
2015). On the other hand, modeling studies followed a more dynamically oriented
diagnostic criterion: the ratio of negative and positive portions of the buoyancy
flux (c.f. sec. 1.3.4.2) integrated over the STBL depth (Turton and Nicholls, 1987;
Bretherton and Wyant, 1997; Stevens, 2000).

1.3.4 Turbulence

The properties of turbulence are closely linked to the degree of boundary layer cou-
pling, because turbulence, together with circulation, contributes to the mixing of
air volumes across the STBL depth. However, the interplay between turbulence and
stratification is rather complex. Therefore, decoupling can often manifest subtly
in various turbulent parameters. Although the concept of circulation and turbu-
lence being insufficiently strong in order to maintain the mixing throughout the

entire depth plays a central role in the conventional rationale of decoupling, rather
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1.3. STBL decoupling

few works attempted to quantitatively characterize turbulence, in particular with
regard to small scales (integral length scale and below). The major reason is the
technical difficulty in measuring turbulent fluctuations of wind velocity, temperature

or humidity with adequate spatial resolution and accuracy.

1.3.4.1 TKE and turbulent variances

The observations performed in decoupled STBLs (Nicholls, 1984; Nicholls and Leighton,
1986; Tjernstrom and Rogers, 1996; De Roode and Duynkerke, 1997) indicate that
(w) in the upper mixed layer (SCL and SBL) follows relatively well the convec-
tive similarity profile (exploiting w,) when taken upside-down (see explanation in
sec. 1.2.3.1). The maximum in (w’) is typically located in the upper portion of the

cloud while its minima at the very cloud top and around the transition level (see
Figs. 1.18 and 1.19).
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Figure 1.18: Variances of equivalent potential temperature (left), total water mass
fraction (center) and vertical velocity (right) measured in a decoupled STBL. The
extent of the cloud layer is indicated by the vertical bar. The dashed curves are
fitted by eye. From Nicholls (1984), their original notation.

De Roode and Duynkerke (1997) found that also the profile measured in the
SML can be approximated with the dry convective scaling (Fig. 1.19). They used
the agreement of their observations with the similarity relationships to argue about
the relative importance of TKE generation by buoyancy at the cloud top versus that
at the surface. Local maximum of (w?) in the middle of the SML was also observed
by Nicholls (1984) (Fig. 1.18). On the other hand, Tjernstrom and Rogers (1996)
reported a nearly linear decrease of (w'?) with height inside the SML (their Fig. 9)

which is expected for a near-neutral mixed layer.
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Figure 1.19: Vertical velocity variance (left), turbulence kinetic energy (center) and
vertical velocity skewness (right) derived from the horizontal aircraft legs - an ex-
ample from the ASTEX experiment. Flight 4 was performed in the considerably de-
coupled STBL with cumulus convection. Dotted lines indicate cloud base and cloud
top. Solid curve corresponds to convective scaling in the form given by Lenschow
et al. (1980). From De Roode and Duynkerke (1997).

Vertical velocity skewness was found to be negative in the SCL and the SBL
while positive in the SML (Figs. 1.19 and 1.20), consistently with the location of
principal processes driving the convection (Nicholls and Leighton, 1986; De Roode
and Duynkerke, 1997; Lambert et al., 1999; Dodson and Small Griswold, 2021). The
strongest negative skewness is typically observed in the middle of the cloud while
the strongest positive skewness in the middle of the SML. The sign of the vertical
velocity skewness was used by De Roode and Duynkerke (1997) as an indicator of
the relative strength of radiative cooling at the cloud top, latent heat release inside
the cloud and thermal instability at the surface for driving the circulation. For
instance, nearly zero skewness in the cloud indicated that convection due to the
release of latent heat was as strong as due to the cloud top radiative cooling.

The variance of horizontal wind fluctuations was measured by Tjernstrom and
Rogers (1996) to decrease with height in the SML in a nearly linear manner. On
the other hand, they noticed an increase inside the SCL, with the maximum (u’?)
right below the cloud top. In addition, those authors suggested the profile of (u/2) in
the SCL scales similarly to a dry convective boundary layer when the measurement
results are considered upside-down.

The behavior of TKE was documented only by several studies and their con-
clusions differ. De Roode and Duynkerke (1997) noted a pronounced minimum at
the transition level and two local maxima: in the cloud and in the SML, with the
former being considerably stronger (Fig. 1.19). In contrast, Dodson and Small Gris-
wold (2021) argued that TKE systematically larger in the SBL in relation to the
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1.3. STBL decoupling

SCL distinguishes decoupled STBLs from coupled ones. They suggested that cou-
pled STBLs tend to have two maxima in TKE inside the SCL, one near the cloud
base and one near the cloud top, but for decoupled STBLs a single peak in the cloud
is more common. On the other hand, Tjernstrém and Rogers (1996) showed TKE
profiles which are approximately constant with height inside the SCL.

The variances of the turbulent fluctuations of temperature and humidity are sig-
nificant at the locations where mixing between air volumes of contrasting properties
takes place: close to the surface, close to the cloud top and in the TSL (Fig. 1.18).
Under homogeneous conditions in the middle of the SML and in the middle of the
SCL, the variances were observed to be rather weak (e.g. Nicholls, 1984). Lambert
et al. (1999) employed ogive analysis to show that large-scale motions (2 1 km) are
responsible for the most of moisture variance. Besides, they examined the profiles
of temperature and humidity skewness in the SML (Fig. 1.20) and suggested that
the extent of the layers dominated by the entrainment into the SML and by the ac-

tion of the surface fluxes are indicated by negative and positive humidity skewness,

respectively.
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Figure 1.20: Normalized profiles of vertical velocity (left), potential temperature
(center) and specific humidity (right) skewness in an SML. Horizontal bars indicate
RMS values among the samples. From Lambert and Durand (1999).

1.3.4.2 Turbulent fluxes

The profiles of turbulent fluxes in a decoupled STBL reflect the fact that the upper
(SCL and SBL) and the lower (SML) parts separately can be considered well-mixed
but they are rather independent of each other. As pointed out by Nicholls (1984):
“the measured flux profiles of conservative quantities would not have maintained

constant values with height given the observed radiative cooling and gravitational
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settling rate profiles”. Consistently, the flux profiles are often locally linear with
height but of different tendency in the SML in comparison to the SCL and the SBL
(see Fig. 1.21).
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Figure 1.21: Turbulent fluxes of (left to right) virtual potential temperature, poten-
tial temperature, specific humidity and liquid water mass fraction in a decoupled
STBL: measured (dots) and modeled with a mixed layer scheme where the mixed
layer extends from the cloud top down to the cloud base (solid) or down to the sur-
face (dashed). The extent of the cloud layer is indicated by the vertical bar. From
Nicholls (1984), their original notation.

Typically, the fluxes decrease with altitude from the surface up to the top of
the SML and are small or zero throughout the TSL. Sensible and latent heat fluxes
increase again in the SBL and the SCL to reach significant values at the cloud
top (Nicholls, 1984; Tjernstrom and Rogers, 1996; De Roode and Duynkerke, 1997;
Lambert et al., 1999; Dodson and Small Griswold, 2021).

Latent heat flux at the surface is largely dependent on the sea surface temper-
ature and air relative humidity. It was shown to be a factor which substantially
controls the evolution of a decoupled STBL and its possible transition from stra-
tocumulus to shallow cumulus convection (Bretherton et al., 1995; Bretherton and
Wyant, 1997).

The decrease of Qs and (); in the SML was measured to be nearly linear with
height (e.g. Tjernstrom and Rogers, 1996). However, Lambert et al. (1999) found
that moisture flux tends to be rather constant with height, followed by a significant
gradient at the SML top when large scales contributing to the transport are properly
resolved. On the other hand, (s decreases linearly in their study and exhibits
negative values in the upper portion of the SML (Fig. 1.22).

In the SCL, heat fluxes were found by Tjernstrom and Rogers (1996) to increase
with height as long as the cloud is adiabatic and the turbulence is driven predomi-

nantly by buoyancy rather than by wind shear.
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Figure 1.22: Profiles of sensible (left) and latent (right) heat fluxes in an SML
normalized with the use of convective velocity, temperature and humidity scales.
Horizontal bars indicate the RMS values among the samples. From Lambert and
Durand (1999), their original notation.

Similarly to coupled STBLs, @); is usually an order of magnitude larger than ),
(Durand and Bourcy, 2001). In the study of Nicholls (1984), total water flux was
of similar magnitude at the surface and at the cloud top. Such balance maintains
the boundary layer in a steady state. De Roode and Duynkerke (1997) argued that
the turbulent fluxes of water vapor and liquid water are well balanced by the drizzle

rate throughout the height which results in a rather minor total water flux (c.f.
Eq. (1.4)).

1.3.4.3 TKE budget

In general, the profile of B in a decoupled STBL follows the form similar to a coupled
case (see sec. 1.2.3.3). Buoyancy production occurs in the cloud and close to the
surface, often with comparable efficiency (Fig. 1.21 left panel, Fig. 1.23). There is
an extended region of buoyancy consumption, i.e. negative B, in the TSL (Nicholls,
1984; Nicholls and Leighton, 1986; De Roode and Duynkerke, 1997; Lambert et al.,
1999; Durand and Bourcy, 2001). Interestingly, De Roode and Duynkerke (1997)
reported very large B at the cloud top in the decoupled STBL shortly before the
stratocumulus into cumulus transition.

Lambert et al. (1999) and Durand and Bourcy (2001) examined buoyancy flux
together with the relative contributions of temperature (w'6’') and moisture (w’qy)

terms representing sensible and latent heat, respectively (Fig. 1.24 left panel):

(W' ~ (w8 +0.61(0)(w'q)) . (1.6)
—————

/

<w/qb>
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Figure 1.23: Buoyancy B, transport T, dissipation D terms and the remaining resid-
ual R of the TKE budget equation in a decoupled STBL. From Nicholls (1984), their
original notation.

They found those contributions are of the same order, however of the same sign in
the lower part of the SML but of the opposite sign in the upper SML. In turn, B
vanishes at the SML top and the entrainment into the SML is rather weak.

Turbulent transport transfers TKE upwards from the efficient source at the sur-
face (Fig. 1.24 central panel). Nicholls (1984) as well as Lambert et al. (1999) found
there is a maximum of TKE flux in the middle of the SML which results in TKE
loss by transport in the lower half and TKE gain in the upper half of the SML. In
the SCL, turbulent transport transfers TKE from the source at the cloud top down
into the cloud middle (Fig. 1.23). At the transition, B, Tr and € are rather small,
implying that turbulence needs to be maintained by pressure correlation term or it
decays leaving a laminar TSL.

TKE dissipation rate in a decoupled STBL often exhibits a local minimum at
the transition level (Nicholls, 1984; Lambert and Durand, 1999). This fact was even
employed by Lambert and Durand (1999) to detect decoupling. Apart from this
minimum, € profile can be considered similar to the coupled case, with maximum
at the cloud top and close to the surface (see sec. 1.2.3.3). In the SML, Lambert
et al. (1999) found nearly linear decrease of € with height (Fig. 1.24 right panel).
In the lower part, B > ¢, in the upper, B < ¢, consistently with the upward TKE

transport.
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Figure 1.24: Profiles of buoyancy flux (left, squares), TKE flux (center) and TKE
dissipation rate (right) inside an SML normalized with the use of surface buoyancy
flux and convective velocity scale. In the left panel, the contributions to buoyancy of
sensible (triangles) and latent (circles) heat terms are indicated. In the two graphs
on the right, horizontal bars indicate the RMS values among the samples. From
Lambert and Durand (1999), their original notation.

1.3.5 Aerosols

Decoupling can modify the properties of vertical transport in an STBL, including
the transport of surface-generated aerosols towards the cloud base and the aerosols
processed by the cloud towards the surface (Zheng and Li, 2019). Consequently,
some variability in aerosol properties is expected between coupled and decoupled
STBLs or between the sublayers of a decoupled STBL. Indeed, statistical analysis by
Dong et al. (2015) demonstrated that decoupled STBLs in the Azores region exhibit
lower N, and lower surface Noon in relation to the coupled ones. In addition, the
coupled STBLs have a stronger positive correlation between surface Nooy and Ny
as well as a stronger negative correlation between surface Noony and r.

The cloud droplets and residual particles collected by Wang et al. (2016) in the
decoupled stratocumuli over the northeastern Pacific contained significantly lower
air-equivalent mass concentration of dissolved non-water substances in comparison
to those in the coupled clouds. This fact can be explained by the inhibition of the
vertical transport of surface-generated particles (sea salt or ship exhausts).

The same study reported that the composition of residual particles in the cou-
pled clouds features a higher mass fraction of sulfates (typical for precursor emissions
from the ocean and ships) and a lower mass fraction of organics, nitrate and ammo-

nium (characteristic for long-range high-altitude transport from distant continental
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sources and subsequent downward mixing) than in the decoupled clouds. Such com-
position makes the particles in the decoupled clouds less hygroscopic.

Cloud water presented higher air-equivalent concentrations of most measured
species in the coupled clouds. Only the substances related to the influence of distant
continental air masses were more abundant in the decoupled ones. In terms of mass
fractions, droplets from the decoupled clouds had a larger contribution of most

elements with the exception of those originating from sea salt (Cl, Na, Mg, K).

1.4 Boundary layer in the Eastern North Atlantic

The Eastern North Atlantic is known for the frequent occurrence of stratocumulus
clouds (see sec. 1.1.3). The structure of clouds and marine boundary layer have
been investigated extensively in a number of field experiments, in particular in the
course of the Clouds, Aerosol, and Precipitation in the Marine Boundary Layer
(CAP-MBL) campaign (Wood et al., 2015) which involved an almost two-year-long
continuous deployment of the Atmospheric Radiation Measurement (ARM) Mobile
Facility (Mather and Voyles, 2013) equipped with a wide range of ground-based
instruments. The comprehensive statistical analysis of the cloud and boundary layer
properties was provided by Rémillard et al. (2012) and Ghate et al. (2015). Similarly
to the previous experiments, the measurements analyzed in the present study were
collected in the vicinity of the Graciosa island in the archipelago of Azores (39°N,
28°W). The island is relatively small and located in a distance, upwind from the
others. Therefore, this location is considered undisturbed by local pollution and

representative for the broad area of the ENA.

1.4.1 Synoptic conditions

The area under consideration is influenced by a wide range of synoptic-scale me-
teorological conditions. Graciosa is located near the boundary of subtropics and
midlatitudes. Therefore, the impacts of both subtropical trade wind system and
midlatitude cyclones are relevant (Wood et al., 2015). Surface pressure patterns
exhibit seasonal variability which is more pronounced over the ENA than for other
semi-permanent subtropical stratocumulus sheets, e.g. in the southeastern or north-

eastern Pacific.
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1.4. Boundary layer in the Eastern North Atlantic

In the winter season, the influence of the Icelandic low and the Azores high results
in a strong meridional pressure gradient. Graciosa lies in the southern portion of
midlatitude cyclone tracks, faces southwesterly winds and may experience intense
precipitation associated with frontal systems.

In the summer period, the Icelandic low weakens and the Azores high intensifies
which results in frequent fair weather conditions and reduced high cloud cover.
Winds blow from the directions of NE to SW, depending on the exact location of
the center of the high pressure system (Fig. 1.25).

JuI 0000 UTC [m]
- . a 250

50

Figure 1.25: (left) Mean 1000 hPa geopotential height (color) for July from the
ECMWEF ERA-Interim reanalysis. Overlaid are black contours of the standard de-
viation of the 500 hPa geopotential heights. (right) Surface wind rose for Graciosa
in July. From Wood et al. (2015).

1.4.2 Cloud structure

Following pressure patterns, the clouds over the ENA are also subject to seasonal
cycle (Rémillard et al., 2012). Overall cloud cover is high, changing from around 60-
70 % in summer and early fall to around 80 % in winter and spring (Fig. 1.26). Low
clouds are dominant throughout the year (40-60 % cover), in particular in summer
and fall which is consistent with the strongest phase of the persistent high pressure
system favoring lower tropospheric stability and moisture trapping. Low clouds are
accompanied by a range of middle and high level clouds as well as deep convection
and frontal systems, especially in winter.

The low clouds category include cumulus (20 % cover, weak annual variability),
cumulus under stratocumulus (10-30 %, with maximum in summer and fall) and

single layer stratocumulus (0-10 %, with maximum in summer and fall).
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Chapter 1. Introduction

Precipitation is noticed pretty often (30-40 % of time, on average half of the
cloudy cases). Usually, it does not reach the ground (virga). Intense rainfall is
associated to deep cloud systems appearing in fall and winter. Stratocumulus clouds
often precipitate (70 %), in particular during the night. Drizzling clouds are deeper

and have higher LWP in comparison to non-drizzling ones.
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Figure 1.26: Monthly statistics of (a) cloud and liquid precipitation coverage, (b)
four main cloud types, (¢) low-level clouds, and (d) liquid precipitation types at the
ARM ENA observatory. From Rémillard et al. (2012).

1.4.3 Stratification

The presence of a capping temperature inversion and the occurrence of boundary
layer decoupling are very frequent. Rémillard et al. (2012) identified temperature
inversions in 95 % and transition layers in 92 % of the radiosoundings launched from
Graciosa during the CAP-MBL (Fig. 1.27). The depth of the inversion layer was

36



1.4. Boundary layer in the Eastern North Atlantic

mostly below 200 m. Significant variations were noted in the inversion strength,
expressed by the temperature and moisture differences across the inversion layer.
Coupled STBLs were always relatively shallow (below 1 km). Decoupled STBLs

contained either one (C,5) or two (Cy8) cloud layers.
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Figure 1.27: Monthly statistics of (a) the transition and inversion layers base height
and the stratocumulus clouds boundaries and (b) the occurrences of the inversion
and transition layers, as a fraction of the number of soundings per month. From
Rémillard et al. (2012).

The distributions of the cloud base heights for cumuli and stratocumuli (Fig. 1.28,
left panel) indicate that those cloud types occupy different levels in the atmosphere,
consistently with the common Cp8 cloud pattern. The double peak for stratocu-
mulus can be explained by its seasonal cycle. Stratocumulus clouds tend to form
at lower heights in summer while a bit higher in spring and fall. The top of the
stratocumuli coincides with the inversion base. The base of cumuli coincides with
the transition level, however there is greater variability related to their intermittent
character (Fig. 1.28, right panel).

Ghate et al. (2015) focused their analysis on STBLs only. They found decoupling
in 41 % of the soundings. Although their criterion to diagnose decoupling was based
on the difference of virtual potential temperature between the cloud base and the
surface 058 — 05FC | decoupling was also often signaled by the vertical gradient of
¢v below the cloud layer. On average, coupled STBLs were characterized as weakly
unstable from the surface up to the cloud top. Decoupled STBLs featured a higher

cloud base and cloud top. Their stratification was unstable from the surface up
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Figure 1.28: (a) Distributions of the cloud base heights for stratocumulus (black
line) and cumulus (gray line) clouds. (b) Distributions of the distance between the
transition layer and the cumulus base (gray line) and between the stratocumulus
top and the inversion base (black line). From Rémillard et al. (2012).

to the LCL calculated for surface conditions, neutral from that LCL to the cloud
base, and weakly stable above. Decoupled STBLs were found to be warmer (in
terms of potential temperature) and moister, with calmer winds in comparison to
coupled ones. Interestingly, there was no statistically significant difference observed
in the surface sensible and latent heat fluxes between coupled and decoupled STBLs.
Selected statistics characterizing the STBLs over the ENA are listed in Table 1.1.

Table 1.1: Selected statistics of the STBL over the ENA from Ghate et al. (2015).

Parameter All soundings | Coupled | Decoupled
Mean Std Mean | Std | Mean | Std

0%F — 95FC K] 1.06 1.46 | 0.1210.19| 2.20 | 1.61
Cloud top |m] 1283 365 | 1000 | 319 | 1486 | 296
Cloud base |m] 1029 404 754 | 336 | 1217 | 348
Cloud thickness [m] 254 173 | 245| 144 | 268 | 185
LCL |m] 710 274 752 | 320 | 657 | 225

LWP [gm™] 163 281 81 53 132 | 171

Qs [Wm™? 7.9 89| 13.6 | 14.6 59| 6.8

Q; [Wm™? 72 46 90 | 62 65| 38
Inversion depth [m] 189 107 | 159 | 114 165 | 95
Inversion A6 |K] 6.52 266 | 7.01 243 | 584|237
Inversion Ag, [gkg™| | -3.69 221 ] -3.64|2.08 | -3.80 | 2.19
Inversion AU [ms™!] | 0.62 1.85 | 0.15| 1.43 | -0.03 | 1.58
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1.4. Boundary layer in the Eastern North Atlantic

1.4.4 Aerosols

Aerosol particles arrive at the ENA from various origins. The advection ranges
from clean marine air masses to considerably polluted continental ones from distant
locations in North America. Zheng et al. (2018a) classified the air masses advected
to Graciosa into four clusters: from North America, from northern Europe, from
the Arctic and recirculating around the Azores high. The last pattern was found to
dominate over the others in the summertime.

The same study inferred the statistics of aerosol size distribution (Fig. 1.29) and
process rates (Fig. 1.30) in a marine boundary layer based on 3-year long continuous
measurements at the ARM ENA site. In general, three major modes were distin-
guished, differing in particle diameter D,, average number concentrations, seasonal

variations, sources and removal processes:

e Aitken mode (At): D, < 100 nm, N, = 330 cm™®
The dominant source is the entrainment of long-range-transported or newly-
formed particles from the FT. The major sinks are inter-modal coagulation, the
condensational growth into accumulation mode and the scavenging of intersti-
tial particles by cloud droplets. The overall number concentration is higher in
spring and summer, lower in fall and winter, possibly due to the more efficient

new particle formation in the FT occurring in spring and summer.

e accumulation mode (Ac): 100 < D, < 300 nm, N, = 114 cm™
The major sources are the entrainment from the F'T, the condensational growth
of Aitken mode and sea spray aerosol (SSA) emission. Their efficiency is sub-
ject to strong seasonal changes. The dominant sink is the in-cloud coalescence
scavenging. The mode exhibits higher IV, in spring and winter, lower in sum-
mer. Such a pattern is consistent with the fact that anthropogenic emissions

are responsible for the vast part of the entrained F'T particles.

e larger accumulation mode (LA): D, > 300 nm, N, = 14 cm™®
The dominant source of the particles in this mode is SSA emission. Because it
is highly dependent on mean wind speed, the number concentration peaks in
winter while it is significantly smaller in summer. The sinks are the in-cloud

coalescence scavenging and the dilution of air volumes by the entrainment from
the FT.
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Figure 1.29: Number (left) and volume (right) aerosol particle size distribution mea-
sured at the ARM ENA site with fitted lognormal modes: Aitken (At), accumulation
(Ac) and larger accumulation (LA). From Zheng et al. (2018a).
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Figure 1.30: Processing efficiency of the major source and sink processes for the three
aerosol modes in the marine boundary layer over the ENA in different seasons. From
Zheng et al. (2018a).

Thanks to their sufficient size, most of the particles of the accumulation and
larger accumulation modes can serve as CCNs. Importantly, the accumulation mode
has far higher N, which implies that the entrainment from the F'T is the principal
source of CCNs in the marine boundary layer over the ENA. Such CCNs are pro-
vided either by the direct entrainment of accumulation mode particles or by the

entrainment of Aitken mode particles and their subsequent growth.
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Chapter 2

Measurements: the ACORES
campailgn

The observations analyzed in the present study were collected in the course of
the Azores stratoCumulus measurements Of Radiation, turbulEnce and aeroSols
(ACORES) field campaign which took place in July 2017 in the ENA around the
island of Graciosa in the Azores archipelago. The comprehensive description of
the project, including motivation, weather conditions, instrumentation, observation
strategy and selected research highlights, is provided in Siebert et al. (2021). Sec. 2.1,
2.2, 2.4 constitute the summary of the relevant points of that overview publication
which I coauthored. Sec. 2.5, which explains data selection, was partly included in
Nowak et al. (2021).

2.1 General motivation and objectives

The primary objectives of the ACORES project were to investigate the vertical
distribution of aerosol particles as well as the microphysical, radiative and turbulence
properties of stratocumulus clouds in the region of the ENA. The exchange between
the F'T and the marine boundary layer in terms of mass, momentum, energy and
aerosol particles was studied experimentally. The interaction between the STBL
and the FT occurs in the EIL, often only a few tens of meters thick. Therefore, the
properties of the EIL are crucial for the exchange processes and the review article of

Wood (2012) called for high resolution and collocated measurements of this layer:

The nature of the EIL, particularly the strength of the gradients

in buoyancy and horizontal winds, determines cloud-top entrainment
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Chapter 2. Measurements: the ACORES campaign

(Wang and Albrecht, 1994; Gerber et al., 2005; De Roode and Wang,
2007). High temporal resolution and collocated measurements of liquid
water, temperature, inactive tracers, humidity and turbulence, prefer-
ably from a slow-moving or stationary platform [e.g., the ACTOS heli-
copter platform; Siebert et al. (2006b)|, will be required to fully charac-

terize and understand the EIL and how it affects entrainment.

Moreover, the research topics of the ACORES campaign included the stratifica-
tion of the boundary layer and the F'T in terms of thermodynamics and turbulence
under cloudy and cloudless conditions as well as the influence of decoupling on the
vertical transport of various constituents through the boundary layer. In addition
to aerosol stratification, the observations targeted related processes such as new-
particle formation, the influence of aerosol long-range transport and aerosol-cloud

Interactions.

2.2 Observation strategy

High-resolution and closely collocated in situ and remote sensing airborne measure-
ments of thermodynamics, turbulence, radiation, aerosols, cloud liquid water, cloud
microphysics and cloud geometry were performed with the two instrumental plat-
forms which were combined and flown as an external cargo under a helicopter: (i) the
Airborne Cloud Turbulence Observation System (ACTOS) (Siebert et al., 2006a),
maintained by the Leibniz Institute for Tropospheric Research (TROPOS), and (ii)
the Spectral Modular Airborne Radiation measurement sysTem HELIcopter-borne
Observations of Spectral Radiation (SMART-HELIOS) (Henrich et al., 2010; Werner
et al., 2013, 2014), maintained by the Leipzig Institute for Meteorology, Leipzig Uni-
versity (LIM).

The helicopter, deployed together with the two platforms at the airport of
Graciosa, performed vertically resolved profiling of the lower atmosphere from the
ground up to 3 km which allowed to cover the whole boundary layer and the lower
part of the FT. Each flight was about 2 hours long, hence represented quite a limited
area and time period. The helicopter-borne observations were complemented with
the two continuously running ground-based stations: (i) representative for the FT —
on the slope of Mount Pico at the nearby Pico island — Observatorio da Montanha
do Pico (OMP) (Kleissl et al., 2007); (ii) representative for the surface — next to
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2.2. Observation strategy

the Graciosa airport — Atmospheric Radiation Measurement Eastern North Atlantic
observatory (ARM ENA) (Wood et al., 2015). The measurement area together with

the airborne platforms and the ground-based stations is illustrated in Fig. 2.1.

ENA Site @ Ground

OMP Site @ 2300 m

Figure 2.1: Airborne platforms and ground-based measurement stations involved in
the ACORES campaign: the helicopter-borne instrumental payloads ACTOS and
SMART-HELIOS, the continuously running stations ARM ENA and OMP. From
Siebert et al. (2021).

The observation strategy together with the mean conditions in the STBL and
the main investigated processes is shown schematically in Fig. 2.2. Both instrumen-
tal payloads were carried by the helicopter BO-105 as two separate external cargos
on one long tether. SMART-HELIOS was mounted 20 m below the helicopter and
ACTOS another 150 m underneath. The main concept of this configuration is for
SMART-HELIOS to fly over the cloud to measure radiation and sample cloud prop-
erties with remote sensing, while for ACTOS to fly inside the cloud to measure
dynamic, thermodynamic, turbulence and microphysical parameters. Such a con-
figuration results in an almost perfect spatial collocation of in situ measurements
(ACTOS) and remote sensing (SMART-HELIOS) whereas the helicopter can safely

operate within the regime of visible flight rules.
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Figure 2.2: Schematic of the sampling strategy during the ACORES together with
the main processes in the STBL. Typical mean profiles are shown for total water
mass fraction ¢, liquid water mass fraction ¢;, liquid water potential temperature
6;, horizontal wind speed U, aerosol particle concentration N,, CCN concentration
Ncen. Solar F,, and terrestrial Fj., irradiances as well as cloud droplet concen-
tration Ny are also indicated. Ultrafine particles (UFP) were often reported around
the cloud top. From Siebert et al. (2021).

The unique sensor package on ACTOS allows for high spatial resolution in situ
measurements thanks to the high sampling rates of the individual instruments and
the relatively low typical true air speed of the helicopter (20 m/s) in comparison
to a fast-flying research aircraft. In addition, low true air speed allows to minimize
technical issues usually disturbing airborne measurements e.g. related to particle
inlets or sensor wetting (Wendisch and Brenguier, 2013).

Helicopter flights during ACORES were typically performed over the ocean inside
the 10 by 10 km square adjacent to the northern coast of Graciosa (red box in
Figs. 2.6 and 2.9). Specific flight paths and maneuvers depended on a local cloud
situation. Within the flight time of two hours, the usual pattern involved: a vertical
profile up to roughly 2000 m a.s.l., a few 10 km long horizontal legs at selected levels
to derive covariances and several dolphin-like steep porpoise dives around the cloud
top and the EIL.
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2.3 Instrumentation

The complete instrumentation of ACTOS, SMART-HELIOS, ARM ENA and OMP
is listed in Siebert et al. (2021) in their Tables 1, 2 and 3. In the current study, I
used the selected data recorded by the instruments onboard ACTOS and the selected
supporting measurements performed at the ARM ENA station. The measurements
onboard ACTOS which are relevant for this work include:

e horizontal wind vector (u,v.) in the Earth-fixed system and longitudinal-
vertical wind velocity components (u,w) in the platform-fixed system (deriva-
tion explained in sec. 3.2) provided by the combination of the ultrasonic
anemometer-thermometer Solent HS, Gill Instruments Ltd. (Siebert and Te-
ichmann, 2000), and a high-accuracy motion package (inertial navigation sys-
tem and GPS);

e temperature T and its small scale fluctuations provided by the cold wire Ultra-
Fast Thermometer (UFT) developed at University of Warsaw (Haman et al.,
1997; Kumala et al., 2013; Nowak et al., 2018) combined with the precise
calibrated slow-response PT100 to obtain fast precise stable signals by com-

plementary filtering (Wendisch and Brenguier, 2013, ch. 2);

e virtual temperature T, based on the speed of sound measured by the ultra-

sonic anemometer-thermometer Solent HS, Gill Instruments Ltd. (Siebert and

Muschinski, 2001);

e specific humidity ¢, provided by the open-path infrared absorption hygrometer
LI-7500, LI-COR Environmental Inc. (Lampert et al., 2018);

e liquid water mass fraction ¢; determined with the Particle Volume Meter
airborne version (PVM-100A), Gerber Scientific Inc. (Gerber et al., 1994;
Wendisch et al., 2002);

e number concentration N, of aerosol particles (D, > 6 nm) measured by the

Condensation Particle Counter (CPC) 3762A, TSI Inc.;

e aerosol PNSD provided by the combination of the custom-built Scanning Mo-
bility Particle Sizer (SMPS) developed at TROPOS (Wehner et al., 2010),
measuring 6 nm < D, < 250 nm and the Optical Particle Counter (OPC),
Grimm Aerosol Technik Ainring GmbH, measuring 250 nm < D, < 2.5 pum;
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e CCN number concentration Noon at 0.2 % supersaturation provided by the
lightweight mini CCN Counter (miniCCNC) (Roberts and Nenes, 2005).

The instruments listed above or their particle inlets are marked in the photograph
of the ACTOS platform in Fig. 2.3.

LICOR PVM Navigation

Inlet 1

Sonic

UFT Inlet 2

Figure 2.3: Selected instruments and particle inlets onboard the ACTOS platform.

The measurements performed at the ARM ENA utilized in this work include:

e routine balloon radiosoundings products (Keeler et al., 2013);

e daily products of cloud base height as well as range and overlap corrected

backscatter coefficient 5 from the ceilometer (Morris and Ermold, 2013).

Those data were acquired through the ARM Data Discovery website.

2.4 Synoptic conditions

In the period of the ACORES campaign, between 2 and 22 July 2017, a range of
synoptic conditions around the Azores archipelago was observed. They were related
to the location and strength of the Azores high pressure system as well as occasional
front passages. The high was relatively strong which is typical for summer and its

center was located west or north from Graciosa.
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Siebert et al. (2021) distinguished three periods of prevailing synoptic conditions

affecting the atmospheric boundary layer:

The first synoptic period (2-11 July) was characterized by the low-
est atmospheric boundary layer temperatures of the entire campaign,
associated with relative dry air. This air mass prevailed due to a weak
northerly flow and stable conditions at the northeasterly edge of the
Azores high pressure system. In this period, cloud cover was low and
dominated by thin shallow convection with little amount of precipita-
tion. On 3, 6, and 7 July, frontal systems passed the station leading to
a temporal westerly flow associated with an increase in air temperature,
humidity and precipitation.

The second period (12-19 July) was affected by a weakening and
shift of the Azores high pressure system. The center was located fur-
ther west while a tail of weak high pressure stretched in northeastward
direction over the archipelago. During this time an increase of air tem-
perature and humidity within the entire atmospheric boundary layer was
observed. Supported by the weaker high pressure, convection amplified
within this air mass and led to the development of thicker stratocumulus
clouds that produced precipitation. On 17 July a front associated with
a strong and quickly eastward-moving low pressure system north of the
islands did pass Graciosa and affected the location of the Azores high.

After a second frontal passage on 19 July, the stable conditions recov-
ered with the center of the Azores high located west of the archipelago.
This defined the start of the third synoptic period of the campaign (20-
22 July). Similar to the first period, the boundary layer was dominated

by colder, dry air with reduced cloud cover and less precipitation.

Fig. 2.4 presents the relevant maps of mean surface pressure, surface wind vector,
and potential temperature at 950 hPa level obtained from the European Centre for
Medium-Range Weather Forecasts (ECMWF) ERA5 atmospheric reanalysis (Hers-
bach et al., 2018a,b). Table 2.1 summarizes the characteristic weather conditions
for the three identified periods.
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Figure 2.4: Three synoptic periods of the ACORES campaign. Mean surface pres-
sure and wind vectors (top), and potential temperature at 950 hPa (bottom) calcu-
lated from the ECMWF ERAD reanalysis. From Siebert et al. (2021).

Table 2.1: Summary of conditions during the three synoptic periods of the ACORES
campaign. From Siebert et al. (2021).

Dates Summary

Period T | 2 - 11 July 2017 | Azores High located west, stable conditions
with northerly flow of dry and cold air, low
cloud fraction with thin shallow convection,
less precipitation, front passed on 7/8 July
Period IT | 12 - 19 July 2017 | Azores High centered further west, weak
winds, warm and moist air mass, daily cycle
of stronger shallow convection with frequent
precipitation, fronts passed on 17 and 19 July
Period III | 20 - 22 July 2017 | Azores High located west, stable conditions
with changing winds, dry and cold air mass,
low cloud fraction with shallow convection,
less precipitation.

2.5 Data selection

In total, there were 17 research helicopter flights performed with ACTOS and
SMART-HELIOS within the ACORES project in the period between 2 and 22 July
2017. Each lasted typically two hours. For a complete list see Table 5 in Siebert
et al. (2021). Two flights were selected for the comparative study of coupled and
decoupled STBLs: flight #5 on 8 July 2017 and flight #14 on 18 July 2017. The

choice was dictated by the presence of stratocumulus clouds, STBL stratification
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(considerably well-mixed in flight #05, considerably decoupled in flight #14) and a
flight pattern involving substantial sampling time below the stratocumulus base.
Segments of two types were selected from the measurement records: vertical
profiles (PROFs) and horizontal legs (LEGs). For convenience, for each flight PROFs
are ordered chronologically according to their time of execution while LEGs are
ordered according to their mean altitude. The segmentation was done manually so
that the influence of sharp turns and the pendulum-like motion of the payload is
avoided. This resulted in the reduced length of the LEGs, between 3.5 and 12 km.
LEGs were flown with a true air speed of 15-20 ms~! and some minor displacements
in vertical are unavoidable for the payload on a 170 m long rope. The mean altitudes

and exact lengths are listed in Table 2.2.
Table 2.2: Mean altitude and length of LEGs.

Flight #5
Height [m] | 307 | 553 | 819 | 1079 | 2018
Length [km] | 5.44 | 5.51|7.93 | 3.94 | 6.25
Flight #14
Height [m] | 143 ] 287 448 [ 992 [ 2021
Length [km] | 8.11 | 11.92 | 7.10 | 4.79 | 3.49

PROFs are in fact slanted with an ascent or descent rate of about 3-5 ms™*

and a true air speed ~20 ms~! which results in an aspect ratio of 0.15-0.25. The
horizontal component of motion is necessary to avoid the downwash of the helicopter
rotor affecting wind and turbulence measurements on ACTOS. The initial and final
altitudes of PROFs are listed in Table 2.3.

Table 2.3: Initial and final altitude of PROFs.

Flight #5 | PROF1 | PROF2 | PROF3 | PROF4 | PROF5
Initial height [m] 85 2005 1065 565 325
Final height [m] 2035 1115 555 305 95

Flight #14 | PROF1 | PROF2 | PROF3 | PROF4 | PROF5
Initial height [m] 135 285 465 1905 1315
Final height [m] 295 435 2035 915 175

The chosen segments are marked in altitude profiles in sec. 2.5.1 and 2.5.2
(Fig. 2.7 and Fig. 2.10). The distinction between the two segment types is important
for the analysis described in the following chapters, particularly the derivation of

turbulence properties.
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2.5.1 Flight #5 in the coupled STBL

Flight #5 was performed in the afternoon (14:28-16:26 UTC') on 8 July 2017.
That day corresponds to the first synoptic period of the campaign (see sec. 2.4).
The surface pressure analysis chart (Fig. 2.5) valid for 12:00 UTC (NOAA Ocean
Prediction Center, 2017) indicates the center of the Azores high pressure system
was located in the relatively small distance into the northwest direction from the
Graciosa island (and slowly moving towards it) which resulted in gentle northerly

geostrophic winds (see sec. 4.2.1).
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Figure 2.5: Surface pressure analysis chart for the North Atlantic valid for noon on
8 July 2017 issued by the NOAA OPC. Green dot indicates Graciosa.

Stratocumulus clouds emerged behind the cold front which had passed the island
the night before (c.f. precipitation pattern described in sec. 4.2.4). The cloud field
was moderately thick and quite heterogeneous in structure, with some visible clear-
ings. The satellite image from MODIS on Aqua (Fig. 2.6) confirms this observation,
showing dispersed cloud patches in the vicinity of Graciosa.

The flight pattern (Fig. 2.7) involved: a deep PROF from the minimum flight
level (60 m) into the F'T, two LEGs in the F'T with one close to the stratocumulus
top, three LEGs in the STBL with one inside the stratocumulus cloud, close to
its top. The PROFs are indicated in the figure with different line styles which are

1On Azores the local time in summer is equivalent to UTC.
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2.5. Data selection

Figure 2.6: Satellite true-color image (250 x 250 km) taken on 8 July 2017 at 15:45
UTC (i.e. during flight #5, the time given corresponds to the left swath covering
most of the image) by the MODIS instrument on Aqua overpassing Azores, centered
on the Graciosa airport (blue circle), with the overlaid helicopter operation area (red
box). The image was acquired from NASA Worldview Snapshots.

used hereafter in the vertical profiles of various derived parameters (ch. 4-6). The
altitude ranges corresponding to PROF2-PROF5 of this flight do not overlap, hence
they are all marked with dashed lines. The flight pattern consisted of the segments

flown either in the east-west or north-south direction.
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Figure 2.7: ACTOS altitude in flight #5 with the selected PROFs and LEGs. The
line styles of the PROFs are consistent with the figures in the following chapters.
The altitude ranges corresponding to PROF2-PROF5 of this flight do not overlap
and they are all marked with dashed lines. Dots indicate the penetrations of the
boundaries of the specific sublayers described in sec. 4.2.
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Chapter 2. Measurements: the ACORES campaign

2.5.2 Flight #14 in the decoupled STBL

Flight #14 was performed in the afternoon (15:01-17:04 UTC) on 18 July 2017,
shortly after weak precipitation had been noted at the site. That day corresponds
to the second synoptic period of the campaign when the center of the high pressure
system was located further west from the Azores islands (see sec. 2.4). This is
consistent with the surface pressure analysis chart (Fig. 2.8) valid for 12:00 UTC
which shows the position of the high to be southwest from Graciosa. Importantly,
northwest from Graciosa there is a weak low pressure system quickly moving towards
the island. It was mentioned also by Siebert et al. (2021) in their review of synoptic
conditions. By the time of the flight, the front had passed Graciosa. Likely, it
happened already in the very morning which would explain the origin of heavy

precipitation (see sec. 4.3.4) reported at the airport.
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Figure 2.8: Surface pressure analysis chart for the North Atlantic valid for noon on
18 July 2017 issued by the NOAA OPC. Green dot indicates Graciosa.

During the flight, the sky was overcast with stratocumulus clouds of homogeneous
structure. Many little cumulus clouds at the initial state of formation were reported
over the ocean below the stratocumulus deck. However, they were not observed to
reach the stratocumulus base. The MODIS Aqua image (Fig. 2.9) shows a large solid

patch of stratocumulus clouds with signatures of a closed-cell convection regime.
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2.5. Data selection

Figure 2.9: Satellite true-color image (250 x 250 km) taken on 18 July 2017 at 14:43
UTC (shortly before flight #14) by the MODIS instrument on Aqua overpassing
Azores, centered on the Graciosa airport (blue circle), with the overlaid operation
area (red box). The image was acquired from NASA Worldview Snapshots.

The flight pattern (Fig. 2.10) involved: four LEGs in the STBL with one inside
the stratocumulus, close to its top, one LEG in the FT and a number of PROFs
connecting the LEG levels. In the figure and hereafter, PROF1-PROF3 are all
marked with dashed lines because their altitude ranges do not overlap. The whole

flight consisted of the segments flown in the east-west direction.
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Figure 2.10: ACTOS altitude in flight #14 with the selected PROFs and LEGs. The
line styles of the PROFs are consistent with the figures in the following chapters.
PROF1-PROF3 are all marked with dashed lines because their altitude ranges do not
overlap. Dots indicate the penetrations of the boundaries of the specific sublayers
described in sec. 4.3.
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Chapter 3
Methods

This chapter describes the selected aspects of the data processing and the details of
the derivation methods applied in order to obtain various thermodynamic, turbu-
lence and aerosol parameters which are further used in the comparative analysis of
the coupled and decoupled STBLs. Secs. 3.1 and 3.2 contain the material which has
been already covered in Nowak et al. (2021). Here, it is expanded with additional
details. The content of sec. 3.3 has not been published before.

3.1 Stratification

3.1.1 Meteorological and stability parameters

The vertical segments, marked with purple shading in Figs. 2.7 and 2.10, were
utilized to determine the vertical structure of the lower atmosphere. Elementary
meteorological conditions as well as the derived stability parameters are shown in
Fig. 4.1 for flight #5 and Fig. 4.4 for flight #14. The line style denotes a particular
PROF, consistently with the altitude timeseries (Figs. 2.7 and 2.10).

Temperature was measured with the UFT, liquid water mass fraction with the
PVM-100A, specific humidity with the LI-7500 (see sec. 2.3). Liquid water potential

temperature was calculated following the approximation by Betts (1973):

L
o —g— 2L (3.1)

Tec, qi-

Horizontal wind speed and direction result from the appropriate standard transfor-
mation of the measured flow velocity into Earth-fixed coordinate system, compen-

sating for the platform motion and attitude (Lenschow, 1986; Edson et al., 1998).
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3.1. Stratification

Because the helicopter climb rate was not exactly constant in time and individual
instruments differ in sampling rate, data points for each variable were grouped and
averaged in 10 m high altitude bins (separately for each PROF'). To reduce the effect
of random eddy penetration and improve clarity, wind profiles were additionally
smoothed with a five-point moving average.

LCL was then derived for each altitude level according to Bolton (1980). Such
a result is sensitive to gradients of thermodynamic properties in the subcloud layer,
signaling the degree of boundary layer coupling. To characterize static stability,

Brunt-Viiséla frequency Nb was computed according to:

_EE)QU

Nb? =
0, 0z

(3.2)

where 6, was derived from the speed of sound (provided by ultrasonic anemometer-
thermometer). To quantify the vertical gradient of horizontal wind, shear rate Sh

was obtained following the equation:

o, \ 2 o\ 2
h? = == <) :
S (a> +(8Z) (3.3)

The derivatives in Egs. (3.2) and (3.3) were evaluated as the tangents of the linear

least-square fits of 10 m binned variables versus z performed inside symmetric five
point windows. The ratio of Nb? and Sh? could be utilized to obtain the gradient
Richardson number Ri, characterizing the relative importance of shear and buoyancy
for the stability of the layer (Stull, 1988). However, I do not provide this information
because both the nominator and denominator are small numbers, resulting in large

uncertainty which makes the outcome rather difficult to interpret.

3.1.2 Decoupling detection

In order to objectively confirm the fact of coupling or decoupling of an STBL,
several methods from the literature were employed (Jones et al., 2011; Wood and
Bretherton, 2004; Yin and Albrecht, 2000).

The first criterion of Jones et al. (2011) involves the differences of 6, and total
water mixing ratio r; between the uppermost and the lowermost quarters of the
boundary layer. Here, ¢; was used instead of r;. It does not influence the conclusions
because those two measures are approximately equal. The sounding is classified as
coupled when Af; = 6 — %" < 0.5 K and Ag; = ¢/ — ¢, < 0.5 gkg ™!, decoupled
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Chapter 3. Methods

otherwise. The second criterion of Jones et al. (2011) involves the difference between
the observed CB and the LCL corresponding to the conditions at the bottom of the
boundary layer. It is classified as coupled when Az = CB — LCL* < 150 m,
decoupled otherwise. Here, I used the mean conditions of the lowest leg (LEG307
for flight #5, LEG143 for flight #14) to estimate LCL*" and ¢; measured in PROFs
to estimate the CB.

Wood and Bretherton (2004) proposed two decoupling parameters:

0y — 0 4% —af
g = g = —F—+ (3.4)
0 — 0} Toa -
where superscripts +, —, 0 denote the values just above the inversion, just below

the inversion and in the SML, respectively. They found that oy and o, over the
subtropical Eastern Pacific stay in the range from 0 to 0.4, however no exact crit-
ical value for decoupling was determined. The higher those parameters, the more
decoupled the boundary layer is considered. Here, instead of finding first the height
span of the SML, I applied mean values in the lower quarter of the boundary layer
(00 = 6% and ¢ = ¢>).

Yin and Albrecht (2000) introduced a stability parameter p to identify transitions

in boundary layer soundings:

——ﬁJr ed Or,
#= oP 1+er, 0P

(3.5)

where e = R,/R; — 1 depends on the ratio of gas constants for water vapor R, and
dry air R4 while 7, is water vapor mixing ratio. Their procedure detects transition
anytime in the subcloud zone the value of i exceeds by a factor of 1.3 the average
it between 980 and 900 hPa. Here, instead of using pressure levels, I specified i as
the mean value for the whole the boundary layer.

In fact, Eq. (3.5) is of similar form to the derivative of 6, expanded into “dry”

and “moist” contributions corresponding to the gradients of # and r,, respectively:

20, 00 or,
5P = (1+57"v)8—P+698P.

(3.6)

The difference is that the contributions in Eq. (3.5) are summed instead of being in
partial balance as in Eq. (3.6). Typically, at the transition between the SML and
the SBL, 6 increases while 7, decreases with height (Turton and Nicholls, 1987).

The former contributes to the increase of 6, the latter to the decrease so that the
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3.2. Turbulence parameters

net change is not excessive. However, by adding the contributions one can detect
the transition with better sensitivity than using either of the gradients separately.

Following previous studies looking for differences in CTEI between coupled and
decoupled stratocumuli (e.g. Xiao et al., 2011), I calculated the Randall-Deardorff
parameter (Randall, 1980; Deardorff, 1980):

(3.7)

It estimates the potential for buoyancy reversal at the cloud top, i.e. the conditions
under which the mixing of the cloudy air volumes with the free tropospheric air can
create a mixture denser than any of the initial portions due to evaporative cooling.

There is such a possibility if the parameter s exceeds its critical value of about 0.23.

3.1.3 Radiosoundings

There are typical balloon radiosondes launched from the ARM ENA station on a
regular basis to profile the atmosphere (Keeler et al., 2013). The soundings released
on a relevant day, a few hours before and after the considered helicopter flight, are
used in this study to analyze the stratification with respect to the changes during the
day and with respect to the different sampling capabilities of the ACTOS platform
and routine radiosondes. Supplementary parameters which are not provided in the
data product available through ARM Data Discovery (LCL, p, Nb and Sh) were

derived with the methods analogous to the ones described in sec. 3.1.1.

3.2 Turbulence parameters

The properties of turbulence in the coupled and decoupled STBL were characterized
using a number of parameters derived from the high-resolution measurements of flow
velocity, temperature and humidity performed onboard ACTOS. Depending on a
specific quantity, the results were obtained for vertical or horizontal flight segments
which were introduced in sec. 2.5.

In the case of PROFs, the procedure resembles the approach of Tjernstrom
(1993). Typically, it involved the computation of a parameter for a timeseries cov-
ering the whole flight time. After the timeseries had been computed, appropriate
segments were extracted and the data were averaged in 10 m altitude bins (as in
sec. 3.1.1).
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Chapter 3. Methods

For LEGs, an entire segment was used to calculate a parameter. Next, each
LEG was divided into 7 subsegments of equal length, overlapping by half of the
length, and the very same method was applied to calculate this quantity in each
subsegment. The standard deviation among the subsegments (Std7) is regarded as
the measure of parameter variability and shown with error bars in the plots in ch. 5.

Much of the information on turbulence presented in this study comes from the
ultrasonic anemometer-thermometer mounted at the front of ACTOS and sampling
three velocity components with 100 Hz frequency. Unfortunately, during the en-
tire ACORES campaign, the lateral channel of the anemometer was affected by a

1

substantial level of artificial fluctuations (up to 1 ms™" in amplitude) attributed to

instrumental issues. The origin of this problem is under investigation. It seems to

I which makes it relevant for most of

appear for true air speed above about 12 ms~
the flight time. Such behavior was not observed for the longitudinal and vertical
components. Therefore, a simplified geometrical transformation was applied to the
measured velocity vector so that a high-resolution retrieval of wind velocity is possi-
ble. In comparison with the standard transformation (Lenschow, 1986), the method
included pitch rotation but neglected roll and yaw rotations to prevent the lateral
channel from coupling with the others. The resulting vector (u,v,w) can be inter-
preted as the wind velocity in horizontal longitudinal, horizontal lateral and vertical
direction, respectively, as long as the platform is not tilted left or right (roll angle is
small). This condition was satisfied throughout most of the flight time, except for
major turns. For calculating turbulence properties, the segments with the roll angle
<0.1 rad were selected. The lateral wind component v cannot be used for turbulence
analysis but the longitudinal v and vertical w are free from the disturbances.

The modification described is not necessary to obtain mean wind profiles (U, dd)
because averaging and smoothing are applied anyway (see sec. 3.1.1). Hence, the
high-frequency noise is irrelevant for the final result. Therefore, in the case of the
wind profiles presented in ch. 4, simply the standard transformation for airborne
platforms was applied.

Reynolds decomposition of the signals (c.f Stull, 1988)
z(t) = (x(t)) + 2'(t) (3.8)

into large scale slowly varying (z(¢)) and small scale fluctuations z’(t) was realized
with a simple symmetric running mean. The fluctuations z/(t) were obtained by

subtracting that mean from the original signal. Unless specified otherwise, the
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3.2. Turbulence parameters

chosen window was 50 s which corresponds to the distance of ~1 km. Such length is
enough to penetrate at least a few large turbulent eddies typical for the atmospheric

boundary layer (Malinowski et al., 2013).

3.2.1 Turbulence Kinetic Energy and variances

The variances of turbulent fluctuations (u’?), (w'?), ("), (¢*) and the third moment
of vertical velocity fluctuations (w®) were obtained by taking average along LEGs.
Because lateral wind fluctuations were not available, horizontal isotropy is assumed

to approximate missing (v"?) with (u) in the TKE computation:
1
TKE = (u”) + 5 (w?). (3.9)

It is worth remembering that variances and TKE usually represent mostly large
scales because larger eddies in turbulence cascade are more energetic than smaller
ones. Those large eddies are therefore responsible for the major part of the variance.
In consequence, only LEGs were utilized to estimate TKE at several levels in the
atmosphere due to the need for relatively long segments to sample the large eddies.
PROFs are not suitable for this purpose as the conditions are not necessarily homo-
geneous in vertical and the steep slanted path of the helicopter covers a wide range
of altitudes within the period of a single Reynolds averaging window.

The accuracy of the results is limited by the length of the LEGs. Based on
the estimates obtained with the methods of Lenschow et al. (1994), in the boundary
layer the variances are subject to the systematic sampling error of about 5 % and the
random error of about 20 %. In the case of (w’), those errors are accordingly larger
(order of 10 % and 100 %, respectively, unless (w"®) almost vanishes). Importantly,
in the plots in ch. 5, Std7 is provided because it can be as well estimated for other
variables characterizing turbulence. The subsegment variability was found to be
of the same order as the total sampling error, in most cases larger than it. See

appendix A for the detailed treatment of sampling errors.

3.2.2 TKE production and heat fluxes

Turbulence kinetic energy can be generated by buoyancy and wind shear (ignoring
advection and turbulent transport). The two respective terms of the TKE budget

equation (Stull, 1988), buoyancy production/consumption and shear production,
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were estimated for each LEG employing the method of eddy correlation:

g 1/ _ //@
<9v> <w‘9v>> S = <wu>az

Here, only the longitudinal component of shear production could be calculated be-

B = (3.10)

cause the lateral wind fluctuations were not available (see sec. 3.2). It was attempted
to overcome this limitation by estimating the missing correlation (w'v’) using the
gradient transport theory (K-theory) or invoking the isotropy assumption for the
Reynolds stress tensor. Unfortunately, both methods lead to an even stronger de-
pendence of the outcome on horizontal wind derivatives which are subject to error
related to in-flight wind measurement. Eventually, to avoid unacceptably large inac-
curacies, in this study only the first component of the conventional shear production
term is provided.

The correlations were computed along the LEGs. The derivatives were estimated
from the PROFs covering the relevant altitude range. Inevitably, such an approach
introduces some inaccuracy as the exact place and time of the derivative estimation
is different than for the correlation estimation. Because the longitudinal-lateral—
vertical coordinate system related to the platform changes its orientation with re-
spect to the Earth as the platform turns, a simple differentiation of components
might lead to spurious vertical gradients due to the changes in platform orientation.
In order to avoid such an issue, first, the vector representing the vertical gradi-
ent of the horizontal wind velocity was calculated using u., v. wind components
in the Earth-fixed reference frame. Next, the projection of this vector onto the
LEG-averaged transient longitudinal direction was used as ‘3—;‘ in Eq. (3.10).

Besides, crucial for the properties and the evolution of stratocumulus clouds is
the transport of heat and moisture across the boundary layer. This vertical transport
is closely related to the degree of dynamic coupling in the STBL. To quantify the
transport, sensible and latent heat fluxes were estimated according to Eq. (1.3).

The range of scales represented in the correlations is limited by the lowest spatial
resolution of the two multiplied signals. The anemometer (u, w, 6,) resolves the
scales down to ~0.5 m (where this limit stems from the path length and spectral
transfer properties (Kaimal et al., 1968)), the thermometer (#) down to ~2 cm,
the hygrometer (g,) down to ~1 m. As a result, (w'6), (w'v/) and (w'6’) are
resolved down to ~0.5 m while (w'q)) down to ~1 m. Those three instruments
work satisfactorily also inside clouds of moderate liquid water content and droplet

concentration, as the stratocumulus observed here (Cruette et al., 2000; Siebert and
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Teichmann, 2000). In comparison with some other studies, the buoyancy estimation
in the cloud does not include the contributions of liquid water flux (w’q]) and droplet
sedimentation wrq which are expected to be relatively small (considering moderate
q) and of the opposite sign, therefore partly compensate.

Similarly to the variances, the accuracy of the fluxes obtained with eddy corre-
lation is limited by the length of the LEGs. In the boundary layer, the systematic
sampling error was estimated for about 5 % while the random error for about 50 %
(Lenschow et al., 1994) unless the flux vanishes. The subsegment variability (marked
with error bars in the plots in ch. 5) is in most cases larger than the total sampling
error. See appendix A for the detailed treatment of sampling errors.

To complement airborne measurements at specified levels in the atmosphere,
B, Qs and @, at the surface were estimated with the Coupled Ocean-Atmosphere
Response Experiment bulk algorithm version 3.0 (COARE 3.0) described in Fairall
et al. (2003). Sea surface temperature was taken from the satellite multi-mission
product provided by the Group for High Resolution Sea Surface Temperature (JPL
MUR MEaSURESs, 2015). Other inputs to the algorithm were the measurements
onboard ACTOS: from the lowest point of the PROFs or the mean values of the
lowest LEG. Those two options result in similar outcomes. The former is used
hereafter because PROFs offer the measurements which were performed closer to
the surface. The input and output data for the COARE 3.0 algorithm are compared
in Table 3.1.

Table 3.1: Parameterized surface fluxes estimated with the COARE 3.0 algorithm.

Flight #5 Flight #14

PROF1 | LEG307 | PROF1 | LEG143

Z [m] 88 307 130 143

P [hPa 1020.3 994.8 | 1007.9 |  1006.3

T [ C] 19.6 16.7 20.0 19.9

¢ [gke 9.4 9.3 10.9 11.3
U [ms™!| 6.3 5.3 7.0 5.7
Fop [Wm™] 1129 692 695 688
Frer [Wm™2] 355 351 401 402
SST [ C] 21.75 21.75 22.05 22.05
STBL depth [m] 855 855 1045 1045
B 10~ m?s 5.6 6.7 40 3.2
Q, [Wm™? 11.0 16.1 6.7 5.3
Q: [Wm™2] 129.5 117.7 106.5 85.5
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3.2.3 TKE dissipation rate

TKE dissipation rate quantifies the transfer of TKE down the energy cascade and its
viscous conversion into heat. This quantity was calculated invoking a common as-
sumption of homogeneous, isotropic, stationary turbulence which leads to a specific
form of power spectra and structure functions (Kolmogorov, 1941). Nevertheless,
the theoretical assumptions are often hardly satisfied in the atmosphere, e.g. con-
sidering complex stratification, and therefore € estimation from moderate-resolution
(not directly resolving dissipative scales) measurements is challenging (Siebert et al.,
2006b; Jen-La Plante et al., 2016; Wactawczyk et al., 2017, 2020). To account for
possible anisotropy, € was derived separately for the longitudinal and vertical veloc-
ity fluctuations, following the methods of Siebert et al. (2006b). The quality of the
estimations was characterized with additional parameters describing the deviation

of experimental data from the theoretical dependencies.

3.2.3.1 Structure function method

Second order structure function (SFC) was calculated for the measured v and w’

according to the equation:
D, (r) = (W' (z +r) — v/ (z)]*) (3.11)

where 7 is the distance between data points (given by true air speed) and the average
is taken over the positions x along the flight path. The SFC was then resampled, i.e.
averaged inside the logarithmically equidistant bins covering the assumed inertial
range r € [0.4,40] m, with eight bins per decade (see Fig. 3.1). The resampling was
applied in order to account for the density of data points increasing with scale in
logarithmic coordinates.

Theory predicts that in the inertial range SFC has the form (Pope, 2000):

D(r) = C*/°(er)? (3.12)

where C*/¢ is a constant, experimentally determined to C*/¢ ~ 2.0 for longitudinal
and C%/¢ ~ 2.6 for vertical velocity component. €*/¢ was calculated by the least-
squares fit of this relationship to the resampled SFC. The resampling described
above is crucial for the result as otherwise weights would need to be introduced in
the fit procedure or the result of the fit would be almost solely dependent on the

SFC values from the large scale tail of the assumed inertial range.
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A second fit was performed according to:
D(r)=C"r® (3.13)

with two fitted parameters: a prefactor C* and an exponent s corresponding to the
slope in log-log plot. The exponent is used as a benchmark of the agreement of the
SFC form with theory. Additionally, the Pearson correlation coefficient R*/¢ was
computed for the resampled points. It quantifies the linearity of the experimental
SFC in log-log coordinates. Consequently, s and R*/¢ assess to some extent the

reliability of the derived e.

i s
- all SFC points A VA%

assumed inertial :
A fit points
— free slope: 0.71

— fixed slope: 2/3

7

€=231- 10"" m? 5’3‘
R =1.000

107 10° 10" 102
7 [m)]

Figure 3.1: Example of € derivation with the structure function method (flight #5,
LEG307, vertical component). The computed SFC (Eq. (3.11), blue) is resampled
in the assumed inertial range (yellow) to obtain logarithmically spaced points (tri-
angles) which are used for two least squares fits: one with a free slope (Eq. (3.13),
purple), one with a fixed theoretical slope (Eq. (3.12), green). From Nowak et al.
(2021).

3.2.3.2 Power spectrum method

Power spectral density (PSD) of v’ and w’ was calculated with the Welch algorithm.
The window was chosen as half the length of the segment. The windows overlap
by half of their length, so, in turn, there are three individual PSDs averaged in the
Welch scheme. The final PSD was then resampled in the assumed inertial range,
analogously to the SFC (see Fig. 3.2).
Theory predicts the following PSD form in the inertial range (Pope, 2000):
P(f) = O (U) eyt (3.14)

2
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where f is frequency and CP*¢ is a constant (CP*? ~ 0.49 for longitudinal and
CPsd ~ (.65 for vertical component). €”*¢ was derived by fitting this relationship to

the resampled PSD. A second fit was performed according to:
P(f)=C"f" (3.15)

where the fitted PSD exponent p corresponds to the slope in log-log plot. Together
with the Pearson correlation coefficient for the resampled points RP*¢ it measures

the agreement of the PSD form with theory and the reliability of the derived e.
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Figure 3.2: Example of e derivation with the power spectrum method (flight #5,
LEG307, vertical component). The computed PSD (blue) is resampled in the as-
sumed inertial range (yellow) to obtain logarithmically spaced points (triangles)
which are used for two least squares fits: one with a free slope (Eq. (3.15), purple),
one with a fixed theoretical slope (Eq. (3.14), green). From Nowak et al. (2021).

3.2.3.3 Application of the methods

In the case of PROFs, the moving window of 2 s was applied to the timeseries v’
and w’. In each window, ¢ was derived separately with the two methods for the two
velocity components, together with the exponents and the correlation coefficients.
Such a solution was verified to provide sufficiently good fits and constitutes the com-
promise between high final spatial resolution (short window desired) and adequate
representation of SFC or PSD (long window desired). This approach follows earlier
studies which determined the instantaneous dissipation rate utilizing the same type
of data as here (Siebert et al., 2006b; Katzwinkel et al., 2012). Siebert et al. (2006b)

have chosen the window of 1 s based on their sensitivity tests and the arguments
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provided by Frehlich et al. (2004) and Muschinski et al. (2004). Because I derive not
only € but also slopes and correlations, I decided to increase the window to 2 s so
that the linear fits cover a considerable portion of the inertial range and a sufficient
number of logarithmically equidistant resampled points (see sec. 3.2.3.1).

In the case of LEGs, both methods were applied to the whole segments. Then,
SFC and PSD were in practice averaged over a relatively long horizontal distance.
This approach provides an estimate of ‘mean’ dissipation in contrast to ‘local” val-
ues computed in short windows in the case of PROFs. The results on small-scale
turbulence, including €, s and p, should not be compared between PROFs and LEGs
in a straightforward way. They are representative for small and large fluid volumes,
respectively. Long horizontal segments may cover various air volumes differing in
turbulence intensity and its properties, e.g. dissipation rate or inertial range scal-
ing. According to the refined Kolmogorov hypothesis (Kolmogorov, 1962), due to
intermittency of turbulence, € distribution depends on the scale on which it is eval-
uated. This dependence inside clouds was investigated experimentally by Siebert
et al. (2010). The SFC and PSD derived on a long segment are expected to follow
their theoretical forms more accurately which is indeed the case (see sec. 5.3).

In this work, the calculation of € with two different methods was motivated
by the usual discrepancies and difficulties in estimating dissipation from airborne
measurements (Wactawczyk et al., 2017, 2020). The results (sec. 5.3) demonstrate a
good agreement between the methods as long as the relative variations with height

psd js usually systematically higher than

are concerned. In terms of absolute values, €
e*/¢ (around a factor of 2). In general, the derived SFC resembles its theoretical form
better than the PSD which is indicated by the fitted exponents and the correlation
coefficients being closer to the theoretical values and to unity, respectively. This
agrees with Siebert et al. (2006b) who found the SFC method to be more robust for
€ estimation from velocity signals acquired onboard airborne platforms.

What is more, the longitudinal fluctuations appear to result in slightly higher
dissipation than the vertical ones in most cases. However, the statistics of vertical
velocity fluctuations are always in better agreement with theory than the longitudi-
nal one as signaled by the fitted SFC and PSD exponents as well as the respective
correlation coefficients.

In order to estimate the uncertainties of the results, I used the random errors
of the fitted parameters (computed with a standard method from least-squares fit

residuals). The random error of PROF-derived dissipation rate equals ~50 % in the
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boundary layer and ~150 % in the FT. The error of the LEG-derived € is ~30 % for
longitudinal component and ~15 % for vertical component in the boundary layer
while ~150 % for both components in the FT. The random error of the fitted slopes
is ~0.04 for s and ~0.16 for p in the case of PROFs while ~0.02 in the case of both
LEG-derived slopes. Notwithstanding, the given values represent the uncertainties
due to the random errors of the fit only. The reliability of the derived dissipation
rates can be also assessed by comparing the results of the two derivation methods,
by comparing the fitted SFC and PSD slopes with their theoretical values or using

the deviation of the computed correlation coefficients from unity.

3.2.4 Anisotropy

The assumption of isotropy, involved in the classical theory of Kolmogorov (1941),
might be violated in many specific situations in the atmospheric boundary layer,
e.g. under strong buoyancy and wind shear at stratocumulus top (Malinowski et al.,
2013; Jen-La Plante et al., 2016; Akinlabi et al., 2019) or in the surface layer (Mahrt,
2014). To investigate the deviations from isotropy, I used anisotropy ratios A of two
types, bulk and spectral, relating the w-derived parameters to the u-derived ones.

The bulk anisotropy ratios are defined as:

w'? Esfc 6psd
Avar = %7 Aifc = 6g}g’ A€Sd = e;f}m (316)
u u

Variance anisotropy ratio A,,, relates mostly to larger eddies which have a dominant
contribution to the total variance. Isotropy is indicated by the values close to 1,
while A4 <1 or A, >1 indicate anisotropic turbulence dominated by horizontal
and vertical fluctuations, respectively. On the other hand, dissipation anisotropy
ratios A, regard mostly the inertial range eddies because the e derivation exploits
the SFC or PSD scaling in the inertial range. Analogously, the values close to unity
indicate isotropy.

Ayar 18 the ratio of LEG-derived velocity variances. Both A, were computed for
LEGs as well as for PROFs. In the case of PROFs, the profiles of ¢, and €, were
divided one by another (point-by-point).

The spectral anisotropy is the scale-dependent ratio of the PSDs for vertical and

longitudinal velocity:

(3.17)
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where true air speed U, is utilized to convert frequency into distance. A similar
approach was exercised by Pedersen et al. (2018) who compared the modeled and
measured anisotropy in the region of stratocumulus top. They used both horizontal
velocity components, however, did not explicitly consider the distinction between
longitudinal and lateral directions in their analysis. In the inertial range, the Kol-
mogorov theory predicts Ap = 4/3. Such a value of the experimentally derived Ap
should then indicate isotropy at a particular scale r. Importantly, it is not neces-
sarily satisfied outside the inertial range, i.e. in the dissipative part of the spectrum
or for the large scales above the integral length scale.

To obtain Ap, the same resampling procedure as in sec. 3.2.3.2 was applied
to the LEG-derived PSDs but across the whole available range of scales (not only
the inertial). The relevant ratio was then calculated point-by-point. The data
collected with the ultrasonic anemometer-thermometer are sufficient for the analysis
of the spectral anisotropy in the inertial range as Siebert and Muschinski (2001)
demonstrated that the spectra of velocity fluctuations measured with an earlier
version of that instrument in a considerably turbulent environment follow closely
the expected 5/3 power law, a flattening is observed only at frequencies larger than

30 Hz and the ratio of the transverse and longitudinal spectra equals 4/3.

3.2.5 Length scales

Turbulence energy cascade is often characterized by several length scales: integral
scale L, Taylor microscale A\ and Kolmogorov microscale 7. The integral length
scale corresponds to the energy-containing eddies which are involved in TKE gener-
ation. In the energy cascade, it marks the beginning of the inertial subrange where
turbulent flow is considerably isotropic despite the anisotropy of large-scale factors.

The indefinite integral of the autocorrelation function R(r) involved in the formal
definition of L (Pope, 2000) cannot be evaluated experimentally due to the limited
available segment length. Instead, three pragmatic solutions are: integration to the
first zero of the autocorrelation function (Lenschow, 1986), estimating the distance
where the correlation declines by a factor of e or fitting the assumed function form
to the power spectrum of the signal (Lenschow et al., 1994). The second method
was chosen because it is robust enough to provide reasonable results in all the cases
relevant for this study, in contrast to the others which might occasionally fail if R(r)

only slowly decreases with distance.
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For this reason, L was obtained by estimating the distance at which the auto-

correlation
xz+r)u(x))

(u?)

declines by a factor of e. The very same procedure was applied to longitudinal

Ru(r) = wl (3.18)

as well as vertical velocity to provide L, and L,, respectively. According to Pope
(2000), under isotropic conditions L,, = %Lu. Such a proportion can then indicate
isotropy in the relevant eddy scale.

At the Taylor microscale, viscosity starts to substantially affect the dynamics of
turbulent eddies. The scales which are larger are believed not to be significantly
influenced by viscous effects. A is often reported in laboratory studies and numer-
ical simulations of turbulent flows as the property which shall be independent of a
generation mechanism. Under the assumption of isotropy, the Taylor microscale can
be related to velocity variance and dissipation rate. Two length scales, longitudinal

and vertical, were estimated according to the formulas:

12 /2
Ay = 30y<€7ﬁ—fc>, A = 15y<z‘:fc> (3.19)

where v is air viscosity for which the temperature and pressure dependence is con-
sidered (Sutherland, 1893). In homogeneous isotropic turbulence \,, = \%)\u (Pope,
2000).

The Kolmogorov microscale corresponds to the smallest eddies where TKE is
dissipated into heat by viscosity. Following dimensional arguments of the famous

similarity hypothesis (Kolmogorov, 1941), it equals:

1
3\t

This microscale was calculated separately for longitudinal (n,) and vertical (7,,)
direction with the same formula. Provided local small-scale isotropy, they should
be equal. Because the definition of n involves only small scale quantities, it could
be obtained for LEGs as well as for PROFs. For convenience, in A and 7 derivation,
only /¢ was used because the SFC proved to resemble its theoretical form better
than the PSD (see sec. 3.2.3.3 and 5.3).
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3.3 Aerosol properties

The degree of coupling in an STBL can influence the distribution of aerosol parti-
cles. Typically, the particles are small enough to neglect their sedimentation within
the timescales relevant for the boundary layer circulation. However, the effects of
circulation and mixing may alter between coupled and decoupled conditions. Their
impact on aerosols properties was examined by comparing N,, Necny and PNSD
between the two cases. The processing of aerosol particles by various chemical and
physical mechanisms (photochemistry, nucleation, hygroscopic growth, etc.) is not
considered in this study.

The concentrations, N, and Nccon, were sampled by the CPC and the miniC-
CNC, respectively, with the rate of 1 s which ensures satisfactory spatial resolution.
The size distribution was provided by the combination of the SMPS and the OPC.
The SMPS system developed at TROPOS is optimized with respect to weight and
power consumption for the operation onboard ACTOS. See Wehner et al. (2010) for
the details about its construction. The instrument requires 120 s to complete a scan
covering the size range 6-250 nm. The scans are performed in an alternate manner:
from small to large D, (up-scan) and in the opposite direction (down-scan). Larger
particles (250 nm - 2.5 ym) are sized and counted by the OPC which provides results
every 1 s. Wide-range composite PNSDs are then calculated in 2 min long segments
by combining the SMPS-derived part with the suitably averaged OPC-derived part
according to the method given by Pfeifer et al. (2014). Prior to the campaign, the
SMPS and the OPC have been compared with a well-characterized reference in-
strument (Twin Differential Mobility Particle Sizer) and showed a good agreement
within the measurement uncertainties.

The PNSD scanning procedure has essential consequences for the interpretation
of the results. Within the time corresponding to one scan, substantial horizontal
and vertical distance can be flown by the platform. Needless to say, there might be
local changes in aerosol properties inside the penetrated volume. What is more, one
diameter bin is measured at a time, so each particular point in the SMPS part of
the PNSD represents a slightly different location. Being aware of the limitations,
in the following, I indicate the direction of the scan (up or down) and the spatial
domain corresponding to the presented PNSD. In the case of PROFs, individual
PNSD scans are shown. In the case of LEGs, a few scans executed within the time

of the segment are averaged assuming horizontal homogeneity.
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A common inlet at the front of ACTOS (c.f. Fig. 2.3) is used for the CPC,
SMPS and OPC. The sample flow is directed through a diffusion dryer to provide
dry measurement conditions (< 50 % relative humidity) and further divided by a
flow splitter into the lines leading to the instruments. The miniCCNC was served
by another inlet and a dryer located at the side of ACTOS. All the measurements
were corrected for the variations in flow volume due to pressure changes and for the
losses within the inlet line. The results were converted for the standard temperature
(288 K) and pressure (1013.15 hPa). The calibrations, corrections and data post-
processing of the aerosol measurements were performed by B. Wehner, S. Henning
and J. Luckerath.

70



Chapter 4

Stratification

This chapter describes the stratification of the two STBLs, coupled and decoupled,
in terms of meteorological and thermodynamic properties derived from the airborne
measurements performed with ACTOS and selected ground-based routine observa-
tions performed at the ARM ENA site. The content of sections 4.1, 4.2.1, 4.2.2,
4.3.1, 4.3.2 comes in large part from Nowak et al. (2021). The content of sections
4.2.3,4.2.4, 4.3.3 and 4.3.4 has not been published before.

4.1 Quantitative judgement of the degree of cou-
pling

The parameters characterizing the internal coupling of the boundary layer (see
sec. 3.1.2) were estimated using PROF1 of flight #5 and PROF5 of flight #14.
According to the criteria of Jones et al. (2011), it is evident that flight #5 (A6, =
—0.51°C, Aq; = 0.13 gkg™*, Az = —72 m) was performed in a coupled STBL while
flight #14 (A6, = 1.19°C, Aq; = 0.90 gkg™!, Az = 216 m) in a decoupled STBL.
The negative values of Af; and Az suggest instability but they might be also at-
tributed to the horizontal inhomogeneities of stratocumulus structure (see sec. 2.5.1)
in combination with the slanted flight path.

Consistently, the parameters of Wood and Bretherton (2004) are smaller for
flight #5 (ap = —0.12, a,; = 0.04) than for flight #14 (ap = 0.26, o, = 0.26). The
stability parameter of Yin and Albrecht (2000) is plotted in panel (d) of Figs. 4.1
and 4.4. It varies significantly with height and the critical value is occasionally
exceeded in both flights. This method was probably optimized for radiosoundings

in a different climate regime and does not seem robust in the case of ACTOS data.
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In both studied cases, the CTEI parameter exceeds the critical value (k = 0.71 for
flight #5 and k = 0.34 for #14), indicating the possibility of buoyancy reversal re-
sulting from mixing at the cloud top. This buoyancy reversal is of potentially higher
importance at the top of the coupled STBL. The decoupling measures, together with
the conditions at the relevant levels in the boundary layer, are summarized in Ta-
ble 4.1 below.

Table 4.1: Parameters characterizing the coupling of the boundary layer and the
cloud top entrainment instability.

Parameter | Flight #5 | Flight #14
0%t [°C] 17.96 18.85
;" |°C] 17.45 20.04
0, [°C] 17.35 20.47
o [°C] 22.86 25.09
Ab; [°C] -0.51 1.19

o -0.12 0.26

¢ [g kg™ 9.56 11.61

¢ gk 9.43 10.71

q lgkg™ 9.25 10.63

¢ [gke™'| 1.73 7.84

Ag |gke™!] 0.13 0.90

a, 0.04 0.26

LCL*" [m] 787 649

CB [m] 715 865
K 0.71 0.34

4.2 Coupled STBL

4.2.1 Vertical structure

The profiles of thermodynamic and stability variables in flight #5 exhibit a well-
mixed STBL (Fig. 4.1). Temperature falls with height with near-constant lapse
rate inside the boundary layer, followed by a sharp inversion at the top. Liquid
water potential temperature is almost constant from close to the surface up to
the stratocumulus top, where it features the increase of ~5 K. Total water mass

L above the cloud top.

fraction behaves analogously, with the decrease of ~7 gkg™
Interestingly, very dry air is located at the top of the temperature inversion. It

is further capped by the layer of considerably higher g,, however much lower than
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inside the boundary layer. Liquid water mass fraction in the cloud is moderate
and suggests a non-trivial cloud structure. There were cloud clearings penetrated
as ACTOS moved along the slanted path, evident in the high rate records of ¢
(not shown here). Wind velocity fluctuates in the boundary layer within +1 ms™!
around the mean ~5 ms~!. Wind shear across the cloud top and the inversion can
be noticed. Wind direction is from NNW throughout the sampled height.

(a) (b) (c) (d) (e)

T[°C] q lgkg™ dd|[°] u[KhPa™] Sh?[s %104
12 14 16 18 0 0.1 0.2 290 320 350 0 01 02 030 10 20
1400 T
|
| -
1200 !
/ bl
\
A
1000 ST
=i
() T
n el
» 800 s o
< ’ n
E >
% )
2 600 0
< <
T _|
| =" [sa]
400 f ;i )
b N
)
/
200 \)
I
T[N
|
0 | | | | | | | | | | L1 | | | | |
20 25 30 2 4 6 8 4 6 8 1000 1500 2000 0 10 20
6, [°C] g [gkg™] Ums™! LCL [m] Nb? [s7%], 1094

Figure 4.1: Vertical structure of the coupled STBL: (a) temperature 7" and liquid
water potential temperature 6, (b) liquid water mass fraction ¢ and specific hu-
midity ¢,, (¢) wind speed U and direction dd, (d) lifting condensation level LCL
and stability parameter p with its critical level (dashed black line), (e) squared
Brunt-Viiséld frequency Nb? and wind shear rate Sh®. Line styles correspond to
the specific profiles (c.f. Fig. 2.7). Color shadings denote the sublayers: entrainment
interface layer (red) and stratocumulus layer (blue). From Nowak et al. (2021).

Significant differences can be observed between the PROFs in wind speed and
the position of the inversion. Subsequent PROFs were not performed at the same
time and location, so certain variability is expected. Airborne sampling features
inevitable randomness due to probing specific structures (eddies, updrafts, cloud

holes, etc.), thus slanted profiles do not represent mean conditions accurately.
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LCL stays roughly equal from the lowest level up to the cloud base. Interestingly,
at low levels, it is slightly higher than the actual cloud base which might be again
related to the horizontal inhomogeneities in the cloud structure. Brunt-Vaisala
frequency indicates weak static instability in the boundary layer, consistently with
the findings of Ghate et al. (2015), see sec. 1.4.3. The instability is somewhat
stronger inside the cloud than below (see exact value of Nb® in Table 4.2). On the
other hand, the capping inversion features very strong stability. Wind shear is more

variable which can be attributed to sampling issues mentioned above.

4.2.2 Partition into sublayers

Based on the profiles of 6;, ¢; and g,, the following sublayers were distinguished
manually: the EIL including the temperature inversion and the very top of the
cloud, the SCL containing the cloud, the SBL ranging from the cloud base down to
the surface, and the sublayer representing free tropospheric conditions (FTL, not
necessarily adjacent to the EIL top). For reference, the EIL and SCL are marked
with red and blue shading, respectively, in Fig. 4.1 and following. The heights and
average properties inside the sublayers are listed in Table 4.2. The deepest profile
(PROF1, solid line), was used for sublayer distinction because the specific heights
may vary between PROFs. The individual penetrations of the sublayer boundaries
during the other flight segments (PROFs and dolphin porpoises) are indicated in
Fig. 2.7. Suitable normalization and averaging between individual PROFSs, as pro-
posed by Ghate et al. (2015), is not possible in this study because the other PROFs

are not deep enough.

4.2.3 Temporal evolution of stratification

The profiles provided by the two radiosoundings on 8 July 2017, launched about
three hours before the helicopter take-off and about one hour after the landing, are
presented in Fig. 4.2. Consistently with the ACTOS measurements (Fig. 4.1), they
show a relatively well-mixed boundary layer.

Above a very warm surface layer over land, temperature decreases with height
with near-constant lapse rate. In both soundings, there is a pronounced temper-
ature inversion at a similar height range as observed during the flight. A similar
difference in the inversion height, of about 100 m, as between the soundings was
also evident between the individual PROFs during the flight. Therefore, it can be
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Table 4.2: Average meteorological conditions and stability parameters inside the
specified sublayers of the atmosphere during flight #5 derived from PROF1. Tem-
perature lapse rate I', squared Brunt-Viisili frequency Nb? and wind shear rate Sh?
were obtained by calculating the derivatives over the depth of each sublayer. Other
parameters were simply averaged over relevant heights.

Parameter | SBL SCL EIL FTL
Height [m] | 0-715 | 715-855 | 855-935 | 1005-1385
T[C] 16.24 | 1259 | 14.53 14.41
o, |°C| 17.62 | 17.52 |  20.59 23.54
I'[Kkm™'] | -109| -10.1 73.9 7.2
@ [gkeg ] 9.53 9.43 3.19 3.89
U [ms™] 5.3 5.0 6.5 6.8
dd [ 337 330 329 323
LCL [m] 814 845 3363 3130
Nb? [107%s72] | -0.4 -0.6 15.4 0.7
Sh? [107%s72] | 0.0 0.3 5.1 1.0

attributed to the combination of horizontal inhomogeneities and horizontal advec-
tion. The measured temperature gradient is not as sharp as in Fig. 4.1 due to the
limited resolution of the radiosonde thermometer and the considerable ascent rate
of the balloon. Potential temperature is almost constant with height from above the
surface layer up to the boundary layer top where it features the increase of ~5 K.
Importantly, 8 does not account for liquid water content, which is not measured in
radiosounding. Therefore, 6 is not conserved in moist processes. Specific humidity
indicates that the surface layer near the airport is quite humid, probably due to the
proximity of the ocean and the northerly winds. Higher up, the balloon rises over
the land of the island, which shall explain the slight decrease of ¢,. Then, the sonde
leaves the layer characterized by the land influence and reports near-constant g, up
to the top of the boundary layer. The decrease across the inversion is ~5 gkg™!.
The dry layer adjacent to the inversion top is likely unresolved by the hygrometer
of the radiosonde (c.f. Fig. 4.1, panel (b)). The measurements of relative humidity
suggest that the cloud penetrated in the first sounding was very thin while there was
no cloud penetrated in the second sounding. This might relate to the substantial
inhomogeneity of the cloud structure (see Fig. 2.6 in sec. 2.5.1). On the other hand,
the minor increase of § and minor decrease of ¢, above 600 m in the first sounding

might be related to a weak decoupling in the cloud clearing region.
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Figure 4.2: Radiosoundings launched at ARM ENA site on 8 July 2017, before (at
11:31, solid) and after (at 17:30, dashed) flight #5: (a) temperature 7" and potential
temperature 6, (b) relative humidity (RH) and specific humidity ¢, (¢) wind speed
U and direction dd, (d) lifting condensation level LCL and stability parameter pu
with its critical level (dashed black line), (e) squared Brunt-Viisild frequency Nb?
and wind shear rate Sh?.

The wind blows consistently from the NNW direction in the boundary layer. The
surface layer over land is characterized by significant wind shear. In the sounding
launched after the flight, a similar gradient in wind speed at the STBL top was
observed as in the ACTOS profiles. However, the second sounding exhibits the
gradient at around 500 m in the middle of the boundary layer. One may speculate
it is related to the influence of the island topography in combination with the path
of the sonde. Indeed, the highest hills on Graciosa reach almost 400 m a.s.l.

LCL slowly increases with height throughout the boundary layer suggesting it
is not ideally well-mixed. This increase is most pronounced in the first sounding
at about 600-700 m. A local maximum of y can be found at the same level. Nb?
is strongly negative in the surface layer, indicating considerable instability. It is

nearly zero in the middle boundary layer, indicating neutral stability, and positive
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in the inversion layer which points out stable stratification. Sh? is large close to the
surface and in the inversion layer, where significant gradients of U were identified.
In general, both soundings can be considered consistent with the ACTOS profiles
performed in flight #5 which implies the stratification of the atmosphere in the

study area did not undergo dramatic changes over the timescale of several hours.

4.2.4 Temporal evolution of cloud structure

The daily evolution of the ceilometer backscatter profiles is shown in Fig. 4.3. After
several hours of precipitation at night, a rain-free stratocumulus-topped boundary
layer appeared over the ARM ENA site. The CB was gradually increasing over the
day which implies the increase of LCL. This was realized mostly by drying rather
than warming because both T and ¢, decreased a bit from the first to the second
radiosounding (Fig. 4.2). Most likely, the height of the STBL top was also increasing
with time. Having measurements at one point only, it is difficult to discern the

contributions of advection and entrainment to the growth of the boundary layer.
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Figure 4.3: Profiles of the backscatter coefficient measured by the ceilometer at the
ARM ENA site throughout 8 July 2017. Blue dots denote the estimation of cloud
base height derived with the default ceilometer algorithm. For reference, black solid
line marks the altitude profile in flight #5.

The cloud structure was scattered, in agreement with the satellite image (Fig. 2.6),
in particular in the morning and early afternoon. 3 seems to be slightly larger below
the clouds in comparison to the clear sky areas, in particular under the somewhat
lowered cloud bases. Possibly, surface-generated aerosols can be lifted up by the
boundary layer updrafts which also contribute to cloud formation and usually ex-

hibit lower LLCLs in relation to the downdrafts originating at the cloud top.
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4.3 Decoupled STBL

4.3.1 Vertical structure

The profiles in flight #14 exhibit a decoupled STBL (Fig. 4.4). Liquid water po-
tential temperature gradually rises with height whereas specific humidity decreases
step-wise. Despite the distinct g, gradient in the middle of the boundary layer, its
value in the lowest part and in the subcloud section is relatively stable. This sug-
gests that both the upper and the lower STBL portions are internally mixed. The
FT is quite humid, with g, larger than for flight #5. The difference in ; at the
stratocumulus top is ~5 K while in ¢, only ~3 gkg™!. The stratocumulus is thicker
and more abundant in liquid water than in the previous case. Wind velocity varies

1

+1 ms~! around the mean ~6 ms~'. Wind direction is predominantly from the

NW. There is significant wind shear across the inversion, with the difference in U

reaching ~4 ms™1.
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Figure 4.4: Vertical structure of the decoupled STBL (flight #14). Notation as
in Fig. 4.1. Line styles are consistent with Fig. 2.10. Color shadings denote the
sublayers: entrainment interface layer (red), stratocumulus layer (blue), subcloud
layer (green), transition layer (purple). From Nowak et al. (2021).
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LCL replicates the gradients of g, in the middle of the boundary layer. It corre-
sponds to the actual CB only in the section right below the cloud which is a signature
of decoupling. Brunt-Viisila frequency indicates weak static stability throughout
most of the profile, including the cloud, consistently with the observations of Ghate
et al. (2015), see sec. 1.4.3. The peak in the inversion layer coincides well with the
maximum of Sh?. The parameter ;1 shows a local maximum, exceeding the critical
value, at about 580 m. However, it is not very pronounced and not the only one,

owing to large variations with height.

4.3.2 Partition into sublayers

Similarly to flight #5, the following sublayers were distinguished: the FTL, the EIL,
the SCL, and the SBL extending from the cloud base down to the level where LCL is
no longer in agreement with the observed CB. In addition, two more sublayers typical
for decoupled conditions were introduced: the TSL containing the major gradients
in specific humidity and wind speed, and the SML extending from the surface up to
the bend in 6, profile (where it begins to rise with height, c.f. Fig. 4.4, panel (a)).
A somewhat arbitrary boundary of 385 m was chosen to represent the top of the
SML which is directly influenced by surface processes. For reference, the EIL, SCL,
SBL and TSL are marked with red, blue, green and purple shading, respectively, in
Fig. 4.4 and following. The heights and average properties inside the sublayers are
listed in Table 4.3. Here, PROF5 was used for the sublayer identification because
it covers most of the STBL depth. The individual penetrations of the sublayer

boundaries during other flight segments are indicated in Fig. 2.10.

4.3.3 Temporal evolution of stratification

The profiles provided by the two radiosoundings on 18 July 2017, launched about
four hours before the helicopter take-off and shortly after the landing, respectively,
are presented in Fig. 4.5. The first one features a deep cloud layer. The second one
exhibits a decoupled STBL, in agreement with ACTOS measurements (Fig. 4.4).
Likewise the coupled case, there is a surface layer evident in the profiles. It
is related to the direct influence of land and manifests in high temperature and
humidity, significant wind shear and static instability. In the first sounding, I’
changes from dry to moist at the CB of ~600 m. The cloud base is indicated by the

maximum possible relative humidity reached at this point. Here, 6 begins to steadily
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Chapter 4. Stratification

Table 4.3: Average meteorological conditions and stability parameters inside the
specified sublayers of the atmosphere during flight #14 derived from PROF5. No-

tation as in Table 4.2.

Parameter | SML | TSL SBL SCL EIL FTL
Height [m] 0-385 | 485-615 | 615-865 | 865-1045 | 1045-1095 | 1150-1400
T [°C] 18.06 15.79 14.36 13.10 13.90 16.05
0, [°CJ 18.81 19.20 19.61 20.16 22.37 26.29
I [Kkm™!] -10.1 -7.1 -74 -2.9 84.6 -5.2
¢ |gke™!] 11.65 11.08 10.75 10.68 9.65 8.48
U [ms™!] 6.5 5.8 5.5 6.0 7.3 9.9
dd |°] 314 308 314 322 322 325
LCL [m] 508 658 769 905 1328 2040
Nb? [107%s72] | 0.5 0.9 0.1 1.5 28.0 1.5
Sh? [10~%s72] 0.2 0.8 0.1 0.1 45.6 1.5
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Figure 4.5: Radiosoundings launched at ARM ENA site on 18 July 2017, before (at
11:38, solid) and after (at 17:30, dashed) flight #14. Notation as in Fig. 4.2.

80



4.3. Decoupled STBL

rise because of the latent heat released in condensation which is not accounted for
in the definition of ‘dry’ potential temperature, in contrast to ; (c.f. Eq. (3.1)).
Simultaneously, ¢, slowly decreases as condensation transfers water vapor into liquid
droplets. The temperature inversion is located at ~1100 m and 6 increases by ~5 K
there. Interestingly, the decrease of ¢, of only ~3 gkg=! occurs 100 m higher than
the inversion.

In the second sounding, at about 450-500 m, I' changes, 6 starts to increase
with height and ¢, decreases. Those properties indicate STBL decoupling, which
stays in a good agreement with the ACTOS measurements. The cloud is relatively
thin. The temperature inversion is located at ~950 m with similar differences of
0 and ¢, as in the previous sounding and the profiles of flight #14. The gradient
of specific humidity can be identified at a similar level as in Fig. 4.4 but it is not
as pronounced due to the limited resolution of the radiosonde hygrometer and the
considerable climb rate.

Wind speed in the boundary layer is ~6 ms™! for both soundings. There is
some variability in the lower part, possibly due to the effect of island topography,
and significant shear across the inversion. Interestingly, wind direction in the lower
atmosphere changes from the NNW to the NW between the soundings. Recalling
the surface pressure chart for this day (Fig. 2.8), it might be related to the passage
of a weak front in the afternoon.

LCL replicates the gradient of ¢, in the middle of the STBL in the second
sounding which confirms the intuition for decoupling and complies with the AC-
TOS measurements. The stability parameter p has two local maxima around that
level. Brunt-Viiséla frequency and shear rate behave as expected, with significant

deviations from zero only in the surface layer over land and in the EIL.

4.3.4 Temporal evolution of cloud structure

The cloud cover was solid throughout most of the day until the evening (Fig. 4.6),
consistently with the satellite image (Fig. 2.9). Rain often fell onto the observation
site which can be related to deeper stratocumulus than in the coupled case. Inter-
mittent precipitation periods might be connected to the cellular mesoscale structure
implied by the satellite image.

In the afternoon, scattered cumulus clouds emerged over the site below the stra-

tocumulus base (c.f. sec. 7.5). Interestingly, the backscatter coefficient below the
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Chapter 4. Stratification

stratocumulus decreases from the early morning to the late afternoon, possibly due
to the scavenging of aerosol particles and the decoupling of the circulation which
disturbs the transport from the surface. The surface-generated particles are likely
lifted up in the cumulus updrafts which would explain enhanced  below the cumuli.

In the evening, another airmass containing only scattered clouds was advected.

ARM ENA ceilometer 2017-07-18
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Figure 4.6: Profiles of the backscatter coefficient measured by the ceilometer at the
ARM ENA site throughout 18 July 2017. Blue dots denote the estimated cloud base
height, black line marks the altitude profile in flight #14.
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Turbulence

The properties of turbulence in the coupled and decoupled STBLs are documented
in a series of plots. Depending on flight segment type, they are illustrated with
continuous profiles (PROFs) and/or dots with error bars (LEGs). For reference, the
sublayers introduced in ch. 4 are indicated in the figures with color shadings. The
mean PROF-derived values inside the sublayers are listed in Tables 5.1 and 5.2.
The content of this chapter corresponds to sec. 5 of Nowak et al. (2021). Here,

the material is expanded with some additional details.

5.1 Turbulence Kinetic Energy and variances

Figure 5.1 presents the variances of vertical and longitudinal velocity fluctuations,
TKE, the third moment of vertical velocity, the variances of temperature and specific
humidity in the LEGs of flights #5 and #14.

Generally, the TKE inside the coupled STBL decreases with height from the
middle of the SBL up to the cloud top. Despite slightly unstable stratification, the
contribution from the horizontal velocity variance is dominant over the vertical one.
The latter reaches its minimum value below the cloud, where B is close to zero (c.f.
Fig. 5.2i in sec. 5.2).

The estimated TKE is also large in the F'T above the temperature inversion. This
is rather an artifact due to the likely presence of gravity waves favored under stable
conditions. It is implied by the power spectra of w, u, ¢,, 0, (not shown) which
indicate that most of the variance can be attributed to a peak at the wavelength
of about 450 m. A similar observation was made for the cospectra of wu, wq, and

wh, (not shown) which indicate that most of the covariance can be attributed to the
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Chapter 5. Turbulence

same range of wavelengths. Recall that LEG1079 was flown very close to the EIL
and the cloud top which often features undulated interface.

The third moment of vertical velocity is positive in the lowest LEG307, suggesting
strong but localized updrafts and weak but widespread downdrafts. Higher up, it
is close to zero. These results ought to be interpreted with caution because the
estimation of (w®) can be subject to errors due to insufficient statistics related to
the small chance of penetrating infrequent but intense events (Lenschow et al., 1994;
Kopec et al., 2016). See appendix A for details.

The fluctuations of temperature and humidity can be significant wherever there
are spatial gradients of those quantities or in the presence of sources or sinks of
heat and moisture. Such conditions occur close to the cloud top, where radiative
cooling is the sink of heat and the mixing between the air volumes of considerably
contrasting properties occurs. Indeed, the measured variances are highest in the
cloud segment and decrease downward into the boundary layer where T" and ¢, are

locally more uniform.
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Figure 5.1: Statistics of turbulent fluctuations: (a) variance of horizontal (u?) and
vertical (w'?) velocity, (b) turbulence kinetic energy TKE and third moment of
vertical velocity (w®), (c) variance of temperature (7"?) and specific humidity (q/?).
From Nowak et al. (2021).

In the decoupled STBL, the TKE level is in general lower than in the coupled

case. The profiles of the velocity variances across the SML resemble a typical mixed
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5.2. TKE production and turbulent fluxes

layer with shear, i.e. high TKE at the bottom and the top which is realized mostly
by the contribution of horizontal velocity variance (e.g. Stull, 1988, ch. 4). The
prevalence of horizontal in comparison to the vertical velocity variance is particu-
larly visible for LEG448, close to the transition, where (w’?) reaches its minimum.
Similarly to the TKE, (7"%) and (¢/?) exhibit maximum at this level. Temperature
and specific humidity can be considered passive scalars which undergo mixing. The
increased variances are caused by gradient production rather than by any diabatic
sources (see Stull, 1988, Eqs. (4.3.2) and (4.3.3) therein).

The skewness of the vertical velocity is slightly positive in the SML with the
maximum in LEG287 At the transition and in the cloud, it is close to zero with a
tendency towards negative values. This suggests the dominant role of updrafts in
the SML and downdrafts in the SCL.

Altogether, the results can be interpreted as a signature of decoupling between
the circulations in the lower and upper parts of the boundary layer, as downdrafts
originated at the cloud top and updrafts originated at the surface seem to slow down

and diverge horizontally at the transition level.

5.2 TKE production and turbulent fluxes

The buoyant production of TKE is expected to be significant inside the cloud and
close to the surface while the shear production is expected to be significant at the
bottom and the top of the boundary layer (Markowski and Richardson, 2010). Such
a picture is in general agreement with the results for flight #5. In the coupled
STBL observed there (Fig. 5.2i), B is maximum in the LEG flown inside the cloud
(8.0-107* m?s73), drops to nearly zero below the cloud and increases towards the
surface, reaching 5.6:107* m?s™3 (estimated with the COARE 3.0 algorithm). S is
more uniform in the boundary layer, yet subject to substantial variability among
the subsegments.

Sensible heat flux reaches the maximum of almost 40 Wm~2 close to the cloud
top, stays small and positive in the middle of the boundary layer with the surface
value of around Q, = 11 Wm™2 (according to the COARE 3.0 algorithm).

Latent heat flux follows a nearly linear decrease from @; = 130 Wm™2 at the
ocean surface, which is the source of moisture due to evaporation, to roughly zero
below the cloud. At low levels in the atmosphere (at the surface and in LEG307)

the contribution of moisture transport to buoyancy is of the same order as the

85



Chapter 5. Turbulence

contribution of heat transport, c.f. Eq. (1.6). In the cloud top region @Q; exceeds
100 Wm~2 (subject to very large variability).

The reason for the massive upward transport of both the latent and sensible heat
in the cloud might be the radiative and evaporative cooling at the stratocumulus top.
LEGS819 was performed close to the cloud top but neither exactly at the interface
nor inside the EIL, so the fluxes do not represent the entrainment of warm and dry
air from the F'T but rather the air volumes which were cooled in the cloud top region
and descend through the cloud (Gerber et al., 2016). The isobaric diabatic cooling
at the cloud top leads to the reduction of potential temperature and the resulting
negative buoyancy induces sinking motion. In effect, negative w’ correlates with
negative @’ resulting in positive heat flux. If the temperature is reduced, then also
¢, of the initially saturated volume should decline because some part of the water
vapor needs to condensate. Therefore, the descending cooled volumes also feature
smaller ¢, which results in positive );. Similar arguments can be applied to the
evaporative cooling mechanism. Then, the descending volumes are only those which
were subject to buoyancy reversal in the course of mixing. It is not clear what are
the exact contributions of radiative and evaporative cooling towards the observed
heat fluxes. Although « significantly exceeds the critical value (see sec. 4.1), which
suggests the importance of evaporation, radiative cooling might still be dominant
as in the study of Gerber et al. (2016).

In the decoupled STBL observed in flight #14 (Fig. 5.2ii), the production terms
B and S are of the same order as in the coupled case. The COARE 3.0 algorithm
provides B = 4.0-10* m?s73, Q, = 6.7 Wm™2, Q; = 107 Wm~? at the surface. B
decreases with height and can be expected to turn into buoyancy consumption in the
TSL. This can be considered an important signature of decoupling. In the cloud, B
is again positive, yet significantly smaller (2.6-10~* m? s=3) than at a similar location
in the coupled STBL. Shear production is present in the SML and at the transition
as well as in the cloud top region.

Sensible heat flux in the decoupled boundary layer is relatively small, reach-
ing the maximum of ~10 Wm™2 at ~140 m. Latent heat flux features a nearly

2 at the surface to

linear decrease with height from the maximum of ~100 Wm™
roughly zero close to the transition. In the lower part of the STBL (at the surface,
in LEG143 and LEG287) the contribution of moisture transport to buoyancy is of
the same order as the contribution of heat transport (not shown). Both sensible

and latent heat fluxes observed in the cloud (LEG992) are small, in contrast to the
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Figure 5.2: (a) TKE production by buoyancy B and shear S, (b) sensible () and la-
tent ); heat fluxes. The lowest dot denotes the parameterized surface value obtained
with the COARE 3.0 algorithm. From Nowak et al. (2021).

coupled case. Together with rather moderate B in the cloud, this suggests that the
drivers of convection, i.e. radiative and evaporative cooling, are not as efficient in
this situation which might have been one of the reasons why decoupling occurred.
The CTEI parameter (see sec. 4.1) is indeed smaller in the decoupled cloud in com-
parison to the coupled one which implies less efficient evaporative cooling. However,
the comparison of radiative cooling effects between the cases requires further inves-
tigation. Another observation is that the moisture delivery from the ocean surface
to the cloud ought to be limited in the decoupled STBL as @); vanishes at a much

lower height in comparison to the cloud base than in the coupled case.

5.3 TKE dissipation rate

The measurements in the coupled STBL during flight #5 (Fig. 5.3) indicate rela-
tively small variability of € throughout the boundary layer depth and its substantial
decrease right above the cloud top. The values fluctuate by roughly one order of
magnitude, between 107* m?s~3 and 1072 m?s~3. Importantly, those variations do

not correlate between the PROFs, hence they are the manifestation of some intermit-
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tency and random effects involved in airborne sampling rather than any systematic
stratification. Among the LEGs, the highest dissipation rate was observed in the one
close to the cloud top, where also substantial B was revealed (see sec. 5.2). On the
other hand, the PROF-derived continuous profiles of ¢ do not show any significant
difference between the cloud and the subcloud part. It suggests that even though
the TKE might be produced at specific places it is probably redistributed well by
the circulation across the STBL before being dissipated by viscosity (c.f. transport
analysis by Kopec et al. (2016)).

Inside the STBL, the exponents of structure function (sec. 3.2.3.1) and of power
spectrum (sec. 3.2.3.2) are close to their theoretical values (2/3 and —5/3, respec-
tively), in striking contrast to the FT. The individual deviations occasionally reach
40 % in the STBL. On average, the deviations are a bit smaller inside the SCL than
in the SBL (see Table 5.1). Typically, the SFCs and PSDs seem to be flatter than
the theory predicts (the absolute values of s and p are smaller than theoretical).
Such behavior might be attributed to the inhomogeneity and nonstationarity of tur-
bulence and different stages of its development (Vassilicos, 2015). The SFCs and
PSDs of vertical fluctuations follow the Kolmogorov theory closer than those of lon-
gitudinal fluctuations, signaling some anisotropy in the turbulence energy cascade.

The correlation coefficients R*/¢ and RP*¢ (sec. 3.2.3) are close to unity in the
coupled STBL. This implies that both the SFC and the PSD can be considered
linear in log-log coordinates in the assumed inertial range of scales. The correlation
is higher for LEGs than for PROFs due to better averaging. It sharply decreases
across the EIL, suggesting that in the F'T' the assumptions involved in the derivation
of € are not satisfied. Therefore, ¢ estimates above the boundary layer cannot be
considered credible (Akinlabi et al., 2019). On the other hand, inside the STBL the
observed forms of SFCs and PSDs are reasonably consistent with the theoretical
predictions.

The measurements in the decoupled STBL during flight #14 (Fig. 5.4) present
the lower values of ¢ and more variability with respect to height. The PROF-
derived results averaged across the sublayers increase from the SML up to the SCL
(see Table 5.2). Such a trend is consistent for all derivation methods and velocity
components, despite some differences in the absolute values among them. The LEG-
derived e decreases with height, from the surface up to the transition.

The vertical profiles of s and p reveal an internal layering of the STBL. In contrast

to the coupled case, all the PROF-derived exponents deviate significantly from the
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Figure 5.3: TKE dissipation rate and inertial range scaling in the coupled STBL
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theoretical values. The deviations are appreciably smaller in the SML than in the
SBL and the SCL, clearly demonstrating that the turbulence in the upper part of
the decoupled STBL is further from Kolmogorov’s concepts than in the lower part.
The parameters inside the SCL and the SBL are comparable, suggesting there is an
efficient circulation and mixing across them. Those facts were expected, taking into
account the analysis of stratification (sec. 4.3.1) and TKE production (sec. 5.2).
Most probably, the turbulence generated in the cloud top region is redistributed
by the large eddies and the transport terms of the TKE balance equation (Stull,
1988) across the SCL and the SBL. Though, the properties of such turbulence are
remarkably far from the Kolmogorov theory assuming homogeneity, isotropy and
stationarity. In the light of this observation, the dissipation rates obtained with the
methods based on the theoretical inertial range scaling can become questionable.
The conditions in the lowermost part of the atmosphere better resemble theoretical
Kolmogorov turbulence, albeit the assumptions are still distant from being exactly
fulfilled. The profiles of R*/¢ and RP*? are in agreement with the above hypothesis
suggesting different character and origin of turbulence in the upper and lower parts
of the STBL. The absolute values are smaller than in the coupled case. In the SBL
and the SCL, the correlation is even quite poor at some particular heights.

In contrast to the PROFs, the LEG-derived exponents stay mostly close to 2/3 or
-5/3, accordingly, while the correlations are close to one. The observed discrepancy
might result from the combination of horizontal inhomogeneity and intermittency
of turbulence. PROF-derived and LEG-derived parameters should not be directly
compared because they represent small and large fluid volumes, respectively (see the
discussion in sec. 3.2.3.3). Unfortunately, none of the horizontal segments during
flight #14 was performed in the SBL.

5.4 Anisotropy

The coupled STBL sampled in flight #5 features the bulk anisotropy ratios predom-
inantly in the range between 0.5 and 1.0 (Fig. 5.51). The variance anisotropy ratio is
the largest (0.9) for the horizontal segment inside the cloud, close to its top, where
the turbulence is efficiently generated by buoyancy (see sec. 5.2). In the SBL, the
values are a bit smaller. Despite the substantial local fluctuations in A3/¢ and APs?,
their average level can be considered constant across the boundary layer. There is
very little difference between the SBL and the SCL. The SFC-derived anisotropy
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ratio is relatively close to unity, suggesting near isotropic conditions. However, the
PSD-derived ratio, typically around 0.6, seems to indicate the dominant role of hor-
izontal fluctuations. The reason for such a discrepancy between the methods is not
clear. It can be related to the bias in the estimation of dissipation rates between
them (c.f. Wactawczyk et al., 2020). Nevertheless, both anisotropy ratios indicate
no internal layering inside the STBL. In the FT, under static stability and weak

turbulence production, horizontal motions dominate.
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Figure 5.5: Turbulence anisotropy ratios. From Nowak et al. (2021).

In the decoupled STBL investigated in flight #14, the bulk anisotropy ratios are
on average smaller than in the previous case (Fig. 5.5ii), indicating the prevalence
of horizontal fluctuations over the vertical ones. The variance anisotropy is the
largest in the surface layer (reaching 0.72), smaller in the cloud (0.54) and close to
the transition (0.41). The dissipation anisotropy ratios imply the separation of the
STBL into two parts with the border in the TSL. In the upper part, covering the SCL
and the SBL, A%/¢ and AP*? are visibly smaller than in the SML. Again, the PSD-
derived ratio is systematically lower than the SFC-derived one but the discrepancy
is not as pronounced as in the case of flight #5. Importantly, the change at ~500 m
correlates well with the change in s and p (see sec. 5.3) as well as with the gradient of
Qv (see sec. 4.2.1). This fact confirms the hypothesis involving two major circulation
circuits dividing the STBL into two parts, cloud-driven and surface-driven, which

are internally relatively well-mixed but feature turbulence of different character.
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The spectral anisotropy ratios in the coupled STBL presented in Fig. 5.6i are
of a similar form for all the three LEGs inside the boundary layer, contrasting
with those performed in the FT. Inside the STBL, Ap matches approximately the
theoretical value of 4/3 in the range of 5-100 m, indicating the isotropic properties
of turbulence in the inertial subrange of the energy cascade. The anisotropy ratios
gradually decrease for larger scales which are of the order of the integral length scale
(see sec. 5.5). The scales of the order of a few hundred meters, which is close to the
boundary layer depth (about 850 m), might be also influenced by the proximity of
the bottom and top interfaces limiting their vertical extent. On the opposite side
of the spectrum (small scales), Ap can be affected by the differences in the spectral
transfer functions of the sonic anemometer for different velocity components (Kaimal
et al., 1968). A similar effect was briefly described by Siebert et al. (2006b). In the
FT, Ap hardly reaches 1.0 because vertical excursions are damped by stability. In
the case of LEG1079, it is particularly small, probably because that level was very

close to the strongly stable temperature inversion.
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Figure 5.6: Spectral anisotropy ratio. The horizontal dotted line denotes the 4/3
level expected for isotropy in the inertial range. From Nowak et al. (2021).

In the decoupled STBL (Fig. 5.6ii), Ap follows a similar pattern as observed
in the coupled case. Nonetheless, the maximum values are higher, reaching up to
1.7 at the scales of 20-40 m in LEG143 and LEG992 which are the lowest and the
highest segments inside the STBL. One may speculate that those scales, featuring
the prevalence of vertical fluctuations, are related to the typical size of surface

layer plumes and the typical size of cloud top downdrafts manifested as cloud holes
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(Gerber et al., 2005). The range of scales where Ap indicates conditions close to
local isotropy is narrower than in the coupled STBL. On the side of large scales,
Ap falls below the theoretical 4/3 already at around 70 m for the two central LEGs
and around 50 m for the two peripheral LEGs (regarding the perspective of the
boundary layer). This observation can be related to the integral length scales which
are smaller than in flight #5 for the most part (see sec. 5.5). What is more, the
depths of the two sections of the boundary layer corresponding to the supposed

circulation circuits (~500 m) are also smaller than the entire depth of the coupled

STBL (~850 m).

5.5 Length scales

In the coupled STBL, the estimated integral scales vary around 100-150 m (Fig. 5.71).
The longitudinal scale L, increases, whereas the vertical L,, decreases with height.
The ratio L,,/L, (not shown) decreases from about 1.3 in the lowest LEG to about
0.5 (as expected for isotropic turbulence) close to the cloud top. The variability of
the integral scales among the subsegments is extensive, reflecting poor averaging on
relatively short distances which prevents the accurate calculation of decorrelation
length (see sec. 3.2.5).

The estimated Taylor microscales fit into the range of 30-80 ¢cm and decline with
height from the middle to the top of the STBL. As predicted, the longitudinal A,
is larger than the vertical \,. Their ratio A,/\, equals v/2 (corresponding to the
isotropy of small-scale turbulence) only in the cloud LEG and is larger below. One
may speculate that the turbulence is close to isotropic at the time and location of
its generation but such isotropy is broken in the process of transport.

The Kolmogorov microscale is almost constant across the STBL (~2 mm) which
can be expected as it depends practically only on the dissipation rate (the viscosity
changes only by a minor part in the lower atmosphere).

In the decoupled STBL, the integral scales are significantly smaller in comparison
to the previous case, hardly exceeding 100 m (Fig. 5.7ii). The longitudinal L,
dominates over the vertical L,,, probably due to the separation of the circulation
into two circuits and due to the weak static stability which both limit the vertical
extent of eddies and promote horizontal elongation. In contrast to the coupled case,
the ratio L, /L, equals about one half in the lowest LEG close to the surface which

is, interestingly, again the location of an intensive TKE production.
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Figure 5.7: Turbulent length scales: (a) integral scale L, (b) Taylor microscale A,
(c) Kolmogorov microscale 7. Subscripts v and w denote the horizontal and vertical
velocity components, respectively. Some of the results for the LEGs in the F'T are
out of the range presented. From Nowak et al. (2021).

The Taylor microscale is mostly of the same order as in the former case. In the
transition zone and the cloud, the substantial detachment between the longitudinal
and the vertical can be observed. The ratio \,/\, is significantly larger than ex-
pected for isotropic turbulence. This effect is most pronounced in LEG448 close to
the transition. One may speculate it is the consequence of turbulence decay — far
from the production in the cloud and at the surface, the TKE is here dissipated and
consumed by stability (sec. 5.2).

The Kolmogorov microscale visibly fluctuates but on average it stays close to
constant across the STBL. In contrast to the coupled case, there is some difference

between 7, and 7,, which directly relates to A%/¢ discussed in sec. 5.4.
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Table 5.1: Average turbulence properties inside the sublayers of the atmosphere
during flight #5 derived from PROF1.

Parameter | SBL SCL EIL FTL
Height [m] | 0-715 | 715-855 | 855-935 | 1005-1385
es/¢ Jem? 79 5.6 6.1 1.9 0.2
es7¢ Jem? 73] 6.5 6.6 2.2 0.8
ePsd [em? s3] 5.6 5.1 1.5 0.3
ePsd |em? 573 9.2 8.5 2.6 1.2
Sw 0.61 0.67 0.29 0.03
Su 0.47 0.55 0.34 0.05
Pw -1.53 -1.70 -1.10 -0.31
Pu -1.25 -1.42 -1.03 -0.23
Rste 0.96 0.97 0.79 0.37
Rsfe 0.95 0.96 0.87 0.42
Rpsd -0.94 -0.95 -0.81 -0.49
Rpsd -0.91 -0.93 -0.81 -0.41
el este 0.87 0.94 0.54 0.28
epsd / psd 0.62 0.63 0.41 0.29
nee [mm] 1.7 1.6 4.0 4.0
nefe [mm] 1.6 1.6 3.0 2.9

Table 5.2: Average turbulence properties inside the sublayers of the atmosphere
during flight #14 derived from PROF5.

Parameter | SMIL | TSL SBL SCL EIL FTL
Height [m] | 0-385 | 485-615 | 615-865 | 865-1045 | 1045-1095 | 1150-1400
e3/¢ [em? s79 0.6 1.1 1.2 1.3 1.8 0.1
€5/ Jem? 573 1.2 3.4 3.5 4.6 3.8 0.6
ePsd |em? 573 0.6 1.5 1.6 1.9 2.5 0.1
ePsd [em? 579 1.9 5.6 5.4 7.8 6.5 0.9
Suw 0.52 0.45 0.47 0.44 0.38 0.04
Su 0.38 0.27 0.33 0.24 0.28 0.16
Pu -1.39 | -1.10 | -1.10 -1.11 -1.05 -0.34
Pu -1.16 | -0.76 | -0.78 -0.68 -0.85 -0.46
Rste 0.95 0.96 0.96 0.96 0.87 0.30
Rsfe 0.94 0.91 0.92 0.90 0.89 0.70
Rpsd -0.90 | -089| -0.89 -0.89 -0.81 -0.45
Rpsd 089 | -0.79| -0.79 -0.79 -0.83 -0.59
el este 0.48 0.31 0.34 0.29 0.48 0.09
ebsd | epsd 0.34 0.26 0.30 0.24 0.39 0.09
nele [mml 3.0 2.6 2.5 2.5 2.4 5.6
nefe [mm] 2.4 1.9 1.9 1.8 1.9 3.0
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Chapter 6

Aerosols

The properties of aerosol particles in the coupled and decoupled STBL are presented
in the form of vertical profiles and size distribution plots. Mean PROF-derived values
inside the sublayers of the atmophere are listed in Tables 6.1 and 6.3; mean LEG-
derived values in Tables 6.2 and 6.4. Additionally, the possible origin of the aerosol
particles residing in the specific sublayers is discussed. The content of this chapter

has not been published.

6.1 Total particle and CCN number concentrations

The vertical variations of N, and Nccon measured in the coupled and decoupled
STBL are shown in Fig. 6.1i, panel (a), and Fig. 6.1ii, panel (a), respectively. There
is a very good agreement between the observations from different PROFs during
both flights, except for the SBL in the coupled STBL. The offset in IV, between the
outgoing ascent (PROF1) and the returning descent (PROF3-5) can be attributed
to the advection and temporal evolution of the air mass during the flight. It was
noted in sec. 2.5.1 that the cloud field was considerably inhomogeneous which implies
variable local conditions.

During flight #5 in the coupled STBL, N, was observed to be constant with
height throughout the SBL. Inside the cloud, it is naturally smaller owing to the
activation of a considerable portion of the particles which serve as CCNs in the
course of cloud formation. The large variations in the SCL can be explained by the
inhomogeneous structure of the cloud and the clearings penetrated by the ACTOS
platform during PROFs (see sec. 2.5.1). In the FT, N, is significantly larger than
in the SBL (see Table 6.1) and stays constant with height up to about 1400 m.
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6.1. Total particle and CCN number concentrations

Similarly to N,, there is no trend of Nceony with respect to height in the SBL,
though some local fluctuations can be observed. The considerable concentration of
interstitial CCNs inside the SCL stems from the clearings penetrated or from the
maximum supersaturation level smaller than 0.2 % which was applied in the miniC-
CNC. In the FT, Ncew is constant up to 1400 m in accordance to INV,. However, in
contrast to IV, it is smaller than in the SBL. This fact suggests that, in comparison
to the boundary layer, the free tropospheric aerosol contains much larger proportion
of Aitken mode particles which are too small to be activated. Such a speculation is
confirmed by the analysis of the size distributions in sec. 6.2.

In general, the constant profiles of N, and Ne¢ewny in the SBL agree with the
statement that the coupled STBL is dynamically well-mixed. Strong gradients of
both quantities across the EIL indicate that there is limited mixing between the
STBL and the FT.

Table 6.1: Average aerosol parameters inside the sublayers of the atmosphere derived
from PROF1 of flight #b5.

Parameter | SBL SCL EIL FTL
Height [m| | 0-715 | 715-855 | 855-935 | 1005-1385
N, [em™3] 363.2 249.8 367.1 446.2

Neon |em™3] | 155.5 63.2 109.4 95.6

Table 6.2: Aerosol parameters measured in LEGs of flight #5: mean values (M) and
standard deviations among the subsegments (S).

Height [m] 307 553 819 1079 2018

M S M S M S M S M S
N, [em™3] 321.3 | 1.1 | 320.8 | 2.5 | 246.9 | 18.4 | 454.9 | 1.1 | 445.3 | 39.2

Neey |em™3) | 164.3 | 3.7 | 161.0 | 7.2 | 70.7 [ 15.0 | 91.4 | 4.1 | 87.2 | 11.1

The stratification of aerosols observed in the decoupled STBL during flight #14
features visible layering in terms of number concentration (Fig. 6.1ii, panel (a)).
Inside the boundary layer, N, and Nccy are smaller than for the coupled case, in
agreement with the conclusions of Dong et al. (2015), see sec. 1.2.4. N, and Necon
exhibit the smallest values inside the cloud which is expected due to droplet acti-
vation. In the SBL, the concentrations are smaller than in the SML (see Table 6.3)
which indicates inhibited exchange between those parts of the atmosphere. The

gradient at the height of 500 m coincides with the change of the properties of small-
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Chapter 6. Aerosols

scale turbulence (see sec. 5.3 and 5.4) and with the gradient of specific humidity
(see sec. 4.2).

One may speculate that the reason for the difference in N, and Noon between
the SML and the SBL can be twofold. First, the SML is supplied with the particles
generated at the ocean surface which are not effectively transported to the upper part
of the decoupled STBL due to the split circulations. Second, the cloud might remove
some of the CCNs in precipitation. The SBL is supposed to be well-mixed with
the cloud, hence also efficiently exchanges aerosols. For this reason, precipitation
reduces the aerosol concentration inside both the SCL and the SBL. Drizzle was
indeed noticed at the airport shortly before the flight (see sec. 4.3.4). Moreover,
if precipitation evaporates partly in the SML, its net effect is to supply processed
particles into the SML at the expense of the SBL. and the SCL.

In the FT, both N, and Nocon are larger than inside the STBL. Interestingly,
the profiles are rather complex and involve strong vertical gradients which divide
the F'T into a number of sublayers characterized by different concentrations. This
observation relates to the similarly complex stratification of the FT in terms of

specific humidity (see sec. 4.3.1).

Table 6.3: Average aerosol parameters inside the sublayers of the atmosphere derived

from PROF5 of flight #14.

Parameter | SML | TSL SBL SCL EIL FTL
Height [m] 0-385 | 485-615 | 615-865 | 865-1045 | 1045-1095 | 1150-1400
N, [em™3] 234.8 175.9 162.8 133.4 271.4 343.7

Neen |em™3) 97.1 68.5 56.7 16.3 90.9 147.2

Table 6.4: Aecrosol parameters measured in LEGs of flight #14: mean values (M)
and standard deviations among the subsegments (S).

Height [m] 143 287 448 992 2021

M S M S M S M S M S
N, [em™3] 235.5 1 1.8 12269 | 5.9 | 207.7 | 35.8 | 146.9 | 14.0 | 440.2 | 7.7

Ncen [em™3] 1100.0 | 25| 96.7 35| 749 | 80| 209 |10.5| 67.8|7.0
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Figure 6.1: Vertical variability of aerosol properties: (a) total particle number con-
centration N, and cloud condensation nuclei number concentration Necy, (b) par-
ticle number size distributions (dN/dlogD) with respect to diameter D, (the top
and bottom axes are the same). Each distribution represents a 2 min scan. Hor-
izontal gray lines indicate the range of altitudes corresponding to the distribution
plotted with the same line style. The lower of the two lines is also the zero level for
this size distribution. All the size distributions are scaled with the same factor so
that they allow the comparison between each other. The color of the line denotes
up-scan (blue) or down-scan (purple). Color shading indicates the sublayers which
were introduced in ch. 4.
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6.2 Size distribution

Individual scans of the particle number size distribution acquired during PROFs are
shown in panels (b) of Fig. 6.1. The PNSDs acquired during LEGs are given in
Fig. 6.2.
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Figure 6.2: Aerosol particle number size distributions measured in horizontal seg-
ments - average over the individual scans performed within the time of the segment.

6.2.1 Boundary layer

In both flights, the PNSDs predominantly exhibit three modes inside the boundary
layer, in agreement with the long-term statistics collected at the ARM ENA site by
Zheng et al. (2018a). Those modes peak at the diameters of around 40, 150 and
350 nm. Zheng et al. (2018a) called them Aitken mode, accumulation mode and
larger accumulation mode (see sec. 1.4.4). The first two modes feature comparable
concentrations while for the last one the concentration is significantly smaller. There
is a good agreement between the PROF-derived and the LEG-derived PNSDs with
respect to this aspect. In general, the PNSD values are larger for the coupled case,
in accordance to the higher total concentrations (see Tables 6.1, 6.2, 6.3 and 6.4).
The size distributions do not vary markedly with height in both STBLs, except
for the in-cloud measurements. This could be expected for the coupled STBL which
is well-mixed throughout its entire depth. On the other hand, this fact suggests that
the particles in the sublayers of the decoupled STBL may come from the same source

although their total concentration differs between those sublayers (see Fig. 6.1ii,
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6.2. Size distribution

panel (a), and Table 6.3). One simple hypothesis explaining such observations would
be to assume that the decoupling of the boundary layer under study is not a long-
term feature but rather a relatively recent event. Indeed, periodic decoupling is a
typical element of the diurnal cycle of an STBL and often occurs in the afternoon
due to solar insolation offsetting radiative cooling at the cloud top (see sec. 1.3.1.2).
Flight #14 was performed exactly at this time of the day.

Inside the clouds, the PNSDs are affected by activation which removes larger par-
ticles to create water droplets. Typically, in-cloud size distributions are supposed to
be almost devoid of the accumulation and larger accumulation modes. Due to the
scanning strategy explained in sec. 3.3, the results should be interpreted with cau-
tion, considering different regions penetrated by the platform. Then, the direction
of the profile (ascent or descent) and the direction of the scan (up or down) together
with the vertical variability of the total concentration need to be taken into account.

For instance, the forth PNSD from the bottom in panel (b) of Fig. 6.1i (blue
solid line) was measured during an ascent (PROF1). The scan started from the
smallest diameters at about 500 m and finished with the largest at about 800 m.
The Aitken mode was sampled still below the cloud. It is not affected by activation
anyway, so no difference is expected in relation to the lower layers. However, only
left and right portions of the accumulation mode are visible. The left portion was
measured before actually entering the cloud. Additionally, even inside the cloud
the supersaturation might have not been enough to activate those relatively small
particles. The right portion could have been sampled inside cloud clearings (as this
stratocumulus was noticed to be of inhomogeneous patchy character). On a related
note, the peak of the accumulation mode measured in LEG819 in the SCL is lower
than inside the SBL, yet quite pronounced. This is again the result of averaging
cloudy and clear-air volumes. The former are expected to be almost deprived of the
particles of this mode, the latter can exhibit aerosol properties similar to the SBL.

Unlike the cloud in the coupled STBL, the decoupled stratocumulus had a homo-
geneous structure. This explains an almost complete absence of the accumulation
mode in the in-cloud LEG992 of flight #14 in contrast to LEGS819 of flight #b5
(Fig. 6.2, blue lines). Some remaining large diameter particles might have been too
hydrophobic to be activated at that particular maximum supersaturation level in
the cloud.
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6.2.2 Free troposphere

In general, the PNSDs measured in the F'T exhibit only one pronounced mode with
the peak at the diameter of about 60 nm. The apparent shape and the position of
the peak in the case of the PROF-derived size distributions in flight #14 (Fig. 6.1ii,
panel (b)) are seriously affected by the scanning strategy (see sec. 3.3) combined
with the vertical variability of N, (Fig. 6.1ii, panel (a)).

For instance, the third distribution from the top in panel (b) of Fig. 6.1ii (dotted-
dashed purple line) seems to show two modes. However, such a statement is incorrect
because this particular down-scan performed during the descent (PROF4) covered
the altitude range from about 1750 m down to almost 1100 m. The minimum in the
PNSD at 80-90 nm was then induced by the local minimum in N, at 1400 m.

Due to the remarkable vertical variability of IV, observed in the F'T in flight #14,
no conclusions can be formulated regarding the vertical dependence of the PNSDs.
On the other hand, the conditions during flight #5 allow to distinguish two sublayers:
from ~1000 to ~1400 m and from ~1500 to ~2000 m (Fig. 6.1i). In the lower
sublayer, average N, is higher and the peak of the PNSD slightly shifted towards
smaller diameters in comparison to the upper sublayer.

In both flights, the PNSDs corresponding to the highest sampled altitudes (1800-
2000 m) include ultrafine particles (diameters below 25 nm). The presence of ul-
trafine particles may indicate an active process of new particle formation. Yet, this

needs to be confirmed by a further analysis of the process rates and local conditions.

6.3 Air mass origin

The origin of the sampled air volumes residing at different heights was examined
using the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) ver-
sion 4 model (Stein et al., 2015) developed by NOAA Air Resources Laboratory
(NOAA ARL). The 5-day backward trajectories were calculated using Global Data
Assimilation System (GDAS) meteorological data as input. The results are pre-
sented in Fig. 6.3 and 6.4.

For the case of the coupled STBL on 8 July 2017, four levels were chosen: 400 m
(in the SBL), 800 m (in the SCL), 1200 m and 1700 m (corresponding to the two
sublayers of the FT differing in aerosol properties, see sec. 6.2.2). The first trajectory

shows the advection from the NW over the Atlantic. The other three trajectories
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Figure 6.3: 5-day backward trajectories arriving at Graciosa on 8 July 2017 at 15:00
UTC (flight #5 in the coupled STBL) at the heights of 400 (left, red), 800 (left,
blue), 1200 (right, red), 1700 (right, blue) m a.s.l. calculated with the HYSPLIT
model using GDAS meteorological data as input.
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Figure 6.4: 5-day backward trajectories arriving at Graciosa on 18 July 2017 at
16:00 UTC (flight #14 in the decoupled STBL) at the heights of 200 (left, red), 550
(left, blue), 770 (left, green), 950 (right, red), 1200 (right, blue), 1600 (right, green)
m a.s.l. calculated with the HYSPLIT model using GDAS meteorological data as

input.
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are similar to each other. They are related to the advection from North America at
high levels which is a frequent pattern in this region (see sec. 1.4.4).

The long-range transport of continental aerosols explains high IV, observed in the
FT (see sec. 6.1). In addition, the trajectory ending in the SCL suggests the entrain-
ment of the transported aerosol into the boundary layer. Those observations stay in
agreement with the studies of aerosol budget in the marine boundary layer at the site
(Zheng et al., 2018a). Recall Fig. 1.30 taken from their work which indicates that
Aitken mode particles are principally entrained from the FT; accumulation mode
particles originate from the entrainment (note that the free-tropospheric PNSDs
partly overlap with the accumulation mode in Fig. 6.2), condensational growth and
sea spray aerosol emission; larger accumulation mode is mostly SSA. The difference
in N, between the two levels in the F'T might be caused by different exact sources
of emission as the trajectories diverge in height at about 3 days back.

For the case of the decoupled STBL on 18 July 2017, six levels were selected:
200 m (in the SML), 550 m (in the TSL), 770 m (in the SBL), 950 m (in the
SCL), 1200 m and 1600 m (corresponding to the two levels in the FT differing in
aerosol properties, see sec. 6.1). The three lower trajectories show the advection
from the NW. However, they diverge in direction at about 1.5 day back. Those
corresponding to the SML and the TSL stay at low level over the ocean. The one
corresponding to the SBL comes from North America and signals the entrainment
from high altitudes. The upper three trajectories are similar to each other. They
indicate long-range transport from the American continent.

In general, the implications of the air mass analysis for the aerosol budget in
the boundary layer are similar as given for the coupled case. Nevertheless, the
trajectories suggest different origin of the air in the upper (SCL+SBL) and lower
(SML+TSL) portions of the decoupled STBL. However, it is unknown when the
decoupling emerged. A considerable amount of aerosol particles might have been

entrained from the FT and mixed inside the STBL before the onset of decoupling.
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Chapter 7

Summary and discussion

This chapter collects the results of the study, compares them with the relevant
observations reported in the literature and discusses the findings in the broader
context of STBL dynamics. The content of the chapter is based on sec. 6 of Nowak
et al. (2021). Here, the material is considerably complemented with additional
details.

7.1 Comparison of the cases

Two cases of marine stratocumulus-topped boundary layer, coupled (CP) and decou-
pled (DCP), have been compared in terms of stratification, turbulence and aerosol
properties. The observations were performed in summer in the region of the ENA
with the use of the helicopter-borne platform ACTOS. Its moderate true air speed in
combination with the closely collocated fast-response instruments provides high spa-
tial resolution measurements of turbulent fluctuations of wind velocity, temperature
and humidity. Similarities and differences between the two cases can be summarized

as follows.

1. Cloud structure
CP Horizontally heterogeneous stratocumulus cloud consisted of dispersed
patches with clearings in between.

DCP Relatively homogeneous stratocumulus cloud overcast the sky. Little cu-
muli at the initial state of formation were emerging below. They did not

reach the base of stratocumulus.
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2. Stratification

Ccp

DCP

Conserved variables, 6; and ¢;, feature nearly constant profiles up to the
capping inversion at ~850 m. LCL can be considered consistent with the
cloud base height.

Above the relatively well-mixed SML, 6, slowly increases with height up
to the capping inversion at ~1050 m, indicating weak stability. There is
a significant gradient of ¢; in the TSL. LCL is close to the observed stra-
tocumulus base in the SBL only. Decoupling of the STBL was detected

according to the simple thermodynamic criteria.

In both cases, winds are moderate and appreciable wind shear is observed
across the cloud top and the EIL.

3. TKE production

Cp

DCP

TKE is efficiently generated by buoyancy with simultaneous importance
of in-cloud and surface processes. Buoyancy production follows a typical
STBL profile: decreases with height from the surface upwards, vanishes
or turns slightly negative below the cloud base, to be again substantial

inside the cloud due to latent heat release and diabatic cooling.

TKE is generated by buoyancy at the surface and B decreases with height
to zero at the SML top, turning into buoyancy consumption in the TSL. In
the cloud, B is weaker than at the surface, about three times smaller than
for the coupled case. Buoyancy effects can be also deduced from spectral
anisotropy in the uppermost and lowermost boundary layer LEGs which

suggest the dominance of vertical motions in the scales of 10-40 m.

The contribution of shear to TKE production is not negligible in both cases.

This result can be partly an artifact because only the longitudinal term could

be evaluated.

4. Heat fluzes

In both cases, latent heat flux qualitatively resembles the profile of B which is

consistent with the considerable contribution of moisture transport to buoy-

ancy in the lower part of the STBL. (); is large at the ocean surface and
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decreases to zero at similar level as the minimum of B. Sensible heat flux is

positive throughout observed layers but mostly smaller than Q).

CP @, and @, are positive and of significant magnitude close to the cloud
top which can be attributed to diabatic cooling (radiative and/or evapo-

rative).

DCP @, and @), are small close to the cloud top, about an order of magnitude
weaker than for the coupled STBL. Additionally, (); vanishes in the mid-
dle of the boundary layer at a level much lower in relation to the cloud
base which disturbs moisture delivery from the ocean to the stratocumu-

lus cloud.

5. Turbulent fluctuations

In both cases, TKE is dominated by the contribution of horizontal velocity
fluctuations. Variances of temperature and humidity are significant in the
regions where mixing between air volumes of different properties occurs — due
to local gradients or sources/sinks, i.e. at the cloud top, at the surface and at
the transition in the decoupled STBL.

CP Maximum TKE is found in the middle of the SBL, which together with
the positive (w) at this level point out the role of surface-related factors
in generating convection. The vertical velocity variance suggests a profile
somewhat different than the convective similarity scaling. In the cloud,

(u"?) and (w') are almost equal implying isotropic conditions.

DCP The SML follows the structure of a typical mixed layer with shear (c.f
Stull, 1988). Updrafts are stronger than downdrafts. TKE, (T"?) and
(¢?) are the largest close to the transition. In the cloud, the fluctuations
are relatively weak, in particular (w?), in concordance with limited B

and small heat fluxes.

6. TKE dissipation

CP Derived € varies weakly throughout the height, i.e. despite accidental vari-
ations no systematic layering can be observed. Although TKE is effi-
ciently produced by buoyancy in the cloud and at the surface, it is prob-
ably redistributed well across the depth before being dissipated by vis-
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DCP

cosity. The form of SFCs and PSDs is reasonably consistent with the the-
oretical predictions for inertial range scaling in homogeneous, isotropic,
stationary turbulence (Kolmogorov, 1941). Though, less steep scaling

(smaller absolute values of s and p) can be found at some places in the

SBL.

Derived € is smaller than in the coupled case and features differences
between the sublayers. Despite relatively high B at the surface, similar
to the coupled case, average € in the SML is smaller than in the SCL.
Importantly, SFCs and PSDs scaling in the inertial range considerably
deviates from the theoretical slopes (2/3 and -5/3). These deviations are
more pronounced and more variable in the SCL and SBL in comparison
with the SML, underlining different character of turbulence in the upper
and lower parts of the decoupled STBL. Probably, TKE generated in
the surface region and in the cloud, respectively, is redistributed in the
two circulation zones separately, without major transport through the

transition.

Discrepancies between PROF-derived and LEG-derived quantities result from

the contrast between local and mean turbulence characteristics. The observed

relative tendencies are consistent among the derivation methods and velocity

components, in spite of some discrepancies in the absolute values.

7. Anisotropy of turbulence

(@]

DCP

Derived anisotropy ratios indicate that the turbulence is relatively close
to isotropy. This condition is met best in the cloud where a significant

TKE production occurs.

The degree of anisotropy varies between the sublayers. In the uppermost
part (SCL and SBL) horizontal small-scale velocity fluctuations dominate
over the vertical. This effect is less pronounced in the SML. The change
in anisotropy ratios in the TSL coincides with the difference in s and p

right below the strong ¢, gradient.

8. Length scales of turbulence

Integral length scales of the order of 100 m show that turbulent eddies are
substantially smaller than the depth of the STBL or the depths of the decou-
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pled sublayers. Thus, they can be considered small enough to be transported

by larger circulations.

CP In the middle SBL, w’ is correlated on longer distances than u’, while
the opposite holds in the SCL. This agrees with the supposed form of
circulation in the boundary layer, i.e. downdrafts originated at the cloud
top and updrafts originated at the surface pair in the middle and diverge

horizontally in the vicinity of the top and bottom boundaries.

DCP Integral length scales are smaller than in the coupled case. In accordance
with anisotropy ratios, L, is larger than L,,. The same holds for Taylor
microscales. The difference between A\, and \,, is particularly pronounced
close to the transition. It seems that even smaller turbulent eddies there

are elongated horizontally.

Interestingly, L, /L, ~ % implied by isotropy assumption holds only in the
regions of intensive buoyant TKE production: in the cloud for the coupled
STBL and close to the surface for the decoupled STBL. Kolmogorov scale is

~2 mm in both cases.

. Aerosols

In both STBLs, the particle number size distributions do not change signif-
icantly with height (except for the influence of activation in the cloud) and
indicate three principal modes: Aitken, accumulation and larger accumula-
tion. In the FT, there is one major mode. Ultrafine particles were observed
at the highest altitudes of the measurements. Total particle and CCN number
concentrations exhibit strong gradients across the EIL which indicates lim-
ited exchange between the STBL and the FT. Backward trajectories suggest
boundary layer advection from the NW over the ocean for the lowest levels
(<700 m) and the transport from North America combined with a possible
entrainment of the long-range-transported aerosols into the boundary layer for

the higher levels.

CP N, and Ngeon are constant with height in the SBL. In the FT, N, is

larger while Noon smaller than in the boundary layer.

DCP Average N, and Nccon are smaller than in the coupled STBL. In the SBL,

the concentrations are smaller than in the SML, indicating an inhibited
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exchange of particles between the sublayers. The gradients of N, and
Nc¢en inside the TSL coincide with the change in the properties of small-
scale turbulence and the gradient of g,. In the FT, N, and Neon are

larger than in the boundary layer.

7.2 Results in the light of literature

7.2.1 Coupled STBL

Most of the results concerning the coupled case are consistent with the previous
studies of stratocumulus dynamics (see sec. 1.2). The thermodynamic stratification
represents a well-mixed STBL (e.g. Stull, 1988; Markowski and Richardson, 2010;
Wood, 2012; Malinowski et al., 2013). It is slightly unstable which is a usual situation
according to Ghate et al. (2015). The profile of B shows that the convection is driven
both by cloud top cooling and by surface thermal instability, in agreement with
Duynkerke et al. (1995), Stevens et al. (2005), Kopec et al. (2016), Mellado et al.
(2018) and Dodson and Small Griswold (2021). The latent heat flux dominates
over the sensible heat flux, in accordance to Ghate et al. (2015). The profile of
(Q); resembles the results of Dodson and Small Griswold (2021), indicating maxima
at the surface and in the cloud while a minimum in the middle of the boundary
layer. The variances of temperature and humidity maximize in the cloud, similarly
to Duynkerke et al. (1995). (w’) is positive in the middle of the SBL and nearly
zero otherwise, as in the modeling case of DYCOMS-IT RF01 (Stevens et al., 2005;
Mellado et al., 2018) but in contrast to the case of POST TO13 (Kopec et al., 2016).
The concentration and size distribution of aerosols are constant throughout the SBL
while the dominant sources of aerosol particles are likely sea spray emission and long-
range transport from North America combined with the downward entrainment into
the STBL, in agreement with the previous measurements in the region (Dzepina
et al., 2015; Zheng et al., 2018a; Wang et al., 2020).

On the other hand, the profile of (w™) is somewhat different than the upside-
down convective similarity scaling (Lenschow et al., 1980). It rather exhibits maxima
in the cloud and in the middle of the SBL. while a minimum below the cloud, in
contrast to Duynkerke et al. (1995), Stevens et al. (2005), Kopec et al. (2016) and
Mellado et al. (2018). However, such a behavior of (w?), followed by A, is similar
to the observations of Dodson and Small Griswold (2021). TKE is maximum in the
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middle of the SBL, instead of the top and bottom of the boundary layer (Stevens
et al., 2005; Kopec et al., 2016). Together with the positive (w’), this highlights
the importance of surface processes. It might be related to the small cloud depth
(relative to the STBL depth) and the net cooling at the cloud top reduced during
daytime in comparison to often considered nocturnal stratocumulus. Furthermore,
no clear maxima of € at the top and at the bottom of the STBL were observed, in
contrast to Stevens et al. (2005) and Mellado et al. (2018). This is rather related to
the difference in sampling strategy, as aircraft measurements or numerical studies

apply a considerable horizontal averaging in comparison to local variability captured
in PROFs analyzed here.

7.2.2 Decoupled STBL

The observations in the decoupled STBL summarized in the points 2-5 in sec. 7.1
fit well into the range of conditions reported in the literature (see sec. 1.3). The
thermodynamic stratification is slightly stable (c.f. Ghate et al., 2015) and involves
the sublayers which are typical for a decoupled STBL (c.f. Fig. 1.16). The consid-
erably deep SBL is dynamically connected with the SCL, similarly to Nicholls and
Leighton (1986) but in contrast to Nicholls (1984) and De Roode and Duynkerke
(1997) who did not observed independent SBL and TSL. The separation between
the SBL and the conditionally unstable TSL is indicated by the gradients in g, and
LCL, in accordance to Nicholls and Leighton (1986) and Jones et al. (2011). On the
other hand, the separation between the TSL and the SML is not as clear in the ther-
modynamic profiles, similarly to Lambert et al. (1999) but in contrast to Nicholls
and Leighton (1986) and Tjernstrom and Rogers (1996). Mean LCL in the SML is
higher than the top of this sublayer but significantly lower than the stratocumulus
base, as in Lambert et al. (1999).

Vertical velocity variance is small close to the transition and relatively large in
the middle of the SML, comparably to Nicholls (1984), Nicholls and Leighton (1986),
De Roode and Duynkerke (1997) and Tjernstrom and Rogers (1996). There is not
enough data collected in the SCL and SBL to judge whether those sublayers exhibit
an upside-down convective scaling as in the studies mentioned. TKE is large close
to the transition, in contrast to De Roode and Duynkerke (1997). Nevertheless,
the positive (w”) in the SML and negative (w") in the SCL agree with Nicholls
and Leighton (1986), De Roode and Duynkerke (1997) and Lambert et al. (1999).
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Similarly to Nicholls (1984), the observed (T"?), and (q/?) are significant close to the
surface and close to the transition while showing a local minimum in the SML. The
analogous behavior of (u?) is contrary to the linear decrease with height in the SML
suggested by Tjernstrom and Rogers (1996).

The latent heat flux is larger than the sensible heat flux, as in Durand and Bourcy
(2001). @, decreases nearly linearly from the maximum at the surface (Bretherton
et al., 1995; Bretherton and Wyant, 1997) to about zero in the TSL, in agreement
with Nicholls (1984), Tjernstrom and Rogers (1996) and Durand and Bourcy (2001).
However, Lambert et al. (1999) disputed the nearly linear character of this decrease,
suggesting rather sharp gradient right at the SML top. (), is maximum in the
middle of the SML and reaches a minimum at somewhat lower altitude than @);, as
observed by Lambert et al. (1999). In contrast to the previous studies (Nicholls,
1984; Tjernstrom and Rogers, 1996), both heat fluxes are small in the cloud.

Buoyant TKE production is positive in the cloud and at the surface, while there is
a region of negative B around the transition, in agreement with Nicholls (1984), Tur-
ton and Nicholls (1987), De Roode and Duynkerke (1997) and Durand and Bourcy
(2001). The decrease of B with height in the SML is nearly linear as in Nicholls
(1984) and Lambert et al. (1999). In the lower part of the boundary layer, the contri-
bution of moisture transport to buoyancy is dominant over sensible heat transport,
as noticed by Lambert et al. (1999) and Durand and Bourcy (2001).

Although the PROF-derived dissipation rate is very variable with height, its
mean value in the upper part of the boundary layer (SBL+SCL) is larger than in
the lower part (SML-+TSL), as in Lambert et al. (1999) and Durand and Bourcy
(2001). The LEG-derived € representing horizontally averaged conditions decreases
with height in the SML, similarly to the measurements of Lambert et al. (1999).

The properties and origins of aerosols in the decoupled STBL are generally com-
parable to the coupled case. However, average IV, and Nocon are smaller than in
the coupled STBL, in agreement with Dong et al. (2015).

7.2.3 Novel findings

The important novelty of this work are the results on small-scale turbulence (points
6-8 in sec. 7.1). To the best of the author’s knowledge, the parameters like local
dissipation rate, inertial range scaling exponents, small-scale turbulence anisotropy

as well as turbulent length scales were not considered in the context of STBL cou-

112



7.3. Importance of circulation and small-scale turbulence

pling before. Although Lambert et al. (1999) proposed the method of diagnosing
decoupling based on the minimum in € profile, they derived e from slanted aircraft
segments. Therefore, it can be considered horizontally averaged in relation to the
values derived from much steeper helicopter PROFs.

The results on aerosol properties are not particularly surprising, taking into
account the difference in circulation patterns between the coupled and decoupled
STBLs (see sec. 7.3). Nevertheless, to the best of my knowledge, the sharp gradients
in N, and Ngey in the middle of the decoupled boundary layer have not been
explicitly measured and the PNSDs have not been compared between the decoupled

sublayers before.

7.3 Importance of circulation and small-scale tur-
bulence

Based on the results presented in this work, one can hypothesize that turbulence
is redistributed across the depth of a coupled STBL but in the case of a decoupled
STBL primarily in the sublayer where it was generated. Therefore, specific micro-
scopic properties — TKE dissipation rate, inertial range scaling and anisotropy — can
differ between the parts of a decoupled STBL.

It is important to emphasize the often omitted distinction between circulation
and turbulence. Here, by circulation one should understand motions responsible
for mixing across relatively deep layers, of vertical scales comparable to the bound-
ary layer depth. They usually originate from thermally driven currents, sinking
from the cloud top or rising from the surface. Circulation might take the form of
the organized structures of downdrafts and updrafts (resembling Rayleigh-Bennard
convection cells). Those correspond to the peak in vertical velocity spectra, typically
at ~1 km in STBLs (Lambert and Durand, 1999). Turbulence features a cascade
of eddies with universal scaling properties (Kolmogorov, 1941), spanning from the
integral length scale (~100 m in STBLs) down to the Kolmogorov scale (~1 mm)
where TKE is dissipated by viscosity. Such turbulence can be generated by flow
instabilities at specific locations (here typically close to the surface and the cloud
top) and distributed by circulation within the STBL, alongside other constituents.

Importantly, the variances and fluxes estimated in this study (sec. 5.1 and 5.2)
include the contributions of both those phenomena. Circulation is only partly re-

solved as the cutoff of ~1 km in Reynolds decomposition was applied due to the
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limited length of the LEGs (sec. 3.2). Similar issue was also discussed by De Roode
and Duynkerke (1997). The advantage of this work is a good representation of tur-
bulence because here a significant portion of the inertial range is resolved. The main
processes operating in the coupled and decoupled STBLs, including circulation and

turbulence, are schematically illustrated in Fig. 7.1.
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Figure 7.1: Schematic of the main processes in the coupled (left) and decoupled
(right) STBL: primary circulation (yellow arrows), turbulence eddy cascade (circu-
lar arrows confined in an angle with extent proportional to inertial range scaling ex-
ponent p), TKE buoyancy production (red B letter of size proportional to strength),
sensible and latent heat fluxes (purple and blue arrows, respectively, of length pro-
portional to strength) at the surface and in the cloud top region. The sketch was
drawn by Katarzyna Nurowska according to my concept. From Nowak et al. (2021).

7.4 Potential mechanisms responsible for the ob-
served decoupling

The results of the comparison between the coupled and decoupled STBL are in agree-
ment with the common concept of the dominant mixing patterns in such boundary
layers (e.g. Wood, 2012). Decoupling occurs when the thermally driven circulation
weakens to the level that it cannot mix air throughout the entire depth. Then, the
STBL separates into two parts: cloud driven and surface driven. Explaining the
particular mechanism of decoupling operating in the presented case is beyond the

scope of this study and would require more complete data on airmass evolution.
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Nevertheless, “deepening-warming” mechanism (Bretherton and Wyant, 1997)
seems plausible. Such a conclusion was reached by Kazemirad and Miller (2020)
who modeled the Lagrangian evolution of the STBL on synoptic scale in the period
including flight #14 on 18 July 2017. Deepening-warming is typical for the summer-
time in the region of ENA where air masses are advected over progressively warmer
waters (see sec. 1.3.1.1). The most important driver for this process is the increasing
ratio of surface latent heat flux to net radiative cooling in the cloud. The former was
indeed relatively large, the latter was probably relatively small, as suggested by the
weak heat fluxes (see sec. 5.2). Decoupling occurs more readily for large entrainment
efficiency. The derived B is quite weak in the decoupled cloud, much smaller than
in the coupled one, which might be the result of enhanced entrainment warming
offsetting radiative cooling (c.f. De Roode and Duynkerke, 1997). In addition, some
precipitation was reported shortly before the flight (see sec. 4.3.3) and evaporative
cooling could have contributed to stabilizing the lower part of the STBL. To sum
up, several mechanisms described in sec. 1.3.1 might have contributed to the ob-
served decoupling. The exact effects of the individual processes is rather impossible

to discern on the ground of the presented data which are confined to the period of
the flight.

7.5 Transition layer and cumulus convection

Both turbulence and circulation can contribute to the vertical transport of heat
and moisture which is crucial for maintaining a stratocumulus cloud. In a decou-
pled STBL, the transport by turbulence through the transition is rather limited.
However, it may be efficiently realized by a small number of updrafts which are
strong and moist enough to penetrate the conditionally unstable TSL (here, mea-
sured I' = —7.1 Kkm™!, moist adiabatic I',, = —4.7 Kkm™1), reach their LCL and
form cumulus clouds. The image of such cumuli was captured by a camera onboard
ACTOS (Fig. 7.2). Based on the series of images from PROF5, the cloud base height
was estimated to ~660 m and the cloud depth to ~100 m. None of those cumuli
was penetrated by ACTOS.

The onset of cumulus convection depends on the properties of the TSL which
makes this sublayer crucial for the overall STBL dynamics. The altitude range cor-
responding to the T'SL was estimated in sec. 4.3.2 based on the gradients of q,, 6,
and U observed in PROF5. However, the layer containing the strongest gradients
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Figure 7.2: Cumulus clouds under stratocumulus in the decoupled STBL. Photo-
graph was taken during PROF5 of flight #14 by the camera mounted on the bottom
of ACTOS. From Nowak et al. (2021).
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Figure 7.3: Timeseries measured in LEG448 of flight #14 (decoupled STBL): (a) lig-
uid water potential temperature §; and vertical wind velocity w, (b) specific humidity
¢» and lifting condensation level LCL, (c) total particle N, and CCN N¢eon number
concentrations.
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can be significantly thinner while its exact location and depth vary in space and
time. This gradient layer was penetrated several times during LEG448 (Fig. 7.3).
The data suggest that the gradient layer is not horizontally flat but rather undu-
lating because the variations in platform altitude (standard deviation is 10 m for
LEG448) cannot explain the observed variations in the signals. Consistently with
the difference in the conditions across the TSL, the changes of 8, are correlated with
LCL but anticorrelated with ¢,, N, and Nccn. Based on the timeseries of LEG448
and PROF5, the estimated depth of the gradient layer is Az ~ 50 m while the cor-
responding differences in conditions are: A ~ 0.4 K, Ag, ~ 1 gkg !, ARH ~ 8 %,
AU =~ 0.8 ms™!, ALCL =~ 200 m, AN, ~ 70 cm™®, AN¢coy ~ 50 cm ™3,

The histograms of the instantaneous LCL (Fig. 7.4) indicate that LEG448 was
performed at the top interface of the SML. Some values represent the conditions in
the SML as measured in LEG143 and LEG287, some represent the conditions in the
SBL (note that the mean LCL in the SBL is 769 m, see Table 4.3) and some rep-
resent the conditions intermediate between the SML and the SBL. Importantly, the
estimated cumulus base corresponds to the LCL typical for LEG143 and LEG287 in
the SML. This fact indicates that the cumulus plumes originate in the SML and they
are subject to rather limited entrainment in the TSL before reaching their respec-
tive LCL. Such conclusion is also supported by the increased ceilometer backscatter
coefficient below the cumulus clouds detected at the ARM ENA site after the flight
(see sec. 4.3.4).
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Figure 7.4: Histograms of the instantaneous LCL measured during LEGs in the

decoupled STBL. The red line denotes the base of cumulus clouds estimated from
the series of photographs captured by the camera onboard ACTOS.
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The gradient layer described above is contained in the TSL and shares many
characteristics with the EIL capping the STBL. Analogously to the EIL controlling
the transport between the STBL and the FT, this gradient layer controls the trans-
port between the SML and the SBL. Contrary to the strongly stable EIL, its weak
stability enables some updrafts from the SML to penetrate, form cumulus clouds
and provide an intermittent transport, which is crucial for maintaining and driving
the evolution of the overlying stratocumulus. Despite their inevitable importance
for the dynamics of STBLs, the properties of the TSL and the gradient layer have
not been systematically investigated.

It is a challenge to conduct a relevant systematic climatological analysis due to
the limited number of observations. Aircraft measurements are scarce while the
resolution of routine radiosoundings is often insufficient. For instance, the gradient
in ¢, is rather poorly resolved in the radiosounding given in Fig. 4.5. With a typical

! and a sampling interval of ~2 s, a hygrometer with a

ascent rate of ~5 ms~
time constant of a second and an accuracy of a single percent in RH would be
desired. It would be even more challenging to detect the small difference in 6;. As
a consequence, common criteria for diagnosing STBL decoupling are based on the
difference in mean conditions between the uppermost and lowermost portions of the
boundary layer (see sec. 3.1.2).

Because the gradient layer is undulating as suggested by the data of LEG448,
even aircraft measurements may fail to properly capture local conditions. This
was pointed out already by Turton and Nicholls (1987), p. 997, who underlined
the role of a good observation strategy: “While cloud layer decoupling is predicted
to occur quite often, the consequential modification of the horizontally averaged
vertical thermodynamic structure remains fairly small. (...) Data averaged in this
way will appear ‘nearly well-mixed’ whether separation has occurred or not. A more
detailed analysis of individual profiles and turbulence data is necessary to determine
whether decoupling has taken place”.

More insight into the mechanisms of vertical transport in a decoupled STBL can
be provided by appropriately designed numerical simulations. The case of 18 July
2017 analyzed in the current study also calls for a high-resolution simulation to be

setup with the help of the results presented here.
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Appendix A

Sampling errors of turbulent
moments and fluxes

The estimation of sampling errors was performed following the methods given by
Lenschow et al. (1993, 1994). They derived formulas for systematic and random
sampling errors involving integral time scale and measurement period of a given
signal. Because here a moving airborne platform is considered, integral length scale
L and segment length £ are used instead, invoking Taylor’s frozen flow hypothesis.

The errors were determined for turbulent moments (see sec. 3.2.1 and 5.1) and
fluxes (see sec. 3.2.2 and 5.2) obtained from LEG measurements. It was found
that the standard deviations among subsegments (Std7, see sec. 3.2), which served
throughout the current work as an assessment of variability, is of the same order as
the random error (L94ran), exceeding it in most of the cases, while the systematic

error (L94sys) is usually significantly smaller.

Integral length scales

For each variable = out of (u,0,,q,,T), three integral length scales were estimated
according to the procedure described in sec. 3.2.5: L, corresponding to the autocor-
relation of 2/, L,, corresponding to the correlation of w’ and 2’, L; corresponding
to the autocorrelation of the product w'z’. Additionally, the correlation coefficient
R, of w’' and 2’ was calculated. The obtained integral length scales and correlation
coefficients are listed in Tables A.1 and A.2 for flights #5 and #14, respectively.
In one case, L, could not be determined because the autocorrelation function did

not reach sufficiently small value within the available record.
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Appendix A. Sampling errors of turbulent moments and fluxes

Turbulent moments

The systematic error of a variance was estimated using Eq. (14) of Lenschow et al.
(1994):
AN
2 =2 Al
<ZE/2> L ( )

The random error of a variance was estimated using their Eq. (36):

Az [ L,
=4\/2—. A2
<$l2> L ( )

In the case of a third moment, the coefficient a was found by solving their Eq. (20):

() 2a(3+4a?)
<x/2>3/2 o (1 + 2a2)3/2

(A.3)

and then its value was applied in their Eq. (21) to estimate the systematic error:

:UIS
Al

1 L,
EETi (2 T (1+a)(3+ 4a2)) 7 (A.4)

The random error of a third moment was estimated according to Eq. (B40) of

Lenschow et al. (1993):

[{2)] a?(1+ a?)(3 + 4a?)? T (A.5)

The sampling errors of turbulent moments are compared with the subsegment vari-
ability in Tables A.3 and A.4 for flights #5 and #14, respectively.

Al \/ (14 a2)(1 + 1472 + 1476a* + 780aS) L,

Turbulent fluxes

The systematic error of a flux was estimated using Eq. (30) of Lenschow et al. (1994):

ey () e

[{wah] L
The random error of a flux was estimated using their Eq. (48):

Al 201+ R2
=, —= T A7
wl ~\ LR, (A7)

The sampling errors of turbulent fluxes are compared with the subsegment variability
in Tables A.5 and A.6 for flights #5 and #14, respectively.
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Table A.1: Integral scales and correlations in flight #5 (coupled STBL).

Height [m] [ 307 [ 553 [ 819 [ 1079 | 2018
Length [km] | 544 | 551 | 7.93| 3.94| 6.25
w' [ L, [m] | 146 120 97| 112 64
w' | L, [m| | 113] 154 | 179 | 101 | 112
Ly, [m] | 520 54| 31| 185| 182
Ly [m] 80| 83| 39 59 46
Ryy [m] | -0.26 | -0.20 | -0.11 | 0.21 | -0.31
0/ | Ly, [m] | 108] 110 172 79 117
Lus, Im] | 353 | 655 | 255 25 50
Ly [m] 48| 59| 56 37 12
Rup, [m| | 0.30 | -0.08 | 0.46 | -0.09 | -0.16
¢ | L, [m] | 160 136 94| 120 | 318
Lug, [m] | 157 | 82| 200 | NaN | 152

Ly |m] 48| 90| 43| 88| 18
Rug, [m] | 0.56 | 0.06 | 0.54 | -0.00 | 0.09
T | Ly [m] 76| 129 204 | 108| 250
Lyr [m] | 156 | 177 | 238 | 178 | 59
Ly [m] 21| 46| 51| 30| 27

Ryr [m] | 027 ] 029 0.55| -0.12 | 0.14

Table A.2: Integral scales and correlations in flight #14 (decoupled STBL).

Height [m] [ 143 | 287 [ 448 992 [ 2021
Length [km| | 811 [ 11.92 | 7.10 | 479 | 3.49
w' [ Ly, [m] 53 86 | 74| 35| 249
o | L, [m|] | 103 111| 109 | 105| 180
Ly, [m] | 54 88| 63| 64 6
Ly [m] 33 46 | 29| 28 28
Ry [m] | 0.10 | -0.18 | -0.13 | 0.14 | -0.00
0/ | Ly, [m] | 85 50 153 | 62| 115
Lyg, [m] | 69 6| 596 | 107 21
Ly [m] 19 13| 71| 23 12
Ryp, [m] | 0.29 | 0.03|-0.10 | 0.28 | -0.16
¢, | Ly [m] | 79| 119] 117] 82 74
Lug, [m] | 69 89 | 489 | 244 | 160
Ly [m] 34 60| 62| 35 25
Rug, m] | 0.44 | 0.42 | 0.07 | 0.04| 0.11
T | Ly [m] 52 76| 127 | 49 28
Lyr [m] | 33 2| 148 | 130 | 489
Ly [m] 29 21| 20| 23 14
Ryr [m] | 024 | 0.01| 0.17|0.16 | 0.28
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List of acronyms

Ac accumulation mode (of aerosol PNSD)

ACORES Azores stratoCumulus measurements Of Radiation, turbulEnce and aeroSols

(field experiment)
ACTOS Airborne Cloud Turbulence Observation System
ARM Atmospheric Radiation Measurement

ARM ENA Atmospheric Radiation Measurement Eastern North Atlantic obser-

vatory
ASTEX Atlantic Stratocumulus Transition Experiment (field experiment)
At Aitken mode (of aerosol PNSD)
C15 cloud observation code for stratocumulus non-cumulogenitus
C1.8 cloud observation code for stratocumulus and cumulus

CAP-MBL Clouds, Aerosol, and Precipitation in the Marine Boundary Layer
(field experiment)

CB cloud base height
CCN cloud condensation nuclei

COARE 3.0 Coupled Ocean-Atmosphere Response Experiment bulk algorithm

version 3.0
CPC Condensation Particle Counter

CTEI cloud top entrainment instability
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List of acronyms

DAAD German Academic Exchange Service
DFG German Research Foundation

DYCOMS-II Second Dynamics and Chemistry of Marine Stratocumulus (field

experiment)
ECMWF European Centre for Medium-Range Weather Forecasts
EIL entrainment interface layer
EKT energia kinetyczna turbulencji (TKE in Polish)
ENA Eastern North Atlantic
FT free troposphere
FTL free tropospheric layer
GDAS Global Data Assimilation System
GOES Geostationary Operational Environmental Satellites
HYSPLIT Hybrid Single-Particle Lagrangian Integrated Trajectory
L94ran random sampling error according to Lenschow et al. (1994)
L94sys systematic sampling error according to Lenschow et al. (1994)
LA lager accumulation mode (of aerosol PNSD)
LCL lifting condensation level
LEG horizontal leg (flight segment)
LIM Leipzig Institute for Meteorology, Leipzig University
LWC liquid water content
LWP liquid water path
miniCCNC mini CCN Counter

MODIS Moderate Resolution Imaging Spectroradiometer
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List of acronyms

NASA National Aeronautics and Space Administration
NCEP National Center for Environmental Prediction
NCN Polish National Science Center

NOAA National Oceanic and Atmospheric Administration
NOAA ARL NOAA Air Resources Laboratory

NOAA OPC NOAA Ocean Prediction Center

OMP Observatorio da Montanha do Pico (Mount Pico Mountain Observatory)
OPC Optical Particle Counter

PNSD particle number size distribution

POST Physics of the Stratocumulus Top (field experiment)
PROF vertical profile (flight segment)

PSD power spectral density

PVM-100A Particle Volume Meter, airborne version

RH relative humidity

RMS root mean square

SBL subcloud layer

SCL stratocumulus cloud layer

SEMAPHORE Structure des Echanges Mer-Atmosphere, Proprietes des Hetero-

geneites Oceaniques: Recherche Experimental (field experiment)
SFC structure function

SMART-HELIOS Spectral Modular Airborne Radiation measurement sysTem
HELIcopter-borne Observations of Spectral Radiation

SML surface mixed layer

SMPS Scanning Mobility Particle Sizer
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List of acronyms

SSA sea spray aerosol

SST sea surface temperature

STBL stratocumulus-topped boundary layer

Std7 standard deviation among the subsegments of a LEG
TKE turbulence kinetic energy

TROPOS Leibniz Institute for Tropospheric Research
TSL transition layer

UFP ultrafine particles

UFT UltraFast Thermometer

UTC Coordinated Universal Time

WGZS warstwa graniczna zwiericzona stratocumulusem (STBL in Polish)

WMO World Meteorological Organization
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List of Symbols

Latin

dissipation anisotropy ratio

spectral anisotropy ratio

variance anisotropy ratio

buoyancy production/consumption of TKE
power spectrum constant

structure function constant

particle diameter

solar irradiance

terrestrial irradiance

latent heat of vaporization for water
integral scale

cloud droplet number concentration
aerosol particle number concentration
CCN number concentration

pressure correlation term of the TKE budget equation
pressure

latent heat flux

sensible heat flux

gas constant for dry air

gas constant for water vapor

Pearson correlation coefficient

shear production of TKE

virtual temperature

turbulent transport term of the TKE budget equation

temperature
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List of symbols

true air speed

magnitude of horizontal wind velocity

structure function

segment length

power spectral density

autocorrelation function

Brunt-Vaisala frequency

gradient Richardson number

shear rate

specific heat of dry air at constant pressure

direction of horizontal wind velocity

frequency

gravitational acceleration

boundary layer depth

power spectrum scaling exponent in the inertial range
liquid water mass fraction

total water mass fraction

specific humidity (water vapor mass fraction)

cloud droplet effective radius

liquid water mixing ratio

total water mixing ratio

water vapor mixing ratio

distance between sampling points

structure function scaling exponent in the inertial range
eastward wind velocity (Earth-fixed coordinate system)
longitudinal wind velocity (see sec. 3.2)

northward wind velocity (Earth-fixed coordinate system)
lateral wind velocity (see sec. 3.2)

convective velocity scale

droplet settling velocity

vertical wind velocity (see sec. 3.2)

position along the flight path

altitude (above sea level)
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List of symbols

Greek

[

™ X T >» 3 3

>
o

dry adiabatic lapse rate

moist adiabatic lapse rate

temperature lapse rate

decoupling parameter of Wood and Bretherton (2004)
decoupling parameter of Wood and Bretherton (2004)
ceilometer backscatter coefficient

TKE dissipation rate

Kolmogorov microscale

Randall-Deardorff parameter for CTEIL

Taylor microscale

decoupling parameter of Yin and Albrecht (2000)

air kinematic viscosity

air density

equivalent potential temperature

liquid water potential temperature

virtual potential temperature

potential temperature
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