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VOORWOORD

Dit proefschrift is de afsluiting van een vierjarig promotie-onderzoek
over de processen die het gedrag van stratocumulus bepalen. Gedurende deze
tijd was ik in dienst van de VU te Amsterdam, faculteit der aardwetenschappen,
vakgroep meteorologie. Voor de uitvoering van het werk was ik gedetacheerd op
het KNMI in De Bilt waar het werk plaats vond onder begeleiding van Ad Drie-
donks. Mede dankzij de hulp en steun van anderen is het een leerzame en
vruchtbare periode geweest; enkelen wil ik hier graag noemen.

Allereerst was de begeleiding door mijn co-promotor, Ad Driedonks, van
groot belang. Ik ben je in het bijzonder dankbaar voor het uitstippelen van de
grote lijn van dit onderzoek. Je stimulans om de wetenschappelijke resultaten
vroegtijdig op te schrijven en je kritische redactionele opmerkingen en advie-
zen hebben veel bijgedragen aan de kwaliteit van dit proefschrift.

Mijn promotor, Henk Tennekes, ben ik erkentelijk voor de opmerkingen en
adviezen tijdens de afronding van dit proefschrift. Henk en Ad wil ik tevens
bedanken voor de mogelijkheid die ze me hebben gegeven om tijdens hun colleges
aan de VU en RUU iets over mijn promotie-onderzoek aan de studenten te vertel-
len.

Frans Nieuwstadt, voor de tijd die je als referent aan dit proefschrift
hebt besteed en voor je niet aflatende wetenschappelijke interesse die mij
enorm heeft gestimuleerd. Het laatste heeft bovendien geresulteerd in een
gezamenlijk geschreven artikel.

Kamergenoot Stephen Tjemkes wil ik bedanken voor de vele en soms heftige
discussies over van alles en nog wat, maar in het bijzonder over straling.
Over dit onderwerp heb ik veel van je geleerd en dit heeft geresulteerd in
enkele gemeenschappelijke publicaties.

De collega's van de afdeling wetenschappelijk onderzoek ben ik erkente-
1ijk voor de discussies, suggesties en de plezierige samenwerking. Met name
bedank ik Anton Beljaars en Bert Holtslag.

William Cotton, professor aan de Colorado State University in Fort Col-
lins, bij wie ik in 1985 twee maanden te gast was. De discussies die ik in die
tijd met Graeme Stephens en Jean-Jacques Morcrette over straling heb gehad,
zijn van groot belang geweest voor de voortgang van dit onderzoek.

Verder ben ik het KNMI erkentelijk voor de faciliteiten die het mij ge-
boden heeft en de mogelijkheid om dit proefschrift af te ronden.

De uiteindelijke vormgeving van dit proefschrift is het resultaat van de

vakbekwaamheid van de secretaresses van de afdeling, met name Marleen Kalto-

fen, de studio en de drukkerij.



SAMENVATTING

De bedoeling van dit proefschrift is de invloed van de verschillende
fysische processen in een atmosferische grenslaag met een wolkendek van

stratocumulus op de turbulente menging te onderzoeken. We zullen ons beperken
tot stratocumulus boven zee.

De grenslaag is de onderste laag van de atmosfeer waarin turbulente
menging plaats vindt. In onbewolkte omstandigheden varieert de dikte van de

grenslaag van ongeveer 1000 m overdag tot ongeveer 100 m 's nachts, dit als
gevolg van de verschillen in de netto straling aan het aardoppervlak. Overdag
verwarmt de zonnestraling het aardoppervlak. Doordat dit warmer wordt dan de
lucht ontstaan er convectieve (opstijgende) bewegingen. Hierdoor neemt de
turbulentie toe en kan de grenslaag groeien. In de nacht daarentegen koelt het
aardoppervlak tengevolge van infrarode straling af en wordt de temperatuur van
het aardoppervlak lager dan die van de lucht. Een dergelijke temperatuuropbouw
is stabiel. De door de wind opgewekte turbulente menging wordt door de
stabiele opbouw van de lucht onderdrukt en de grenslaag blijft dun.

Vaak komt er in de grenslaag bewolking voor. Gemiddeld over de hele we-
reld is stratocumulus de meest voorkomende soort lage bewolking. Stratocumulus
is een aaneengesloten wolkendek dat zich in het bovenste gedeelte van de
grenslaag bevindt, met een karakteristieke wolkentop van 1000 m en een dikte
van 500 m. Een wolkendek van stratocumulus heeft, zowel aan het aardoppervlak
als aan de top van de atmosfeer, een grote invloed op de netto zonnestraling,
terwijl de netto infrarode straling nauwelijks beinvloed wordt. Ongeveer 75%
van de zonnestraling wordt door stratocumulus bewolking terug gereflecteerd de
ruimte in, 10% wordt in de wolk in warmte omgezet en de overige 15% wordt aan
het aardoppervlak geabsorbeerd. Doordat stratocumulus de meeste inkomende
zonnestraling reflecteert, is er aan de top van de atmosfeer netto minder
stralingsenergie beschikbaar dan in het onbewolkte geval. Een toename in de
hoeveelheid stratocumulus over de hele aarde zal dus leiden tot een afkoeling
van de atmosfeer. Een toename van enkele procenten in de mondiale bedekkings-

graad van stratocumulus zou het broeikaseffect volledig kunnen compenseren.

Naast de mogelijke invloed op het wereldklimaat heeft stratocumulus ook
consequenties voor het lokale weer. Stratocumulus ontstaat meestal boven zee,

in onze omgeving meestal de Noordzee., Onder invloed van de wind kan de bewol-



king over land drijven. Hierdoor neemt de zonnestraling aan het aardoppervlak
drastisch af waardoor het overdag koud en somber blijft. De kennis van het
ontstaan, de ontwikkeling en het oplossen van stratocumulus is beperkt. Dat
maakt het moeilijk een goede verwachting te maken van zonneschijn en (maximum)
temperatuur. '

Het al of niet aanwezig zijn van stratocumulus in het bovenste deel van
de grenslaag heeft een grote invloed op de turbulentie in de grenslaag.Voor

een beter begrip van het ontstaan, de ontwikkeling en het oplossen van strato-

cumulus is het nodig om de turbulente uitwisseling van impuls, warmte en vocht
door de grenslaag te begrijpen. In een grenslaag zonder bewolking wordt de
uitwisseling voornamelijk bepaald door wrijving en convectie aan het aardop-
pervlak en door wrijving aan de top van de grenslaag. In een grenslaag met een
wolkendek van stratocumulus wordt de turbulente uitwisseling mede bepaald door
straling en de faseovergang van waterdamp naar vloeibaar water. Zowel de
straling als de faseovergang kan een lokale opwarming of afkoeling in de
grenslaag geven. Hierdoor kan de temperatuuropbouw van de lucht onstabiel
worden waardoor er turbulente menging optreedt. Het is uiteindelijk de inter-
actie tussen de bovengenoemde fysische processen die de turbulente uitwisse-
ling in de grenslaag bepaalt. Voor de onbewolkte grenslaag, waarin de turbu-
lentie veroorzaakt wordt door wrijving en convectie aan het aardoppervlak,
zijn er eenvoudige modellen ontwikkeld die de ontwikkeling van de grenslaag
redelijk beschrijven. Echter, zowel de veelheid aan fysische processen als hun
mogelijk ingewikkelde interactie maken het moeilijk een eenvoudig model te

maken voor de grenslaag met een wolkendek van stratocumulus.

Meestal is een wolkendek van stratocumulus zeer uitgestrekt. In dat
geval zijn de wind, temperatuur en vochtigheid redelijk horizontaal homogeen,
zodat we alleen de afhankelijkheid van de hoogte hoeven te bezien. In de ver-
gelijkingen voor de gemiddelde windsnelheid, temperatuur en vochtigheid komen
onbekende fluxen tengevolge van turbulentie en straling voor. De modellen die
in de literatuur gebruikt worden om een stratocumulusdek te beschrijven kunnen
ingedeeld worden naar de complexiteit die voor modellering van de turbulente
fluxen gebruikt wordt; van menglaagmodel tot modellen voor grote wervels.

In een menglaagmodel worden gelijkvormigheidsprofielen voor windsnel-
heid, temperatuur en vochtigheid in de grenslaag aangenomen en een disconti-
nuiteit in de waarden van de variabelen aan de top van de grenslaag. Met deze

veronderstellingen worden de voorspelvergelijkingen voor de grenslaag sterk



vereenvoudigd. Om de vergelijkingen echter op te kunnen lossen moeten de on-
bekende turbulente fluxen aan de top van de grenslaag uitgedrukt worden in
bekende grootheden. Voor de onbewolkte grenslaag is deze relatie redelijk be-
kend, maar in een grenslaag met een stratocumulusdek is er nog geen bevredi-
gende oplossing voor dit probleem gevonden. Bovendien blijkt uit waarnemingen
dat niet altijd voldaan is aan de veronderstelling dat de profielen van wind-
snelheid, temperatuur en vochtigheid gelijkvormig zijn.

In een model voor grote wervels worden de grotere wervels expliciet
opgelost en moet alleen het effect van de kleinere wervels op de turbulente
menging geparameteriseerd worden. Dit is een veel eenvoudiger probleem omdat
de kleinere wervels een veel eenvoudigere dynamica hebben. Deze modellen zijn
drie-dimensionaal en hebben een hoge resolutie (ongeveer 50 meter) waardoor ze
zeer veel rekentijd vergen.

In dit proefschrift is een één-dimensionaal model ontwikkeld waarin het
effect van alle turbulente wervels geparameteriseerd wordt. De turbulente
fluxen worden gemodelleerd als het produkt van een uitwisselingscoé&fficiént en
het verloop van de desbetreffende grootheid met de hoogte. De uitwisselings-
coéficiént wordt weer berekend met vergelijkingen voor de turbulente bewe-
gingsenergie en de visceuse dissipatie (omzetting van turbulente bewegings-
energie in warmte door de viscositeit). Voor zowel de zonnestraling als de
infrarode straling is een model ontwikkeld waarin de effecten van waterdrup-
pels, waterdamp, kooldioxide, ozon en moleculaire verstrooiing op de stra-
lingsflux zijn verwerkt. De complexiteit van het model is zodanig dat de

rekentijd beperkt blijft maar dat het effect van alle belangrijke fysische

processen redelijk beschreven kan worden.

Hoofdstuk 2 geeft een overzicht van waarnemingen en modelstudies uit de
literatuur. Daarop volgt een bespreking van de belangrijkste problemen die nog
opgelost moeten worden. De belangrijkste fysische transportprocessen en hun
invloed op de turbulente structuur en ontwikkeling van een stratocumulusdek
worden in detail besproken.

In hoofdstuk 3 wordt het model beschreven en de invloed van de verschil-
lende fysische processen op de turbulente menging in een grenslaag met een
wolkendek van stratocumulus worden onderzocht. Bovendien worden modelresulta-
ten vergeleken met gedetailleerde waarnemingen, gedaan in een stratocumulus-
dek. In appendix I is het model geverifieerd voor de onbewolkte neutrale en

stabiele grenslaag. Omdat dit onderwerp buiten het direkte bestek van dit



proefschrift valt is het toegevoegd als een appendix. In hoofdstuk 4 zijn de
modelresultaten vergeleken met waarnemingen in een wolkendek waarin de wrij-
ving aan de wolkentop domineerde. Uit deze hoofdstukken blijkt dat verschil-
lende combinaties van fysische processen kunnen leiden tot een totaal ver-
schillende turbulente structuur van de atmosferische grenslaag.

In hoofdstuk 5 wordt de dagelijkse gang van een stratocumulusdek bestu-
deerd; onder invloed van de zonnestraling varieert de turbulente structuur van
de grenslaag als functie van het tijdstip van de dag. De dagelijkse gang in
verschillende seizoenen wordt bekeken en resultaten voor een dagelijkse gang
gedurende de winter en zomer worden besproken. In de winter is de dageli jkse
gang klein omdat de opwarming door de zonnestraling klein is ten opzichte van
de afkoeling door de infrarode straling, terwijl in de zomer de dagelijkse
gang in de wolkendikte groot is; dun overdag en dik 's nachts. Uit een gevoe-
ligheidsstudie van het model voor begin- en randvoorwaarden blijkt dat de
modelresultaten hiervoor niet erg gevoelig zijn. Dit geeft goede vooruitzich-

ten voor de voorspelling van grenslaagbewolking in atmosfeermodellen.

Uit de modelresultaten en waarnemingen blijkt dat in een grenslaag met
een dek van stratocumulus de turbulentie meestal wordt veroorzaakt door de af-
koeling tengevolge van de infrarode straling aan de top van de wolk. De afkoe-
ling maakt de grenslaag onstabiel en veroorzaakt turbulente menging, van de
top van het wolkendek tot aan het aardoppervlak. Overdag kan, afhankelijk van
de zonshoogte, ook de opwarming van het wolkendek tengevolge van zonnestraling
belangrijk zijn. Omdat de opwarming ten gevolge van de zonnestraling over een
diepere laag plaats vindt dan de afkoeling ten gevolge van de infrarode stra-
ling, is de opwarming een gedeeltelijke compensatie voor de afkoeling aan de
top van de wolk. Als de totale opwarming van de wolk door de zonnestraling
ongeveer gelijk of groter is dan de totale afkoeling door infrarode straling
kan de lucht binnen het wolkendek onstabiel worden. Er vindt dan alleen
menging plaats in het wolkendek, want de laag juist onder het wolkendek blijft
stabiel.

Naast de straling kan ook de wrijving aan de top van de grenslaag een
belangrijke invlioced op de turbulente menging hebben. De wrijving aan de top
van de grenslaag zal het inmengen van warme lucht van boven de grenslaag
bevorderen. In de meeste gevallen zal deze warme lucht de afkoeling door
infrarode straling maar gedeeltelijk compenseren. Echter, in sommige gevallen

is de wrijving zo groot dat de warme lucht de afkoeling door infrarode stra-
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ling aan de wolkentop volledig teniet doet. Dan is er geen convectie en is de
grenslaag neutraal. In dat geval zijn de convectieve patronen, die zo typerend
zijn voor stratocumulus verdwenen. Bovendien heeft de turbulentie dan een veel
fijnschaliger structuur hetgeen het wolkendek egaal grijs maakt. In dat geval

noemt men het wolkendek stratus in plaats van stratocumulus.

We hebben alleen stratocumulus boven zee onderzocht. In de toekomst is
het nodig verder onderzoek te doen naar de invloed van het land op de turbu-
lente structuur van de grenslaag met een wolkendek van stratocumulus. Dit zal
een veel ingewikkelder interactie tussen bewolking en turbulentie te zien
geven, omdat de netto straling aan het aardoppervlak dan mede de turbulentie
in de grenslaag bepaalt. Een gat in het stratocumulusdek kan er dan voor
zorgen dat het gehele wolkendek oplost.

IR



1. INTRODUCTION

1. Problem and approach

In this study we consider the stratocumulus-topped atmospheric boundary
layer (ABL) over the sea. The cloud decks that we consider are part of the

atmospheric boundary layer and have typical cloud-top heights of about 1000 m.
The air in the atmospheric bourdary layer is turbulent from cloud top down to

the earth's surface. The development of the cloud depends strongly on the
momentum, heat and moisture input from the surface and on the turbulent
transport throughout the whole atmospheric boundary layer. Moreover, the clcud
deck itself plays an active role in determining the turbulent structure of the
ABL through its radiational prcperties and phase changes. It is the interplay
between all these processes that determines the turbulent transport, and as a
result the development of the stratocumulus deck.

In this thesis we discuss a model that incorporates the most important
physical processes present in a stratocumulus-topped ABL. The model is one-
dimensional. It employs ensemble-averaged equations for the horizontal
velocity (u and v), the wet equivalent potential temperature (eq) and the
total water content (qw). The vertical velocity has to be prescribed. The
turbulent fluxes are modeled with the gradient approach in which the exchange
coefficient is calculated from the turbulent kinetic energy (E) and the
viscous dissipation (e), the so-called E-e model. In the entropy equation we
have heating or cooling due to the radiative flux divergence. We have a model
for both longwave and shortwave radiation. For the longwave radiation we use
the emissivity or the "grey-body" approximation to calculate the longwave
radiative flux. The effect of water vapor, carbon dioxyde and liquid water on
the emissivity is taken into account. The shortwave radiative fluxes are
calculated with a two-stream approximation. The shortwave model includes
Rayleigh scattering, absorption by atmospheric gases (water vapour, ozone and
C02) and absorption and scattering by cloud droplets.

The model has been used to study the influence of the different physical
processes on the turbulent structure of the stratocumulus-topped ABL. Moreover
the model results have been compared against detailed observations made in
stratocumulus decks around the United Kingdom and off the coast of California.

Finally a sensitivity test of the model for initial and boundary conditions is

presented.
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2. Relevance

Globally stratocumulus and stratus have the greatest average coverage of
any low cloud type (Chapter 5). For instance, around the North Sea the average
frequency of occurrence is about 65% with a cloud amount of 70% when present.
As a result the average cloud amount, which is the product of the two former
quantities, is about u45%.

Stratocumulus decks have a considerable influence on the energy balance
at the top of the atmosphere and at the surface. The high albedo (~0.7) of
clouds compared with the earth's surface (~0.1) gives a strong reduction of
the net incoming shortwave radiation at the top of the atmosphere and at the
earth's surface. The net outgoing terrestrial radiation on the other hand,
both at the earth's surface and at the top of the atmosphere, is only slightly
reduced. As a result an increase in low-level cloud cover will lead to a
global cooling of the atmosphere. The strong impact of stratocumulus clouds on
the surface energy balance makes that they are important for the interaction
between the oceanic and the atmospheric circulation.

From the perspective of weather forecasting stratocumulus clouds are
important because of their high frequency of occurrence, transient behaviour,
and their impacts on aviation, agriculture and recreation. The lack of
understanding of the formation, maintenance and dissipation of stratocumulus
clouds makes it difficult to make reliable predictions, particularly in
coastal regions. Therefore it is necessary to obtain a better notion of the

physical processes which control the dynamics of the stratocumulus-topped ABL.

3. Outline of the thesis

The chapters 2-5 and appendix I have been individually published or
submitted as journal articles. As a result scme redundancy in the subject
matter of these chapters is unavoidable.

Chapter 2 is a review paper on the stratocumulus-topped ABL. It
discusses the conditions under which the formation and maintenance of
stratocumulus cloud decks are favorable and its importance in both climate
studies and weather forecasting. The chapter discusses the physical processes
which determine the structure of the stratocumulus-topped ABL. Moreover, a
review is given of the observational and model studies in the literature.

Finally some general conclusions are given in chapter 2.

13



A comparison of the model results against observational data has been
given in the chapters 3 and Y4 and appendix I. In appendix I we have tested the
turbulence model for the cloud-free neutral and stable ABL. This model verifi-
cation is partially out of the subject of this thesis and has therefore been
added as an appendix., In the chapters 3 and 4 we have used the model to study
various combinations of physical processes in a stratocumulus-topped ABL and
their combined effect on the turbulent structure of the ABL. Moreover, the
model results are compared with detailed observational data made in the
stratocumulus-topped ABL under totally different conditions.

In chapter 5 we have used the model to study the diurnal variation of a
marine stratocumulus layer, which is forced by the shortwave radiative
heating. The diurnal variation during different seasons is investigated and
results for a typical mid-latitude winter and summer situation are presented.
Finally in this chapter a sensitivity study of the model for initial and
boundary conditions is presented.

The reader who is not familiar with the subject of this thesis or not
interested in the details of the model and its result is advised to read
chapter 2. This chapter gives an overview of the physical processes, model
studies and observational studies. The reader who is a little more familiar
with the subject or more interested in the details of the model and its

results should read the chapters 2, 3, 4 and 5.

14



2. CURRENT PROBLEMS IN THE STRATOCUMULUS-TOPPED ATMOSPHERIC BOUNDARY LAYER™

Abstract

Extended sheets of stratocumulus (Sec) in the upper part of the atmos-
‘pheric boundary layer (ABL) often occur under favourable meteorological con-

ditions. These cloud decks are important both in climate studies and in
weather forecasting. We review the current knowledge of the turbulent struc-

ture of the ABL capped by a cloud deck, in the light of recent observations
and model studies. The most important physical processes determining this
structure are the longwave radiative cooling at cloud top, the shortwave
radiative warming by absorption in the cloud, the surface buoyancy flux, and
wind shear across the top of the ABL. As a result the turbulence can cause
entrainment against the buoyancy jump at cloud top. In cases where only long-
wave radiative fluxes and surface buoyancy fluxes are important, the turbulent
structure is relatively well understood. When shortwave radiative fluxes
and/or wind shear are also important, the resulting turbulent structure may
change considerably. A decoupling of the cloud from the sub-cloud layer or of
the top of the cloud from the rest of the ABL is then regularly observed. In
no case are the details of the entrainment at clcud top understood well enough
to derive a relatively simple formulation that is consistent with observa-
tions. Cloud-top entrainment instability may lead to the break-up of a cloud
deck (but also to cloud deepening). The role of mesoscale circulations in

determining fractional cloudiness is not yet well understood.

+ Submitted to Boundary-Layer Meteorology with A.G.M. Driedonks as co-
author.
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1. Introduction

The literature on the stratocumulus topped atmospheric boundary layer
(ABL) has been growing at a rapid pace in the last few years. The purpose of
this paper is to summarize these developments, both in modeling and observa-
tions, and to point out the key issues that remain to be solved. We will
discuss the most important physical processes that influence the dynamics of
these Sc-decks, and investigate to what extent the modeling of these processes
is supported by observations.

The low-level cloud decks that we consider here (with cloud tops
typically < 1000 m) are part of the atmospheric boundary layer. The air is
turbulent from cloud-top down to near the earth's surface and the behavior of
the cloud depends strongly on the heat and moisture input from the surface and
on the turbulent transport throughout the whole boundary layer. The cloud-deck
itself plays an active role in determining the turbulent structure of the ABL
through its radiative properties and phase changes, as we will discuss later.

Stratocumulus decks occur frequently over large areas of the world,
especially over sea. In some areas their occurrence has a quasi-permanent
character, in others they are of a more transient nature. The formation and
maintenance of these extensive cloud decks are associated with the presence of
a combination of favourable conditions:

a) Unconditionally stable stratification over a deep layer in the air aloft
that confines convection frcm the surface and cloud formation to a rela-
tively shallow boundary layer under a strong inversion, such that deep con-
vection is suppressed. This type of stratification will often be present in
areas with large-scale subsidence, which is typically found in subtropical
high pressure systems and also in mid-latitude high pressure ridges between
frontal systems behind cold fronts. We also may expect stable stratifica-
tion over a deep layer in ccld-air outflows from high~latitude continents.

b) Moisture supply from the surface and vertical mixing throughout the ABL.
This is crucial to form and maintain the cloud deck against factors that
tend to dissipate it. The entrainment of dry air at cloud top, large-scale
subsidence, heating of the ABL through a surface heat flux or through
radiative absorption, are all effects that tend to dry-out the ABL. Enough
moisture supply from the surface to the cloud may compensate for this and

maintain the Sc-deck. Therefore Sc-decks are usually found over sea.
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Over parts of the oceans these conditions occur quasi-permanently and
extensive Sc-decks form a persistent feature of the climate there. Schubert et
al. (1979) mention four of these principal areas that are associated with the
subsidence regions to the east of the subtropical high pressure systems: the
eastern North Pacific off the coast of California and Mexico, the eastern
South Pacific off the coast of Peru and Chile, the eastern North Atlantic off
the coast of northwestern Africa, and the eastern South Atlantic off the coast
of southwestern Africa. Herman and Goody (1976) report extensive stratus cloud
layers over the Arctic Basin in the summer. Schubert et al. (1979) also report
on extensive Sc-decks near the coast of north-eastern Africa in the summer.

Other areas where favourable synoptic conditions frequently occur and
Sc-decks are often observed are near the southern coast of Australia (Platt,
1976), at mid-latitudes over the northern Atlantic and over the North Sea
(Slingo et al., 1982; Roach et al, 1982; Nicholls, 1984), and in a variety of
regions when cold continental air flows out over warmer water (e.g. over the
Kuroshio current (Lenshow and Agee, 1976), over the Great Lakes (Lenshow,
1973), or over the Gulf Stream). Despite an increasing number of observational
studies on the properties of Sc-decks there is still a great lack of observa-
tional material (Randall et al., 1984) (Platt (1981) summarizes the state of
the art in 1981, since then other studies have been published: Brost et al.,
1982a,b; Caughey et al., 1982,1984; Slingo et al., 1982a,b; Bonnel et al.,
1983; Nicholls, 1984; Albrecht et al., 1985; Rodgers and Telford, 1986;
Nicholls and Leighton, 1986). The frequency of occurrence and the horizontal
scales of the cloud decks, the cloud top radiative properties, the turbulent
transports within the clouds and the entrainment at cloud top are not yet
sufficiently documented. It is anticipated that in the context of the
International Satellite Cloud Climatology Project (ISCCP) this type of data
will be improved (WMO, 1982; FIRE Research Plan, 1983). Randall et al. (1984)
summarize the major research problems on the subtropical marine stratus and
stratocumulus clouds, whereas reports on current research were given at the
ISC/CAS Workshop on Modelling of the Cloud-topped Boundary Layer (WMO, 1985).

The importance of Sc-decks for weather and climate on all scales can
hardly be over-emphasized. Extended quasi-persistent cloud layers strongly
influence the earth's radiative energy budget and have a climatic impact at
least on the regional scale. The high albedo of Sc-decks (typically ~ 0.6-0.8)
compared with the underlying earth's surface (typically ~ 0.05 for water,

~ 0.2 for land) leads to a large reduction of the total absorption of
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shortwave radiation in a vertical column compared to cloudfree areas. Also,
the flux of solar radiation reaching the surface is considerably less in the
Sc-case (about 30% of the incoming flux) than in the case without clouds
(where it is ~ 70%). Both at the top of the atmosphere and at the surface, the
changes in the longwa?é radiative fluxes due to the presence of low-level
clouds do not compensate in any significant way for the changes in shortwave
fluxes. Thus an increase in low-level cloudiness will lead to a net radiative
cooling of the global atmosphere. Any realistic climate model has to reproduce
the extensive Sc-decks in order to be able to assess their influence on the
radiative budgets and consequently on climatic changes.

In addition to these quasi-persistent influences on the earth's climate,
low-level clouds also strongly influence the local weather on synoptic and
sub-synoptic space and time scales, due to their predominant effect on the
heat and moisture exchanges in the ABL and on the radiation budget at the
surface. It is a well-known key problem for short-range weather forecasting,
especially in coastal areas, to predict the formation, maintenance, and dis-

sipation of low-level cloud decks coming in from the sea.

2. Physical processes controling a Sc-deck

We will consider a solid deck of clouds in the upper part of the ABL,
with irregularities in cloud top and cloud base that have a vertical extension
much smaller than the cloud thickness. The cloudy ABL is usually in turbulent
motion and features a large range of eddy scales. As in all turbulent flows we
are not particularly interested in the detailed structure of all the eddies
but rather in their average effect. We will assume that the structure of the
cloud-topped ABL is quasi-horizontally homogeneous (in the statistical sense),
i.e. that an ensemble-mean value can be obtained by a horizontal average over
a large enough area. This implies that such an area is simultaneously large
compared with the irregularities in the ABL and Sc-deck and small compared
with the large-scale inhomogeneous variations in the external conditions
controling the Sc-deck. Thus we may e.g. identify an area-averaged vertical
velocity field W on a scale that is clearly separated from the vertical
velocity field in the smaller scales of motion. This concept of averaging is
widely used in turbulent flows, but leads to particular difficulties in the

case of a cloud layer because the radiation field depends on the thermodynamic
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variables of state in a strongly nonlinear way. Thus the average radiation
field in general cannot be obtained from the average thermodynamic field
except in conditions where the variances are small. We will discuss this
further in the next section.

The presence of a cloud leads to considerable complications compared to
a dry ABL because of the important role played by radiative fluxes and phase
changes. In a dry ABL the turbulent structure, the mean variables and their
evolution in time are controled by the large-scale external conditions and by
the momentum, heat, and moisture exchanges at the earth's surface. Besides the
longwave radiative cooling in the nocturnal surface inversion (André and
Mahrt, 1982), thé radiative fluxes play a minor role in the cloud free ABL,
except indirectly through the surface energy balance. In a cloudy ABL the
surface fluxes are also important, but radiative fluxes produce local sources
of heating or cooling within the interior of the ABL and therefore can greatly
influence its turbulent structure and dynamics. In Figure 1 a schematic
picture is given of the various processes that have to be taken into account
for a typical ABL capped by a cloud layer that is optically thick for longwave
radiation. We will discuss these processes in more detail.

The vertical profiles of the radiative fluxes lead to heating or cooling
of the ABL. For a cloud over sea, Slingo et al. (1982b) and Nicholls (1984)
measured a net longwave radiative flux at the top of the ABL of about 50 W/mz,
which for an ABL of 1000 m thick corresponds to an averaged cooling rate of
about 3.5 K/day, or if confined to a cloud layer of 500 m thick, of about
7 K/day. The net shortwave heating, which of course is a strong function of
the time of the day, almost compensated the longwave cooling averaged over the
whole ABL in these measurements. However, as can be seen in Figure 1 the
vertical distribution of the heating or coocling rates is far from homogeneous.
This inhomogeneous heating or cooling may give rise to localized, distinct
sources of turbulent kinetic energy (TKE) within the ABL, depending on whether

the net effect is stabilizing or destabilizing.

Longwave radiation

The net longwave radiative flux divergence is concentrated in a shallow
layer near cloud top. Measurements (Brost et al., 1982a,b; Slingo et al.,
1982a,b; Nicholls, 1984) indicate that this layer is approximately 50 m deep,
thus producing strong local cooling (Figure 1) (if there are no upper level

clouds present). Additionally there is a weak longwave warming at cloud base.
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Figure 1. Schematic picture of the various interacting processes in a cloudy
ABL: vertical profiles of net shortwave (RS) and net longwave (RL)
radiation (minus their surface values), large-scale subsidence,

surface fluxes, turbulent transport within the ABL, entrainment at
the top.

One of the most common concepts of the effect of the cloud top cooling is that
it destabilizes the whole ABL and generates convectively driven turbulence and
an upward buoyancy flux throughout most of the ABL, much for the same reason
that heating from the surface generates convective turbulence. Thus, even in
the absence of any surface buoyancy flux, cloud top radiative cooling may
generate enough turbulence to convectively mix the ABL.

Deardorff (1980b) in his three-dimensional large-eddy simulation of the
cloud-topped ABL, simulated in one of his case studies a "dry cloud" that was
radiatively cooled in the top 50 m while the surface buoyancy flux was about
zero. The cooling at the top generated a positive buoyancy flux throughout
most of the ABL with a maximum below cloud top and decreasing linearly to

about zero at the surface. The dominant eddy size was indeed of the order of
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the height of the ABL. The turbulence generated caused entrainment of stable

air at the top of the ABL, with consequently a negative buoyancy flux there.

Condensation

In the case of é’real cloud, in which phase changes occur, latent heat
released by condensation forms an additional source for buoyant production of
turbulence within the cloud and thus for entrainment at cloud top. Deardorff
{1980b) discussed numerical simulations for such a case (in combination with
cloud-top longwave cooling and an upward surface buoyancy flux). He found a
tendency for the turbulent eddies not to extend over the whole ABL (cloud +
subcloud layer) but to have dimensions related to the depth of the cloud or
the subcloud layer. Caughey et al. (1982) made turbulence measurements in a
layer of nocturnal Sc over England which were confined to the cloud layer.
They found an increase in the integral length scale of the turbulence from
cloud top to cloud base, toward a value about equal to the height of the whole
ABL, thus not confirming the tendency found by Deardorff for an integral scale
related to the depth of the cloud layer. They had no measurements in the sub-
cloud layer, which contained a stably stratified, ~ 100 m deep layer adjacent
to the surface, where apparently the convective turbulence generated by the
cloud-top cooling did not contribute to the vertical transports. Yet it seems
plausible, both from Deardorff's calculations and from the measurements of
Caughey et al., that the main effect of the net longwave cooling, ocecurring in
the upper ~ 50 m of the cloud, is to generate an upward buoyancy flux across
the ABL which in turn drives the entrainment at the cloud-top. However, this
picture may be considerably distorted when other turbulence production

mechanisms are present or when cloud microphysics come into play.

Shortwave radiation

During the daytime, solar radiation will influence the cloud, both by
its differential absorption and by its contribution to the surface energy
balance. The vertical profile of the net shortwave radiative flux is markedly
different from its longwave counterpart (Figure 1). Shortwave heating extends
much deeper into the cloud than longwave cooling. Slingo et al. (1982b) argued
that the combined effect of shortwave warming and longwave cooling may lead to
a destabilization of the cloud layer itself, and to a decoupling of the cloud
layer from the subcloud layer. In the presence of this decoupling, the

entrained air at cloud top would only be used to warm and dry the cloud layer
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instead of the cloud and the subcloud layer as is the case when both are mixed
together. Further, the cloud would be cut off from the moisture input from the
surface. Thus, this decoupling would lead to a much more rapid development and
thinning of the cloud layer, resulting in breaking up of the solid cloud deck
or at least to a markéd daily cycle in its thickness. Both Slingo et al.
(1982b) and Nicholls (1984) claim that this decoupling of the cloud and sub-
cloud layers due to shortwave radiative effects plays an important role in
Sc~dynamics. However, their measurements do not show a clear inversion at
cloud base. Further support from measurements of the detailed turbulence

structure, especially the length scales, in both layers is required.

Wind shear

Turbulence in the ABL may also be generated by wind shear. Wind shear in
the vicinity of the top of the cloud layer can be quite strong, in particular
in baroclinic circumstances or when the ABL is shallow (Brost et al., 1982a,
b; Nicholls and Leighton, 1986 (case 564)). Even in the case of a dry convec-
tive ABL the role played by this wind shear in determining the entrainment is
quite unclear (Deardorff, 1983; Driedonks and Tennekes, 1984). Measurements by
Brost et al. (1982a, b) indicated that in their case the wind shear at cloud
top generated turbulence locally, promoting entrainment of warmer air from
above the inversion. This entrainment approximately balanced the cloud top
radiative cooling. Thus in their study the cloud top radiative cooling did not
generate convective turbulence throughout the ABL, in contrast to the usual

concepts in the case without wind shear.

Cloud microphysics

Another complication might arise from the cloud microphysics. Cloud top
radiative cooling might very well lead to condensation near cloud top, thus
compensating the radiative cooling by local release of latent heat. The local
increase in liquid water content may produce drizzle. Although this mechanism
has not been conclusively verified, Brost et al. (1982a, b), Nicholls (1984),
and Nicholls and Leighton (1986) found that the vertical flux of water by

gravitational droplet settling was a significant fraction of the total.

Surface fluxes

An important role in the overall budget of the ABL is played by the

surface fluxes of heat and moisture and by the entrainment of mass at the tcp
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of the ABL. The surface fluxes depend strongly on the type of surface and its
energy balance, and can vary in magnitude as well as in sign. Caughey et al.
(1982) report a case of nocturnal Sc over land with a stable surface layer,

Nicholls (1984) studied an Sc-deck over sea with upward surface fluxes.

Entrainment
The entrainment of mass at the cloud-top brings warmer and drier air

down into the ABL, at the expense of turbulent kinetic energy. The amount of

entrainment has to be parameterized in terms of the production of turbulence
in the ABL by buoyancy forces and wind shear, and requires insight into the

structure of the turbulence and its length and velocity scales as in the case
of a dry ABL. This parameterization of the entrainment is still questionable

in the cloud-topped ABL due to the complicated sources of turbulence that are
related with radiation and condensation.

Entrainment instability

An additional complication in the cloud-topped ABL is related to evapor-
ative cooling of the warm and dry air that is entrained. An entrained parcel
of dry air will be cooled by evaporation of cloud droplets into it, thus pro-
moting entrainment by effectively reducing the amount of potential energy that
has to be overcome. This evaporative cooling can, under some circumstances,
lead to an instability process in which the parcel is cooled so much that it
becomes negatively buoyant and sinks through the cloud. This cloud top
entrainment instability (Randall, 1980b; Deardorff, 1980a; Hanson, 1982, 1984,
1987; Mahrt and Paumier 1982; Randall, 1984b; Nicholls and Turton, 1986)
leads to large entrainment rates and is thought to be one of the mechanisms at
play in breaking up a solid cloud deck.

From observations (Mahrt and Paumier, 1982; Nicholls and Turton, 1986),
however, it is found that even if the instability criterion of Randall (1980b)
and Deardorff (1980a) is met the cloud is often not entraining more rapidly
than usual. Nicholls and Turton (1986) have argued that it is necessary to
include the fact that mixing takes place between various fractions of in-
version air and cloudy air (Mahrt and Paumier, 1982). This in contrast to the
assumption of Randall (1980b) and Deardorff (1980a) that the mixed parcel
remains just saturated, and thus take into account only one mixing ratio. By
evaluating the stability criterion as a function of the mixing ratio Nicholls

and Turton (1986) showed that even if the instability criterion of Randall

23



(1980b) and Deardorff (1980a) is met, it may be that only over a very small
range of mixing ratios are negatively buoyant mixtures produced. Assuming that
all values of the mixing ratio are equally important, Nicholls and Turton
(1986) defined a new stability parameter. This new stability parameter impli-
citly includes all the factors influencing evaporative cooling and is there-
fore a better measure of the stability of an inversion to mixing processes. It
seems that this promising concept has to be tested further against measure-
ments. Although entrainment of dry air from aloft could help to dissipate the
cloud, Randall (1984b) demonstrated that under many realistic conditions the
effect of entrainment is that the cloud top tends to rise more quickly than
the cloud base, so that the cloud depth tends to increase with time. Randall

(1984b) called this process "cloud deepening through entrainment"™ (CDE).

Mesoscale entrainment instability

Another instability, that has the structure and horizontal scale of
mesoscale cellular convection (Rothermel and Agee, 1980; Fiedler, 1984), is
called mesoscale entrainment instability (MEI). Fiedler (1984) showed that a
mixed-layer model allowed for an instability in which mesoscale fluctuations
in buoyancy and humidity are amplified in phase. His linear stability analysis
of these disturbances revealed that the growth rate of this instability peaks
at aspect ratios of about 30:1. The smaller scales are damped by horizontal
diffusion and the larger scales by the dynamic response of the stable layer
above the ABL. MEI may be one of the mechanisms in breaking up a stratocumulus

deck; moreover, its relation with mesoscale cellular convection should be

investigated.

Subsidence

The mean vertical subsidence velocity is of importance in determining
whether the cloud deck will dissipate or not. In order to maintain the cloud
deck against the subsidence, a large amount of warm and dry air has to be
entrained at cloud top, which consequently requires a compensating supply of
moisture from the surface. Caughey et al. (1982), in their study of nocturnal
Sc over land, concluded that in their case subsidence was the main reason for

drying out the ABL and dissipating the clouds.

In summary, the dynamics of a Sc-deck will be determined by the external

conditions (subsidence, dynamic and thermodynamic conditions of the air aloft,
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net radiative fluxes at cloud top, surface conditions) and by the internal
structure and dynamics (sources of turbulence, structure of the turbulence,
redistribution of heat and moisture in the ABL, the amount of entrainment that
can be sustained by the turbulence in the ABL against the opposing conditions
at the top).

3. Modeling of the ABL capped by a cloud deck

A description of the actual evolution of an ABL, capped by a cloud deck,
thus requires knowledge of both these external conditions as well as the
internal structure and dynamics. The flow in the ABL is turbulent and cannot
be described in its intricate details. We are usually only interested in its
statistically averaged properties. However, before being able to solve the
equations for these statistically averaged properties we have to model part of
the flow. This modeling requires a definition of the averaging process and a
model for the unresolved part of the scales of eddies in the flow. Essentially
two different types of averaging procedures are employed for turbulent flows:
ensemble-averaging and volume-averaging. In ensemble-averaged models the
averaged statistics do not show any chaotic turbulent behavior; the latter has
been fully averaged. Thus the averaged statistics vary smoothly in time and
space with typical scales of variation corresponding to the integral scales of
the turbulence based on the geometry of the flow. In these models the combined
effect of all the turbulent eddies has to be parameterized. Thus the closure
of the higher-order terms in the equations requires a parameterization of the
overall effect of all scales of turbulent eddies. This makes the parameteriza-
tion in these models quite sensitive to the particular flow configuration and
a lot of turbulence engineering is required. In volume-averaged models, or
large-eddy simulations the variables are averaged over a volume that is small
with respect to the large eddies in the ABL and large compared with the
smallest eddies. Thus the structure of the large eddies is calculated ex-
plicitly (on the resolvable scales) and only the effect of the small eddies
has to be parameterized. Since the averaging volume is presumably chosen to be
in the inertial subrange of the turbulence, this parameterization might be
relatively simple and not sensitive to the flow configuration. From large-eddy
simulations, ensemble averages are usually obtained by taking horizontal space

averages as well as averages in time. The amount of computer time required for
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large-eddy simulations is as yet prohibitive for extensive experiments.

In the modeling of the cloudy ABL, only two studies have been done with
a large-eddy simulation model (Deardorff, 1980b; Moeng, 1986). Other models
employ ensemble-averaging. Most of the effort in the latter models has been
spent on mixed-layer type of models, originated by Lilly (1968) and subse-
quently elaborated by a large number of authors (Betts, 1973; Deardorff,
1976a, 1980a, 1980b, 1981; Kraus and Schaller, 1978; Fravalo et al., 1981;
Kahn and Businger, 1979; Randall, 1980a, 1980b; Schubert et al., 1979; Stage
and Businger, 1981a, 1981b). Multi-level models with a number of iayers in the
ABL and employing higher-order closure schemes for the turbulence have been
used e.g. by Oliver et al. (1978), Moeng and Arakawa (1980), Cher and Cotton
(1983b), Bougeault (1985) and Duynkerke and Driedonks (1987).

Two aspects are of particular importance in all these models: the

radiative fluxes and the turbulent transports as well as their interaction.

The radiative fluxes

The problem of the radiative flux distribution is related to the condi-
tions at the top of the cloud layer where strong gradients in temperature and
liquid water occur. In reality the local or instantaneous interface between
the cloud top and the air above is very sharp and has a thickness of the order
of a meter. Caughey et al. (1982) report from measurements a transition from
turbulence to no turbulence within a distance of 4 m. However, this locally
sharp interface exhibits irregularities in space and time in the form of domes
and cusps with a vertical extension of typically some tens of meters,
depending on the intensity of the turbulence in the ABL and on the stability
above the cloud.

In numerical models, with only a limited vertical resolution, the local,
instantaneous interface at cloud top cannot be resolved in any detail, but it
is smeared out over the vertical grid distance, thus leading to large trunca-
tion errors. This sharp edge of the boundary layer is also present in the dry
convective ABL and in other entraining turbulent flows. However, in the case
of a cloud deck, a poor vertical resolution has a greater impact because the
longwave radiative cooling, which is an important mechanism for the generation
of turbulence in the ABL, occurs mainly over a small depth below cloud top. In
fact, no dynamical model has as yet able to calculate the longwave radiative
flux distribution near cloud top explicitly in detail, but it must be

parameterized. In Deardorff's (1980b) large-eddy simulation the vertical
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resolution (as well as the horizontal) was 50 meters and the longwave
radiational cooling was rather arbitrarily prescribed to occur locally over
the uppermost grid value with a given minimum liquid water content. Moeng
(1986) used an emissivity model for the longwave radiation, which included the
effect of water vapouf'and cloud droplets. The vertical resolution was 25 m up
to the model top of 1 km. The radiation parameterization was applied at each
vertical column for each time step. In principle, in a large-eddy model the
grid size could be reduced to better resolve the cloud-top processes; however,
this has not yet been done due to considerable computational difficulties.

In ensemble-averaged models, such as mixed-layer models, the averaging
process itself introduces an additional problem for the calculation of the
longwave radiative flux distribution and its effects on the turbulence.
Although the local interface between the cloud top and the air above in a
real-world ABL is very sharp, after ensemble-averaging (or horizontal
averaging) the vertical profiles of temperature, liquid water, and other
quantities will exhibit at the ABL-top a transition layer or entrainment zone
with a vertical extension of some tens of meters (see Figure 2).

Within the entrainment zone the ensemble-averaged cloud fraction will
gradually decrease from 100% below the cusps to 0% above the domes. Since this
entrainment zone is not always small compared to the distance over which
radiative cooling occurs, it becomes problematic in ensemble-averaged models
to locate this cooling region and to model its effects, since an important
fraction of it is associated with the entrainment zone. This issue has been
the subject of extensive discussion in many papers (Lilly, 1968; Schubert,
1976; Kraus and Schaller, 1978; Deardorff, 1976a; Schubert et al., 1979; Kahn
and Businger, 1979; Deardorff, 1980b; Randall, 1980a; Lilly and Schubert,
1980; Deardorff, 1981; Schaller and Kraus, 1981a, 1981b; Stage and Businger,
1981a, 1981b; Chen and Cotton, 1983a, b; Nieuwstadt and Businger, 1981).
Deardorff (1976a, 1981) argued that in a realistic ensemble-averaged model
part of therlongwave cloud-top cooling should be located within the entrain-
ment zone and that this part of the cooling serves to cool the entrainment
zone directly without generating any turbulence. On the other hand, that part
of the radiative cooling that occurs below the entrainment zone will produce
turbulence through convection in the ABL much in the same way as does heating
from below, thus promoting entrainment indirectly. Deardorff (1981) thus
studied the radiative cooling distribution and its dependence on the depth of

the entrainment zone and the radiative extinction length and concluded that
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there is strong sensitivity of the ABL-dynamics to these factors. Kahn and
Businger (1979), on the other hand, argued that longwave cloud-top cooling is
never used to cool the entrainment zone directly but rather that this cooling
is invariably associated with cloudy air and all of it should generate turbu-
lence. They attributed Deardorff's argument to the use of averaged profiles
and considered it to be artificial. They suggested that it is more realistic
even in the averaged profiles to consider a very thin interfacial layer and to
locate all in-cloud radiative cooling below it.

Schaller and Kraus (1981a, 1981b) and Fravalo et al. (1981) used a
detailed model for calculating the radiative fluxes. This requires a clear
positioning of the thermodynamic and of the cloud parameters. They considered
the same structure of the averaged vertical profiles as in Figure 2, but did
not let the cloud extend above ho. Thus they did not associate Ah with an

entrainment zone where turbulent and non-turbulent air coexist, but they
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Figure 2. General structure of mean vertical profiles of equivalent potential
temperature ee, and total water content ars in a cloud-topped ABL.

Cloud base is at z,. The entrainment zone with fractional coudiness

is labelled Ah. (After Deardorff, 1981).
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considered Ah to be the depth of the above-cloud clear air inversion, with no
clouds and turbulence in it. With this assumption the radiative flux profiles
can be calculated, both in the cloud layer and within the clear air in the
inversion. However, since these authors obviously did not associate Ah with
entrainment, but rather with clear-air radiative fluxes, it is difficult to
Justify that their use of the overall differences in thermodynamic quantities
over Ah to govern the entrainment. Nieuwstadt and Businger (1984) therefore

proposed to split these overall differences into a part that is associated
with entrainment (occurring over a very thin layer) and another part

associated with clear-air radiation above the cloud. In fact, all these
authors take the entrainment zone to be infinitesimally thin. In his large-
eddy simulation Deardorff (1980b) also could not solve the problem, mainly
because his radiation parameterization was very rudimentary. Moeng (1986) used
a vertical grid distance of 25 m, which is of the same order as the e-folding
depth (about 20 m) of the longwave radiative cooling. Chen and Cotton (1983b)
used a multi-level ensemble-averaged model with vertical grid distance of

100 m. In order to account for an entrainment zone they used a partial conden-
sation scheme within a grid volume. Their conclusions are dependent on this
scheme.

It must be concluded that one of the remaining problems in understanding
the detailed behavior of a Sc-deck is the proper distribution of the longwave
radiative fluxes. Especially in the case where the vertical cloud top excur-
sions are of comparable (or larger) distance than the radiative extinction

length, this problem has not been solved.

Turbulent transport

The modeling of the turbulent transports is another major problem. Most
of the effort has been spent on mixed-layer models in which both the subcloud
and the cloud layer are well mixed up to a capping inversion right above cloud
top. In idealized mixed-layer models the depth of the capping inverion is
reduced to a discontinuity. It should be emphasized that a crucial assumption
in mixed-layer models is that the turbulence is strong enough to actually mix
the entrained air over the entire mixed-layer depth. Other assumptions are
that the turbulence is in local equilibrium with the external conditions, i.e.
that the time scale for the turbulence is small compared to the time scale for
the change of the external conditions and that the entrainment itself does not

influence the shape of the profiles. All these assumptions are necessary to
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Justify that the shape of the vertical profiles can be prescribed as in mixed-
layer models and that this shape does not depend on time and can be written in
self-similar form. Once well-mixed profiles are assumed, the crucial problem
is to determine the entrainment rate. In mixed-layer models the entrainment
rate has to be formulated in terms of bulk turbulence generating mechanisms
within the mixed-layer and the opposing influences at the top of the ABL.
Since the rate of change of TKE due to entrainment is only a small fraction of
the total production of TKE in the mixed layer (most of it is lost to viscous
dissipation), this parameterization is not easy and quite controversial and,
especially in the cloud-topped ABL, poorly guided by observations. For a clear
convective ABL without clouds, the entrainment formulation has been solved to
a satisfactory extent for most practical applications in the atmosphere (e.g.
Driedonks and Tennekes, 1984), although there are still some problems when
significant wind shear near the ABL-top is present (Deardorff, 1983). In the
case of the cloud-topped ABL no satisfactory solution whatsoever has been
reached, even in the case when only buoyancy effects are relevant and without
wind shear. The main reasons for this lie in the much more complicated tur-
bulence production mechanisms in a cloud-topped ABL compared to a clear ABL
and in the very scarce number of measurements of the structure of the cloud-
topped ABL. Thus the entrainment relations rely on assumptions rather than on
experimental guidance. Randall (1984a) summarized current ideas. To illustrate
the general lines of thought we consider a dry cloud (without phase changes
but with radiative effects) with no surface fluxes but yet well mixed as a
result of buoyancy generated by radiative cooling at the top. This radiative
cooling is taken to be localized in a very shallow layer Bzr below cloud top
and the radiative flux profiles are taken to be linear. The vertical profiles
of potential temperature, net longwave radiative flux, and total heat flux are

shown in Figure 3. The governing equations for this mixed layer are (w = 0):
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Figure 3. Vertical profiles of potential temperature 0, net longwave radiative
flux RL, and total heat flux 5@, for the case of a well-mixed ABL

capped by a "dry cloud". No surface fluxes. Radiative cooling depth

GZR.

These equations have to be supplemented by an entrainment relation in order to
be solved. For this purpose the vertically integrated TKE budget is used;

which, with only the most important terms retained, this reads approximately:
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with € the viscous TKE dissipation. In symbolic notation (4) is written as:
B = D. (5)

A parameterization of the entrainment rate usually requires two further
assumptions: a) the total buoyancy flux integral B can be split into a part P
that produces TKE and a part N that destroys or consumes TKE (due to negative

buoyancy forces); b) the dissipation D is a constant fraction (1-A) of P. Thus

it is assumed that

31



D= (1 - A)P, (6)
where A is a constant. Then, with B = P - N, (5) reduces to
AP = N. - (7)

Given the constant A (from experiments?!), closure is then achieved when P and
N are defined.

This partitioning of B into P and N is a controversial issue with impor-
tant consequences for the model results. Deardorff (1976a), Kraus and Schaller
(1978), Randall (1980a), Fravalo et al. (1981) assumed that P is defined as
the integral of the buoyancy flux 8w over the region where it is positive,
and N over the region where it is negative. Then, with the configuration of
Figure 3, this leads to the entrainment relation (to first order in 5zr/h):

(gah/AR)z 8z, _, )
h D

(Eﬁh/AR) + 1

In (8) Ap has a value of ~ 0.04, in analogy to the dry convective mixed layer.

This expression has the following two properties:

a) In the limit for Gzr/h + 0 this leads to: Eﬁh = -AR, independent of AD.
Thus in this formulation the cloud-top radiative cooling is generating
direct entrainment (see earlier) by effectively cooling the air in the
inversion above the cloud. This corresponds to the original formulation by
Lilly (1968). It does not seem physically realistic, however, because the
cloud-top cooling does not generate any turbulence in the ABL in this
formulation.

b) The entrainment is rather sensitive to the depth over which radiative

cooling takes place (Gzr), which is at least an inconvenient property.

Both properties of this formulation are not very attractive. Stage and
Businger (1981a, 1981b) assumed quite a different partitioning of B into P and
N. They suppoéed therggggi buoyancy flux to be the result of independently
acting processes, each process being either productive (and thus contributing
to P) or consumptive (and thus contributing to N). In the context of our

simple example their reasoning leads to Figure 4, and thus to the entrainment

relation:
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Figure 4. Partitioning of the total heat flux of Figure 3 into production (P)

and consumption (-N), according to Stage and Businger (1981).
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where now ASB has the value ~ 0.2, still in analogy with the dry convective
mixed layer (AgB = AD). This formulation and the former lead to equivalent
results when applied to a dry convective mixed layer, forced only by a surface
heat flux and without radiative effects. However, in the present case, (9) has
quite different properties from (8):
a) In the limit for 8z /h > 0, eq. (9) leads to -Bw, = A, AR.
This formulation has as a physical interpretation that the cloud-top
cooling generates an upward buoyancy flux in the ABL which in turn causes
entrainment at the top (indirect entrainment).
b) This formulation leads to an entrainment relation that is not sensitive to

the value of Gzr.

Randall (1984a) argued that the low sensitivity of the entrainment rate
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to the depth of the layer where radiative cooling occurs (GzR) in the formula-
tion of Stage and Businger (9) is due to the fact that they interpreted the
distribution of AR over the depth GzR as a reduction of the total production
P, and not as a reduction of the total consumption N (see Figure 4). He stated
that the latter could.équally well be the case (which would re-introduce the
strong dependency of the entrainment on GZR) because radiative cooling of warm
entrained air parcels reduces their opposing buoyancy and thus decreases the

consumption N or, equivalently, the amount of work to be done by the turbu-
lence. The validity of Randall's argument depends on the question of whether

the time scale for radiative cooling of warm air parcels is of the same order
as the time scale of the turbulence. Coantic and Simonin (1984) did a study on
the direct radiative modifications of a turbulent fluctuating temperature
field. They concluded that, for usual conditions, the characteristic time
scale for radiative dissipation of temperature fluctuations is much longer
than the time scale for inertial turbulent transfer. Thus it seems likely that
Randall's argument is invalid and addresses only a very small effect. Before
radiation can appreciably cool entrained air parcels, they are already mixed
by the turbulence. For this reason also, radiative-turbulence interactions do
not play a significant role in the budgets for the heat flux and temperature
variance. Radiative cooling does not influence the heat flux directly, but
only indirectly by its action on the mean temperature gradient. Thus radiative
cooling may be prohibited from generating much convective turbulence only when
entrainment is forced by a local mechanism at the cloud top, e.g. wind shear,
and the turbulent intensity in the bulk of the mixed layer is weak (no surface
heat flux), as in Brost et al. (1982a, b). In that case the radiation would be
used to locally cool the top of the ABL which would heat up due to entrain-
ment. However, no entrainment relation has been formulated that includes these
effects, not even for the dry convective ABL (Deardorff, 1983).

Deardorff (1980b) derived from his large-eddy simulation an entrainment
relation based on the local vertical velocity variance at cloud top (ow).
From his results it can be concluded that the ratio of ow/w* (with wyx the
generalized convective velocity scale defined by Deardorff (1980b)) at the
inversion is enhanced if the buoyancy production takes place closer to the
inversion (radiative cooling, phase changes). When this is the case relatively
more TKE is converted to potential energy (entrainment) and thus less TKE is
dissipated. This increased entrainment may be further enhanced by the

evaporative cooling of entraining air. However it is not yet clear how to
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specify this local vertical velocity variance at cloud top when only bulk
properties are known.

In order to avoid the concept of a vertically well-mixed boundary layer
which would not be appropriate for a description of the decoupling of the
cloud layer from the sub-cloud layer as observed by Nicholls (1984), Turton
and Nicholls (1986) developed a multiple mixed layer model. A constraint on
the buoyancy flux profile was introduced which enables the well-mixed layer to
separate into two independently driven layers. It was shown that the inclusion
of decoupling leads to a stronger variation in cloud structure. This model can
be a useful diagnostic tool because it has a number of features which are
similar to those observed and provides a consistent framework within which the
observations can be interpreted.

It must be concluded that there is as yet no general entrainment formu-
lation for the cloud-topped ABL. It may be anticipated that the results
obtained are applicable only to a limited range of cloudy ABL's.

Apart from mixed-layer models, in which the whole ABL is treated in a
bulk formulation and the vertical profiles are assumed to have a self-similar
form, multi-level ensemble-averaged models have been used to study the cloud-
topped ABL (Moeng and Arakawa, 1980; Chen and Cotton, 1983b; Moeng and
Randall, 1984; Bougeault, 1985; Duynkerke and Driedonks, 1987). In multi-level
models, higher-order turbulence closure schemes (up to closure of the
equations for the third-order moments) have been applied. Zeman (1981) and
Wyngaard (1982) give reviews of these modeling techniques. Crucial problems
are presented by the modeling of the effects of buoyancy in the closure of the
pressure-velocity gradient terms, the triple correlation and transport terms
and the mechanical and thermal dissipation rates. Moeng and Arakawa (1980)
used a down-gradient diffusion assumption for the triple correlations, which
is not correct in buoyancy driven turbulence. These terms often govern the
dynamics in a convective ABL. Chen and Cotton (1983a) and Moeng and Randall
(1984) used closure schemes for the pressure terms and the transport terms
that are for the most part based on Zeman (1981). Zeman (1981) noticed some
severe problems, especially for the pressure terms, in real boundary layers
with large anisotropy or buoyancy effects.

In most higher-order closure models the turbulent time scale and length
scale are essential parameters that have to be obtained through the viscous
dissipation (time scale ~ energy/rate of viscous dissipation). However,

modeling of the dissipation is a notoriously difficult task. Sometimes an
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extra evolution equation is formulated for the dissipation with the unknown
terms modeled by quantities that are accessible in the higher-order closure
model (Zeman, 1975). Other authors instead use an evolution equation for the
length scale (Mellor and Yamada, 1982). Most often, however, a dissipation or
length scale equation is completely avoided and instead a diagnostic length
scale is formulated (André et al., 1978; Chen and Cotton, 1983a). Such a
diagnostic length scale formulation causes fewer problems but oversimplifies
the turbulence, which is then constrained to have some anticipated state. Chen
and Cotton (1983b) avoided this for the case of a stratocumulus-topped ABL and
proposed a direct parameterization of the turbulent time scale (-~ energy/
buoyancy production) which is equivalent to a rudimentary dissipation equa-
tion. Moeng and Randall (1984) noticed some spurious results in their model
for the cloudy case. Bougeault (1985) presented results of a third-order
turbulence closure model for a run of 7 days, which showed features very
similar to those observed (Nicholls, 1984). Duynkerke and Driedonks (1987)
showed results of a higher-order closure model that compare favourably with
different types of experiments. Higher-order closure models seem to be able to
describe a greater variety of phenomena in the cloud-topped ABL than the
mixed-layer models since the assumption of well-mixedness is often too strong.
Due to their flexibility higher-order closure models allow for the decoupling
between the cloud layer and sub-cloud layer (Bougeault, 1985; Duynkerke and
Driedonks, 1987), and they can simulate both shear and buoyancy production and
its influence on the entrainment rate (Duynkerke and Driedonks, 1987).
Additional information is available for diagnosis or prediction of fractional
cloud coverage. However, there are still a number of theoretical and
conceptual problems to be solved in higher-order closure models.

The use of large-eddy simulations (LES) as "controlled field
experiments" on the computer (Deardorff, 1980b; Moeng, 1986) is a promising
approach in this area, since problems with direct measufements can be quite
severe over some stratus regimes, whereas the capability and accuracy of these
LES is increasing. Recently Moeng (1986) presented results from a LES model
for two different cases. From this study it can be concluded that the
turbulent structure in the cloud-topped ABL differs significantly from one
case to another, because of the many physical processes involved. A lack of
understanding as to how these processes interact causes the uncertain
usefulness of statistical models (e.g. mixed-layer models). Hence the LES can

be used to study the closures in statistical models.
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b, Observations of the stratocumulus-topped ABL

The development of theoretical models for stratocumulus behavior has a
long and rich history. In particular the interaction between the mean fields
in the cloudy ABL and the turbulence contains many unsolved problems and has
given rise to a lot of assumptions. Unfortunately, the observations on which
these assumptions should be based are very scarce, particularly observations
in which both the mean conditions and detailed observations of the turbulence
are documented.

Measurements of turbulent structure of a stratiform cloud have been
taken by Coulman (1978), however without liquid water measurements. Recently,
more complete sets of observations have been reported by Brost et al. (1982a,
b) and Albrecht et al. (1985) on stratocumulus clouds off the California
coast, by Roach et al. (1982), Caughey et al. (1982), and Slingo et al.
(1982a) on nocturnal stratocumulus over the UK, by Nicholls (1984) on
stratocumulus over the North Sea, Rodgers and Telford (1986) on stratocumulus
off the California coast, and Nicholls and Leighton (1986) on six cases of
stratocumulus around the UK. Other recent experimental results, mainly on the
cloud and radiation parameters and not on the turbulence, have been reported
by Slingo et al. (1982b), Bonnel et al. (1983), Hignett (1987) and Stephens
and Platt (1987). Earlier experiments on mean conditions and radiation have
been summarized by Platt (1981). We will discuss here mainly the recent
observations including turbulence measurements, since they are most important
in the light of the models discussed above.

The observational case studies all refer to a solid Sc-deck below an
inversion. However, they differ greatly in the conditions that influence this
Sc-deck.

In the case studies of Brost et al. the ABL was about 500~-600 m thick
with the cloud deck occupying about 300-400 m of it. The surface buoyancy flux
was small at the sea surface. Shortwave radiation was not important because
the measurements were taken around dawn. There were strong winds and a large
shear near the top of the ABL.

In the case study of nocturnal stratocumulus over the UK the surface
layer was slightly stable. The ABL was about 1100 m thick, with clouds in the
upper 400 m. There were moderate winds without significant shear.

The third case (Nicholls, 1984) refers to Sc over the North Sea with a
fairly unstable ABL. This ABL was about 800 m thick with clouds occupying the

37



upper 400 m. Moderate winds without significant shear were observed. In
contrast to the other cases, this experiment was carried out around noon and
therefore shortwave radiation was important. Furthermore there was also a
significant amount of drizzle in and below the cloud.

In all case studies the vertical profiles showed an approximately isen-
tropic ABL with constant equivalent potential temperature and total water
content. At the top a stable density jump was found.

With regard to the vertical distribution of the mean moisture variables
in the cloud, the conclusions drawn from the observations of Slingo et al.
(1982a, b), and Nicholls (1984) are: a) the mean liquid water content
distribution is very close to the adiabatic value, thus increasing linearly
from cloud base to cloud top; b) the droplet concentration is nearly constant
with height and the mean volume radius of the droplets increases linearly with
height. According to Nicholls (1984), earlier measurements of liquid water
content that gave values much smaller than the adiabatic ones, are not
reliable due to instrumental inaccuracies, and are not in agreement with the
measured radiative fluxes (Bonnnel et al., 1983). In stable Sc-decks the
entrainment velocity is thus in general small compared to the velocity scale
of the turbulence and entrained air loses its characteristics quickly.

Caughey et al. (1982) gave detailed results of the interfacial layer
between the cloudy air and the non-turbulent air above. These results refer to
the local or instantaneous interface, and not to a horizontal average. Their
measurements showed that this instantaneous interface is characterized by very
sharp jumps in temperature and a sudden change from turbulent to non-turbulent
air. They measured a jump in temperature of U4K over a vertical distance of
only 4 m. Above this interface the temperature increased more gradually. From
their measurements they concluded that entrainment is a small-scale process
that is caused by distortion of the interface by large eddies in the ABL that
increase the local shear at their boundary, thus causing small-scale
instabilities and consequently entrainment at the interface.

Slingo et al. (1982a) gave detailed longwave radiative flux measurements
for the same case study as above (and some others). They show that for an
individual vertical traverse (giving approximately an instantaneous profile)
the net longwave radiative flux profile has the following characteristics:
above the cloud the observed radiative flux profile shows a gradual increase
in curvature as the cloud is approached, due to the increasing influence of

the cool cloud top. As the cloud is entered the net upward flux rapidly
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decreases until the cloud is optically thick after about 30-40 g/m2 liquid
water path. The distance over which this strong cooling takes place is -~ 50 m,
but sensitive to the liquid water content profile. In the lower part of the
cloud there is a slight longwave radiative warming.

In the nocturnai'stratocumulus case study, cloud top excursions occurred
with an amplitude of 20-50 m on a large space scale and the vertical profiles
of temperature and radiation moved bodily with these excursions. Caughey et
al. (1982) attributed this to mesoscale variatons of the ABL-height on scales
of 10-50 km, thus with a very large aspect ratio (10-50) and apparently not
caused by large turbulent eddies with an aspect ratio of order 1. In the case
studies by Brost et al. (1982a) the amplitude of the vertical excursions of
cloud top was approximately 50 m on horizontal scales with an aspect ratio
of ~ 2-5. Nicholls (1984) also gave cloud-top excursions of ~ 40 m, however
without indication of the horizontal scale. Slingo et al. (1982b) denoted
excursions of cloud top of ~ 20 m and horizontal variations over distances of
a few kilometers or less. Thus, although it is clear that the strong radiative
cooling occurs entirely within the cloud locally, the depth over which this
cooling occurs is comparable to the amplitude of the cloud top excursions.

The shortwave radiative flux profiles as measured by Slingo et al.
(1982b) and Nicholls (1984) for stratocumulus decks over sea showed that the
shortwave heating is distributed over a much deeper layer than the longwave
radiative cooling. In both cases the radiative budget of the cloud layer as a
whole was such that the shortwave heating and longwave cooling almost
cancelled. However, their distribution within the cloud was quite different.
As noted by Oliver et al. (1978) this has important consequences for the
turbulence.

The turbulent structure and entrainment mechanisms in the three types of
case studies differed considerably and give a good idea of how delicately
several processes in the cloudy ABL may interact, even when at first glance
the mean vertical profiles of e.g. temperature and moisture do not show
dramatic differences. |

In some of the case studies of Brost et al. (1982a,b) and one case of
Nicholls and Leighton (1986), wind shear across the inversion dominated the
structure of the whole ABL. The radiative cooling at cloud top, although
present, did not generate convective turbulence, but instead cooled locally
the warm air entrained from above. This entrainment was generated by local

wind shear and not indirectly by radiative cooling, which was thus of little
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influence on the turbulence in the ABL. The turbulence in the ABL showed
characteristic features of a neutral boundary layer with small buoyant produc-
tion of TKE throughout the bulk of the layer, and shear production at the top
causing a negative buoyancy flux there. In the case of Brost et al. (1982a, b)
the entrainment velocity was about 0.6-0.7 cm/s. They compared several
existing entrainment hypotheses with the measuréments. All of them gave poor
agreement. A possible explanation for this is that in most entrainment
hypotheses it is assumed that the dominant length scale of the turbulence is
of the order of the ABL-height, whereas in these case studies it is probably
more related to the thickness of the shear layer at the top. Brost et al.
(1982b) also showed that the liquid water transport due to falling large drops
(drizzle) was in their cases comparable to the turbulent flux of liquid water.
They suggested that drizzle influences the stability of the ABL due to the
heat release in the upper ABL where condensation on large drops occurs and
cooling below the cloud where they evaporate. An interaction among drizzle,
radiative cooling, and turbulence was also suggested by Brown and Roach (1978)
from their model results.

In the nocturnal Sc case study over the UK, radiative cooling at cloud
top was the dominating mechanism for the generation of turbulence in the ABL
since wind shear was small and the surface heat flux negative. One thus might
expect the characteristics of a convective layer upside down. Indeed, Caughey
et al. (1982) reported a strong upward heat flux close to the cloud top, asso-
ciated with inverted plumes of cooler air. The characteristic length scale, as
derived from spectra of the vertical velocity, increased in the downward
direction from a value of 150-200 m near cloud top to a value of ~ 800 m near
cloud base (ABL-height was ~ 1100 m, cloud thickness ~ 400 m), which also
indicates that the turbulent motions were of a convective nature. The
variances of horizontal velocity (ouz) and vertical velocity (OWZ) were almost

constant with height in the cloud layer with a minor maximum for ¢ 2 in the

W
middle. However, the expected dominance of °w2 over °u2 as in the daytime
convective ABL was not present (here °w2 ~ ouz). No turbulence measurements

were made in the sub-cloud layer, thus no definite conclusions could be drawn
as to whether these layers were strongly coupled or not.

The entrainment velocity at the top of this nocturnal Sc was ~ 0.5 cm/s,
the downward buoyancy flux at the top ~ -25 10'3 K m/s, the net radiative flux

2

jump near cloud top ~ 70 W/m=, the depth of the radiatively cooled layer

~ 50 m, and the ABL-height ~ 1100 m. (These data are taken from Caughey et al.
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(1982) and Slingo et al. (1982a).) Use of the data in mixed-layer entrainment
formulations as given in section 3 gives quite different values for the
entrainment constants than the usual values for a dry convective daytime ABL
(we neglected the stable surface layer here). However, these estimates are
very crude, especialiy because the vertical profiles of the buoyancy flux
below cloud base are not known. Thus little can be said about the performance
of entrainment hypotheses from these measurements.

The nocturnal Sc-deck dispersed after 2-U4 hours. Roach et al. (1982)
inferred from the measured heat budget of the ABL that this cloud dispersal
could not be attributed to entrainment or other diabatic processes, but was
most probably caused by locally large subsidence.

In the case study of Nicholls (1984) on a Sc-deck over the North Sea
shortwave radiation played an important role, as did precipitation. Shortwave
warming over a deep layer into the cloud, combined with longwave cooling con-
centrated at cloud top, tended to destabilize the cloud layer and to generate
turbulence on the scale of the cloud depth. Additionally, precipitation that
was evaporating in a (shallow) layer below cloud base cooled the air in the
subcloud layer. Generally, the net effect of these porcesses is that a shallow
stable layer develops near cloud base leading to a decoupling of the subcloud
and cloud layers when the surface buoyancy flux is not strong enough to
maintain the coupling. This seems to have occurred in the case of Nicholls
(1984). The same tendency toward decoupling due to shortwave warming has been
indicated by Slingo et al. (1982b). This picture is broadly confirmed by the
turbulence measurements of Nicholls (1984). The measured vertical velocity
variances showed a minimum near cloud base with two maxima both in the
subcloud layer and in the cloud layer. Also, measurements of the vertical
transport of TKE showed that there was no gain or loss due to this term near
cloud base. Thus there was no TKE-transport between the layers.

Such a separation has an important effect on the dynamics and the
behavior of the cloud. Mixed-layer models do not seem suitable under such
conditions. Higher-order closure models (Bougeault, 1985; Duynkerke and
Driedonks, 1987) on the other hand have been shown tb be able to simulate this

decoupling of the cloud layer from the sub-cloud layer.
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5. Conclusions

A number of physical processes determine the turbulent structure of a
cloud-topped ABL. Observations show that the resulting structure depends quite
strongly on the interactions among these processes.

The longwave radiative cooling is concentrated in a shallow layer, of
about 50 m deep, near cloud top. This cloud-top cooling tends to destabilize
the whole ABL and to generate convectively driven turbulence. From observa-
tions (Nicholls and Leighton, 1986) this seems the most common mechanism for
generating turbulence in the cloud-topped ABL. During day-time the solar
radiation will heat up the cloud. Because shortwave heating exterds much
deeper into the cloud than longwave cooling, their combined effect may lead to
destabilization of the cloud layer alone, and to decoupling of the cloud layer
from the sub-cloud layer (Nicholls, 1984). The decoupling leads to a cut off
of the moisture supply from the surface and thus to a much more rapid develop-
ment and thinning of the cloud layer. Turbulence in the cloud-topped ABL may
also be generated by windshear. Observational data (Brost et al., 1980 a, b;
Nicholls and Leighton, 1986) show that the windshear at cloud top may promote
the entrainment of warm air so effectively that it approximately balances the
longwave radiative cooling. Instead of being convectively driven the ABL then
has a near-neutral structure. Other production mechanisms of turbulence are
surface fluxes and the release of latent heat by condensation. All the produc-
tion mechanisms of turbulence in the ABL, discussed above, determine the
entrainment of warmer and drier air from above the inversion. Due to the large
number of processes and their complicated interaction the parameterization of
the entrainment in mixed-layer models is still questionable.

The entrainment may be further complicated by evaporative cooling of
warm and dry air that is entrained into the cloud layer. The evaporative
cooling can under certain circumstances lead to an instability process in
which the entrained air parcel is cooled so much that it becomes negatively
buoyant and sinks through the cloud; this is called cloud top entrainment
instability (Randall, 1980b; Deardorff, 1980a; Hanson, 1982, 1984, 1987;
Randall, 1984b; Nicholls and Turton, 1986). Cloud top entrainment instability
leads to large entrainment rates and may be one of the mechanisms in breaking
up a solid stratocumulus deck. However, Randall (1984b) showed that, depending
on the conditions above the cloud, the effect of entrainment may be that the

cloud top rises more quickly than cloud base, so that the cloud depth
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increases with time. Randall (1984b) called this process "cloud deepening
through entrainment" (CDE).

For the dry ABL, with a positive surface heat flux, both observations
and large-eddy simulations have revealed that its structure is governed by
rather simple scaling laws. It has been shown that such a dry ABL is driven to
a "convective state", once the stability parameter -h/L (where h is the ABL-
height and L the (surface layer) Obukhov length) exceeds a value of 5-10.
Above this value, the structure of the ABL becomes independent of —h/L; and
thus independent of surface friction. In that case the variables in the bulk
of the ABL show universal behavior if properly scaled with quantities that
involve only the surface heat flux and the ABL-height; e.g. all velocities
scale on the convective velocity scale wy and all lengths scale on h. The
dominance of these scales has made entrainment relations for the dry ABL
successful,

One of the main reasons for the problems arising in the modeling of the
cloud-topped ABL is the apparent absence of such simple scaling laws that
characterize a large class of real-world cloudy boundary layers. In a cloudy
ABL many more scaling quantities can be listed apart from the surface fluxes
and ABL-height; e.g. the longwave radiative flux divergence, the thickness of
the radiatively céoied layer, the shortwave radiative flux divergence, the
thickness of the layer over which this occurs, the cloud microphysics, the
thickness of the cloud and sub-cloud layer, the drizzle rate, wind shear at
the top. From the reported sets of observations it is apparent that all these
parameters may strongly interact in their influence on the dynamics of a
Sc-topped ABL. As an example, wind shear at the ABL-top not only generates
turbulence locally, but at the same time may completely rule out the
possibility of generating convective turbulence by cloud-top radiative
cooling.

Such a situation in which a large number of parameters dominate the
dynamics of the problem is difficult to handle. The non-dimensionalized flow
variables may depend on a multitude of characteristic parameters, e.g. a set
of suitable Richardson-numbers. This makes the interpretation of experiments
and the formulation of universal results from them quite complicated. In fact,
the detailed experiments on different cloud-topped ABL's have elucidated this
problem and shown that the turbulent structure of the cloudy ABL can differ
drastically from one case to another, even when the mean profiles are rather

similar in showing an isentropic vertical structure of the ABL.
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The complicated turbulent structure of the cloud-topped ABL leads to
considerable difficulties in modeling its behavior. In mixed-layer models, or
other vertically-integrated models, the basic problem is the formulation of
the entrainment rate at the top, which has to be parameterized in terms of the
turbulence in the ABL. Since the detailed turbulent structure of the ABL is
not resolvable in mixed-layer models, its state has to be pre-assumed or
anticipated. It may be expected that this is only feasible in relatively
uncomplicated situations.

Most effort on mixed-layer models for the cloudy ABL has been spent on
the case in which only the surface buoyancy flux and the longwave radiative
cooling at cloud top are important. In idealized mixed-layer models with a
zero-order jump discontinuity at the top it is most logical to locate the
cloud-top cooling within the mixed layer and not partly above it. Entrainment
relations for this case as derived from a parameterized form of the TKE-budget
are still controversial. The strong sensitivity of some of these models to the
depth of the radiatively cooled layer does not seem very realistic and is a
direct consequence of model assumptions. This sensitivity is less pronounced
in the interpretation of Stage and Businger (1981a, b). This issue cannot be
solved within the context of mixed-layer models.-None of these entrainment
parameterizations has been confirmed by field measurements. The large-eddy
simulations of Deardorff (1980b) also do not support current parameterizations
of entrainment. Instead, best results in his model are obtained for an
entrainment relation that is based on the local turbulence intensity at cloud
top. This is confirmed by field measurements. However, in mixed-layer models
this local turbulence intensity is unknown and requires further assumptions.

In cases where, apart from a surface buoyancy flux and cloud-top
cooling, wind shear at the top and shortwave radiative effects play a role, no
satisfactory entrainment parameterization has been formulated. Of special
importance is the tendency toward decoupling of the upper cloud layer from the
lower part of the ABL, introducing new length scales.

Higher-order turbulence closure models are able to describe a greater
variety of phenomena in the cloud-topped ABL than the mixed-layer models. For
instance, sometimes the assumption of the ABL to be well-mixed is too strong
and decoupling of the cloud layer from the sub-cloud layer may occur
(Nicholls, 1984; Bougeault, 1985; Duynkerke and Driedonks, 1987). Moreover,
higher-order closure models can simulate both shear and buoyancy and the

influence on the entrainment rate (Duynkerke and Driedonks, 1987).
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An important problem in higher-order turbulence closure is presented by
the dissipation equation. In models used to date this dissipation is dealt
with in a rudimentary way, in contrast to the amount of sophistication that is
applied to the modeling of other unknown terms.

Under certain cbhditions (Deardorff, 1980a; Randall, 1980b; Hanson,
1984) cloud-top entrainment instability may occur, leading to a rapid increase
of the entrainment rate. It is usually envisaged that this cloud-top
entrainment instability is responsible for the break-up of a Sc-deck into
scattered cumulus. However, in the measurements by Hanson (1984) and Brost
(private communication) the theoretical conditions for this instability were
fullfilled without its actual occurrence. The conditions that lead to the
break-up of a Sc-deck are far from understood and mesoscale variability may

play a central role in it (Rothermel and Agee, 1980; Roach et al., 1982;
Fiedler, 1984),
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ABSTRACT

A multilevel ensemble-averaged model has been developed to study the cloud-topped atmospheric boundary
layer (ABL). Turbulence closure is formulated by using an equation for the turbulent kinetic energy and either
a diagnostic formulation of the integral length scale or a parameterized version of the dissipation equation. The
latter two options are compared. The model is used to study various combinations of physical processes in a
cloud-topped ABL and their combined effect on the turbulent structure. The physical processes considered are
an upward buoyancy flux at the surface, longwave radiative cooling near cloud top, shortwave radiative heating
in the cloud, and wind shear near cloud top. We discuss a case with only a surface buoyancy flux (no radiation)
and a case with only longwave radiative fluxes (no surface fluxes). The usual concept that the latter is the upside-
down version of the former is not confirmed by the model results. Furthermore, we apply the model to the
datasets of Brost et al. and Nicholls. The pronounced differences in the observed turbulent structure of the ABL

in these two cases (due to different combinations of physical processes) are well simulated by the model.

1. Introduction

As shown by satellite images, extended sheets of low-
level stratocumulus (Sc) clouds, often exceeding 10°
km?, frequently occur over particular areas of the world,
especially over the sea. The occurrence of these Sc-
decks is associated with subtropical high-pressure sys-
tems, where they have a quasi-permanent character,
or with high-pressure ridges between frontal systems
at midlatitudes, where their character is more transient.
Schubert et al. (1979) give an account of the typical
areas of the world where the quasi-permanent Sc-decks
occur and their associated climates.

Stratocumulus-decks have a considerable influence
on climate as well as on local weather. First, these ex-
tensive low-level cloud sheets modify the energy bal-
ance at the top of the atmosphere and at the surface
quite drastically. Their high albedo (~0.6-0.8) com-
pared with the underlying earth’s surface (~0.2 for
land, ~0.05 for water) leads to a strong reduction of
the net incoming shortwave radiative flux at the top
of the atmosphere in comparison with the cloud-free
case while at the same time the infrared loss to space
is not altered significantly, due to the low altitude of
the clouds. Thus an increase in low-level cloud cover
will lead to global cooling of the atmosphere. Randall
et al. (1984) gave a qualitative argument that an in-
crease of a few percent in this cloud cover may offset
the warming caused by a doubling of the CO,-content
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of the atmosphere. In addition, the quasi-persistent Sc-
decks over parts of the world seas have a strong impact
on the energy balance of the sea water. Thus, in sim-
ulations of the climate with coupled ocean-atmosphere
models, a correct position and frequency of occurrence
of low-level cloud decks is required, a goal not yet
achieved.

Apart from the climatic impact of Sc-decks, there is
also a strong influence on local weather, especially in
regions where the clouds are transient. It is well known,
particularly in coastal regions, that poor predictions of
the formation, maintenance and dissipation of Sc-decks
may degrade the quality of forecasts of such weather
elements as temperature and sunshine. As a typical
example, Fig. 1a shows a satellite picture of a Sc-deck
formed over the North Sea under the influence of a
high pressure system west of Scotland. The cloud deck
is advected with a northwest wind over The
Netherlands and a north wind over Germany. In Fig,
1b its effect on the shortwave radiative flux is shown
as measured at different locations in The Netherlands.
It can be seen that the presence of such a cloud deck
reduces the incoming radiative flux at the surface by
considerably more than 50% in comparison to the
cloud-free stations.

The type of Sc-deck we are discussing usually has
tops below 1000 m and is part of the atmospheric
boundary layer (ABL), which consists of a subcloud
layer and a cloud layer. In this paper we will consider

+ Published in Journal of the Atmospheric Sciences, 1987, LL, 43-6kL, with

A.G.M. Driedonks as co-author.
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FIG. 1a. The NOAA satellite picture (visible) for 1312 UT 25 July 1984 showing a Sc-deck over the North Sea,
which is advected over the Netherlands and Germany with a northwest wind.
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FIG. 1b. Downward shortwave flux measured on 25 July 1984 at
four different ground stations in the Netherlands. See upper left for
location of stations. The curve gives an average of the measured
values for clear sky cases during that period.

a horizontally homogeneous cloud deck (in a statistical
sense) and study its vertical structure. Driedonks (1986)
discusses the most important physical processes in such
an ABL. One of the crucial points in understanding
the behavior of such a Sc-topped ABL is to know how
the turbulent transports of heat, moisture and mo-
mentum are influenced by the presence of a cloud layer.
In contrast to a cloud-free ABL, the cloud introduces
several new possible sources of turbulent energy due
to localized heating or cooling through radiative flux
divergences and phase changes. It is the interplay be-
tween these processes that determines the turbulent
transport in a cloud-topped ABL.

In a cloud-free ABL, turbulence dynamics is affected
primarily by 1) wind shear at the surface, 2) wind shear
at ABL top, and 3) buoyancy flux at the surface. In a
cloud-topped ABL, the turbulence is also influenced
by 1) longwave radiative cooling at cloud top, 2) short-
wave radiative heating inside the cloud layer, and 3)
phase changes. In the cloud-free ABL’s dominated by
the buoyancy flux and wind shear at the surface, rel-
atively simple models have been developed that de-
scribe the evolution of the ABL quite successfully
(Driedonks, 1982). For the cloud-topped ABL, how-
ever, both the large number of processes involved and
their complicated interactions show that simple scaling
laws will be difficult to find.

Improved understanding of the cloud-topped ABL
has to be based on detailed observations. It is only re-
cently that some good observational studies on the tur-
bulent structure of a Sc-deck have been reported. Brost
et al. (1982a,b) analyzed data collected off the coast of
California. Roach et al. (1982), Caughey et al. (1982),
and Slingo et al. (1982) analyzed a case of nocturnal
stratocumulus over the United Kingdom. Nicholls
(1984) described a case of stratocumulus over the North
Sea. Hanson (1984), as well as Albrecht et al. (1985),
studied clouds off the coast of California.

In this paper we will study the role of different tur-
bulent production mechanisms in determining the

G. DUYNKERKE AND A. G. M. DRIEDONKS

transports in the ABL. For this, it is quite relevant that
the observations by Brost et al. (1982a,b) and Nicholls
(1984) showed that different combinations of physical
processes may lead to a totally different turbulent
structure of the ABL. In the observations of Nicholls
(1984), the most important processes were longwave
radiative cooling at cloud top and shortwave heating
inside the cloud layer. The cooling at cloud top and
heating inside the cloud led to an instability of the cloud
depth itself and to decoupling of the cloud layer from
the subcloud layer. A completely different turbulent
structure of the cloud-topped ABL was observed by
Brost et al. (1982a,b). During their observations, the
most important physical processes were longwave ra-
diative cooling at cloud top and wind shear at both the
surface and at cloud top. The wind shear at cloud top
was enhancing the entrainment of warm air so effec-
tively that the entrained warm air fully balanced the
cloud top radiative cooling. Thus tke latter did not
generate a strong upward buoyancy flux throughout
the ABL, and the turbulent structure of the ABL was
determined by the wind shear near the surface, creating
a near neutral cloud-topped ABL.

In this paper we develop a model that incorporates
the most important physical processes and study their
influence on the turbulent structure of the cloud-topped
ABL. We will compare the results with the recent sets
of observations of Nicholls (1984) and Brost et al.
(1982a,b) discussed previously.

Since the early study of Lilly (1968), increasingly
sophisticated models for the cloud-topped ABL have
been developed. Especially the mixed-layer type of
model has been pursued quite far (Deardorff, 1976;
Schubert, 1976; Schubert et al., 1979; Stage and Bus-
inger, 1981a,b; Schaller and Kraus, 1981a,b; Fravalo
etal., 1981; Hanson, 1984). This type of model is sim-
ple and attractive and can accommodate results from
more complicated models and from observations.
However, in order to study the conditions under which
the assumptions for mixed-layer models are justified,
itis necessary to use more detailed studies. In addition,
to date, no fully satisfactory entrainment formulation
for the turbulent fluxes at cloud top has been devised
for these models. In trying to solve some of these prob-
lems, studies have been conducted with large-eddy
simulation models which, since the early work of
Deardorff (1974), have also been applied to the cloud-
topped ABL (Sommeria, 1976; Deardorff, 1980; Moeng
and Wyngaard, 1985). Although interesting results have
been obtained, these large eddy models require exten-
sive computer resources and only in the future will be
feasible for studying a number of different cases.

In the present study we take an intermediate point
of view and develop a multilevel ensemble-averaged
model for the cloud-topped ABL. In this type of model,
with a number of layers in the ABL, the combined
effect of all eddy sizes has to be parameterized, for
which a hierarchy of turbulent closure hypotheses has
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been developed (e.g., Mellor and Yamada, 1982). Sev-
eral of these closure schemes have been applied to the
cloudy case (Oliver et al., 1978; Moeng and Arakawa,
1980; Bougeault, 1981; Chen and Cotton, 1983; Moeng
and Randall, 1984; Bougeault, 1985). The closure hy-
potheses are based mainly on observational data from
the clear-sky ABL. Therefore, results of these models
have to be evaluated carefully against experimental data
obtained for the cloud-topped ABL.

We develop a multilayered model in which turbu-
lence closure is formulated by using the equation for
turbulent kinetic energy and either a diagnostic for-
mulation for the integral length or a prognostic equa-
tion for the viscous dissipation. These latter two options
are compared. This type of turbulence closure is simpler
than third-order closures (e.g., Bougeault, 1985), but
it contains the most important physics and may be
suitable for use in operational numerical weather pre-
diction.

The model is used to determine the combined effect
of several physical processes in determining the tur-
bulent structure of the ABL, in the light of recent ob-
servations as cited previously. We will focus on the
case of a Sc-deck over sea, where the surface radiation
budget does not control the surface fluxes. Further-
more, since we are mainly interested in the gross effects
of physical processes, we did not apply a partial con-
densation scheme. Also, the radiative fluxes are pa-
rameterized in a rather simple way.

Section 2 gives a full description of the one-dimen-
sional model. The results of the model are presented
in section 3. Sections 3a and 3b give the results for two
idealized cases. In the first, the sea surface temperature
is higher than the air temperature, giving rise to con-
vection at the surface; no radiative fluxes are taken
into account. In the second, the cloud top is cooled by
longwave radiation and the surface fluxes are set to
zero. The radiative cooling gives rise to convection
generated from cloud top. In sections 3c and 3d, the
results are compared with observational data. The first
deals with a stratocumulus deck on the North Sea, de-
scribed by Nicholls (1984); the second concerns a stra-
tocumulus deck off the California Coast (Brost et al.,
1982a,b).

2. Model description

The model is used in a one-dimensional horizontally
homogeneous version. The ensemble-averaged equa-
tions describing the dynamics of the stratocumulus-
capped ABL are given in section 2a. We have prog-
nostic equations for the horizontal velocities (« and v),
the entropy and the total water content. The vertical
velocity has to be prescribed. Due to the ensemble av-
eraging, unknown turbulent fluxes appear in these
equations. A turbulence model, which relates the un-
known turbulent fluxes to known variables, is intro-
duced in section 2b. In section 2¢ a new variable is
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introduced for the entropy, and its relation with pres-
sure, temperature and total water content discussed.
In the entropy equation the total radiative flux, causing
radiative cooling or heating, is another unknown. A
radiation model for both longwave and shortwave ra-
diation is presented in section 2d. Section 2e deals with
the surface boundary conditions used in the model.
Finally, section 2f gives details on the numerical tech-
niques used in the computer program.

a. Governing equations

In horizontally homogeneous conditions the en-
semble-averaged equations describing the dynamics of
the stratocumulus-capped ABL reduce to

ou'w’ u
a ST T ey o
v w'w
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with (&, v, w) the ensemble-averaged wind velocities in
the (x, y, z) directions, respectively, and primed quan-
tities denoting turbulent fluctuations. Equation (3) is
the entropy equation, expressing diabatic heating by
radiation. For the entropy a new variable (6,) is intro-
duced, known as the wet equivalent potential temper-
ature (Pointin, 1984). The definition of 4, will be fur-
ther discussed in section 2¢. The atmospheric radi-
ative cooling or heating rate is represented by
0,0 OF

p()CpTo az’

with F the total radiative flux defined by F = F} — F,
where, F} and F} are the upward and downward flux,
respectively. The variable g, is the specific humidity
for total water, g, = g, + g;, with g, water vapor and
g; liquid water. The equations are in Boussinesq form,
where po, Ty, 0,0 denote the reference state, which is
only a function of z, and correspond to the midlatitude
standard atmosphere (Eskinazi, 1975). The pressure is
calculated by integration of the hydrostatic equation
downward from the model top.

b. Turbulence closure

In order to close Egs. (1) to (4), the turbulent fluxes
are expressed as

— d
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in which the index m refers to momentum and 4 to
heat. The exchange coefficient for moisture is taken to
be equal to that for heat.

The exchange coefficients are taken as (Mailhot and
Benoit, 1982)

Km,h = Cul/4lm,hEl/29 (6)

where ¢, is a constant, /,, a length scale and E the
turbulent kinetic energy (TKE). The numerical values
for c, and for all other constants used in the turbulence
model are given in appendix A.

Usually, a diagnostic equation is formulated for the
length scale (e.g., see André et al., 1978), relating it to
the distance from the surface, to the vertical distribution
of TKE, and to the stability of the air. In this type of
formulation it is assumed that the turbulence has some
anticipated state. Although this approach can be quite
successful for certain types of ABL, we doubt its ap-
plicability to turbulent flows with important internal
sources of turbulence as in the cloud-topped ABL.
Therefore, we also formulated a prognostic equation
for the dissipation rate of TKE, ¢, which is analogous
to a prognostic equation for the length scale / through
the relation (Rodi, 1980)

l= 0“3/4E3/2/6. (7)

The alternative to (6), now using the dissipation, is
then of the form
Komn=c,E?/e. (8)

The diagnostic relation for / is discussed in subsection
2b1, the dissipation equation in subsection 2b2.
Both formulations (6) and (8) need an equation for

the turbulent kinetic energy which in one-dimensional
form is
FE_ msdu_—0v_ wil
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Several of the terms on the right-hand side of (9) have
to be parameterized. For the shear production terms
(S) we can use (5a) and (5b). The buoyancy term (B)
first has to be related to the entropy flux and the mois-
ture flux by means of thermodynamic relations and
the Clausius-Clapeyron equation. Because we shall use
an “all or nothing” condensation scheme, we have to
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distinguish only two different cases: saturated and un-
saturated air. A derivation is given in appendix C and
the result can be expressed as

(10)

Po

in which C, and C,, are given in Table 1. We then
further use (5c) and (5d).

The transport term (T) is modeled as (Rodi, 1980)

) Kl

o 0z’

(11)
Po

(v
in which of is the turbulent Prandtl number for E,
taken as a constant (see appendix A).

When we use the dissipation equation as an addi-
tional progngstic equation, ¢ is no longer an unknown
in (9), and therefore at this stage we do not have to
model it. When we use a diagnostic l=ngth scale, how-
ever, to calculate the eddy viscosity [Eq. (6)], we have
to model e in (9). It is modeled in the usual way as

€= EX?Y],. (12)

1) DIAGNOSTIC LENGTH SCALE

When we make use of a diagnostic length scale for-
mulation, we can express the eddy viscosity as in Eq.
(6). In general we can distinguish three different length
scales: a length scale in the surface layer, proportional
to the distance to the surface, z; a length scale (lx) in
the bulk of the convective layer, proportional to the
depth of the convective layer, 4; and a third length
scale (/) for the stable layer and depending upon the
TKE and the Brunt-Viisili frequency, N,,. The final
mixing length for (6) is then taken as some suitable
interpolation between these three length scales, usually
taken in the form (André et al., 1978)

lm,h = min([ba ]A‘)’ (1 3)
in which
ls=¢,E'?IN,, (14)
with
N,2= _é(ﬁ_an) = (&%_Cq ai”),
po\0z ¢,°0z 0400z v 9z

TABLE 1. The coefficients Ce, and C,, in Eq. (10) for
saturated and unsaturated air.

Class G, Ca
1, 1—¢
Unsaturated 1 —_——
CMT €,
1+ 1oGusas
R,T
Saturated 2 1
+ ql’ﬂ((fll’
C, dede
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(see appendix C, Eq. 44), and /, is the formulation of
the length scale according to Blackadar (1962)

KZ
Iy = 15
b (Kz/loo)+ d’m,h ( )
in which ¢,,, are the stability functions for the non-
dimensionalized vertical gradients of wind (m) and
temperature (h) in the surface layer according to Bus-
inger et al. (1971) and
h
f E'2zdz
0

lo=Co .
E'3dz
0

(16)

In (14) and (16) both ¢, and c,, are constants (see ap-
pendix A).

Both analytically and numerically it is not very con-
venient to have different mixing length formulations
under different circumstances. It is much easier to have
one single equation. Moreover, length scale prescrip-
tions oversimplify the turbulence. For example, from
experimental studies (Nicholls, 1984) it is clear that
the cloud layer can be decoupled from the subcloud
layer. Under those circumstances the length scale in
the cloud layer is determined by physical processes in-
side the cloud, and the length scales described previ-
ously are obviously inadequate. One way to address
this problem is to use a prognostic length scale equa-
tion. An example of such a prognostic equation is the
dissipation equation which will be discussed in the
subsection 2b2.

2) THE e-EQUATION

Using the e-equation, we can express the exchange
coeflicients as in (8). Therefore, calculating e by means
of a prognostic equation is analogous to calculating /,,,
by a prognostic equation. The use of the e-equation
goes back to the work of Harlow and Nakayama (1967)
and Daly and Harlow (1970). We will use a dissipation
equation analogous to the one employed by Wyngaard
(1975), Wyngaard et al. (1974) and Lumley and Kha-
Jeh-Nouri (1974). An exact transport equation for
can be derived from the Navier-Stokes equations. This
equation contains complex correlations whose behavior
is poorly known. Fairly drastic model assumptions
must be introduced in order to make this equation
tractable. Therefore, the exact e-equation is not given
here.

At high Reynolds number the rate of dissipation is
equal to the molecular kinematic viscosity times the
mean-square vorticity fluctuations («}w}). Tennekes
and Lumley (1972) show that at sufficiently high
Reynolds numbers, there is a balance between the gen-
eration of wjw; due to turbulent vortex stretching and
the destruction of wjw] due to viscosity. The terms next
in order are the rate of change, advection and turbulent
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transport of wiw}. Other terms (many of which appear
in the full equations) are of higher order and can be
neglected. The transport, generation and destruction
terms require model assumptions. The transport term
is modeled with the gradient assumption. The gener-
ation and destruction cannot be modeled separately:
it is the difference that has to be modeled. We used a
formulation of the dissipation equation that is almost
equivalent to the one used by Wyngaard (1975):

ae de 0 K, O¢ € e
at *waz &76_+C1(EmaX(S’B+S)_CZ(E’

(17)

in which o, is the turbulent Prandtl number for ¢ and
S and B are, respectively, the shear and buoyancy pro-
duction in the TKE-equation (9). The second term on
the right-hand side of (17) is the turbulent transport
term. The third and fourth term together represent the
modeled generation and destruction of e. In the mod-
eled equation (17) the third term can be named “pro-
duction” of e and the fourth term the *““destruction” of
¢, although they do not correspond to the generation
and destruction terms in the original exact equation.
The constants we used are given in appendix A.

¢. Thermodynamics

In section 2a, a new variable was introduced for the
entropy known as the wet equivalent potential tem-
perature, 6,. The variable 6, is defined as the temper-
ature which a saturated (or unsaturated) air parcel
would have when it would be transformed isentropi-
cally to a reference pressure p, (taken as the surface
pressure) and all water condensed; i.e. g, = 0 and ¢,
= g,.. The wet equivalent potential temperature was
introduced by Paluch (1979). The expression for 6, is

—R/c,
pa\ " L,q,
0,=T|— exp(——),
! (p*) Tc,

where the index d denotes the dry air value and

(18)

R=R4(1-4q.),
= c,,d[l +qn(c%’;— 1)],
Ly=1,~R,TIn(e/ey).

(See appendix A for list of symbols.) Later 6, was also
used by Durran and Klemp (1982). A useful discussion
of the accuracy of 6, as a variable is given by Pointin
(1984). He also compares it with other prognostic vari-
ables; e.g., the equivalent potential temperature or the
liquid potential temperature.

Processes in the atmosphere are nearly isentropic.
In order to keep the numerical errors small, it is ad-
vantageous to use the entropy or the wet equivalent
potential temperature as a prognostic variable instead
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of the temperature. However, the temperature has to
be calculated diagnostically in order to be able to tell
whether a parcel is saturated or unsaturated. To cal-
culate the temperature from (18) we have to give the
relation between the partial saturation vapor pressure
and the temperature, e, = e.(T). In appendix B two
relations are discussed for e, (T): an empirical fit and
a polynomial fit that is accurate over a sufficiently large
temperature range. From appendix B, it follows that
the latter has a significant computational advantage.

d. Radiation model

From experimental data it is clear that by far most
of the radiative flux divergence takes place inside the
cloud layer. Therefore, as a first approximation we ne-
glect the radiative flux divergence outside the cloud.
We prescribe the incoming shortwave and longwave
radiative flux at the top of the model. At the surface
we prescribe an albedo a and assume that the surface
radiates as a blackbody. The upward and downward
radiative fluxes are unchanged as long as we are outside
the cloud.

1) LONGWAVE RADIATION

The longwave radiation model makes use of the ef-
fective emissivity. This concept has been discussed by
Cox (1976). The radiative fluxes are then given by

Fi(2)= Fi(z)[1 - &2)] + 2)oT42), (1)
Fl(2)= Flza)[1 — 2)] + e2)oTHz). (19b)

In these formulas, T is the temperature at height z and
FYz) and FY(z,) are the impinging fluxes at cloud
base and cloud top, respectively. It is necessary to define
two different effective emissivities since the spectral
composition of the two beams incident on the cloud
boundaries are quite different. Based on observations,

Stephens (1978) parameterized €' as follows
eV =1—exp(—al (20)

in which W is the liquid water path length, given by

W=

f pogdz

ctsZch

The mass absorption coefficients for upward and
downward emissivity are

ad=130m%kg™!

ab=158m%kg . 1)

2) SHORTWAVE RADIATION

The shortwave radiation model is a parameterization
described by Manton (1980). It is based on a two-layer
model, a cloud layer and a subcloud layer, overlying a
surface with albedo a. He gives the reflectance R, ab-
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sorptance A, and transmittance 7 as a function of cloud
height H, total water content W,, and droplet concen-
tration N. The expressions at zero zenith angle are

Ro=exp(—117/(HW,N)"4), (22a)
To=1—exp(—24.5/(HW}>N)4), (22b)
A() =1- Ro - To, (220)

in which Hisinm, W,inkg m~2and Nisin m™3. The
reflectance, absorptance and transmittance also depend
upon the solar zenith angle ¢. A reasonable approxi-
mation is obtained from the following empirical for-
mula (Manton, 1980):

R, =1—(1—Ry) cos'*¢, (23a)
T\ =(1-R)/(1+A4,/Ty), (23b)
A|=1-R|_T1. (23C)

When the albedo of the surface is greater than zero,
the reflectance, absorptance and transmittance will also
depend upon a. Neglecting gaseous absorption in the
atmosphere beneath cloud and assuming that the re-
flectance and transmittance for upward radiation at
cloud base are the same as those for downward radia-
tion at cloud top, Manton (1980) finds that the effect
of the surface albedo can be incorporated as

R=R[+aT12/(1 _aRl), (243)
T=(1-a)T,/(1 —aR)), (24b)
A=1—-R-T. (24¢)

In the parameterization, A is the absorptance over the
whole cloud layer. In the numerical model, we want
to know the shortwave flux throughout the cloud layer.
We have used the formula

FY(2) = F§(z) = AF§(z,)e"@Weo) 1 TFY(z,),  (25)

which is a fit on the heating-rate profiles presented by
Manton (1980).

e. Boundary conditions

In this paper we deal with marine stratocumulus
only and prescribe a constant sea surface temperature
T;. As lower boundary condition for the specific hu-
midity, we take Gus = Gusa(Ts), Where g, is the satu-
ration value. The roughness height over the sea is pre-
scribed as zp = 2 X 10™* m.

To calculate the turbulent fluxes near the surface,
we use Monin-Obukhov similarity theory to relate the
fluxes to the vertical gradients in the surface layer:

ag”“ My (D), (26a)
Z KZ

0, _ty

o0 o), (26b)
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a w w*
=2 4210, (269
z Kz
in which L is the Monin-Obukhov length,
3
-tk @
(&/po) W'o's

and the relation between the scaling variables and the
surface fluxes is defined by

Uy = (UW)2+OW)E, e =—(W0,) /s,
Gwe =—(W'q')s/Us,

where the index s denotes the surface-layer value of
the fluxes. Furthermore, the similarity functions ¢ are
taken the same for temperature and humidity. The
functions ¢,, and ¢, have to be determined from ex-
periments. We took the functions given by Businger
et al. (1971) from the Kansas experiment. Equations
(26) are used in integrated form from the surface to a
height z, (index 1 corresponds to lowest model level)
in the surface layer to relate the differences v,, 6,
— 0,4 and g, — q. to the turbulent surface layer vari-
ables u,, 0,+ and g,».

The solution of the TKE-equation and the e-equa-
tion requires specification of E and ¢ or their fluxes in
the surface layer. We prescribed the values of E and e
at the first level above the surface following André et
al. (1978):

Ey =c¢, "4 +0.35w3,

o lp(tm_L
: *\kz kL 2
1/3
wo= -(E7) ]
Po s

where 4 is the boundary-layer height. The convective
velocity scale w, has been included to reflect the hor-
izontal motions induced by the large eddies in unstable
conditions. The surface boundary condition for ¢ is
based on the fact that in the atmospheric surface layer
viscous dissipation balances shear production and
buoyancy (Lenschow et al., 1980).

At the top of the model the second derivative of the
variables 6,, g, ¥ and v and the first derivative of E
and ¢ were set equal to zero.

(28)

(29)

in which

f. Numerical aspects
1) VERTICAL RESOLUTION

The most straightforward method of discretization
is to take an equidistant grid in the vertical. However,
vertical variation is large in the surface layer and near
the top of the ABL. In order to simulate correctly these
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strong gradients, we have to increase our resolution in
these two regions. Near the surface, a logarithmic co-
ordinate transformation is adequate. Near the top of
the ABL we use a hyperbolic tangent coordinate trans-
formation to compress the grid there. As a result, our
transformation can be written as

§‘=j—+ln(z;B ) + C[mnh(%’) + 1] (30)

in which 4, B, C, D and H are constants that determine
the stretching of the grid. The grid is equidistant in {
between z;, close to the surface and the top of the
model. The constant B is of the order of the roughness
height z,; H is taken as the expected inversion height,
whereas D is a measure for the distance over which the
tanh has effect. Some experimentation is required to
find suitable values for the constants. Table 2 gives the
correspondence between the transformed coordinate ¢
and z, for a set of constants used.

2) NUMERICAL DISCRETIZATION

A standard explicit leapfrog scheme was used for the
discretization in time. A central discretization in space
was used, with the diffusion terms lagged in time. In
order to remove any tendency toward decoupling the
odd and even time steps, the time filter proposed by
Robert (1966) is used in the model. The variables are
spatially staggered on the grid, as given in Fig. 2. The
model is set up to be two-dimensional. In the present
one-dimensional version the horizontal staggering is
not effective.

3. Model results and comparison with observations

The model developed is used to study various com-
binations of physical processes in a cloud-topped ABL
and their combined effect on the turbulent structure.
The most important factors influencing the turbulence
are (Driedonks, 1986): 1) upward buoyancy flux at the
surface, 2) longwave radiative cooling near cloud top,

TABLE 2. Correspondence between level number and height z.
(See also Fig. 2 for level numbering.) Parameters used are 4 = 200,
B =001,C =225 D =150and H = 600.

Level z (m) Level z (m)
1 20 21 491.2
3 4.8 23 540.0
5 11.1 25 582.4
7 25.1 27 623.2
9 52.6 29 666.7

11 99.8 31 718.8
13 168.9 33 789.0
15 255.7 35 892.2
17 348.4 37 1025.0
19 429.3 39 1172.0

41 1323.3
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FIG. 2. Spatially staggered mesh with locations of variables and
fluxes; | = the level (see also Table 2). The staggering in the horizontal
is not effective in the present one-dimensional model.
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3) incloud warming due to shortwave radiative ab-
sorption, and 4) wind shear near cloud top.

The first two of these processes are usually considered
to have similar effects. The cooling at cloud top gen-
erates convective mixing because cool parcels of air
sink, much in the same way as a warm lower surface
generates convective mixing as warm thermals rise. In
order to study this similarity we first consider two
idealized cases. In the first case, we apply an upward
surface buoyancy flux at the bottom of a cloud-topped
ABL and turn off all radiative processes. This case is
similar to a convective dry mixed layer, apart from the
cloud layer in the upper half of the ABL, which leads
to latent heat release and evaporative cooling. In the
second case, we set the surface buoyancy flux to zero
and turn on the longwave radiation.

In these two cases we use model versions both with
a diagnostic length scale formulation and with a dis-
sipation equation (equivalent to a prognostic length
scale equation), as given in subsections 2bl and 2b2,
respectively. The results of these different turbulence
closures are evaluated.

The third and fourth case studies are set up to com-
pare the model results with actual observations. In these
two cases. there are rather complicated vertical distri-
butions of sources and sinks controlling the turbulence.
Therefore, we used in these cases the model with a
dissipation equation only, in order to allow the tur-
bulence to evolve more freely than it would with a
diagnostic length scale. The third case represents the
observations by Nicholls (1984) in a Sc-deck over the
North Sea. Crucial here is the combined effect of long-
wave cooling at cloud top, in-cloud heating by short-
wave absorption, and a small upward surface buoyancy
flux. A special feature that has to be studied is the pos-
sible decoupling of the cloud layer from the subcloud
layer. This means that there is turbulent mixing inside
both the cloud layer and subcloud layer but that the
interaction between both layers is rather small. This
decoupling is mainly due to the shortwave heating deep
inside the cloud.

The fourth case represents the observations by Brost
et al. (1982a,b) of a Sc-deck off the California Coast.
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The dominant physical processes in this case were
longwave cooling and strong local wind shear, both at
cloud top. Shortwave absorption and surface buoyancy
flux were not important. Brost et al. claim that in their
case the cloud-top cooling was compensated by en-
trainment of warmer air from above the inversion, in-
stead of generating a positive buoyancy flux throughout
the ABL. The entrainment is then supposedly caused
by turbulence generated by the local wind shear at the
ABL-top.

In all model calculations the large-scale vertical ve-
locity has been set equal to zero and the model is run
for a time long enough to ensure that the turbulence
is in equilibrium with the imposed boundary condi-
tions. This means, that the simulation time has to be
longer than the characteristic time scale of the turbu-
lence, but small enough to ensure that the mean char-
acteristics (6;, gw, qi, h, etc.) have not changed too
much. Therefore, the following resu'ts are no steady
state solutions for the mean variables, which evolve
slowly, but are solutions in which the turbulence is in
local equilibrium with the external conditions.

a. Surface-based convection

This case concerns a (hypothetical) cloud-topped
ABL, in which the turbulence is driven by convection
from the surface, and radiational effects are turned off,
The surface buoyancy flux is controlled by the surface
temperature (T, = 290 K) and the temperature and
specific humidity in the overlying air (287.9 K and 8.5
g kg™ respectively). A geostrophic wind of 6 m s~ is
prescribed in the ABL. The resulting buoyancy pro-
duction term in the TKE budget is about 10™3 m?2 s~3
at the surface, equivalent to a surface virtual heat flux
of 37 W m™2. The ABL is 920 m high with a cloud
between 450 and 920 m. The value of the stability pa-
rameter —Ah/L is about 50. The initial profiles for 6,
and g, are given in Fig. 3 and Table 3.

The model described in section 2 is run for 1 h of
simulation time in two versions: the first uses a diag-
nostic length scale as described in subsection 2b1, while
the other uses the dissipation equation as described in

10004
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500
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FiG. 3. Profiles of the mean variables 6,, ¢ and gq,. Solid line; in-
itial profile; solid line with dots: /-run; dashed line with dots: e-run.
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TABLE 3. The initial profiles used in the different simulations. Given are the height-independent values of 6, and g, in the ABL, the
jumps in 8, and g, at the inversion, the gradient in 6, and g, above the inversion, and the boundary layer height.

3, 30,
6, aw Al Ag,, 9z 9z h
Section (K) (e/kg) (K) (8/kg) (K/km) [8/(kg km)] [m]
3a and 3b 308 8 2 -2 0 -3.6 900
3c 308 82 2 -2.2 0 =33 800
3d 304.2 74 8.8 —34 0 -1.0 600

subsection 2b2. We will denote these by the /-run and
e-run, respectively. The final profiles for 0,, g, and ¢,
are given in Fig. 3 and are almost the same for both
runs. Figure 4 shows the vertical profile for turbulent
kinetic energy (E). This vertical profile is typical for a
convective boundary layer (Dearforff, 1974b). There
are only small differences between the /-run and e-run.

In Fig. 5 the results for the turbulent fluxes of the
conservative quantities 4, and g,, are given. The /-run
and e-run give roughly the same result in the lower half
of the ABL. However, they differ considerably near
cloud top. The entrainment, defined by the minimum
in the fluxes at the inversion base, is about four times
higher in the e-run than in the /-run.

The cause of these differences can be made clearer
through inspection of the turbulent kinetic energy
budget, depicted in Fig. 6a, b. Inspection of the various

1000
z [m]
500
T T T T T
0 01 02 03 04 05 ,
E [m /32]
FIG. 4. Profile of TKE as predicted by the model.

Solid line: /-run; dashed line: e-run.

terms near the top of the ABL shows that in both runs
the transport term is about equally large. Shear pro-
duction is negligible. Since the rate of change of TKE
(OE/dr) is also very small, there is a balance between
buoyancy B, transport T, and dissipation D. There is
a large difference between the dissipation calculated in
the /-run and in the e-run. In the /-run, the dissipation
is quite large and rather anomalous. The cause of this
large dissipation is the small diagnostic length scale
that is chosen in the stable layer at the top of the ABL
(see subsection 2b1). The length scale in stable con-
ditions is borrowed from turbulence in a stable noc-
turnal boundary layer over land where there is a balance
between total turbulent production and dissipation,
while the transport term is negligible (e.g., see Brost
and Wyngaard, 1978). In the present application, where
entrainment occurs at the top of the ABL, the situation
is quite different because transport is important and
the choice for the diagnostic length scale is highly ques-
tionable, leading to an anomalously large dissipation
rate at the ABL-top. Thus the results obtained with the
e-run seem to be better than with the /-run.

b. Longwave radiative cooling

In this experiment, we study a cloud-topped ABL
in which the turbulence is driven only by longwave
radiative cooling at cloud top. Thus, compared to the
foregoing case, we set the surface buoyancy flux to zero
and turn on the longwave radiative fluxes. Other con-
ditions are the same. The profiles for 6, and g,, after

z[m)
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R T .
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—*wég [mK. '}

— W q,x10'[ms !

FIG. 5. Profiles of the fluxes w6, and w'g,.
Solid line: /-run; dashed line: e-run.
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FI1G. 6a. TKE-budget as calculated in the /-run with: B, buoyancy
production; D, viscous dissipation; S, shear production; and T,
turbulent transport. The extent of cloud layer is indicated by ver-
tical bar.

1 h of simulation time are shown in Fig. 7, again both
for the /-run and e-run. The longwave radiative flux
profile is shown in Fig. 8 and leads to a strong cooling
rate at cloud top of about 3.7 K h™! due to the radiative
flux divergence of 90 W m~2 over only 70 m. There is
also a weak radiative heating near cloud base. The cal-
culations have also been carried out with this weak
cloud base heating turned to zero, and the results did
not show any significant difference. Thus, it appears
to have no important consequences for the dynamics.

The profiles of the vertical fluxes of the conservative
variables 6, and g,, are given in Fig. 9; they show that
the cloud top cooling generates upward turbulent fluxes
but that these are mostly confined to the upper part of
the ABL. The evolution of 6, is controlled by the sum
of w8y and (8,,/To)(1/poc,a)F, [see Eq. (3)]. The sum
of these fluxes from Figs. 8 and 9 results in a vertical
profile with two distinct regions: an almost linear part
with a rather strong gradient in the cloud layer and an
almost constant total flux in the subcloud layer. Thus
8, evolves in a different way in both regions and the
mixing does not extend down to the surface. Another
demonstration of the difference between this case and

T ez
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|
i
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o
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-10x10-* -5x10 ¢ 10x10°*

FIG. 6b. As in Fig. 6a but in the e-run.
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FIG. 7. Asin Fig. 3.

the foregoing one is given by the distribution of TKE
in Fig. 10 (cf. Fig. 4). Here the TKE is almost exclu-
sively confined to the upper half of the ABL with almost
no energy in the subcloud layer, quite different from
the upside-down version of Fig. 4.

The various terms in the TKE-budget are shown in
Fig. 11a, b (for the /-run and erun, respectively). In
general, there is a balance between buoyancy B, trans-
port T, and dissipation D. The cloud top cooling gen-
erates an upward buoyancy flux throughout the upper
half of the ABL. Below cloud base the fluxes are small.
The maximum in the buoyancy flux, generated below
cloud top in this case, has about the same magnitude
as the upward buoyancy flux in section 3a. However,
it doesn’t extend all the way down to the surface as it
extended all the way up to the ABL top in the foregoing
case.

As in the first case, the dissipation rate at cloud top
for the /-run is anomalously large. The negative buoy-
ancy flux is about two times smaller than for the e-run.
As in the former case, here also the results of the e-run
seem more realistic than of the /-run. For further cal-
culations, we therefore use only the e-formulation.

The conclusion from the results of this section com-
pared with the foregoing must be that there is consid-

500
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FIG. 8. The net longwave radiative flux as a function of height.
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FI1G. 9. The profiles of the fluxes w8, and w'g.,.
Solid line: /-run; dashed line: e-run.

erable difference in structure of a cloud-topped ABL
when heated from below or cooled from above even
when the maximum buoyancy flux in both cases is
about the same. Cloud top cooling is less effective in
generating turbulent kinetic energy throughout the
whole ABL than surface heating.

As a result, there will be a tendency to confine the
mixing of entrained air to the cloud layer. Depending
on the properties of the overlying air, the cloud layer
can then stabilize with respect to the subcloud layer
(leading to further decoupling) or destabilize (reestab-
lishing the interaction again). The decoupling is favored
when the cloud is heated by shortwave absorption. This
effect is studied in the next case, a comparison with an
observational study by Nicholls (1984).

¢. North Sea stratocumulus

We now compare our model with detailed turbu-
lence measurements taken by Nicholls (1984) from an
aircraft in a stratocumulus deck over the North Sea.
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FiG. 10. The TKE-profile: Solid line: /-run; dashed line: e-run.
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FIG. 11a. As in Fig. 6a. The TKE-budget for the /-run. The extent
of the cloud layer is indicated by the vertical bar.

His data consist of mean profiles, turbulent fluxes, ra-
diative fluxes and cloud microphysics. They constitute
a good dataset for comparison with model simulations.
The most dominant physical processes in this Sc-deck
are the longwave radiative cooling at cloud top, in-
cloud warming due to shortwave radiative absorption,
and a (rather small) surface buoyancy flux. Wind shear
was not important. Nicholls (1984) noted a significant
amount of drizzle (or, as he called it, gravitational water
droplet settling). Although this may be an extra effect
in the water budget and may cause additional evapo-
rative cooling of the subcloud layer, we will not consider
it in our model. Instead we will concentrate on the
physical processes listed above.

Nicholls took his measurements around noon in the
central part of an extensive sheet of stratocumulus
covering a large part of the North Sea on 22 July 1982.
The clouds were formed and maintained in the north-
erly flow caused by an almost stationary anticyclone
west of Ireland. The wind speed was about 8.5 m s™!
from the north, with little vertical shear. The air was
slightly cooler than the sea water, causing an upward
virtual heat flux (pc,,w'0;) at the surface of about 14
W m?, Cloud top and cloud base were, on the average,
at 800 and 400 m, respectively. Throughout the ABL

T
—10x10°4

—
10x10°*

FIG. 11b. As in Fig. 6b. The extent of the cloud layer
is indicated by the vertical bar.
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the variations of 6, and g,, were small up to cloud top
where there were sharp jumps of 5 K in temperature
and —2 g kg™ in humidity.

The turbulence measurements in this case are quite
interesting since they show that this combination of
physical processes in the ABL may lead to decoupling
of the cloud layer from the subcloud layer in a sense
that the layers are both turbulent but that their inter-
action is small. This effect, already touched upon ear-
lier, is envisaged to be favored by the combination of
longwave radiative cooling concentrated in a very
shallow layer near cloud top, and the shortwave radia-
tive warming extending much deeper into the cloud.
This combination may lead to instability on the scale
of the cloud depth itself, introducing a corresponding
length scale for the turbulence independent of the depth
of the subcloud layer and to decoupling. The decou-
pling is enhanced by the entrainment of warm and dry
air from above the inversion which is then mixed only
over the cloud layer, establishing a stable layer near
cloud base. The decoupling also will be favored when
the surface buoyancy flux is small, since strong surface-
based convection will establish mixing over the whole
ABL again. Nicholls (1984) noted that these factors,
combined with the cooling of the subcloud layer by
evaporating drizzle favor the formation of a stable layer
at cloud base.

The model simulation was started with the vertical
profiles for 6, and q,, given in Fig. 12 and Table 3. The
sea surface temperature was set at 288 K and the air
just above the sea surface was saturated at this tem-
perature. The model run was started at 10 UT, con-
tinuing for 2 h simulation time. Unlike the preceding
cases, we took only the dissipation equation as tur-
bulence closure here (e-run).

The vertical profiles of calculated net shortwave and
longwave radiative fluxes are given in Fig. 13. The
overall longwave radiative flux divergence over the
cloud layer is —58 W m™2, the overall shortwave ab-
sorption is 79 W m™2. The former is 3 W m™2 less than
the observed value of Nicholls (1984); the latter is only
6 W m™2 more than his calculations with a rather com-
plicated model and it is 20 W m™2 more than his ob-
servations. The bulk effect of the radiation is thus an
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FIG. 12. As in Fig. 3 but solid line with dots: e-run.
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FIG. 13. As in Fig. 8 but including the net
shortwave radiative flux.

absorption of 21 W m™2 over the cloud layer, corre-
sponding to an average heating rate of about 0.15 K
h™!. For the turbulence, however, the vertical distri-
bution of the heating and cooling rates within the cloud
is more important than the overall effect. The longwave
flux leads to strong localized cooling near cloud top
and a small local heating near cloud base. In contrast
to these, the heating rate caused by the shortwave ra-
diative flux is distributed more smoothly over the whole
cloud layer. The combined effect of both types of ra-
diation will thus be the heating of layers deep into the
cloud and the cooling of the cloud top.

The final profiles for 6, g,, and g, are also shown in
Fig. 12. The cloud layer is between 450 and 780 m.
The profile of 6, does not show much structure, except
perhaps for a slight increase above cloud base. In the
humidity profile of ¢,, however, it is clear that the
moisture input from the sea surface and the input of
dry air from above are not well mixed over the whole
ABL but are mostly confined to the subcloud layer and
the cloud layer, respectively. The measurements of
Nicholls (1984) showed roughly the same tendency in
the profiles for 8, and g,,. .

The turbulent fluxes w'6; and w'g), are shown as a
function of height in Fig. 14. Agreement between the

z [m]

z (m)

1000

0 9% | T, ImKa-] Tl Wt me
FIG. 14. The profiles of the fluxes w8} and w'g), compared with
the averaged results of Nicholls (1984) ((X)).



JOURNAL OF THE ATMOSPHERIC

model calculations and the average values of the ob-
servations is remarkably good. The computed, as well
as the observed vertical profile of w'q’,, is not linear
from the surface up to cloud top, as would be the case
in a well-mixed ABL, but has two distinct regions. The
vertical gradient of w'q,, is linear but negative in the
subcloud layer, so g, increases with time there, and
linear but positive in the cloud layer, so there g,, de-
creases with time. The combined effect of both is an
increase in height of the base of the Sc-deck and si-
multaneously a lowering of the lifting condensation
level (LCL) in the subcloud layer. Thus there will be
a tendency for cumulus clouds to be formed clearly
below the base of the Sc-deck. Nicholls (1984) reported
that cumulus rising into stratocumulus was frequently
observed during his experiment. Extension of the sim-
ulation time of the model calculations with two more
hours also showed the formation of secondary clouds
below the upper cloud deck.

__If the ABL would be well mixed, the profile of
w0y + [0,0/(pocraTo)]F would be linear with height.
Combining Figs. 13 and 14, one can show that in this
case this sum is not linear with height throughout the
ABL, indicating again that the ABL is not well mixed.
From the sea surface upwards this sum decreases lin-
early with height throughout the subcloud layer. Near
cloud base the sum remains constant, and above cloud
base it decreases again with height. Both in the subcloud
layer and in the cloud layer, 6, increases with time,
whereas at their interface 6, remains constant.

The formation of a stable layer near cloud base (as
described here) can be made clearer through inspection
of the turbulent kinetic energy budget. The various
terms from the model calculations are shown in Fig.
15a. The negative buoyancy term near cloud base
clearly indicates the formation of a stable layer. In the
subcloud layer there is a production of TKE by shear
and buoyancy balanced by viscous dissipation. Trans-
port is relatively unimportant in this region. In the
cloud layer TKE is produced by buoyancy balanced
by viscous dissipation and turbulent transport. The
transport term is negative in the cloud layer and pos-
itive at the inversion and near cloud base. Thus, part

e o0 o x
~“~noo

- T
-5x10-4 0 5x10-4

JE— T
-10x10-4 10x10-4

FIG. 15a. The computed TKE-budget, the extent of the
cloud layer is indicated by the vertical bar.
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FIG. 15b. The TKE-budget measured by Nicholls (1984).

of the TKE produced in the cloud layer by buoyancy
is transported upwards and downwards, intruding both
into the stable layer above the inversion and the stable
layer near cloud base. The buoyancy, dissipation and
transport as measured by Nicholls (1984) are shown
in Fig. 15b. Comparison of Fig. 15a, b shows that the
computed profiles for buoyancy and dissipation are
roughly the same as those measured by Nicholls (1984)
except for the entrainment zone that is not resolved in
the measurements. The transport terms, however, differ
considerably. This is probably due to the fact that the
measured transport in Fig. 15b contains only contri-
butions from third-order velocity correlations. The
residue in Fig. 15b is attributed by Nicholls (1984) to
the transport by pressure-velocity correlations, in-
cluded in Fig. 15a. Thus the terms T in Fig. 15a, b do
not represent the same quantities.

The computed profile of TKE is shown in Fig. 16,
together with the average values of TKE as measured
by Nicholls. The vertical distributions of TKE are sim-
ilar with a minimum in the vicinity of cloud base, al-
though in the calculations this local minimum is more
pronounced than in the measurements. Recently Bou-
geault (1985) made a simulation of the JASIN exper-
iment with a third-order turbulence closure model. The
turbulent kinetic energy profiles he found are quite
similar to ours.

d. Case of Californian stratocumulus

In this case study we use our model to simulate ob-
servations described by Brost et al. (1982a,b) taken in
a stratocumulus deck over the sea off the California
Coast, a region where extended Sc-decks are fairly
common during summer. We will focus our attention
on the aircraft data taken on 17 June 1976, because of
the particular combination of physical processes that
determined the turbulence and that was quite different
from the cases described in the foregoing sections. The
measurements were taken during the night and early
morning, so shortwave radiative fluxes were of no im-
portance. Wind shear, however, was of great signifi-
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FIiG. 16. The profile of TKE computed by the model compared
with the averaged results of Nicholls (1984) ((X)).

cance. Wind speed was rather high with a strong jump
localized near cloud top, generating turbulence there.
Cloud top longwave radiative cooling was also impor-
tant, but the surface buoyancy flux was very small.
Brost et al. (1982a,b) also noted some drizzle in the
cloud, which was not considered in our model calcu-
lations.

The measurements of Brost et al. (1982a,b) were
taken on 17 June 1976 and centered around ~37.5°N
and 126.5°W. There were strong winds in the ABL
with little variation up to the ABL-height where strong
jumps occurred. We consider the observations from
flight legs labeled 17-2. The surface buoyancy flux was
very small. The ABL-height was about 600 m with a
solid cloud deck in the upper half. The vertical variation
of 6, and g, was small up to the sharp inversion at
cloud top. Brost et al. (1982a) denote rather small val-
ues of the liquid water content in the cloud layer, much
smaller than the adiabatic values. However, for instru-
mental reasons, their mean values of g, are probably
not as reliable as their turbulence data (Brost et al.,
1982a).

The turbulence measurements in this case revealed
a vertical structure quite different from the cases dis-
cussed in the foregoing sections. Brost et al. (1982b)
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FIG. 17. As in Fig. 3 but solid line with dots: e-run.

argue that in the present case the longwave cloud-top
cooling did not generate a strong upward buoyancy
flux throughout at least a large fraction of the ABL.
Instead, the local strong wind shear generated a sig-
nificant amount of turbulence near cloud top and the
resulting entrainment of warm air from above com-
pensated the longwave cooling of the cloud in a local
sense. Thus the cloud-top processes were hardly felt
farther down into the ABL, which therefore showed
the typical structure of a neutral ABL with small buoy-
ancy fluxes. In this way the present combination of

V

-20 -10 0 10

——[m/s]

FIG. 18. The profiles of the prescribed geostrophic winds
and the velocities calculated by the model.
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FIG. 19. As in Fig. 8.

physical processes generates a type of cloud-topped
ABL that is quite different (from the point of view of
the turbulent structure) from the foregoing cases.

The model simulation was set up in a way to see
whether this type of turbulence structure could be sim-
ulated. We initialized 8, and gq,, with values close to
those of Brost et al. (1982a) for his 1un 17-2 (Fig. 17)
but with a somewhat lower initial cloud top. Sea surface
temperature (7, = 284.5 K) was such that surface
buoyancy flux was very small. The run was done at a
latitude of 37°N. The vertical profiles of the prescribed
geostrophic wind components, taken from Brost et al.
(1982a), are given in Fig. 18 and show a strong geo-
strophic wind shear near the ABL-top. As in the fore-
going case, we took the dissipation equation of sub-
section 2b2 as turbulence closure (e-run). The model
was run for 4 h simulation time.

The vertical profile of the net longwave radiative
flux (at the end of the simulation time) is shown in
Fig. 19. There is a strong cooling rate close to cloud
top and a weak warming near cloud base. We did also
model experiments with this weak cloud-base warming
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F1G. 20. As in Fig. 14 but with values measured
by Brost et al. (1982b) ((X)).
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turned off but this did not alter the dynamics in any
significant way.

The resulting profiles of 6, g, and g, at the end of
the simulation time are shown in Fig. 17. It is clear
that a considerable amount of entrainment has oc-
curred and that the ABL-height has increased. The
final profiles of 4, and g,, show a slight decrease over
the ABL.

The wind profiles at the end of the simulation time
are shown in Fig. 18. In the stable layer above the ABL,
the wind equals its geostrophic value. Throughout the
ABL, however, the wind strongly deviates from the
geostrophic wind; above the surface layer it is nearly
constant with height as high as cloud top where there
is a sharp jump.

The most important and interesting aspect of the
case of Brost et al. is the turbulent structure of the
ABL. The computed profiles of the turbulent fluxes
w'8;, and w'q’, are compared with the values measured
by Brost et al. (1982a) in Fig. 20. Agreement between
the computed and measured results is quite good.
Throughout the ABL the computed and measured
profiles of w6, show only a slight variation, with some-
what higher values of the computed results. Near cloud
top, both results give a large negative peak of w';
note that the computed value almost equals the mea-
sured one. Like the profiles of w'8;, again the computed
and measured profiles of w'q’, show only a slight ver-
tical variation in the ABL. Near cloud top the com-
puted profile of w'g’, has a maximum which is, how-
ever, not so pronounced as the peak in the measured
profile.

The TKE-budget at the end of the simulation time
is shown in Fig. 21a and the TKE-budget measured by
Brost et al. (1982b) is given in Fig. 21b. In both budgets
the dominant terms in the ABL are the production of
TKE by shear and the viscous dissipation. The buoy-
ancy and transport terms are much smaller, although
the computed values are somewhat higher than the
measured ones. Also, the behavior of the two budgets
near cloud top is similar. Both the measured and com-
puted results indicate that TKE is produced by shear
balanced by buoyancy and viscous dissipation, whereas
the transport term is of little importance.
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FIG. 21a. The TKE-budget computed by the model.
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FIG. 21b. The TKE-budget (17-2) measured by Brost et al. (1982b).

The computed profile of the TKE is given in Fig.
22, together with the measured values of Brost et al.
(1982a). In the ABL the measured TKE-profiles look
much like those in a neutral laboratory boundary layer,
except for the peak near cloud top. It is not clear
whether this peak is a wavelike phenomenon or due
to turbulence. In the ABL the computed results look
very much the same, except for the maximum inside
the cloud layer.

4. Discussion and conclusions

In this paper we have used a multilevel, ensemble-
averaged model to study the cloud-topped ABL. Tur-
bulence closure is formulated by using an equation for
the turbulent kinetic energy and either a diagnostic
formulation of the integral length scale or a parame-
terized version of the dissipation equation.

The model developed is used to study various com-
binations of physical processes in a cloud-topped ABL
and their combined effect on the turbulent structure.
The processes discussed in this paper are an upward
buoyancy flux at the surface, longwave radiative cooling
near cloud top, in-cloud warming due to shortwave
radiative absorption, and wind shear near cloud top.
We considered two idealized cases in which the only
active physical process were an upward buoyancy flux
at the surface and longwave radiative cooling at cloud
top. Moreover, the model results are compared with
comprehensive observational data on real world Sc-
decks: the dataset presented by Nicholls (1984) on a
Sc-deck over the North Sea and the dataset presented
by Brost et al. (1982a,b) on a Sc-deck off the California
Coast.

The turbulent closure uses either a diagnostic length
scale or a parameterized version of the dissipation
equation. From the results presented in section 3, we
can conclude that the e-equation gives more realistic
results, because the diagnostic /-formulation gives an
anomalously high dissipation near the inversion.
Moreover, the e-equation is preferred when the tur-
bulent structure of ABL is not known in advance.

Longwave radiative cooling near cloud top is usually
considered to generate a convectively turbulent ABL,
much in the same way as when the ABL is heated from
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below. However, from a comparison of the two cases
in sections 3a and 3b, we conclude that there is a con-
siderable difference in structure of a cloud-topped ABL
when it is only cooled at the top or when it is only
heated from below. Cloud-top cooling is less effective
in generating turbulent kinetic energy throughout the
ABL than is surface heating.

In the observational study of Nicholls (1984) the
combination of longwave radiative cooling at cloud
top and shortwave radiative heating inside the cloud
layer is important for the turbulent structure, favoring
a decoupling of the cloud layer from the subcloud layer
and the formation of a stable layer near cloud base.
The model results presented in section 3c are very sim-
ilar to the observations by Nicholls (1984). The resem-
blance between the computed and measured profiles
of the fluxes w8, and w'q’, is remarkable, both indi-
cating that two separate mixed layers are formed, the
cloud layer and the subcloud layer. The distribution
of turbulent kinetic energy has two maxima, one near
the surface and one inside the cloud layer, both also
present in the observations. From the results presented
in section 3c, it is clear that with our model the tur-
bulent structure of the Sc-deck as observed by Nicholls
(1984) can be simulated quite well.

Brost et al. (1982a,b) argue that in their observations
cloud-top longwave radiative cooling did not generate
convection in the ABL, but the cooling at cloud top
was directly balanced by entrainment of warm air from
above the inversion. This entrainment was a result of
the strong wind shear near cloud top. Further, owing
to the small buoyancy flux at the surface, the turbulent
structure of the ABL was near neutral. Th2 model run
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FIG. 22. The profile of TKE computed by the model (solid line),

compared with the values measured by Brost et al. (1982b) (circled
X’s).



JOURNAL OF THE ATMOSPHERIC SCIENCES

gives very similar results. At cloud top the viscous dis-
sipation and the negative buoyancy flux are mainly
balanced by shear production. This is in contrast to
the usual case in which the negative buoyancy flux and
viscous dissipation are balanced by turbulent transport.
Both, the computed and measured profiles of the fluxes
w'd, and w'q,, show only very little variation through-

out the ABL with a sharp negative peak of w'@} at
cloud top. -

In the past, much attention has been given to simple
mixed-layer models for the description of a Sc-topped
ABL. However, the observations and the present model
results indicate that the mixed-layer assumption is
probably an oversimplification for real world Sc-topped
ABL’s. Recently, Turton and Nicholls (1986) tried to
describe the decoupling process with a model that con-
siders the ABL to consist of two (separate) mixed layers.
Then, however, a number of assumptions regarding
the separation of the two layers and the entrainment
are needed. Moreover, in their model the effect of wind
shear is still neglected and difficult to incorporate.

Recently, Bougeault (1985) made a simulation of
the turbulent structure of the cloud-topped ABL ob-
served over the North Sea during JASIN. His model
included a third-order turbulence closure, a partial
condensation scheme, and a detailed radiation scheme.
Although the model is much more complicated than
ours, his results are quite similar. During the night he
finds a turbulent structure of the ABL close to those
presented in section 3b, whereas during daytime the
turbulent structure is quite similar to those presented
in section 3c.
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APPENDIX A
Symbols

A absorptance of shortwave radiation

a albedo

a mass absorption coefficients

¢ Cm speed of sound for dry and moist air, re-
spectively

¢ specific heat of moist air at constant pres-
sure

Co,» Co, coefficients in Eq. (44)

E turbulent kinetic energy

e water vapor pressure

F total radiative flux

f Coriolis parameter

g acceleration due to gravity

H depth of the cloud layer

h boundary-layer height

Koun exchange coefficients for momentum and
heat

L
lm,h s lb ’

ks, Ie

2z 2z

ol

*

Qws Qv, Qi

OE, O

¢m.h
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Monin-Obukhov length

length scales (section 2b)

latent heat for vaporization of water

droplet concentration

Brunt-Viisild frequency

pressure

reference pressure (=1.013 X 10° Pa)

specific humidity for total water, water
vapor and liquid water, respectively

specific humidity scale,
quws = _(w'q'w)s/u#

reflectance of shortwave radiation in (22),
(23) and (24); specific gas constant

gradient Richardson number and flux
Richardson number, respectively

bulk gradient Richardson number

entropy

temperature; transmittance of shortwave
radiation in Eqgs. (22), (23), (24) and
(25)

temperature at the triple point

time

horizontal wind components in x and y
direction, respectively

geostrophic wind components in x and y
direction, respectively

friction velocity

liquid water path length

total water content of the cloud

vertical velocity

convective velocity scale

vertical coordinate

surface roughness height

difference between the value above and
below the inversion

dissipation rate of turbulent kinetic energy

ratio of the gas constants for dry air and
water vapor

upward and downward effective emissiv-
ity

transformed vertical coordinate

wet equivalent potential temperature

wet equivalent potential temperature
scale, 00 = —(W'07,)s/uy

von Karman’s constant

density

dry adiabatic lapse rate and saturated adi-
abatic lapse rate, respectively

Stefan-Boltzmann constant

turbulent Prandtl number for E and ¢, re-
spectively

solar zenith angle

dimensionless functions in the surface
layer describing the stability corrections

vorticity
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Indices

cb cloud base

ct cloud top

d dry air

/ liquid water

L longwave

m, h momentum, heat
0 reference state
S shortwave

) surface

sat saturation

v vapor
Constants

A number of constants have to be evaluated for the
turbulence model. The constants ¢, ¢z, ¢,, J., oz have
been taken from Rodi (1980).

The constant ¢, has been determined from the sim-
ulation of the convective boundary layer by Deardorff
(1974b), who gives

l, ~0.8¢,%*h.
Further, \
f zE'2dz
0 1
100 Co ~ R ~ _cooh;
f E'qz 2
o
thus
Co =~ 1.6¢,3%.

The value of ¢ has been evaluated for a stable layer
in which there is a balance between production by shear
and consumption by buoyancy and viscous dissipation.
This gives a relation between ¢, c,, Ri; and Ri,

Rig |2
(I_Rif) '

We have evaluated ¢; for a value of the critical Rich-
ardson number Ri, = Ri,= 0.3.

In summary, the values of all the constants as we
used them for the turbulence closure are

- C“1/4

Cs

c.=1.44
=192
Co=0.25
¢, =0.09
¢;=0.36
k=0.35
ae=1.0
g =1.3.
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APPENDIX B
Temperature Calculation

In the model, we have used the entropy as a prog-
nostic variable. In order to determine whether a parcel
is saturated or unsaturated we need to know the tem-
perature. To be able to calculate the temperature from
the definition of 8, (18), we have to give the relation
between the partial saturation vapor pressure and the
temperature, €g,; = e 7). We will discuss two relations
for e (T). The first is an empirical fit, while the second
is a polynomial fit.

An empirical fit is Tetens formula given by Murray
(1967)

e = €, expla(T— T)/(T - b)), (B1)
with

e,=610.78
a=17.27

T,=273.16K
b=35.86

in which e, is the partial vapor pressure at the triple
point, with temperature T,. Knowing the values of 0,,
p and g, we can use (Bl) to solve the temperature
from (18). However, the resulting equation for the
temperature is an implicit one; therefore, it is a rather
lengthy computation to solve.

We can also use a simple polynomial expression for
the saturation vapor pressure, given by Iribarne and
Godson (1981),

B
Ineg =A— T (B2)

with
L

B=-1,
R,

and 4 is a constant which has to be fitted, for instance
at e;, = eu(T)). It turns out that for unsaturated air we
get an explicit expression for the temperature, whereas
for saturated air we get an implicit expression. There-
fore, there is a big computational advantage in using
the polynomial expression (B2), rather than Eq. (B1).

APPENDIX C
Derivation of Eq. (10)

In this appendix we give a derivation of Eq. (10),
which relates the density flux to the ,-flux and g,-flux.
We distinguish two different cases: saturated and un-
saturated air. First we will give some equations needed
(Iribarne and Godson, 1981; Durran and Klemp,
1982):
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the entropy equation
. C q
ds= c,,,,{l +q,,(—”3— l)+q1(—’l— 1
Cpd Cpd

1
—Rd{l +q.,(—— 1
€

the gas law in differential form " -

)]d InT

)-afdin+ e,
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the equation for the specific vapor humidity
€€
= C4
p—e(l—¢) 0

and the relation between the entropy and 0, (Pointin,
1984)

qv
ds=c,d Ind,. (CS5)

1. Saturated air
In this case the air is saturated g, = g, and e = Coat.

dp _dp 4 dT dq. dq,., ©2) Combining (C3) and (C4) gives
p —p T =g+ v/e, I—gq,+ ve,’ 1—e vsat€rly dp
o G G dqusa = (1 + . stat)(qR th dT — Gusar—|. (Ce)
the Clausius-Clapeyron equation ’ a4 p
Eliminating gy, T and s from (C1), (C2), (C5) and
dlne,, |, (C6), we obtain
— = 3 (C3)
a kT Ln% fing, =% 4 9P +[ ; ]dq C7
Tacua ° o oot |1 =Gt o] 2 (CD)
in which 14 LoGusar + q 1o Gusar
R,T 1—¢ R,T
r I — g
Ty B Cpv Cpi I—¢ qumfrlvT ’
L Gosad = — 1)+ g Z—1)+(1+ vsa
qm‘(cpd 1) ql(cpd ) ( 6 det CpaRaT?
1—e¢
g 1+ Qusa l—e -1
1+ = 1+—"g
c 2 _ C2 & 1— gt Qusat/e, CLd_ &Erg + €r e lqusal C2 = ‘_RdT
™ 1= G+ Gosayye, Cod CoaTa 1= gut Gusay, RaT ’ d

2. Unsaturated air

For unsaturated air ¢, = g,. From the equations
(C1), (C2) and (C5) we can eliminate T and s. The
result can be expressed as

in which

3. Saturated and unsaturated air

We can write the resulting equations for saturated
(C7) and unsaturated air (C8) in the general form
db dp dp
Co—=——+
A 0, p sz
Neglecting the terms of the order g, and qwin Ce, and
Cq,» we can simplify these expressions considerably;
the resulting expressions are given in Table 1. Inte-

+C,.4dq.. (C9)

grating (C9), multiplying it with the vertical velocity
perturbation and taking the average, we get
T Y F
Coi=-YLL WP | W (Cl0)
9qo Po  PoCm

When we neglect the term w'p’ in (C10), this equation
is identical to Eq. (10).
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y, TURBULENT STRUCTURE CF A SHEAR-DRIVEN STRATUS-TOPPED ATMOSPHERIC
BOUNDARY LAYER: A COMPARISON OF MODEL RESULTS WITH OBSERVATIONS'

Abstract

An observational study of the cloud-topped atmospheric boundary layer
(ABL) during a strong gale reveals that the turbulent boundary layer was
dominated by shear instead of convection. A one-dimensional ensemble-averaged
model is used to study this type of cloud-topped ABL. Turbulence closure is
formulated by using an equation for both the turbulent kinetic erergy and the
viscous dissipation. The radiation model consists of an emissivity model for
the longwave radiation and a two-stream model for the shortwave radiation.
Both model results and observations indicate that the longwave radiative
cooling at cloud top is mainly balanced by entrainment of warm air from above
the inversion. A parametaerization for the rainfall is included and the effect

of this on the liquid water content is studied.

+ Published in Journal of the Atmospheric Sciences, 1988, 45, 2343-2351,
with A.G.M. Driedonks as co-author.
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1. Introduction

Nicholls and Leighton (1986, hereafter referred to as NL86) discuss
results from six flights in marine stratiform cloud-topped boundary layers
around the United Kingdom in a variety of conditions. On five of the flights,
turbulent mixing in the cloud layer was found to be maintained primarily by
convection resulting from longwave radiative cooling at cloud top. As a result
of the convection cellular patterns were seen in the top of the cloud layer,

which NL86 therefore classified as stratocumulus. However, on one of the

flights (flight 564), the cellular patterns associated with convective motions
within the cloud were absent. In that case the top of the cloud layer was
flat, uniform and featureless, and NL86 therefore classified it as stratus. In
this paper we will present a model simulation of this cloud-topped atmospheric
boundary layer in order to examine its vertical turbulent structure.

On flight 564 shear-induced mixing dominates throughout the boundary
layer. Moreover the shear at cloud top very effectively promotes entrainment
of warm air from above the inversion. Together with the subsidence the
entrainment more than offsets the longwave radiative cooling at cloud top. As
a result no convection is observed and the boundary layer structure is nearly
neutral. Very similar conditions were found by Brost et al. (1982 a, b) in a

stratocumulus deck off the California coast on 17 June 1976.

2. Model

The model used has been extensively described in Duynkerke and Driedonks
(1987) with slight modifications as described in Duynkerke (1988). No tuning
has been carried out for this simulation. In the one-dimensional model we have
ensemble-averaged equations for the horizontal velocities (u and v), entropy
(eq) and total water content (q,). The vertical velocity has to be prescribed.
The turbulent fluxes are modeled with the gradient approach in which the
exchange coefficient is calculated from the turbulent kinetic energy (E) and
the viscous dissipation (e) the so called E-¢ model. In the entropy equation
we have heating or cooling due to the radiative-flux divergence. In the
radiation model described in Duynkerke and Driedonks (1987), we neglected the
radiative-flux divergence outside the cloud layer. Moreover we prescribed the

e-folding depth for the shortwave radiative heating. Since then we have
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updated the radiation model with a more general model that includes the flux
divergence outside the cloud layer. In addition, it explicitly resolves the
profile of the shortwave radiative heating within the cloud. The radiation
model used will be described below.

2.1 Radiation model

We use the emissivity or "grey-body" approximation to calculate the

upward (F$) and downward (F+) longwave radiative fluxes (Rodgers 1967):

F o= Iw B(T(z')) 227 (z',z) dz', (1a)
VA
F'o= £0 B(T(z')) %%7 (z,z') dz' + B(TB) [1 - e(z,0)] (jb)

in which B is the Planck function ¢T%, e€(z,z') is the emissivity for corrected
mass of absorber u(z,z') corresponding to vertical path from z to z', and Tg

is the equivalent blackbody temperature, which we will take as equal to the

sea-surface temperature Ts'
The emissivity in (1) is calculated as

(1-8) = (1 - e,) (j " €0 ) (j - e, (2)
2
in whieh v stands for vapor, CO2 for carbon-dioxide and ¢ for cloud. Rodgers
(1967) gives suitable schemes for water vapor and CO,. Welch and Zdunkovski
(1976) have discussed a revised scheme for water vapor.

We use eq. (2) with

(EE" (3)
p*) 3

Ev - €v1(u) ¥

€
v2
in which u is the corrected mass of water vapor absorber

0.9

u=1[%0a, 0% a (4)

and e is the partial vapor pressure
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Pq,

€ == qv(e-?) ' 5

For sv1(u) we have used the scheme presented by Welch and Zdunkovski (1976).

(ue
v2'p,
dimer within the window region for which we use the parameterization of

The second term in (3), € ) represents the effect of the water vapour

Stephens and Webster (1979). For ECOZ(UC02) we have used the scheme given by
Rodgers (1967) in which

z! 0.9
u_ = 100 ¢ (&) (B)”-74z], 6)
C02 l J‘Z . p* p* | (

where C = 330 x 1076 ppm at all levels and u is in cm. atm. For ac(w) we have

used the scheme given by Stephens (1978) in which

]
W= | jzz P, dz|. (7)

2.1.2 Shortwave radiation

The shortwave radiative fluxes are calculated using a model (SUNRAY)
described by Fouquart and Bonnel (1980). Our major departure from Fouquart and
Bonnel's parametrization is that we use the §-Eddington approximation instead
of the exponential kernel. The model involves Rayleigh scattering, absorption
by atmospheric gases (water vapor, ozone and C02) and absorption and
scattering by cloud droplets. The cloud radiative properties are defined as in
Fouquart and Bonnel (1980) and are based on the optical thickness of a
layer (t).

The optical thickness is calculated from: 1 = %g—, where re is the equivalent
radius of the droplet distribution (set to 10 um? and W is the liquid water

mass defined in (7). The single scattering albedo of the droplets is given by
Fouquart and Bonnel (1980):

w = 0.9989 - 4 x 1073 exp (-0.15 ), (8)

(o)

where Ty is the optical thickness of the whole cloud layer.
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3. Synoptic conditions

A weak low-pressure system was situated between the southern tip of
Greenland and Iceland at 1200 GMT 13 December 1982. AS the accompanying
occluded front moved northeastward an unstable wave developed. This can be
seen in the surface pressure map at 1200 UTC 14 December shown in Figure 1.
From this wave a new low pressure system developed and deepened very rapidly.
At 1200 UTC 15 December this new low-pressure system was located just off the
west coast of Norway and had reached a pressure of 950 mb at its core (Figure
1). At this time the original low-pressure system is located southwest of
Iceland, and it would ultimately merge with the newly developed cyclone. The
measurements described by NL86 (case 564) were taken between 1000 and 1512 UTC
15 December 1982 around 50.21°N, 6.38° W. The area of measurement is located
in the warm éector of the cyclone, which was strongly influenced by the high-
pressure system off the west coast of Spain.

In order to show the vertical structure of the atmosphere around the
measuring area we have plotted the radiosonde profiles from Valentia (03953;
51.56°N, 10.15°W), Camborne (03808; 50.13°N, 5.19°W) and Brest (07110;
48.27°N, ﬂ.25°W) at 1200 UTC 15 December (Figure 2). The temperature and dew

@ R SR
fooo/ pf en Lt | Yot KA\ ’
Tteznat sl SR
I‘@ B
FSod N | T s p >
.3,-_0 ;5 gg:ys a . I 2
0 | ] N X o3

Figure 1. Synoptic surface map for 1200 UTC 14 December 1982 and 1200 UTC
15 December 1982.
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point profiles at Camborne are very similar to those measured by NL86, except
for the maximum in mixing ratio just above the inversion (which might be a
measurement error due to the evaporation of water droplets on the radiosonde).
In Camborne the surface temperature is 10.4°C whereas NL86 gives a sea surface
temperature of 10.3°C. Moreover the radiosonde profile shows an inversion
height of about 900 m, whereas NL86 gives 850 m. In Camborne the windspeed at
the inversion is 50 knots. At all three stations (Figure 2) the sky was
reported to have been completely covered with stratus. The cloud base observed
at Camborne was between 100 and 200 m, compared to 180 m observed by NL86. We
can therefore conclude that the Camborne radiosonde data are in good agreement
with the values observed by NL86 over the sea.

The radiosonde profiles in the nearby stations at Brest and Valentia
(Fig. 2), however, show quite a different vertical structure, especially above
the boundary layer. We may therefore conclude that the lower atmosphere (up to
~2000 m) in the region of measurement is not horizontally homogeneous on the

scale of several hundreds of kilometers.

y, Model results and comparison with observational data

The measurements of case 564 were taken around noon 15 December 1982,
The observations show that at this time of year the total Shortwave absorption
inside the cloud is quite small (~15W/m2). The air is slightly warmer than the
sea causing a virtual heat flux (pcp 3757;) at the surface of about -20 W/m°.
Due to the stable stratification near the surface no convection from the sea
surface, is generated. Although the observations show a strong longwave
radiative cooling (78 W/mz) at cloud top, no convection is observed in the
cloud layer.

NL86 note that in case 564 shear production dominates throughout the
depth of the boundary layer. This is a result of the strong winds in the
boundary layer (~30 m/s), with little variation up to the atmospheric boundary
layer (ABL) height where quite strong jumps occurred. The locally strong wind
shear generated significant entrainment of warm air from above the inversion.
Together with the subsidence the entrainment warming balances the longwave
radiative cooling at cloud top, and the buoyancy flux is negative throughout
the boundary layer (22 convection). Cloud top processes were therefore hardly

felt farther down in the ABL, and as a result the ABL showed a near-neutral
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structure, in which shear production was almost locally balanced by
dissipation. ‘

The model simulation was set up to see whether this type of turbulence
structure could be simulated. The run was done for a latitude of 50°N and
longitude of 0°W. In the neutral boundary layer the time scale E% (~15 hours)
is dominant. In order to get winds that are fairly stationary in the boundary
layer, we will present model results after a simulation time of 24 hours. The

model run was started at local noon 15 December. We initialized the model with
values close to those observed by NL86. A divergence of 1.1 x 10_55-? was
applied to limit the rise of the mean cloud top. The initial wind components u
and v were set equal to their geostrophic values of 30 and -8 m/s, respect-
ively. The inversion height was set to the observed value of 850 m. Below the
inversion we initialized eq = 304.5 K, and above the inversion eq = 312.5 K
and q, = 7.4 - 8x10 'z g/kg (z in m) up to the model top. The sea surface
temperature was set at TS = 283.3 K, the specific humidity was set equal to
its saturated value at the surface q, = quat(Ts) and the surface pressure was
1009 mba;The roughness length was determined from Charnock's relation
Zy = o e wiﬁh o = 0.014 (Haltiner and Williams 1980), which gives
z2o =8 x 10 'm.

The u and v wind profiles after a simulation time of 24 hours are

plotted in Figure 3 together with the observed values from NL86. It can be

o o % o ° 0©
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Figure 3. Comparison of observed (circles) and modeled (thick lines) wind

speed. Thin lines are initial conditions.
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seen that the v-component of the wind is rather well mixed throughout the ABL.
At the inversion the model gives jumps in the wind Av = -6 m/s and Au = -2 m/s
compared to observed values of -6 m/s and -3 m/s, respectively. The observa-
tions indicate a slightly larger turning of the wind close to the surface,
which might be due to ‘the inhomogeneity mentioned in section 3.

In Figure 4 and 5 the observed, initial and calculated profiles of T, qy
and q are shown together with the observations. The initial temperature dif-
ference between the sea surface and the air just above is about 1°C. The model
results give a Monin-Obukhov length L = 1550 m and thus the stability has only

a small effect on the turbulence due to the extremely high wind speed. At the
inversion there is a temperature jump of about 6°C. Due to the applied sub-
sidence a net warming takes place above the inversion. The predicted liquid
water content (Figure 5) is about twice as large as the observed liquid water
content, Later it will be shown that this discrepancy can be explained by
taking gravitational droplet settling into account (section 4.1). In Table 1
we have compared the calculated longwave and shortwave radiative fluxes above
and below the stratus layer with both the observed values and the values cal-
culated with the model used by NL86. The model gives a net cooling of 67 W/me
over the whole cloud layer due to longwave radiation compared to an observed
value of 70 W/mz. The calculated absorption of shortwave radiation equals

15 W/m2 (Table 1). As discussed above, in this case the longwave radiative

1000

T

— »N

500

15

Figure 4. As in Figure 3 but for temperature.
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1000

—PPN

500

Figure 5. As in Figure 3 but for the specific water content (qw) and the
specific liquid water content (qg). The dashed lines are model

results in which gravitational droplet settling has been taken into

account.
observed model present
(NL86) (NL8E) model
F;+ 345 354 349
F:+ 267 246 277
Fg— 366 362 363
FE— 358 357 358
r+ +-
F,' - F -21 -8 -14
M) -91 -111 -81
F'-F " 0 10 67
L L 7 3
- +
Fg - Fg -19 17 15

Table 1. Cloud longwave and shortwave properties: observations and model

results of Nicholls and Leighton (1986); results with present model.
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cooling at the cloud top is not promoting convection because it is locally
balanced by the entrainment and subsidence of warm air. We will demonstrate
this by showing some vertical profiles of turbulence quantities and discuss
their effect on the structure of the ABL.

Profiles of the calculated stresses are compared with the observed
values in NL86 in Figure 6. The zonal component of the stress decreases

linearly with height up to the inversion. By considering the zonal component

of the momentum equation

ou'w' p
9z ! (9)

f(v—vg) =

it follows that (v-vg) should be constant within the mixed layer as can be
seen in Figure 3. Integrating (9) from z = Z, to above the inversion and
assumingzthat v-vg is constant throughout the mixed layer, we get:

Av = - ?%. Both the uw and vw profiles are very similar to those observed by
Nicholls (1985) (during the JASIN experiment), which are representative for
the near-neutral ABL. In those cases the boundary layer was nearly neutral,
and its growth was inhibited by a stable lapse rate aloft. This has been
extensively discussed in Duynkerke (1988). In Figure 6 we have also plotted

the corresponding values for %2, which show that the depth of the boundary
*

$ I b [
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Figure 6. Comparison of observed (circles) and calculated (curves) momentum

fluxes.
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layer is about 0.11 u,/f, whereas Nicholls (1985) found a depth of
approximately 0.2 u,/f. This lower boundary layer depth may be a result of the
stronger inversion in this case.

Observations similar to those of Nicholls (1985) have been made by Grant
(1986), who found a bbundary layer depth of about 0.1 u,/f. The observed
boundary layer height and turbulent fluxes in case 564 are thus in good
agreement with values observed in other near-neutral ABL's.

The terms in the turbulent kinetic energy equation are shown in
Figure 7. Throughout the entire boundary layer, the shear production (S) is
almost locally balanced by viscous dissipation (D), whereas the buoyancy term
(B) and transport of TKE (T) are small. As a result, a neutral ABL is formed.
Near the inversion the shear production has a local maximum due to the veloc-
ity jumps shown in Figure 3. This causes an enhanced entrainment of warm air
from above the inversion. Figure 8 shows the calculated TKE-profile and the
measured ;;—profile (we have no data for u? and v2?), both made dimensionless
with ui and plotted as a function of z/h in which h = 0.11 u,/f. If convection
due to longwave radiative cooling at cloud top were preseht the Gz—profile

would show a maximum inside the cloud layer (NL86). However, both the
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Figure 7. The calculated turbulent kinetic energy budget: B buoyancy
production; T turbulent transport; D viscous dissipation; S shear

production.
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calculated TKE-profile and the measured Qz—profile decrease continuously with
height and thus reveal that the structure of the ABL is neutral, as found by
Nicholls (1985) and Grant (1986).

The observed virtual temperature flux data are compared with the cal-

culated profile in Figure 9. Both observations and calculations show that the
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Figure 9. As in Figure 6 but for the virtual temperature flux.
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boundary layer is slightly (Figure 7) stable up to the inversion. The
calculated profile shows much more vertical structure than the observations:
in the cloud EEV is small with minima near the inversion and below cloud. Due
to the horizontal variations in the boundary layer depth and the horizontal
averaging used to obtain the observational fluxes, it is almost impossible to
resolve the minimum in the virtual temperature flux near cloud top. From this
minimum, according to both the model and the observational results, it seems
that the cloud top in the model is slightly higher than in the observations.
In the model the boundary layer depth is almost constant in time, there-
fore the entrainment velocity (we) equals the subsidence velocity at cloud top
which has a value of 0.9 cm s—1. From the observations, NL86 estimated the
entrainment velocity to be about 1.2 cm s’j, with an uncertainty of 30% to
50%. The entrainment velocity calculated with the model is thus somewhat
smaller than the value estimated from observations, but within the uncertainty

interval.

The calculated virtual temperature flux (Figure 9) at the surface
(= - 2.7x10~2 Kms-j) is smaller than the observed value (= -1.8x10—2 Kms-j).
This might be a result of the fact that the va-flux at the surface is very
sensitive to the value of the prescribed sea surface temperature. From the
radiation thermometer NL86 estimated the sea surface temperature to be
283.3 *+0.5 K. We used Ts = 283.3 K. An increase of the sea surface temperature
of about 0.3 K is sufficient to obtain the observed virtual temperature flux
in the model. The influence of stability on the turbulence, however remains
small, as discussed above. In Figure 10 both calculated and observed moisture
fluxes are shown. The observations show considerable scatter from which no
clear conclusions can be drawn. The calculated profile indicates that the
input of moisture from the sea surface is about as large as the entrainment of
dry air from above the inversion. As a result the turbulent flux is constant
throughout the boundary layer and thus the value of qw in the ABL does not
change due to turbulence.

The net longwave radiative flux, net shortwave radiative flux, and wet
equivalent potential temperature flux (QTETq) are displayed in Figure 11. The
longwave radiative cooling at the cloud top is mainly balanced by entrainment
(QTEE) and subsidence (not shown). Therefore, the cooling at cloud top does

not generate a positive buoyancy flux (no convection!) (Figure 9).
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4.1 The effect of rainfall rate

From the preceding comparison between the calculations and observations
made above, we can conclude that the model can simulate the observed structure
of case 564 quite well. One of the clearest differences was that the model
predicted a liquid water content twice as high as the observed value. Here we
will show that this might be due to the gravitational settling of droplets,
which was not included in the model until now. In case 564 the air mass is of
maritime origin so, that the droplet concentration is very small (N~35 cm'3)
and the mean volume radius of the droplets is quite large (rv ~ 20 um). The
cloud-top rainfall rate observed in NL86 was large (1.7 x 1072 me™") and of
the same order as the observed moisture flux (Figure 10). If we include the

effect of gravitational settling of droplets, the equation for qw becomes

rewy Ll d
1
9q o ow'qy i aqu2 . 9 (10)
at 3z 3z 3z ’

where qu2 is the gravitational settling (or rainfall rate) following Brost et
al. (1982b):

P

L[ 4 3
g, = - 5 [T wpr) 3meon(r)ar. (1)

The fall speed of a droplet of radius r is represented by W . Over a wide

range of radii (r £ 40 um), wp can be parameterized as: Wp = W, r2, with wy =

1.27 x 108m_?s_1 (Stokes flow). The number of drops per unit volume in the
radius interval r to r + dr is n(r). If we employ the size distribution

(Hansen and Travis 1974)

N 1-3b

n(r) = T35 r exp (- EE), (12)

(ab) © T (lg39>

in which N0 in m_3 is the number of particles per unit volume, a the effective
radius (re), b the dimensionless variance and I is the gamma function. If we

use Stokes flow and (12) in (11) we get

5/3
P -2/3 q
~___9,_14 R _ 9
wed, = (po 3" (170)(1-20) ) w_(1+20) (1+D) R (13)
5/3 ©
With b~0.1 equation (13) gives, ﬁ;ﬁl = - jx106 E&?7§ ms~'. This seems a
(0]
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Figure 12. Comparison of observed (circles) and calculated (dashed lines)
V fluxes: the flux of total water substance ;TEE; gravitational
settling of droplets ﬁ;ﬂl.
reasonable parameterization for the rainfall rate for smaller droplets
(r < 40 um).

For larger droplets (which also determine the rainfall rate below cloud)
we need another expression, which will be much more complicated because it
depends on the details in the droplet distribution for large r. Moreover the
Stokes flow will no longer hold. Because of the complexity we have not
accounted for this effect. Therefore we will not get any drizzle below cloud.

We have made the same model run as before but have now included the
parameterization for the gravitational droplet settling (13) in the equation
for q, (10). Observational data (Nicholls 1984; NL86) indicate that the
droplet concentration NO is approximately independent of height. Therefore, we
have taken Ny in (13) to be constant and equal to the observed value

Ng = 35x10+6 m™3 (NL86). In Figure 12 we have compared the calculated

turbulent moisture flux w'q& and the rainfall rate qul with the observed
fluxes. With N, constant, we get from (13) that the rainfall rate (Figure 12)

is thus very similar to the liquid water profile: the value of Ja;ﬁz

from cloud base upwards and has a maximum Just below cloud top. From (10) it

increases

follows that above the maximum in the rainfall rate q,, will decrease due to

droplet settling, whereas below the maximum in Jqul’ q, will increase.
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Because q, is almost well-mixed throughout the boundary layer, ;aw + ﬁ;ﬁl
varies approximately linearly (here nearly constant) with height. This means
that the turbulent transport Waw will partially compensate the changes due to
droplet settling. In Figure 5 we have drawn the calculated qQy and qg profiles,
which show that, due to the gravitational droplet settling, the liquid water
content has been reduced quite drastically. The calculated maximum liquid
water content (~0.35 g/kg) is now just slightly larger than the observed value
(~0.3 g/kg).

The liquid water content will thus be significantly reduced due to the
gravitational droplet settling. However, the gravitational droplet settling
has little effect on the other results discussed here. Because there will be
enough liquid water to ensure that the cloud radiates as a blackbody, the
longwave radiative cooling at cloud top will remain almost unchanged.
Moreover, the dynamics of this stratus layer are so dominated by shear that
the results discussed in this paper (except, of course, for the liquid water

content), will remain almost unchanged if gravitational droplet settling is
included.

5. Conclusions

Observations on flight 564 (NL86) made in a strong gale show that the
boundary layer was dominated by shear-driven mixing instead of convective
mixing, despite the fact that the longwave radiative cooling at cloud top was
quite large (~78 W/m2). Both model results and observations indicate that the
radiative cooling near cloud top is mainly balanced by entrainment of warm air
from above the inversion. The entrainment is enhanced because of velocity
jumps at the inversion. In addition, the model results show that part of the
longwave radiative cooling is balanced by subsidence, which warms the air in
and above the inversion. In case 564 the net result of longwave radiative
cooling, entrainment, and subsidence warming is that the buoyancy flux is
negative throughout the boundary layer. The buoyancy term, however, is small
compared to the shear production term, and as a result a near-neutral ABL is
formed. It is found that the observed turbulent structure compares well with
other observations of the near-neutral ABL (Grant 1986; Nicholls 1985).

The largest discrepancy between the model results and observations is

that the model tends to overpredict the liquid water content. It is shown that
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the prediction of the liquid water content can be improved by including
gravitational droplet settling, which was important in case 564 because the
air was of maritime origin. In this kind of air, the droplet concentration is

small and the droplets are relatively large, resulting in a significant flux
of water due to gravitational settling.
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5. THE DIURNAL VARIATION OF A MARINE STRATOCUMULUS LAYER: A MODEL
SENSITIVITY STUDY'

Abstract

A one-dimensional model which has previously been tested against obser-
vational data is used to study the diurnal variation of a marine stratocumulus
layer. The influence of the shortwave radiative heating during different
seasons on the decoupling of the cloud layer from the sub-cloud layer is
studied. Results for a typical winter and summer situation are presented. It
is shown that the decoupling can strongly affect the surface energy balance,
suggesting that it is important to resolve the diurnal variation. Finally a

sensitivity study of the model for initial and boundary conditions is
presented.

+ Submitted to Monthly Weather Review.
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1. Introduction

Wilson and Mitchell (1986) have shown that a poor representation of the
variations in cloud amounts.through the day and their influence on the
radiative fluxes can degrade the performance of a general circulation model
and could lead to large-scale changes in the climate simulation. They conclude
that if the effect of clouds are to be properly included a diurnal cycle is

necessary. Clouds affect the radiation balance at the top of the atmosphere in
two ways: they reflect a larger part of the solar radiation than the under-

lying surface and the outward infrared flux to space is decreased. The solar
contribution is efective only during the day so a realistic model should
include the diurnal variation of cloud and radiation. Moreover it is necessary
to include the diurnal cycle in order to investigate possible changes in
surface climate, such a maximum and minimum temperatures.

Model studies on the diurnal cycle of a stratocumulus layer have been
made by Turton and Nicholls (1986) and Bougeault (1985). Bougeault (1985) used
a third-order turbulence closure model to reconstruct a realistic strato-
cumulus-topped ABL over the ocean starting from large-scale information only.
On a time scale of a few days the solution converged to a quasi-equilibrium
state. The absorption of solar radiation induced a strong diurnal cycle in the
cloud deck. The main effect of this shortwave heating is that cloud base
undergoes significant height variation rising during day-time and descending
during night-time. This variation of cloud thickness is mainly the result of
the formation of a stable zone just below cloud base (decoupling). This turns
off the mixing and thereby the moisture supply from the surface to the strato-
cumulus layer, and as a result the liquid water content decreases.

Turton and Nicholls (1986) adapted a mixed-layer model to include the
separation of the cloud layer from the sub-cloud layer. This is done by
placing a constraint on the buoyancy flux at cloud base, s0 as to limit the
amount of work that can be done against negative buoyancy. Once a threshold
value is reached, the layer which was previously well-mixed from the surface
to cloud top, is allowed to separate in two independently driven layers. This
criterion is verified against observational data (e.g. Nichols and Leighton,
1986). Turton and Nicholls (1986) showed that the inclusion of separation
leads to a stronger diurnal variation in cloud structure, with cloud thinning
during the morning (after decoupling) and thickening in the late afternoon and

night. The tendency for the layers to become decoupled is shown to be promoted
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by significant shortwave absorption by the cloud and small surface buoyancy
fluxes. Therefore, at mid-latitudes we expect the decoupling being more likely
in summer than in winter.

With the synoptic reports from 1971 till 1981, Warren et al. (1986) have
made a global distribution of total cloud cover and cloud type amounts over
land. It turns out that stratus, stratocumulus and fog ("sky obscured" fog)
together have the greatest average coverage of any low cloud type. In order to
illustrate some of their findings we have presented some of the data for three
regions (north-west Scotland, south-west England, and the Netherlands) around
the North Sea in Table 1.

In all areas strafus, stratocumulus and fog ("sky obscured" fog)
together, contribute most to total cloud coverage. The average frequency of
occurrence around the North Sea is about 65% with an amount of about 70% when
present. As a result the average cloud amount, which is the product of the two
former quantities, is about 45%. With the aid of the 3 hourly synoptic reports
Warren et al. (1986) have also quantified the diurnal variation in cloud
cover., They examined the amplitude and phase of the first Fourier component
(24-hour period) of the mean diurnal cycle. From Table 1 it is clear that the
variations in cloud cover is quite small (small amplitude), this might of
course be due to the low resolution (in octas) of the synoptic reports. More
pronounced is the clear maximum around dawn.

We have developed a one-dimensional model which includes turbulence and
radiation. In Duynkerke and Driedonks (1987, 1988) we compared the model with
observational data (Nicholls, 1984; Brost et al., 1982a,b; Nicholls and
Leighton, 1986) which were made under totally different conditions. In these
papers we concluded that the model reproduces the observational data quite
well. In this paper we will concentrate on the diurnal variation of a strato-
cumulus layer. At present no experimental data are available on the develop-
ment of a stratocumulus layer in time.

The purpose of this paper is to study the diurnal cycle of a mid-
latitude marine stratocumulus layer during different seasons. Observational
data (Nicholls, 1984; Nicholls and Leighton, 1986) show that the virtual
buoyancy flux at the surface, in the presence of a stratocumulus layer, is
quite small. Therefore, in those cases the turbulence in the ABL is mainly
driven by longwave radiative cooling at cloud top. For example, this was the
case for five of the six flights discussed in Nicholls and Leighton (1986). If

the solar elevation is large enough also the shortwave radiative heating
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inside the cloud layer may be important. Nicholls (1984) made observations in
a stratocumulus layer over the North Sea which showed that the combined effect
of shortwave heating, longwave cooling and entrainment is that the cloud layer
is heated more than the sub-cloud layer. As a result a slightly stable zone is
formed near cloud base which prevents the ABL from being well mixed from the
surface up to the cloud top. However, the cloud layer and sub-cloud layer are
separately both being well mixed. This is called decoupling. In section 4 we
will study the effect of the shortwave radiation on the decoupling as a
function of the time of the year. Moreover it will be shown the diurnal cycle
(decoupling) has important consequences for the net radiative fluxes at the
surface. A good representation of the diurnal cycle is thus important for the
surface climate (Wilson and Mitchell, 1986).

For the prediction of boundary layer clouds with mesoscale models (Reiff
et al., 1986) it is important to know how sensitive the model results are for
initial and boundary conditions. In section 5 we will study the influence of
the initial moisture prorile, the divergence and the sea-surface temperature
on the predicted profiles.

2. Model

The model has been described in detail in Duynkerke en Driedonks (1987,
1988) and Duynkerke (1988). In the one-dimensional model we have ensemble-
averaged equations for the horizontal velocity (u and v), the wet equivalent
potential temperature (eq) and the total water content (q, ). The vertical
velocity has to be prescribed. The turbulent fluxes are modeled with the
gradient approach in which the exchange coefficient is calculated from the
turbulent kinetic energy (E) and the viscous dissipation (e), the so-called
E-e model. This is discussed in detail in Duynkerke (1988). In the entropy
equation we have heating or cooling due to the radiative flux divergence. We
have a model for both longwave and shortwave radiation.

For the longwave radiation we use the emissivity or "grey-body"
approximation to calculate the longwave radiative flux. The effect of water
vapour, carbondioxyde and liquid water on the emissivity is taken into
account. The shortwave radiative fluxes are calculated with a two-stream
approximation. The shortwave model includes Rayleigh scattering, absorption by

atmospheric gases (water vapour, ozone and coz) and absorption and scattering
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by cloud droplets. Further details on the radiation model are given in
Duynkerke and Driedonks (1988).

3. Initial conditions

We have used the same initial and boundary conditions as Turton and
Nicholis (1986) which are given in Table 2. Except for above the boundary
layer where they used g;ﬂ = 2.9 g kg™! km™! whereas we have set the gradient
of q,, equal to zero. Turton and Nicholls (1986) have included this gradient to
obtain an increase of ay (due to subsidencé) above the boundary layer. From

radiosonde profiles it can be seen that this increase was much more a result
of advection.

h(m) 1120 O (g kg | km ) 0
9z g Xg
8 (K) 296.1 Ty (K) 284.5
A &  (K) 0.9 U, (ms™1) 0
30 q : g
—4a - -1 _
"z (K km ) 7.3 Vg (ms ') 7
q, (8 kg™ 5.4 albedo 0.05
Aaq, (g kg~?) -3.5 divergence (s~ 1) 3x 10

Table 2. 1Initial values for model integrations.

The initial conditions are based on aircraft observations made on 16
November, 1983 between 1650 and 2100 GMT off NW Scotland as reported by
Nicholls and Leighton (1986) (flight 624). At this time a high pressure system
is located between England and Greenland (Figure 1). In the measuring area,
indicated in the Figures 1 and 2 with a sign off NW Scotland, the wind is due
north with a speed of about 7 m/s. The sky was reported to be completely
covered with stratocumulus. The horizontal extent of the stratocumulus cloud
field can be seen from the infrared satellite picture of 1832 GMT (Figure 2),
which is just in the middle of the measuring period. Because the wind is due

north, we have shown in Figure 3 the radiosonde profiles at Stornoway (58.13 N
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Figure 1. Synoptic surface map for 17 November 1983 (0000 GMT). The sign
north-west of Scotland indicates the observational area on flight
624 (Nicholls and Leighton, 1986).

6.19 W) to illustrate the vertical structure. Note that due to its location
these are very little influenced by land surfaces. The synoptic reports at
Stornoway indicate that the sky is completely covered with stratocumulus, with
a cloud base between 300 and 600 m. From the radiosonde profiles we see that
the dew point is less than the temperature throughout the ABL. The radiosonde
profiles therefore do not indicate clouds present whereas from the synoptic
reports and satellite picture it is obvious that clouds are present. In
section 5 we will study the sensitivity of the predicted (12 and 24 h in
advance) profiles on the initial temperature and moisture profiles and the
boundary conditions such as sea-surface temperature and divergence.

The model calculations are made at a latitude of 56° N and a roughness
length z5 = 2 x 107 m is used. For the simulations in sections 4 and the
"standard" run in section 5 we have used the initial and boundary conditions

as given in Table 2.
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Figure 2. NOAA infrared satellite picture on 16 November 1983 at 1832 GMT.
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y, Seasonal dependence of diurnal variation

At first we have made a simulation with conditions appropriate to the
day of the observations (16 November) which is typial for a winter situation.
These results are discussed and compared with observations in section 4.1. In
section 4.2 we will present results for the 1 July which is typical for a mid-
latitude summer situation. We will compare some of our results with the
results from the mixed-layer model developed by Turton and Nicholls (1986).
This is an interesting comparison because in their model the decoupling is
diagnosed while in our model the decoupling is explicitly calculated. In
section 4.3 we will show in which time of the year the decoupling is most
likely to happen. The sensitivity of the predicted profiles (12 and 24 hours
in advance) to the inital profiles and boundary conditions will be discussed

in section 5.
4.1 Winter case

Results form an integration with a solar angle appropriate to 16

November are shown in Figure 4. Little diurnal variation is present in both
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Figure 4. In the upper part of the Figure the variation of cloud top and cloud
base as a function of time and the liquid water profile (qz) at t =
1900 h. In the lower part the net longwave (L) and shortwave (S)

radiative fluxes at the surface.
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Figure 5. The net longwave (L) and shortwave (S) radiative flux over the whole

—4—

cloud layer as a function of time.

cloud base and cloud top because of the weak solar flux. In Figure 5 we have
plotted the total absorption of both longwave and shortwave radiation over the
cloud layer. The longwave radiation thus cools the cloud layer by about 65
W/m2 whereas the shortwave radiative heating has a maximum of about 15 W/mz.
Therefore the effect of the shortwave radiation can be neglected compared to
the longwave cooling.

The Monin-Obukhov length (L) at the surface is about -60 m with a vir-
tual buoyancy flux of ~ 13 W/mz. In Figure 6 we have compared the calculated
virtual buoyancy flux profile (at 19 h) with the observational data of
Nicholls and Leighton (1986). Both observations and calculations show that
most of the buoyancy production is concentrated within the cloud layer. Except
for a shallow layer near the surface, where wind shear is important, the
turbulence is driven by longwave radiative cooling at cloud top. The longwave
radiative cooling is in this case strong enough to promote mixing all the way
down to the sea-surface. A "quasi-equilibrium" state is reached in which the
longwave cooling in the cloud is balanced by heating from the sea-surface and
entrainment. In Figure 5 we have also drawn the net longwave and shortwave
radiation at the surface. The longwave cooling is constant and about 20 W/m2

whereas the shortwave heating varies as a function of time with a maximum of
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Figure 6. The virtual buoyancy flux as a function of dimensionless height:

circles are observations (flight 624) and the full line is the
calculated profile at t = 19 h,

about 25 W/m2 around noon. Finally in Table 3 we have compared the observed
and calculated upward and downward longwave radiative fluxes at cloud top and
cloud base. The downward flux at the top of the model was set to a value so
that the calculated downward flux at cloud top was approximately equal to the

observed downward flux. The calculated fluxes are then in good agreement with
the observed fluxes.
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NL obs. NL mod. t=19h
R 326 327 330
FL++ 243 226 240
FL*" 351 347 352
Pt 336 326 334
++ +-
PO F -25 -20 -22
++ L
FO-F, -93 ~100 -9}
Net loss 68 80 72

Table 34 Cloud longwave radiative properties at cloud top (+)
and cloud base (-): observed (NL stand for Nicholls
and Leighton (1986)) and modelled.

y,2 Summer case

Figure 7 shows results for a simulation with the same initial and
boundary conditions except that the radiation calculations are now performed
for 1 July. The cloud top height increases steadily but slowly with time.
Whereas, cloud base undergoes height variations of several hundreds of meters,
rising during day-time and descending during night-time. This variation is
induced by the formation of a stable zone near cloud base. This stable zone is
a result of the effect that the shortwave heating which is of the same order
as the longwave cooling in the cloud layer (Figure 8). Together with the
heating due to entrainment this will make that the cloud layer is heated more
than the sub-cloud layer such that a stable layer can be formed near cloud
base. The stable layer will prevent the moisture to be transported from the
surface to the cloud layer. This lack of moisture supply together with the
heating of the cloud layer will increase the height of cloud base and decrease
the liquid water content rapidly (Figure 7). Because in the sub-cloud layer
turbulent mixing is supported by shear and buoyancy the moisture supply into

the mixed-layer goes on (Figure 11). As a result cumulus clouds my form just
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Figure 7. The height variation of cloud top and cloud base as a function of
time for the summer case. Full line are model results and dashed
line results of Turton and Nicholls (1986).

Figure 8. The net longwave (L) and shortwave (S) radiative fluxes over the

whole cloud layer (upper) and at the surface (lower) for the summer
case.
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below the stable layer (Figure 7) which is also observed by Nicholls et al.
(1983).

The results from the mixed-layer model of Turton and Nicholls (1986) are
also shown in Figure 7. Qualitatively their results agree well with oﬁrs: the
cloud top height is neérly censtant whereas cloud base rises quickly in the
morning and descends during the late afternoon. In the mixed-layer model the
decoupling tends to start somewhat earlier than in our model.

In Figure 8 we have also shown the net longwave and shortwave radiative
fluxes at the surface. The net longwave flux is constant and about 20 W/mz,
the net shortwave flux varies as a function of time and has a maximum of about
450 W/mz. This large net shortwave flux at the surface is the result of the

thinning of the cloud during day-time. In the afternoon the cloud is thin and

-—
-
—
—

1500 —

1000

500 +

x10~
Figure 9. The terms in the turbulent kinetic energy budget as a function of

height for the summer case at t = 16 h: B buoyancy, T transport, D
dissipation and S shear production.
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Figure 10. Same as Figure 9 but then at t = 28 h.

has a small liquid water content (Figure 7). As a result the transmittance of
the cloud layer is large (Manton, 1980). The strong diurnal variation in cloud
thickness thus significantly changes the surfce energy balance. A thinner
cloud is much more transmissive for short wavelengths, but is still optically
thick at longer wavelengths. The net longwave flux at the surface therefore
hardly changes while the net shortwave flux is increased. These results
suggest that it is important to resolve the diurnal variation of a stratocumu-
lus layer in large scale models. This result is very similar with the results
obtained by Wilson and Mitchell (1986) who have shown that the simulation of
climate in a GCM will be degraded if the diurnal cycle is not adequately
resolved.

The vertical structure of the turblent fluxes (e.g. Figure 11) undergoes
a diurnal modification forced by the decoupling. The terms in the turbulent

kinetic energy budget have been shown in Figures 9 and 10 at t = 16 and 28 h,
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respectively. In the late afternoon the buoyancy flux is positive in the thin
cloud layer, is slightly negative near cloud base (except for the peak due to
the cumulus cloud) and positive in the layer near the surface. From Figure 11
it 1s clear that the turbulent kinetic energy shows a clear minimum near cloud
base and that the turbulent moisture flux is zero within this layer. Thus as a
result of the turbulence qQy increases in the layer near the surface due to the
moisture input from the sea-surface whereas in the cloud layer q, decreases
due to the entrainment of dry air from above the inversion. The buoyancy term
in the TKE-equation is being balanced by the viscous dissipation. The trans-
port term transfers turbulent kinetic energy from the cloud layer both into
the entrainment region and the stable layer near cloud base. During the night
the turbulence is dominated by longwave radiative cooling at cloud top. This
will tend to destabilize the whole ABL so that mixing will extend down to the
surface (E in Figure 11). This will redistribute the moisture surplus present
in the layer close to the surface (brought in during the day) over the whole
ABL. As a result the cloud thickens rapidly, i.e. cloud base height decreases.
This redistribution process can be clearly seen in the total moisture flux
(Figure 11): in the lower part of the ABL the gradient is positive and thus Qy,
decreases whereas in the upper part of the ABL the gradient is negative and
thus q, increases. Due to the cloud thickening and the absence off shortwave
absorption the integrated buoyancy flux increases (Figure 10) and therefore

the TKE-level increases (Figure 11).

4.3 Seasonal dependance of decoupling

From sections 4.1 and 4.2 it is clear that at mid-latitude (here 56° N)
the decoupling of the cloud layer from the sub-cloud layer is present in the
summer case, but not in the winter case. For this latitude and initial condi-
tions we have made runs during different seasons. We have used two criteria to
diagnose the decoupling: the first is when the total moisture flux starts to
deviate significantly from being linear throughout the ABL, the second is when
the TKE below cloud base is less than 20% of the maximum TKE in the cloud
layer. These results are shown in Figure 12. The decoupling is clearly present
from April till August with the most pronounced decoupling (20% cirterion)

present during the afternoon.
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Figure 12. The decoupling as a fuction of the time of the day during different
months: full line from moisture flux criterion: —— E below cloud

base less than 20% of maximum in cloud layer.

5. Sensitivity analysis

In this section we will investigate the sensitivity of the model results
for the initial and boundary conditions. In section 3 we have discussed
typical radiosonde profiles through a stratocumulus-topped ABL from which it
was clear that due to measuring errors these profiles did not show a strato-
cumulus deck present. However, from synoptic reports and satellite pictures it
was clear that the sky was completely covered with stratocumulus.

The initial fields in forecast models are obtained from ground based
stations, radiosondes and satellites. For the vertical thermodynamic structure
of the atmosphere, especially over land, mostly radiosonde data have been used
up to now. For example, in the Air Mass Transformation (AMT) approach (Reiff
et al., 1984) the vertical thermodynamic structure in the source area is
obtained from several observations of nearby radiosonde stations. This initial
vertical profile is advected along trajectories and can change under the

influence of subsidence and surface fluxes. Here we will not consider the
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Figure 13. Radiosonde profile of dew point (left) and temperature (right) in
the observational area (56.10° N, 8.46° W) composed from three

nearby radiosondes by a method described in Reiff et al. (1984).

trajectory part. In Figure 13 we have shown the vertical profile in the
observational area (56.10° N, 8.46° W) which is composed from the radiosonde
profiles at the stations 03026 (58.22° N, 6.32° W), 04018 (63.97° N, 22.60° W)
and 99183 (57.00° N, 20.00° W) by a method described in Reiff et al. (1984).
The radiosonde profile is thus clearly not saturated near cloud top, this is
mainly a result of the fact that the specific humidity is significantly under-
estimated (about 1 g/kg at cloud top). In this section we will investigate the
influence of (measuring) errors in the initial data on the quality of the
forecast.

We will present results for 1 July at t = 17 and t = 24 h which are
representative for results during the late afternoon in which decoupling is
present and results during the night in which the turbulence is mixing
throughout the ABL, respectively. Profiles of the specific liquid water
content will be presented, so that cloud top, cloud base and the amount of
liquid water in the cloud are clearly indicated. The standard run is thus the
same as the summer simulation discussed in section 4.2. In this section we
will study how sensitive the model results are for small changes in initial

and boundary conditions. Here we will present changes in the initial total
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Figure 14, Liquid water profiles at 17 h and 24 h for 1 July for different

initial values of qy in the boundary layer:Astandard run; I Qy =

4.4 g kg™1; II q, = 4.9 ¢ kg™!; 1II aQ, = 5.9 8 kg™!.

specific water content (q,) in the boundary layer (Figure 14), in the initial
total specific water content above the ABL (Figure 15), in the sea-surface
temperature (Figure 16) and in the value of the applied divergence (Figure
17) .

' If we increase the initial qy in the boundary layer the cloud thickness
increases and therefore also the integrated buoyancy production increases (see
Figure 6). Due to the increased buoyancy production also the entrainment
increases and as a result the cloud top height rises faster. This corresponds
to case III in Figure 14, If the initial q, in te ABL is decreased compared to
the standard value (case II in Figure 14) the opposite is happening. If the
initial value of qy is decreased far enough, initially no cloud will be
present (case I), as in the radiosonde profile. Also in this case I ultimately
a cloud will be formed but with a much lower cloud top initially. In Figure 15
we have shown results for different initial values of q, above the ABL. '
Increasing the total water content above the ABL will, due to entrainment,
increase the liquid water content of the cloud. Case III, with the highest
initial value of g, above the ABL, the cloud top is somewhat lower due to the

lower entrainment rate. The larger amount of water vapor above the ABL
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Figure 15. Liquid water profiles at 17 h and 24 h for 1 July for different
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Figure 16. Liquid water profiles at 17 h and 24 h for 1 July for different sea
surface temperatures; standard run; I TS = 283.5 K; 1I TS = 285.,5
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Figure 17. Liquid water profiles at 17 h and 24 h for 1 July for different
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compared to the standard run, increases the downward longwave radiative flux
above cloud top. Because the upward longwave radiative flux remains nearly the
same the cloud top radiative cooling decreases. As a result the turbulence
level and thus the entrainment rate decreases. In Figure 16 we have shown the
results for three different sea-surface temperatures. For the standard run
T4 = 284.5 K. Case I and II are results for a run with the sea-surface
temperature one degree lower, respectively higher. Due to the reduced buoyancy
flux at the surface in case I the entrainment is émaller and as a result the
cloud top height is lower than for the standard run. In Figure 17 we have
shown the liquid water content profiles for different divergences applied. The
effect of increasing the divergence is that the cloud top height decreases.
The general conclusion of the sensitivity study is that the predicted
profiles are in general not very sensitive to the applied boundary conditions

and initial conditions. This gives good hope for including boundary layer
clouds in forecast models.
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6. Conclusions

The diurnal simulation of a typical marine stratocumulus layer at mid-~
latitudes with a one-dimensional model has shown that the turbulent mixing was
maintained primarily by convection driven by radiative cooling at cloud top.
This is also supported by observational data of Nicholls and Leighton (1986)
who observed this to be the case in five out of six cases.

At larger solar elevations (during summer at mid-latitudes) the short-
wave heating is of the same magnitude as the longwave cooling which makes that
during day-time a stable layer is formed near cloud base. The stable layer
prevents the turbulence from mixing the whole ABL, the cloud layer and sub-
cloud layer are separately still being rather well-mixed. Because there is
(almost) no exchange between the two layers we call this decoupling. Due to
the decoupling the moisture input from the sea-surface can only be distributed
over the sub-cloud layer, and not over the cloud layer, together with the
entrainment of drier air and heating of the cloud layer the cloud is thinning
very rapidly. The cloud top height remains nearly constant over the period of
one day whereas the cloud base rises quickly during the morning and descends
during the afternoon.

The strong diurnal variation in cloud thickness, which will at mid-
latitudes only be present during summer, changes the surface energy balance
significantly. A thinner cloud has a much higher transmittance for shortwave
radiation than a thick cloud, whereas at larger wavelengths the cloud will
still be optically thick. The net shortwave flux at the surface is thus
significantly increased whereas the net longwave flux at the surface hardly
changes. This suggests that it is important to include the diurnal variation
of stratocumulus in climate models.

We have made a sensitivity study of the model for initial and boundary
conditions. Here we have shown results for small changes in the initial
moisture profile (in and above the boundary layer), sea-surface temperature
and subsidence. From the sensitivity study we can conclude that the results
are not very sensitive for the initial and boundary conditions, which gives
good hope for including boundary layer clouds in forecast models.

It should be stressed that in this paper we have only considered strato-
cumulus clouds over sea and not over land. In a future study we hope to inves-
tigate a stratocumulus layer over land. This will be much more complicated due

to the direct influence of the net radiation on the latent and sensible heat

flux at the surface.
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ABSTRACT

In the E — ¢ turbulence model an eddy-exchange coefficient is evaluated from the turbulent kinetic energy
E and viscous dissipation ¢. In this study we will apply the E — ¢ model to the stable and neutral atmospheric
boundary layer. A discussion is given on the equation for ¢, which terms should be included and how we have
evaluated the constants. Constant cooling rate results for the stable atmospheric boundary layer are compared
with a second-order closure study. For the neutral atmospheric boundary layer a comparison is made with
observations, large-eddy simulations and a second-order closure study. It is shown that a small stability effect
can change the neutral atmospheric boundary layer quite drastically, and therefore, it will be difficult to observe

a neutral boundary layer in the atmosphere.

1. Introduction

In this study we will apply the E — ¢ model, in which
an eddy-exchange coefficient is evalnated from the tur-
bulent kinetic energy E and the viscous dissipation e,
to the stable and neutral atmospheric boundary layer
(ABL). The use of the E — ¢ model in engineering flows
is now quite standard (Rodi, 1980). This popularity
raises the question whether it could also be used for
modeling the ABL, especially for flows in which the
length scale cannot be prescribed in advance; for in-
stance, under circumstances in which there are internal
production processes of turbulent kinetic energy in the
boundary layer, such as phase changes, radiative heat-
ing and radiative cooling in clouds (Duynkerke and
Driedonks, 1987). Another application of the £ — ¢
model is the flow over irregular terrain, in which a
length scale is no longer determined by local (surface)
characteristics (Rao et al., 1974; Beljaars et al., 1983).

In higher-order closure studies the use of the e-equa-
tion has also become standard (Wyngaard et al., 1974;
Zeman and Lumley, 1979; André et al., 1979). How-
ever, very little new insight in the e-equation has been
gained since the early work of Harlow and Nakayama
(1967). Besides the frequent use of an e-equation in
higher-order closure studies we are aware of only a few
applications of the E — ¢ model to atmospheric bound-
ary-layer problems (Lee and Kao, 1979; Mason and
Sykes, 1980; Detering and Etling, 1985a,b).

Lee and Kao (1979) combined the equations for E

Corresponding author address: P. G. Duynkerke, Royal Nether-
lands Meteorological Institute, P.O. Box 201, 3730 AE de Bilt, The
Netherlands.

© 1988 American Meteorological Society

and ¢to derive an equation for the eddy-exchange coef-
ficient K. The constants used in this equation for X
can be directly calculated from the constants used in
the equation for E and ¢. However, Lee and Kao (1979)
divided the constants, which they proposed for the e-
equation, by 25 before calculating the constants in the
equation for K. The reason and implications of this
change are not clear to us. Mason and Sykes (1980)
studied the dynamics of large-scale, horizontal roll
vortices in the neutral ABL with an E — ¢ model. They
concluded that the model results were completely stable
for all perturbations, due to the anomalous high eddy-
exchange coefficient obtained with the E — ¢ model.
Similar results (too large K) were obtained by Detering
and Etling (1985a) while simulating the neutral ABL.

Detering and Etling (1985a) compared their model
results for the neutral ABL with the “Leipzig Wind
Profile” (Mildner, 1932; Lettau, 1950, 1957) and con-
cluded that both the eddy-exchange coefficient and the
boundary layer height were much too large. Therefore,
Detering and Etling (1985a) modified the e-equation
by making one of the constants a function of /f/u,,
which is the ratio of a turbulent length scale (/) and
the depth of the neutral ABL (u,/f). Qualitatively,
this is analogous to a diagnostic length scale formula-
tion in which / is proportional to u,/f (Blackadar,
1962). Therefore, we think there is no real advantage
in using their prognostic equation for ¢ above a diag-
nostic length scale. Moreover, we will show that the
“Leipzig Wind Profile”, which Detering and Etling
(1985a) used to tune their model for the neutral case,
is not representative for the truly neutral ABL, but
some stability effect must be important. This was al-
ready noticed by Lettau (1950): ““In the same air mass,
the 1400 UTC sounding at the aerological station Lin-

xPublished in Journal of the Atmospheric Sciences, 1988, 45, 865-880
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denberg (less than 100 miles from Leipzig) showed a
rather uniform lapse rate of —0.65°C/100 m in the
layer under consideration, which corresponds to an in-
crease of potential temperature of 0.35°C/100 m.”

Recently, Nicholls (1985) presented an observational
study of the Ekman layer over sea during the Joint
Air-Sea Interaction Experiment. The conditions were
described as near neutral and barotropic. Nicholls
(1985) concluded that in the absence of a low level
inversion a well-mixed Ekman layer is observed on
each occasion, which is limited to a height of 0.2u, //.

Model simulations of the truly neutral ABL have
been made by Deardorff (1972), Wyngaard et al. (1974)
and Mason and Thomson (1986). Deardorff (1972)
presented model results of a large-eddy simulation of
the neutral ABL. He made two model runs, with model
top at 0.45u, /f, and u, /f, respectively. From the results
of Deardorff (1972) it is clear that the height of the
neutral ABL is somewhere between 0.45u, /fand u,/
J- However, most of the results he presents are for the
run with the lower model top and therefore these data
cannot be trusted completely. Wyngaard et al. (1974)
used a second-order closure model to simulate the
neutral ABL and obtained a boundary layer height of
0.7u,/f. Recently, Mason and Thomson (1986) made
a very detailed study of the neutral ABL with their
large-eddy model; they found a boundary layer height
of about 0.6u, /f (their B10 case) for the neutral ABL.

The observational data (Lettau, 1950; Nicholls,
1985) thus show a boundary layer height of about
0.2u, /f, whereas the model results (Deardorff, 1972;
Wyngaard et al., 1974; Mason and Thomson, 1986)
show a boundary layer height of about 0.6u,/f. We
will take the model results of Deardorff (1972), Wyn-
gaard et al. (1974) and Mason and Thomson (1986)
as representative for the truly neutral ABL, and with
these data we will compare our model results for the
neutral ABL (section 3b1). As noticed already by Lettau
(1950) and Nicholls (1985) it will be difficult to observe
this truly neutral boundary layer in the atmosphere.
The differences between the experimental results in the
near-neutral ABL and the theoretical solution of the
truly neutral ABL reflects the presence of a weakly sta-
ble layer above the mixed layer in the observations.
For instance, the potential temperature profiles pre-
sented by Nicholls (1982) show a neutral profile up to
a certain height with a stable potential temperature
gradient of | to 2 K km™' aloft.

In order to reproduce the “Leipzig Wind Profile”
and the observations of Nicholls (1985) we have ini-
tialized the model with a stable potential temperature
gradient of 1 and 2 K km™', respectively. The model
was run for 24 hours while the surface heat flux was
kept zero. At the end of the simulation a neutral layer
had formed up to a certain height, with a stable lapse
rate above. In section 3b2 we have compared these
model results with the observational data of Lettau
(1950) and Nicholls (1982, 1985). Before using our
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model under conditions with arbitrary stratification we
will first compare our model results with the model
results of Wyngaard (1975) and Brost and Wyngaard
(1978, 1979) on the stable ABL (section 3a).

2. Model description

In this section we will discuss the model, which is
used in a one-dimensional horizontally homogeneous
version. The ensemble-averaged equations for the hor-
izontal velocities and the potential temperature are
given in section 2a. In these equations the vertical ve-
locity has been set equal to zero. The E — ¢ model is
introduced in section 2al, in which a full discussion is
given on the equation for the viscous dissipation (e).

In section 2a2 we show how we have determined
the constants in the turbulence closure. Finally, section
2b gives details on the boundary conditions used.

a. Governing equations

We consider a horizontally homogeneous flow, with
the mean velocities (, v) in the (x, y) direction and
mean potential temperature 6 governed by

u _ ouw

% a2 + f(v — vy), (1a)
ov av'w’
E——?—f(u‘ug), (1b)
a0 ow'e’

_— i — l
ot oz (1)

Here f is the Coriolis parameter, (1,, v,) the geostrophic
wind in the (x, y) direction, and primed quantities de-
note turbulent fluctuations.

1) TURBULENCE CLOSURE

For the fluxes in Eq. (1) a gradient transfer approach
is taken:

—-u'w' = Ki’E , (2a)
dz

—-v'w' = Ka—v R (2b)
a9z
— a6

-w =K—. (2¢)
0z

The closure problem is now shifted to determining the
distribution of K. In this paper the exchange coefficient
will be determined from the turbulent kinetic energy
(E) and the viscous dissipation of turbulent kinetic en-

ergy (e) as
K =c,E%e 3)

in which ¢, is a constant and both E and e have to be
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determined from their modeled equations. This tur-
bulence closure is called the E — ¢ model.

The turbulent kinetic energy equation in one-di-
mensional form reads

0E  ——du v g —
a . Yoz az T o
~— S
s B
a - i
——(W’E'+ﬂ)—e, @)
0z Po
T D

in which p is the pressure. The momentum flux and
heat flux are closed by (2). The transport term in (4)
is modeled as

—_ pw\ KOIE
—(W'E' +”—‘1) Kok )

in which o is the turbulent Prandtl number for E.

The equation for e is the most difficult to model. At
high Reynolds number e is equal to the kinematic vis-
cosity times the mean-square vorticity fluctuations
(w'w"). Tennekes and Lumley (1972) show that at suf-
ficiently high Reynolds numbers there is a balance be-
tween the generation of wjw} due to vortex stretching
and the destruction of w)w’ due to viscosity. The next
terms in order are the rate of change, advection and
turbulent transport of w}w}. Other terms are of higher
order and can be neglected.

The transport term in the e-equation is modeled with
the gradient assumption

!

K 8
0.0z’

(6)

in which ¢, is the turbulent Prandtl number for . The
generation and destruction in the e-equation, which
are the biggest terms, are the most difficult to model.
However, as pointed out by Tennekes (1985), the spec-
tral energy flux and therefore the dissipation rate is
determined by the dynamics at the large-scale end of
the spectrum. Thus, € is determined by the terms which
produce the TKE. This idea was also used by Lumley
and Khajeh-Nouri (1974) to parameterize the gener-
ation and destruction terms in the e-equation. Using
their parameterization for the generation and destruc-
tion we get

e d — | ¢

a 32 w'e’ + £ (c1 P — ¢y,6), )
in which P is the production of turbulent kinetic energy.
In their second-order closure study Wyngaard et al.
(1974) have applied (7) with success to the neutral and
convective ABL by using for P

P=S+ B, with G, = (83)

C2, - 1..0,

P. G. DUYNKERKE

so that the term between brackets in (7) becomes
(1P — c2.€) = (1.58 + 1.5B — 2¢). (8b)

This will be called the standard e-equation. Moreover,
Wyngaard (1975) applied the e-equation to the stable
boundary layer; in that case he used

2
(1P — C2€) = (1.755 + 0.5B + 1 BT —2¢). (9

In order to clarify the difference between (8) and (9)
we have drawn. the terms (1.5B/¢) and (0.5B/ ¢ + B%/
¢%) as a function of B/e in Fig. 1. Thus, if B > 0 the
expressions are almost equivalent. However, for B <
0 the influence of the buoyancy term (B) on the pro-
duction term (P) in (9) is small. Therefore, in the range
of interest (—0.25 < B/e¢ < 1), the quadratic form in B
[Eq. (9)] can be approximated by max(0, B). This was
already used by Duynkerke and Driedonks (1987). The
buoyancy term is thus only included in P if it is really
a production term and is set to zero if it is a destruction
term.

From the results on the neutral ABL in section 3b
we will see that the transport term also can be an im-
portant source term in the turbulent kinetic enewgy
budget (Mason and Thomson, 1986). Moreover, from
the results in section 3bl and the results of Detering
and Etling (1985) it is clear that (9) does not give the
correct results for the neutral ABL. From this we con-
cluded that the transport term (7)) should also be in-
cluded in P in (7). We did this analogous to the buoy-
ancy term. As a result P reads

P =S + max(0, B) + max(0, T). (10)
In the next section we will evaluate the values of the
constants used in the turbulence closure.
2) EVALUATION OF CONSTANTS

In the neutral surface layer, the two largest terms in
(4) are S and D. Thus S = D is a reasonable assumption
which with (2) and (3) gives ¢, = (u/E). Panofsky
and Dutton (1984) give a list of estimates of the ratio

FIG. 1. The terms (1.5B/¢) (solid line) and (0.5B/¢ + B?/¢})
(dashed line) as a function of Bfe.
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of standard deviations of velocity components 1o fric-
tion velocity, with an average of £ = 5.512; this gives
¢, = 0.033.

In the equation for ¢ (7) three unknown constants
appear: ¢,,, ¢;, and o,. The constant ¢, is, as usual,
based on the decay of grid turbulence. For the decay
of gnd turbulence Egs. (4) and (7) reduce to

dF Je &

—¢,

“ ax ! ax E
The exact solution of (11) is (Reynolds, 1974)

(11)

A =n ~(n+1)
E/Eo=(1+3) : i=(1+f) . (12)
a €0 a
with
| nuk,
h=——m—m, a= )
e — 1 €

in which the index O indicates the value for x = 0.
Measurements on the decay of neutral isotropic tur-
bulence give values for # from 1 up to 1.4 (Monin and
Yaglom, 1975). Reynolds (1974) proposed a simple
model for the energy spectrum (E(k)) during the decay
of isotropic turbulence. This model is only likely to
work when the large-scale structure is devoid of any
scales, i.e., when the large-scale energy is uniformly
distributed over all wave vectors. This means that the
spectrum tensor ¢;(k) is the same at all k low wave-
numbers and the three-dimensional energy spectrum
function E(k) is proportional to k2. On this basis
Reynolds (1974) got n = 6/5. This is a good average
of all the experimental results (Monin and Yaglom,
1975). Therefore, we take n = 6/5 to fix c,,, which
gives with (12) ¢;, = 1.83. :

Next, we want to determine c,,. Harris et al. (1977)
and Tavoularis and Corrsin (1981) have studied a
nearly homogeneous turbulent shear flow. A shear
generator in a wind tunnel was used to create both
turbulence and a uniform velocity gradient. The shear
generator consisted of parallel channels of equal width
with adjustable internal resistances. If no shear was
present the turbulence would decay as described above.
However, when a shear was applied there was contin-
uous production of turbulent kinetic energy. This is
described by Eqs. (4) and (7) as

u'a—x-=S"6,

in which

a
u-a_i:(chs_che)év (l3)

E? (3u\?

S = Cyu T (8_2-)
and here du/dz is a constant. The full solution of (13)
is rather complicated (Duynkerke and Nieuwstadt,
1988). Therefore, we will only give the solution for the

ratio of £ and ¢
B [coe®*®* — |

= == 14
e=Efc=" [1 omE| (14)
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with
62 = G~ 1 , (1'2 -
u u
c°=ca—u2 (‘=La+(’0
“\az * Bla—e¢

¢

(Clc - 1)'

For e, the value of ¢ at x = 0. In the experimental
results of Harris et al. (1977) and Tavoularis and
Corrsin (1981) ¢ is large (~ 16), so that (14) reduces
to

E/e = B/a,
E/Ey = €™, ¢/eg = 77, (15)
with
- (S_,
7 uE \ e ’
§ _ Cae — 1
€ Cie — 1

This exponential increase (15) of E has also been found
by Tavoularis (1985) using totally different arguments.
From the experimental data of Harris et al. (1977) and
Tavoularis and Corrsin (1981) we get that S/e is a con-
stant (independent of x) and equals 1.8. We had found
already that c,, = 1.83; this gives with (15) ¢,, = 1.46.

Another way to tune the value of ¢, is in a stably
stratified flow in which the Richardson number has
reached its critical value (Ri.). In that case the transport
terms and the rate of change in (4) and (7) can be
neglected and thus reduce to

S+B—-€e=0,

which gives

S — ce=0, (16a)

¢ = (1 — Ri). (16b)

From (16b) it is clear that the constants ¢,, and c,,
determine the value of a critical Richardson number.
With our values for ¢, and c,, this gives Ri, = 0.2.
Finally the-constant o, in (6) has to be determined.
In the neutral surface layer the transport term in the
turbulent kinetic energy equation (4) is negligible, so
that shear production equals viscous dissipation. Using
this (S = ¢) in the equation for ¢ (7), in which the trans-
port term is not negligible, one finds (Rodi, 1980)
2
(17)

K
O, = 55, ——.
‘ C"l/z(CZ( - Cl()

With the von Kdrman constant x = 0.4 this gives o,
= 2.38. The only constant which is not fixed yet is o,
in (5). We take it as 1.

b. Boundary conditions

In order to calculate the turbulent fluxes near the
surface we use the Monin-Obukhov similarity theory
to relate the fluxes to the vertical gradients in the surface
layer. For the similarity functions (¢) we took the func-
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tion proposed by Dyer (1974). In the stable region the
similarity function for momentum and heat are the
same:
4
=1+5-—.
¢ L
The solution of the turbulent kinetic energy equation
and the e-equation requires specification of E and ¢ or
their fluxes near the surface. We prescribed the values
of E and ¢ at the first level above the surface (André et
al., 1978):

(18)

E= ;"

=l L
*lkz  «L|’
The surface boundary condition for ¢ is based on the

fact that in the atmospheric boundary layer viscous
dissipation balances shear production and buoyancy.

(19)

3. Results
a. The stable ABL: Constant cooling rate results

In this section we will study the quasi-stationary sta-
ble boundary layer. Here quasi-stationary means that
the potential temperature is allowed to decrease with
time but that other characteristic parameters (u,, 8,,
L, etc.) are independent of time. This also means that
the profiles of mean variables, fluxes and other tur-
bulent quantities, made dimensionless with appropriate
scaling parameters, should be independent with time.

Wyngaard (1975) integrated a full second-order tur-
bulence model and demonstrated that the stable ABL
could approach a steady state after 2-8 h, depending
on the specified constant cooling rate at 1 m. He found
that the boundary layer height (4) obeyed Zilitinke-
vich’s similarity relation

j = d(g)‘”
f ’
with d = 0.22. This low value of 4 = 0.22 compared

to the more usual value of 0.4 (Garratt, 1982) is due
to the constants specified in the e-equation. The con-

(20)
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stants used by Wyngaard (1975) are given in Eq. (9).
From the discussion given in section 2a2 it follows that
these values specify a critical Richardson number of
1/8; this can also be seen in his Fig. 7. Nieuwstadt
(1983) derived a formula for d as function of the von
Karman constant and the critical Richardson number

d? = (3)"% RiL. (21)

From (21) it can be seen that the too low value for the
critical Richardson number (Wyngaard, 1975, used Ri,
= 1/8) gives a too low value for d.

Brost and Wyngaard (1978, 1979) simplified the
second-order closure model of Wyngaard (1975) con-
siderably by neglecting time derivatives, Coriolis terms
and triple correlations. Instead of using an equation
for € they parameterize ¢ as E*?/l, where they specify
the turbulent length scale /. As noted by Fitzjarrald
(1979) these simplified equations can be rewritten in
the form of an eddy-exchange coefficient formulation.
Brost and Wyngaard (1979) found that 4 varied from
0.37 to 0.51 for cooling rates from 0.2 to 6 K h™".

We generated four cases with our model by applying
cooling rates of 0.2, 0.5, 1 and 2 K h™' at the surface.
This is somewhat different from Wyngaard (1975) and
Brost and Wyngaard (1978, 1979) because they have
applied the cooling rate at z = 1 m. As in Brost and
Wyngaard (1979) we took G = 10 m s™' and z, = 0.01
m. In Table 1 we compare the quasi-steady state results
after 10 h for the four different cooling rates with the
results of Brost and Wyngaard (1979).

In this study, as in Wyngaard (1975) and Brost and
Wyngaard (1979), A is taken as the height at which the
stress is 5% of its surface value. This definition of A4 is
used because it is difficult to determine 4 from the po-
tential temperature profile. From this definition of A
we find that d varies between 0.43 and 0.45 and is thus
nearly constant. Moreover our model results show
nearly the same values of a (the angle between the
surface wind and the geostrophic wind) and A/L as
those of Brost and Wyngaard (1979). Because Brost
and Wyngaard (1979) have used the flux-profile rela-
tions of Businger et al. (1971) and we have used the
flux-profile relations of Dyer (1974) their values of u,

TABLE 1. For 10 h after transition and different constant cooling rates, boundary layer depth h, Monin-Obukhov length L, friction
velocity u,. surface vertical potential temperature heat flux Qp, cross isobar angle a, stability parameter h/L and the constant d in Zilitinkevich's

Eq. (20).
02Kh! 05Kh! 1 Kh! 2Kh!

Present BW (1979) Present BW (1979) Present BW (1979) Present BW (1979)
h 329 194 182 127 1S 86 71 55
L 195 120 77 48 36 23 16 9.9
U, 0.31 0.23 0.27 0.20 0.2} 0.176 0.19 0.147
Qo -0.0112 -0.0084 -0.0190 -0.0139 -0.0251 -0.0189 -0.0305 ~0.024
@ 27 29 33 34 38 38 43 42
h/lL i.7 1.6 24 2.6 R 3.7 4.4 5.6
d 0.45 0.37 0.43 0.41 0.43 0.43 0.44 0.46
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and ( are approximately 25% lower than ours. As a
result both the values of L and 4 we find are much
higher. However, the Zilitinkevich relation (20) still
holds very well, with an average value for 4 of 0.44.

Figure 2 shows the wind spiral, made dimensionless
by u,, after 10 h for a cooling rate of I K h™'. In Fig.
3 we have plotted the temperature profiles for the four
different cooling rates as a function of height. The tem-
perature differences, made dimensionless with the
temperature difference at the surface, as a function of
z/h show that for the higher cooling rates the cooling
1s penetrating up to larger z/A values, due to the lower
values of A/L. The temperature profile (1 K h™') pre-
sented by Brost and Wyngaard (1978) shows a very
similar structure.

Next we will discuss some turbulence quantities.
Figure 4 shows the turbulent kinetic energy as a func-
tion of height. This profile is similar to the profile ob-
served in the neutral ABL (Fig. 10). In Fig. 5a we have
compared our stress profiles with the stress profiles of
Wyngaard (1975). It is not clear why the stresses of
Wyngaard (1975) do not sum to 5% at z = A, because
this is his definition of the boundary layer h. The heat
flux profiles (Fig. 5b) show a slight curvature at the top
of the boundary layer, analogous to the results of Brost
and Wyngaard (1978), with a maximum cooling rate
at the ground.

Brost and Wyngaard (1978) found that the profile
of the eddy diffusivity for momentum is well repre-
sented by :

E(l _E)I.S
K., h\ k
+

)

whereas the ratio K/K,, averages about 1.2.

In Fig. 6 we have compared (22) with our model
results which illustrates a good agreement between both
results. In Fig. 7 we have shown the profile of the Rich-
ardson number, which shows that the Richardson
number equals its critical value throughout almost the
whole boundary layer; for z/h > 1 the Richardson

(22)

v/u,

40 60
— u/u,

FIG. 2. The dimensionless wind spiral 10 h after transition,
for a cooling rate of 1 K h~!.
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0.51

1 as 0
80)-06) o
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FIG. 3. For 10 h after transition the dimensionless temperature
rofile as a function of z/A, from right to left, for a cooling rate of 0.2,
0.5, 1 and 2 K h™", respectively.

number exceeds its critical value and near the surface
Ri < Ri, due to the high shear production. This kind
of behavior was already observed by Nieuwstadt (1983,
1984) and Garratt (1982).

10

z/h

0S¢

0 2 4 6
— E/u?

FIG. 4. The turbulent kinetic energy (E) as a function of height.
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FIG. 5. The profiles of the (a) momentum flux and (b) heat flux as a function of height:
our results (solid line), results of Wyngaard (1975) (dashed line).

We can conclude that with our E — ¢ model we can
reproduce the results of Wyngaard (1975) and Brost
and Wyngaard (1978, 1979) very well. Essential in ob-
taining these results is the critical Richardson behavior

0.51 \

0 002 0.04 006

K _
Ku,h

FI1G. 6. Companson of Brost and Wyngaard's (1978) (dashed)
eddy diffusivity and our model results (solid).

introduced in the e-equation. This could be reached by
including a term max(0, B) instead of B in the pro-
duction term. Although something similar was already
done by Wyngaard (1975), using a quadratic function

15+

z/h

104"

0.5

0 0.1 a2 03
——» Ri

F1G. 7. Variation of the Richardson number with height.
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in B (see section 2a), he did not explain the necessity
of this clearly.

b. The neutral ABL

In the neutral ABL the heat flux is, by definition,
identical to zero. In a model this condition can be easily
satisfied. However, in this section we will demonstrate
that in the atmosphere a boundary layer with neutral
stratification can hardly ever be observed. Therefore,
observational data presented as representative for the
neutral ABL (Nicholls, 1985; “Leipzig Wind Profile”)
are in fact influenced by (a slightly stable) stratification.

In our model we have used a prognostic equation
for the viscous dissipation ¢, which is analogous to a
prognostic equation for the turbulent length scale /.
However, it is also possible to diagnose a length scale.
For instance, based on observations Blackadar (1962)
proposed a length scale as

1=27X107*G/f, (23)

which is similar to the length scale used by Detering
and Etling (1985a):

[=63X1073u,/f. (24)
However, prescribing a length scale with (23) or (24)
means that the boundary layer height is determined by
the value of the constant.

In order to circumvent this problem Detering and
Etling (1985a) used an E — ¢ model for the neutral
ABL. They modified the constant ¢, [Eq. (7)] in such
a way that the model results fit the “Leipzig Wind Pro-
file”. Detering and Etling (1985a) did this by making
c2. a function of If/u,,, with [ proportional to E*?/e. It
is clear that this modification is more or less the same
as diagnosing a length scale by (24) and therefore, there
is no real advantage in using the e-equation above a
diagnostic length scale (24).

In this section we will present model results for the
truly neutral and near-neutral ABL over sea (Nicholls,
1985). We have taken 2 =2 X 10™*mand G = 10 m
s~! and all the results shown are for a simulation time
of 24 h. In section 3bl we will compare our model
results with the large-eddy simulations by Deardorff
(1972) and Mason and Thomson (1986) and the higher-
order closure study by Wyngaard et al. (1974) of the
neutral ABL. In section 3b2 we will initialize the model
with a stable potential temperature gradient of 1 and
2 K km™' and set the surface heat flux to zero. The
resulting profiles will be compared with the observa-
tional data of Nicholls (1982, 1985) and the “Leipzig
Wind Profile” (Mildner, 1932; Lettau, 1950).

1) COMPARISON WITH MODEL RESULTS ON THE
NEUTRAL ABL

Application of the standard E — ¢ model [Eq. (7)]
to the neutral ABL gave the same unrealistic results as

VoL. 45, No. §

Detering and Etling (1985a) found. The eddy-exchange
coefficient and the length scale increase linearly with
height up to the model top, as shown in Figs. 8 and 9.
In Fig. 8 we have also plotted the K-profiles of Wyn-
gaard et al. (1974). We see that in the upper part of
the boundary layer our eddy-exchange coefficients are
much higher than those of Wyngaard et al. (1974). As
a result, the boundary layer height extends up to the
model top, which can be seen from the turbulent kinetic
energy profile in Fig. 10. This boundary layer height
is too high compared with the model results of Dear-
dorff (1972), Mason and Thomson (1986) and Wyn-
gaard et al. (1974), which are also shown in Fig. 10.
This discrepancy between our model results and the
other model results is due to the fact that at the top of
the neutral boundary layer the transport term is an
important source term in the turbulent kinetic energy
equation, whereas in the standard e-equation the
transport term as a source term is neglected. The fact
that the transport term is important in the upper part
of the neutral boundary layer can be seen from the
TKE budget of the large-eddy simulation of Mason
and Thomson (1986), which is shown in Fig. 11. In
almost the whole neutral ABL the shear production
and viscous dissipation are an order of magnitude larger
than the transport term, except above ~0.3u, /f where
the transport term assumes increasing importance. This
gave us the idea to include the transport of TKE as a
production term in the e-equation (7). Analogous to
the buoyancy term we only included it when the trans-
port term was positive (10). However, from the sim-
ulation of the neutral and stable boundary layer no
conclusion could be reached about what to do in re-
gions in which the transport term is negative, because

10+

05+ ”

0 0.05
— Kt

u?

0.10

FIG. 8. Vertical distribution of eddy viscosity in the neutral at-
mospheric boundary layer for standard E — ¢ model (dashed) and
the results of Wyngaard et al. (1974) (solid).
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FIG. 9. The length scale as a function of height for the standard (dashed)
and modified (solid) E — ¢ model.

in those regions the shear production and viscous dis- wind tunnel have been made, many of which have teen
sipation were an order of magnitude larger. summarized by Hinze (1975). Because we expect some

We will now discuss the results of the modified E similarity between turbulence quantities in a wind
— ¢ model in which the transport term (7T) has been tunnel boundary layer and the ABL, we have made
included in the production term (P) in the e-equation some comparison, especially, in the case of quantities
(7). In Fig. 10 we have compared the TKE profile with  which cannot be so easily measured in the atmosphere.
the other model results, the observations of Nicholls In order to do so we have set the boundary layer height
(1985) and measurements on a boundary layer in a in the wind tunnel equal to 0.5u, /f. We see that our
wind tunnel (Hinze, 1975). Extensive measurements turbulent kinetic energy profile is nearly identical to
on turbulence quantities in the boundary layer of a that of Deardorff (1972), Wyngaard et al. (1974) and

2t
U, 2t
u,
10+
as.-
3 oD
oS
aT
05
o © J
10
— B ' — —
_ -50 0 50
FiG. 10. The vertical profile of turbulent kinetic energy, neutral
case: observations of Nicholls (1985) (O); standard E — ¢ (dashed FiG. 11. Balance of terms in the turbulent kinetic energy equation
with dot), modified £ — ¢ (solid with dot); Deardorff (1972) (dashed),  for the neutral boundary layer (Mason and Thomson, 1986: B10

Wyngaard et al. (1974) (solid); Hinze (1975) (dot-dashed). case).
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the laboratory data (Hinze, 1975), whereas the values
observed by Nicholls (1985) are somewhat higher. The
higher values of the turbulent kinetic energy in the
atmosphere might be a result of the fact that there is a
significant contribution from larger scales (=u,//) as
can be seen in the measured velocity spectra in Nicholls
(1985).

In Fig. 12 we have shown the dimensionless wind
profiles as a function of zf/u,. We see that our results
compare rather well with the profiles of Wyngaard et
al. (1974). The profiles of Deardorff (1972) are some-
what different due to the too low model top used during
his run (z, = 0.45u,/f). Here, we see that there is a
big difference between the model results and obser-
vational data. As mentioned already, this is due to the
fact that the observations do not represent a neutral
ABL as can be seen from the observed temperature
profiles of Nicholls (1982). This will be discussed fur-
ther in the next section. In Fig. 13 we have compared
the stress profiles with the observations of Nicholls
(1985). We see that especially the resemblance in
v'w' is very poor.

In Fig. 14 we have compared the computed eddy-
exchange coefficient profiles with the profiles of Dear-
dorff (1972), Wyngaard et al. (1974) and the laboratory
data (Hinze, 1975). We see that the values agree rather
well and moreover, the maxima show up at the same
height. In Fig. 15 we have compared the computed
TKE budget with the values measured by Nicholls
(1985). We see that the shear production (S) and dis-
sipation agree rather well, but the measured transport
term (7') is an order of magnitude larger than the com-
puted transport term. If we compare the TKE budget

2t
u,

—_

104

05
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calculated with the E — ¢ model with the TKE budget
of Mason and Thomson (1986) we see that the agree-
ment is excellent. Morcover, from the TKE budget it
is clear why it will be hard to observe a neutral bound-
ary layer in the atmosphere. At about 0.251,/f the
production of turbulent kinetic energy becomes small
and therefore a weak stable stratification can make the
turbulence die out. This will be discussed in the next
section.

Before turning to the observations we will test the
Rossby number similarity (Tennekes, 1973) of this
model. According to this theory, the geostrophic drag
coefficient (1, /G) and the cross-isobar angle (a) should
be functions of the surface Rossby number (Ro = G/
Jz0) only. We varied the Rossby number by varying Zo
and have plotted u, /G and « as a function of Ro in
Fig. 16. We have also shown the results of Mason and
Thomson (1986) (B10 case) and Deardorff (1 972). The
results of Wyngaard et al. (1974) (for « = 0.4) are not
shown because they are nearly identical to those of
Mason and Thomson (1986). If we compare the com-
puted u,/G and o (Fig. 16) with observational data
(Tennekes, 1973) we see that the values of u, /G agree
rather well whereas the observed values of « are some-
what larger. We believe this is due to the sensitivity of
the cross-isobar angle on stability and in the observa-
tional data some stability will be always important.

2) COMPARISON WITH OBSERVATIONS ON THE
NEARLY NEUTRAL ABL

In section 3bl we have shown that there is a differ-
ence between observational data on the near-neutral

— {ug-u)u,

— (v—vg)/u,

F1G. 12. Nondimensional wind defect profiles: Nicholls (1985) (O); Lettau (1950) (O);
modified E — ¢ (solid with dot); Deardorff ( 1972) (dashed), Wyngaard et al. (1974) (solid).
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FIG. 13. Nondimensional momentum flux profiles: Nicholls (1985) (open circles); modified E — e (solid line).

ABL and model results of the truly neutral ABL. Es-
pecially, there is a big difference between observed (h
~ 0.2u,/f) and calculated (h ~ 0.6u,/f) boundary
layer height. This discrepancy can be directly explained
by the TKE budget of the neutral ABL, as shown in
Fig. 15. Above ~0.25u,/f the production term be-
comes small and in the real atmosphere a small stability
will prevent the layer from being turbulent. The mea-
sured potential temperature profiles (Nicholls, 1982,

— =l

101

1985) show a neutral layer up to z ~ 0.2u, /f with a
slightly stable region above (potential temperature gra-
dient of 1 to 3 K km™'). Thus the neutral boundary
layer is inhibited to grow higher by a stable lapse rate
aloft and this we will simulate in this section.

The model was initialized with a stable lapse rate of
1 and 2 K km™, respectively, as shown in Fig. 17. We
have run the model for 24 hours during which the sur-
face heat flux was set equal to zero. The final potential

FIG. 14. Vertical distribution of eddy-exchange coeflicient in the neutral boundary layer:
Hinze (1975) (dot-dashed); modified E — ¢ (solid with dot), Deardorff (1972) (dashed); Wyngaard

et al. (1974) (solid).
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FiG. 15. Vertical profiles of the terms in the turbulent kinetic energy budget; large symbols,
observational data of Nicholls (1985); small symbols connected with lines, modified £ — «

model.

temperature profiles show a neutral layer up to 0.16u,/
JSand 0.12u, /f, respectively. Above this neutral layer
a slightly stable region is being formed. These vertical
profiles of potential temperature are very similar to
those observed by Nicholls (1982).

In Fig. 18 we have compared the calculated vertical
velocity—defect profiles with the “‘Leipzig Wind Profile”
(Lettau, 1950) and the data of Nicholls (1985). The
model results give a value for the cross-isobar angle «
of 11.4° and 12.7° for a stable lapse rate of 1 and 2 K
km™', respectively. In the “Leipzig Wind Profile”

u./G

010+

(a)

005

4 5 6 7 8 9 10 0
—— log Ro

= 26.1° which is somewhat larger than in our model
results. This might be a result of a higher value for z,,
and thus a smaller Rossby number. Although Nicholls
(1985) did not quote a mean value of «, this can be
obtained from the values 4 = 1.4 and B = 4.2 in the
drag law for neutral Ekman layers. Together with the
mean values Ro = 10° and u, /G = 0.026 for the mea-
surements during JASIN we get a = 15°. The data of
Nicholls (1985) do not show negative values for (u,
— u) between z ~ 0.1u, /fand z ~ 0.2u, /. This might
be due to measuring errors because the value of

50

404 (b)

20

4 5 6 7 8 9 10 N
—— log Ro

FIG. 16. (a) Geostrophic drag coefficient u, /G and (b) cross-isobar angle « as a function of
surface Rossby number (Ro); modified E — ¢ (solid); Deardorff (1972) (+); Mason and Thomson

(1986) (dashed).
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J5{ug — u)dz should be zero by definition (in the ex-
perimental data of Nicholls, 1985, the acceleration
terms are accounted for in the definition of the geo-
strophic wind).

In Fig. 19 we have compared the computed stress
profiles with the measured profiles of Nicholls (1985),
which agree very well. The computed profiles indicate
a boundary layer height of 0.2u,/f and 0.16u,/f, re-
spectively. Finally, the computed TKE profile is com-
pared with the measurements of Nicholls (1985) in Fig.
20. At the top of the boundary layer, there is an abrupt
drop in the calculated turbulent kinetic energy due to
the stable stratification.

4. Conclusions

An E — e closure model has been applied to simulate
the neutral and stable atmospheric boundary layer. It
is shown that the model results compare well with ob-
servations, large-eddy simulations and higher-order
closure studies.

In the E — ¢ model an eddy-exchange coefficient is
evaluated from the turbulent kinetic energy E and vis-
cous dissipation e. The exact equations for both E and
¢ need model assumptions. The most rigorous as-
sumptions have to be made for the e-equation. We have
used the e-equation in a form proposed by Lumley and
Khajeb-Nouri (1974), Eq. (7).

03t

—— (Ug—ulu,

0 0 5 10
— (v=yvlu,

FIG. 18. Nondimensional wind defect profiles for an initial lapsc rate of 1 K km ™! (solid) and 2 K km™' (dashed)-
and the observational data of Nicholls (1985) (open circles) and Lettau (1950) (open diamonds).
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F1G. 19. Nondimensional momentum flux profiles (symbols as in Fig. 18).

Three unknown constants appear in the e-equation:
¢\, ¢2.and o,. The constant c,, which is connected with
the destruction term is determined from the decay of
grid turbulence. The value of the constant ¢, is fixed
for experiments on homogeneous shear flow (Harris et
al., 1977; Tavoularis and Corrsin, 1981). The third
constant ¢, is determined in the surface layer in which
a balance between viscous dissipation and shear pro-
duction is assumed.

Besides the constants, the production term P in the
e-equation must be specified. Under convective con-
ditions there is a considerable agreement to use the
sum of shear production and buoyancy (Wyngaard et
al., 1974). However, we showed that under stable con-
ditions only the shear production should be included,
which is nearly the same as the formulation proposed
by Wyngaard (1975). Results on the neutral atmo-
spheric boundary layer showed that the transport of
turbulent kinetic energy is important and should be
included in the production term P in the e-equation.
We included it analogous to the buoyancy term, only
when it was positive (10).

For the stable atmospheric boundary layer we made
a comparison with the constant cooling rate results of
Wyngaard (1975) and Brost and Wyngaard (1978,
1979) and showed that our E — ¢ model can reproduce
the same results. The critical Richardson behavior of
the e-equation is essential, i.e., as in observational data

of Nieuwstadt (1983) and Garratt (1982) the model
gives a constant Richardson number in the bulk of the
boundary layer. We also found that the boundary layer
height h obeyed Zilitinkevich’s similarity prediction
with

Uy, L

€=h/(f

Comparison of model results (Deardorff, 1972;
Wyngaard et al., 1974; Mason and Thomson, 1986)
and observational data (Mildner, 1932; Lettau, 1950;
Nicholls, 1985) on the neutral atmospheric boundary
layer shows a big discrepancy between both results.
For instance the model results give a boundary layer
height of 4 ~ 0.6u, /f whereas the observations give h
~ 0.2u, /f. We have shown that the observational data
on the near-neutral boundary layer are in fact strongly
influenced by a stable stratification. In order to do so
we initialized the model with a stable lapse rate of 1 K
km~' and 2 K km™' and set the surface heat flux to
zero. From the results presented in section 3b2 it is
clear that the E — ¢ model can reproduce the obser-
vations (Mildner, 1932; Lettau, 1950; Nicholls, 1985)
quite well.

The model results for the neutral atmospheric
boundary layer are in good agreement with both the
large-eddy simulations of Deardorff (1972) and Mason
and Thomson (1986) and the second-order closure

12
) = 0.44.
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F1G. 20. Turbulent kinetic energy profile (symbols as in Fig. 18).

study of Wyngaard et al. (1974). We have shown that
inclusion of the transport of turbulent kinetic energy
T in the production term P of the e-equation is essential
in obtaining these results.
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