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Thne Thermal nternal Boundary Laver (TIBLY 58 2 dynamic and
turbulent mesoscale Feasture of the coastal aimosphere that
forms over the land during congitions of onshore flow., The
T, develops a8 an adjustment of the atmospheric boundary
layer te the discontinuities of temperature and roughness
that ogcur at the interface between the underiving marine
and terrestrial surfaces, The reasylting formation of &
characteristically CONvex mixed laver below retatively
stable air aloft has serious implications for the dispersion
of poliutants in shoreline enviraonments, Although a8 wice
range of research relating t¢ varicus features of the TiBL
may be found in the literature, relatively few bDroadly-based
stugies have been performed. This study has emploved both
airborne and surface measuremenis 1o obltain a comprehensive
spatial and temporal data set, in order to elucidate aspects
of the characteristic siructure and behaviour of the TIBL.

TiBL. growth was found to follow a diurnal opattern, the
initially irreguiar boundary pecoming more uniform during
the day a3 8 steady bDalance Detween various faciors was
achieved. The TiBL was associated with a laver of uniform
wird speed and girection fFiowing perpendicular 1o the
eoantline, within which warmer temperaiures and changes in
relative numidity and moisture content were observed, The
temperature siryciure of the onshore Fiow strongly
influenced the intensity of turbulence encountered In  the
TIBL eand the degree of entrainment aloft. Patiternas of
turbulent properiies displaved significant increases in the
TiBL, which were relatively abrupt near the surface and more
gradusl towards ihe top of the  TiBL. Measurements of
sensible heat Flux reveaied sirong undulations in TIBL
structure due to transitory eddies and thermal upcurrents.
Certain theoretically based predictive equations of TIBL
height displaved the best overall performance out of eight
selected models, and some promise was shown by an  empirical
formulation. TiBL deveicpment was generally complex and
irpegular  within  the first few Hilometres of the shore,
while Fuyrther inland more reguylar TiIBL formation enablegd the
relatively acecurate observaiion and prediction of TigL
height.
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INTRODUCTION

Coastal regions possess an  environment that 8 npot  only
conducive %o the evolution of complex aimespheric dispersion
conditions, but that is  also optimal for the location of
urban and industrial ceéntres. Shoreline enviconments such as
open coastiines or lakeshore areas offer easy | access to
transportation Pacilities and supplies of cooling wa%ﬁﬁ and
major industrial complexes are therefore frequently situated
within  these areas. Indusiries of  this nature typically
include ail terminals, chemical and mineral processing
plants, manufacturing Iindustries, fossil fuel power stations
and nuclegr reactors. '

The growth ang development of these aotivities has jed 1o an
increase in the number of  air pollution sources Jocated in
the c¢oastal zone, and large quantities of arborne effiuent
may  at times be emitted into the atmosphere. Tha
deterioration of coastal air quality has thus become a cause
for oconcern, especially under coonditions of fair westher. In
these @ir@@éﬁgi@maﬁg unfavourable giffusion conditions may
occur  over the land, either dJduring stable onshore gradient
flows or in the presence of mesoscale effects such as  the
s&a Dreeze, in both cases a reduction in air quality is
associated with the +formation of a complex meteorciogical
phenomenon, the Thermal Internal Boundary Laver.

BOUKDARY LAYER FORMATION

I studies of fluid ﬁym&ﬁéﬁﬁg the boundary layer i3 defined
as the region of a Tiow In which the effects of ils
boundaries are expeéerienced. The aimospheric boundary laver
iz henpce that region of the lower aimosphere which is
influenced by the thermal and frictional eeffecls  oF 1he
#arth's surface. The depth of the this laver typically
varies from a few tens of metres on calm, clear nights to a
few  thousand metres on hot, sunny days Just after noon.



An  airtlow that has travelled over a relatively homogeneous
area witlh, aftter SOmMe time, dgisplay meteorological
characteriztics that have reached a @yﬁ@mgm saullibrium with
the underlying surface. However, ¥ tihe airflow passes over
another surface wilh different properties, theé change in the
Qm@@ﬂyén@ conditions will presultl in an aﬁ,jm%m@m to  the
fiow from the surface upwards, and a new set of @Qi@é%‘g%&w%um
charactepristics will eventually develob. This transition
doses not ocour immediaiely at 2l heights, bul instead 1takKes
place gradusily in the form of a layer that grows upwards
from the point of surface discontinuity. The upper IHmit of
this new boundary layer may bDe regarded a8 a surface
dividing the lower aimosphere inie itwe zones of distinctly
diffarent meteorciogical characteristics, the iower one
being termed the mnmternal boundary laver [IBL)

BLs are commonly formed wherever sharp changes in surface
roughness or surface temperature occur (Figures fa & bl
Pernaps the most siriking example of this iz found during
onshore fiow in - coastal regions, where the o0l andg
asrodynamically smooth water surface interfaces the warmer,
rougher land surface. The change in surface shear stress at
the coast constitutes a frictional discontinuity, which
induces a roughness IBL. downwind., Similarly the temperature
discontinuity causes a change in  surface heat Plux, and 2
free convective [BL  develops  over  1he  lamgd.,  Under stable
onshore conditions, 1Bl formation tends to be dominated by
the saironger thermal effects, giving rinse 1o the development
of & special type of IBL. This well mixed, turbulent region
of the c¢oastal aimosphere s  thus termed the Thermsl
internal Boundary Layver, frequently referred o Dy the
acronvym  TiBL {Figure 1¢).
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Figure 1. Schematic of the effects of (a) surface roughness
and (b) surface temperature on the development of the
TIBL (c)



TiBL. GR H AND FUMISATION

The TiBL s an  important and chsracterisiic fesature of the
atmospheric environment in  coastal regions. TIEL  formation
tvypically gtaris at the coastal interface, developing
upwards in the direction o? {low. The adjustment of the
atmosphere 1o new surface conditions over the land lakes
place most rapidly near -the shoreline, becoming more gramgﬁ‘%
further downwingd. The TIBL is thus cheractericed by & convex
vpper boundary with & relatively steep initial siope nearer
the coast, and a more shallow slope fubther inland.

The rate at which the height of the TIBL increases with
diztance froem the coast iz dependent on the properties of
the downwind surface, and on the original characteristics of
the onshore flow, Increased physical roughness together with
thermal conduction and convecstion over the land generate
mechanical and thermal turbuylence that promote the agrowith of
the TiBL. With psassage inland, the relatively stable onshore
fiow is eroded from below and & mixed laver of modified air
evolves near the surface, The unmodified air that remains
gbove Fforms g stable inversion laver that caps the TiEL,

The Iocation of two entirely different dispersion regimes
adjacent 1o each other c¢an place severe limitations on the
vertical diffusion of peollutants near the <¢oast, compared 1o
naighbouring areas inland., Airborne effluent emitted near
the surface within the TIBL s contzined below ihe overlring
stable layer, in a process Known as piume trapping (Figure
£} Pollutant plumes may also be emitted a2t higher levels
gbove the  TIBEL. I this case & relatively m@é&@@r&@#@
emission c¢an be carried a considerable distance downwind in
the stable air aloft, until it Ent&r&&a%& the TIBL
interface. At this point % is enirained and - fumigales
downwards, alsge becoming itrapped n the TIBL (Figure 2.
This process of continuous fumigation may ocour at  irregular
Eﬁ?@%@?é for extended periods of time, as the plume engages
or becomes detached from the TIBL. As horizontal scales are
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Figure 2: Coastal dispersion characteristics in the presence
of the TIBL.

of the order of Kkilometres, and TiIBL. height only a few
hundred meires, relatively small changes in the latter can
have an appreciab!e effect on the location of the fumigation
zone. Both elevated and ground level concentrations downwindg
may therefore be many times greater than in the absence of
the TIBL.

OVERVIEW OF TIBL RESEARCH
EARLY STUDES
The existence of the TIBL was first identified in the early

literature on studies of the atmospheric internal boundary
layer., Ogura (1950} and Elliot (1988} provided a theoretical



basis for the development of a convex internal boundary
laver from a change in surface temperature, and presented a
small number of measurements confirming this behaviour. The
formation of internal boundary lavers in gshoreline
environmentis was initially examined with regard to
atmospheric transport and diffusion in coastal regimes by
Prophet (1968%), and Van der Hoven (19587} who brovided an
early empirically based model of TIBL heignt, “

COASTAL DEFUBM

The importance of the TIBL was recognised in much of the
ensuing meassurement and modeiling of coastal diffusion in
the presence of the lake or sea breeze., The impact of stack
height on fumigation conditions during these conditions was
examined in a number of studies (Bierly and Hewson, 1962;
Hewson and Olsson, 1967: Collins, 1974 Lyons and QOlsson,
1972). Lyons and Cole (1973) investigated plume trapping and
fumigation of sulphur dioxide and particulate emissions in
stable onshore flows off Lake HMichigan, and found sericus
degradation of air quality for both phenomena. Meroney et 3l
(1975} modelled shoreline atmospheric . transport in the
laboratory, using a meteorological wind tunnel. It was found
that, sithough emissions from short stackz caused the worst
fumigation, an increase in stack height did not result in
greatly reduced ground Ilevel concentrations. Later studies
continued to concentrate on the effects of TIBL fumigation
and dispersion {Knox ang Lyons, i97%; Dooley, 1978}, a
number of which 2lzso includegd earily theoretical eguations of
TIBL height [weisman and Hirt, 1975; Peters, 1975 ¥an Do;:
et al, 1979). Lyons (1975) synthesised much of the Knowledge
at the time in a monograph on pollutant diffusion in
shoreling environments. The TIBL was alsc parametlerized in
models of the sea breeze circulation (Pielke, 1974; Anthes,
1978



FELD EXFEERNTS

More recently a number of large scale field studies of the
coastal aimosphere have been performed, These nvestigations
employed substantial resources to perform comprehensive
measurementis d-? the TIBL. At ©Brookhaven, Long isignd _in the
United States, Raynor et a7 (1979) collected sairborne and
surface data on the turbulence, temperature pattemé and
slope of the TiBL. Measured levels of turbulence and
temperature were several times higher in the TIBL, with the
initial steep growth of the TIBL modulated by atmospheric
Btability. An  eqguilibrium h‘@ég?@t was Ffound in  many cases,
which merged into the inland mixed layer during free
convection, and which was absent during the sea breeze. Al
Hanticoke, Lake Erie in Canada, measuremenis of onshore flow
structure and boundary layer formation were made using
acoustic sounders, free and 1iethered sonde systems and
surface instruments (Portelli, 1982; Kerman et aJ, 1982).
Two tvypes of internal boundary laver were detected, one
adjusting o contrasts in bulk bucvyancy and neﬂde
entrainment growth, and the o¢ther 1o upward heat flux into
ithe onshore fiow. The latter type was more significant in
defining the Iocation and magnitude of maximum ground level
concentrations during <ontinuous  Fumigation. Samo et af
(19821 alme made airborne measurements of the TIBL, Data on
turbulence, temperature, humidity and calculated parameters
were collected 1{100Km to the east of Tokyo, Japan over
Kashimauraz beach. Different internal boundary layers were
also detected in this study, with the TIBL determined by
turbulence roughly .5 times higher than that by
temperature. This difference ¥as attributed to the
entrainment of plumes into the overlying marine air, the
stability of which strongly influenced TIBL. height and the
potential temperature increase within the TIBL.

TURAENCE

Examinations of the more detailed turbulent structure of the



TiBL took place concurrently with the situdies of shoreline
diffusion and TIBL structure outlined above. The vast bulk
of Knowledge relating to boundary laver turbulence
parameters has Deen accumulated from theoretjcal and
empirical studies of turbulence in the Flanetary or
Cénvective Boundary Laver (PBL or CBL). There have  beenn many
studies covering all aspects of the CBL, including ihyersioa
height, convection, similarity, and budgets of mixed laver
propertieas {(Ball, i9690; Litly, 1968; ¥vngaard et al, {1971
Bettm, 19?3;. Carson, 1973}, A general exposition of these
processes  was contained in a review paper by Tennskes
(743 Later studies made closer examinations o©of turbulence
parameter structure and entrainment (Kaimal et ai, 1{976;
Stull, 1976; Caughey and Faimer, 1979; Tennekes and
Driedonks, 1581). Important findings have also been obiained
via laboratory study and numerical modelling (Deardorff et
al, 1969; Deardorff, 1972). Studies of the boundary layer
gver the ses have also been performed {Nicholi=s andg
Readings, 1979}, and meoere recently have included ihe
developmeni of the ‘reverse’ TIBL with the formation of the

surface stable layeér over the sea during offshore flow (Hsu,
§983; Garratt, 1987].

Theoretical studies of detailed turbulience snecifically for
the TiBL have been largely numericai ir nature,
concentrating an the effects of a change in surface
Froughness on turbulent boundary laver formation (Peterson,
§969; Tavylor, §970; 8hir, 1572; Rao et 2, 1874). Although
basic turbulence measyrements were made by gircraft for the
larger  field studies at Brookhaven and Kashimaura (ibid.},
the ma jority of detailed turbulence measurements Ffor the
TIBL have been made at a relatively low level fairly close
tc the shore, and not covering the whole TIBL at the
mesoscale. The most common method of data co}!ection has
been by meéans of one oOF more instrumenied towers located =a
few ‘Rilometres, or in some ¢ases a few hundred metres, from
the shore {(Echols and Wagner, 1972; Smedman and Hogslrom,



1983; Ogawa and Ohara, 1985; Ohara and Ogawa, 1{985). A
slightly  larger scale examination of turbulence during lake
- breeze penetration was performed by Ogawa et al (i1985), who
employed a Kytoon-mounted instrument packKage up to a2 height
of 600m at a site 3Km from the shore,

R

A further facet = of TiBL research has invelved the
incorporation of & range of input parameters into
specialised equations, in order to  accurately predict the
height of the TiBL. Certain of these formulae were developed
in - some of the diffusion studies outlined earlier, while
others were derived from a more theoretical basis (Van der
Hoven, {987; HMoroz, 1967; Plate, 197# Raynor et af, 1975;
Schuh, 1978; Peters, 1975; Weisman, 1976; VenKatram, 1977 &
{986 HMisra, 19B0: Steyn and Oke, {982: Kerman, {982 Miara
and Onlock, 1982; Lyons et al, 1983; Gamo et 3}, §983; Hsuy,
{9886). Although only a limited number of independent
evaluations of these models have been performed, it would
appear that the meore advenced theoretical models shoew the

most promise (Di Vecchio et a3/, 1976; Stunder and
SethuRaman, 1285}, -

EXPERIHENTAL AFPROACH
BACIGROLE

The growth of industrial  activity in coastal regions,
coupled with the complex dif fusion meteoroliogy of such
areas, has created the need for an increased understanding
of atmospheric oprocesses in  shoreline environmenis. Existing
models of diffusion in the coastal zone are widely used for
air poliution forecasting n  both regulatory and emergency
response planhing, especially in the field of atoemic energy.
i s important  that  such models  include  refinements %?‘9@%



incorporate the ' TIBL as a dynamic feature of the coastal
atmosphere,

A comprehensive treatment of the TIBL has however been
hampered by the lack 0? information on various struciural
and iemporal aspects of TiIBL formation, A wWOPKshop on
Coastal Atmospheric Transport Processes was convenedx during
the 3rd Conference on HMeteorology of the Coastal Zone
(SethuRaman, i984) to address this and other related
problems. The workshop presented a tabulation of the current
status and research goals for coastal  aimospheric diffusion.
Particular gmphasis  was laid on  fulure TIBL research 1o
improve predictions of diffusion and downwind concentrations
from souwrces near the c¢oast. 1 was recommended that, among
other considerations, studies be performed to rectify the
tack of experimental data on TiBL formation and
characteristics, profiles of turbulent quantities and
intercomparisons of available models.

STUDY Avenidil

Coastal boundary layers occur within offshore and onshore
flow in stable, neutral and unstable atmospheric conditions,
with & variety of surface temperature and roughness
characteristicg, This study concentrates on the category of
primary interést, namely the formation of the TIBL during
onshore flow, with the land rougher and warmer than the
adjacent body of water. Studies of the TIBL have taken place
along many coastlines around the world, but o date ne such
work has been performed in Southern Africa. In recent vyears,
howsver, a number of local authors have alluded {0  ihe
importance of the TiBL with regard to¢ air poliution ang
potential plumes from nuclear power stations {(Keen, 1979;
Jury and HMulholland, 1988).

The West Coast of the subcontinent 1o the north of Cape Town
im anr ideal logation for the occurrence of westerly onshore

filaws under fair weather synoptic conditions. The Benguela
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Current of the South Atlantic Ocean maintains c¢ool sea
témperatures in the region, and at this latitude (3498) in
summer, hot surface temperatures are 'experienced over the
land. An initial pilot project (Comrie, 1986) aided in the
siting of a suitable study area (Figure 3), and in the
identification of an optimum methodology and _.operational
design. It was decided to adopt a similar approach to the
comprehensive field studies outlined . earlier, acquiring' both
airborne and surface data for the provision of relatively
complete data coverage of the TIBL. A light aircraft was
used to 'f‘ly transects up to 20Km long and 1500m in  altitude,
while ‘a network of meteorological masts, surface instruments

and an acoustic sounder were deployed at various sites on
the ground.

Atlantis

Study Area
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b 18930’ €
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Figure 3: Location of the study area on the Soutnerp African
cosstline  showing the  flight track (broken line}  and
instrument locations (dots).
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The aircrafi measurements included temperature, humidity and
turbulence, and were collected by means of specially
developed digital instrumentation. Turbulence (vertical
velocity) measurements were based on a8 methodology outlined
by SethuRaman 2¢f &f (1979, following 2 methed used by
Lenschow (1976} 1o measure updrafls n 3torma. The vertical
motions  of the gircraft itselt? were used to measure
turbulence by means of high frequency sampling of @?‘*&&&urﬁw
neight c<hanges. The saireratt was flown at  constant piteh
angle and thrust, allowing it 10 be sensitive 1o eddiss in
the vertical plane, whilst maintaining the general direction
of  flight. Calibrated values were obtained by flights past
an insirumented tower,

STUDY AIHS

The overall aim of this study was to undertake an  empirical
examination of the growth, structure and prediction of 1ihe

TBL, by means of compreheénsive sasirborne and ground based
measurements.

The approach aé&@@%@@ for the presentation of this thesis is
one whereby the body of the text is8 comprised of four
¢chapters written as scientific papers in Jjournal format.
These discrete papers are preceded by a general
introduction chapter, and foliowed by a chapter which
summarises the overall thesis conciusions, The empiricat
azpects of the TiBL were investigated in terms of general
meteorological characteristics, &awbu%&m% gsiruciure, and an
evaluation ofF the TiBL helght equations, while g synathesis
of these approaches was provided by a case siudy., The focus
of  each chapter can be outlined a8 follows:

GChapter 2

This chapter investigates the characteristic patterns of



meteorclogical parameters from eight test days., Surface and
airborne data were used 1o quantitatively define the typical
sur-face and upper level wind fields, diurnal TIBL growth
patterns, and the two-dimensional structures of titemperature,

humidity and standard deviation of vertical wind speed;

Chaptier 2
THE BN NBRUNT STRCTE O T8
TG WTimA BEmARY LTI

This chapter examines the structure of various turbulent
parameters for one selected case of TIBL formation. Alrcraft
data were used te detail the observed and non-
dimensionalised {scaled) patterns of turbulent flow
characteristics, sensible heat fluxes {(w°8°), and standard

deviations of potential temperature and vertical
(o7 and o)

velocity

Chapter 4
i EVALORTEN OF TIERSAL BTIBIAL
BUBDARY LAVER folRTONS

This chapter evaluates the comparative performance of eight
TiBL height prediction equations available in ithe
literature. The eqguations were tesied véa the application of
statistical summary and difference measures 1o 143 cases of

observed TIBL height;

Chapter &
FOEUTE STRETUE MO BB OF TH TEDW HEnE
BOEBARY [AVIR - & CAE ETIEW

Thiz chapter provides an overall perspective of TIBL growth
and deécay, meleordciogical and turbulent characteristics, and

cbhservation and prediction of TiBL height, iliustrategd by
means of &5 case study.

Each aspect of the study thus receives attention in &2
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separate chapter {paper), while 1the overail CQntinuity of
the thesis format is preserved, The special symbols,
supplementary information and data used in each chapter are
pregented in the @@p?;@;wia?;& Appendiz [ie., Chapler 2°'s dals
can be found i Appendix 23, following which g full listing
of references used in the thesis is provided.



CHAPTER 2

METEOROLOGICAL CHARACTERISTICS OF

The structure of the Thermal internal Boundary Laver (TIBL)
was investigated on eight 1test days, using an instrumented
fight aircraft and ground based measurementis. Thermal! and
frictional effects in  the TiIBL caused the obligue onshore
flow t¢ become more normal to  the c¢oastline, with  higher
wind speeds and large increases in low level turbulence
intand. - The  TIBL grew rapidly Ffrom convectlive conditions in
the mormng, peaking at midday and gently decreasing in the
afternoon. The sitrength of 1the overwater lapse rate and the
prasence  of an initial  mixed layer controlled the build-up
of the neutral layer npear the surface, and the degree of
gntrainment into The TiBL aloft, The resyulting warmer
temperatures throughout the TiBL increased the specific
numidity by allowing greater uptake of evaporative moisture,
but caused relative humidity to decrease. Maxima of relative
humidity were found in ithe entrainment region, and were
associated with goecasional scattered cloud. Temperature
structure also strongly infiluenced the intensity of
turbylence and the TIBL height, with strongly stable onshore
flow resulting in  the most limited vertical dispersion.



INTRODUCTION

Many potential pollution sources such as indusirial planis,
petrochemical complexes, power stations, nucliear reactoré
and urban cenires are located in shoreline environments. The
understanding of air pollution and its dés;}erséo_n i these
areas has been nampered by the complex meieorciogy
associated with the coastal Zone, esge.ciatiy T under
conditions of fair weather when mesoscale effects such as
the sea breeze are present. An important concern under such
conditions i  the dJdevelopment of a Thermal nternal Boundary
l.aver (T,

The TiBL is formed over 1the land under conditions of onshore
flow as a result of surface discontinuities in roughness and
temperature that occur at the coastline. 1t is characterised
by a convex uppér boundary that separates the evolving mixed
layer near the surface from the overlying unmodified siable
air. The slope of the TIBL increases most rapidly nearest
the shore becoming more gradual with distance iniand,
vertical diffusion <¢an  thus be severely limited near the
coast compared to adjacent inland areas. Piumes emtted
within the TIBL will be contained near the surface, causing
plume  trapping, while plumes emitted at levels above the

TiBL may travel infand i the stable laver  aloft  before
intersecting the TiBL, where the plume will fumigate
downwards. Under both circumstiances the ground ievel
concentrations will be far greater than those normally
predicted.

Initial .Know1e§ge on TiBLs emerged largely from studies on
coastal air quality and sea breezes, and was reviewed in
Prophet ({1981} and Van der Hoven (i987). Continued research
in this .fieid included Hewson and Olsson  (1987), . Lyons and
Cole (1973}, Knox and  Lvons {19751 and Weisman and Hirt
{1975), which was further summarised in & monograph by Lyons
{1978}, Evaluations of ihe characteristics of the TiBL
included those made at low level in Echols and Wwagner (1972}
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and Ogawa- and Ohara (1985} In recent vyears a number of
studies have involved extensive resources and a
comprehensive treatment of the TIBL wusing both aircraft and
ground based measurements, including studies at Brookhaven
National Laboratory {Raynor at al, 1979, Nanticoke
{(Portelli, 1982; Kerman et al, 1982) and at Kashimaura in
Japan (Gamo et &/, 1982). The need for comprehensive field
observations such  as those above was a major research
recommendation of the Workshop on Coastal Atmospheric

Transport Processes (SethuRaman, 1984).

The aim of s study was 1o undertake a comprehensive
ex_aminat%on of the meteorological characteristics of the
TIBL, by means of ground based and airborne measurements,
and to gquantitatively define its typical norizontal and

vertical structure.

EXPERIMENTAL PROGRAM
Study site

Figure 1 shows the location of the study area on the
Atlantic coasiline of Southern Africa about 30km  to  the
north of Cape Town, Surface temperature contrasts between
land and sea a?-e as high as 20°C to 30° in summer, and a
sea .breeze component i3 common during fair weather when weak
or favourable gradient winds prevail {Keen, i984}). The
coastline is approximatetly linear with a NNW to S5E
alignment. The terrain siopes 'gentiy upward from the coast,
reaching a height of roughly i0O0m  further iniand {220Kkm]},
displaying very little relief apart from a few small hills
further to the south and north of the study area. Ground
cover i mostly ploughed wheatfields with some  grass and
bush cover nearer the c<¢oast. The major human activity s the
centrally located 2000MW Koeberg nuclear power station, with
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figure 1: Location of the study area showing instrument
locations (dots) and the flight track (broken line).

a number of small settlements located towards the edge of

the study region.

It was decided after an initial pilot study (Comrie, 1986)
to adopt the use of both ground based and airborne
measurements. This approach has proved to be the most
effective method of obtaining a full data set over distances
of 20Km and heights of 2000m within as short a time as
possible. The field experiments took place during the late
southérn summer in March and April of 1987, where full data
sets were obtained on eight test days (Table 1). It was
found necessary 1o takKe data near the middle of the day when
conditions were fully developed and more constant :-over time,
and a number of check flights were made which confirmed that
differences over the above period could be considered
negligible.
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TABLE 1
Data inventory for the eight test days
fun 318 31Y 321 33 334 Nt 13 424
Time 14h4d-  13h30-  15n05-  1ghd5-  IBhQ5-  12hdS-  §2hdD-  13h20-
15040 4h50 §6h30 i4hi0 16h10 14ht5 14h25 14h35
Insolation va? 910 945 360 930 - 830 850 830 860
Overvater
lapse rate  °C.100n"} 1.33 0.51 0.18 0.50 0.58 0.56 0.71 047
Type A-b A-b A-3 A-a B-a B-b A-3 B-2
Initial
TIBL height & 360 160 140 200 ¢ 0 240 0
Land sfc. ‘ . .
{egperature O 35.1 36.8 39.9 35.4 33.8 379 3.0 24.7
Sea sfe.
terperature O0 2.2 3.4 14.5 i3.9 4.5 i5.8 1.5 13.4
DATA TAKEN
Airborne
1emperature X X X X X X X X
Airborne
iurbutence X X X X X X X X
Pibals X X X - - X - X
Surface
turbulence X X X - - X - -
Acouslic
sounder X X X X X X X -
TABLE 2
Low teve! (t1Om) turbulence parameters
averaged for the- eight test days
Site Coast Koeberg Farm Rondekuil
OKm 1km 6km 1t BKm
u m.s- 4.4 4,5 6.0 5.9
oy m.s~ 1 0.5 - 1.4 _——
o,/ u m.s— 1 0.1 _— 0.3 ———
6-1800 © 8 79 102 t14
Lo g% o 10.5 5.4 11.4 t1.9
T oc 17.7 i8.1 22.2 22.8
oT o¢ 0.6 -—- 3.0 -
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Figure 2: Deployment of surface instruments within the study
area (instruments not 10 scale).

Surface instrumentation

Seven instrumented {10m masts were located in  the region,
measuring hourly means of temperature, wind Speed and
direction. OFf these, four wer;e located in the TIBL study
area (Figure 2). In addition the coast and farm towers
recorded 15 minute means, and logged at one minute }ntervals
for the duration of each test enabling comparisons of low
level turbulence. At the kKoeberg meteorological station
there were two towers of 3%5m and 76m, each equipped with 3D
vane anemometers and other instruments, which were used for

reference and calibration. Surf temperatures were also

recorded at this site.



28

A number .of other measuremenits were made at the farm base
site. Vertical profiles of wind speed and direction were
obtained with double theodolite pibal soundings 1o over
2000m  height a8t 10 to 15 minute intervals. Solar radiation
measurements were taken on test days {LI-COR portable
radiometer}, as wer‘e landg surféce temperatures (Y&l
thermistor probes). A standard 1600Hz monostatic acoustic
sounding system (AeroVironment Model 300) was operated
continuously and provided vertical profiles =~ of the
atmosphere to a height of 1000m, from which the stability
and m%bu%@:m@ structure could be inferred, in this way,
although  the TIBL heignt was only fixed once during the day,
the sounder trace could be ‘calibrated’ and the growth and

decay of the TIBL followed throughout the day.
Airborne instrumentation

Airporne measurements of atmospheric © turbulence are
conventionally achieved using the relative motion of  an
aircraft with respect to the wind, combined with an inertial
navigation system or doppler radar. An alternate method is
to make use of the aircraft response itself, measuring the
actual motions of the aircraft which are proportional to the
vertical velocity fluctuations expariehced, The latter
methodology was adopted for this study, having the benefits
of ruggedness, simplicity, economics and ease of
application. The method is fully cutlined in SethuRaman et
al {1979), where it was used successfully for boundary layer
work at Brookhaven MNational Laboratory, and was Dbased
originally on workK by Lenschow (1876) on the estimation of
updrafts in storms.

Briefly, the meihod consistis  of fiying a light aircraft at
constant thrust and pitch  angle, allowing it to be sensitive
to eddies in the vertical plane, whilst still . maintaining
the general fhight path. SethuRaman £t a7 {1979 made use of
a variometer, a common aviation instrument for determining

rate  of climb or descent, which was specially c¢alibrated 1o
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read vertical velocities. For this study a more sensitive
system was developed using a miniaturised qguartz diaphragm’
pressure transducer which was sensitive to motions of 0.5m
(0.05mB} or more. The transducer was linked t0 a static
pressure line located. outside the c¢abin and, together with a
thermistor psychrometer mounted under the wing, was read at
1OHzZ.
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aititude to enable proper delingation of the curved TIBL
moundary., An  entire run  took under 90 minutes, and achieved

& complete horizontal and vertical mapping of the TIBL.

ANALYTICAL PROCEDURE

Al data  coliected, other than that from 2?‘5% acouystic
spunder, was computer compeatible and wWas m““{megﬁéﬁ to
provide graphic ouiput of various raw and calcuiated values.
Analysis of 1ihe airborne turbulence data revealed an  optimum
response time of roughly 0.5 seconds, which was 1the same
figure arrived at by SethuRaman s 3/ (1879 The data were
then processed 1o provide integral values of five samples st
2HZ. Consecutlive differences between these values provided
pressure-neight  changes which were calibrated 1to  individual
w-values of vertical - velogity i 16 flights past the
instrumented tower. Conversion factors between the aircraft
milliBar pressure-height change and the vane anemometer were
derwved for each run To provide a mean calibration ratic of

2,356 between the 1lwo systems.

Raynor et a7 (1979} derived only two values of turbulencs,
Uy within and outside the TIiBL. instead, the ‘moving’ oy
approacn used by Camo e al {(1982) was adopted. A sampling
time  of BD S@éondﬁ was  found 1o be the opltimum reguired to
calculate C s andg vet provide a sufficiently detlailled
horizontal profile of ifurbulence, Distances in the TIBL wsre
calculated along the mean wind direction, after which all
arcraft data was then graphed and compiled into  isopisih

diagrams for  various paramelers tdefinitions in Appendix
&4 Potential temperatures wWere calculiated using
conventional temperalure and pressure-hneight CoOrreclions.
TIBL height was fixed from inflections in  the vertical and

norizontal parametiler profiles.
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RESULTS AND DISCUSSION

Ground based measurements

SURFACE CONDITIONS
The eight days of experiments were characterised by fair
weather conditions, with clear skies or scattered cloud.
sunrise and sunset were at O0O7h00 and 19h00, with solar
radiation peaking at 13h00 between 850w.m~2 and 94SwW.m"2,
Ltand surface temperatures during the tests averaged 37°C
with a range from 26°C to 42°9C. Sea temperatures had a mean
of 13.79C, ranging between .6°C and 15.8°C. The mean land-
sea temperature difference was thus 23°C, providing ample
energy to drive a sea breeze component, and for convective
and conductive heating in the TIBL.
25
10 360°
- 24
9_
- 23
8 . 22
- 270
7 - iy 21
i o]
‘i o
“ . 3 20
-5 E 19
3 s 4 180° § 18
o 3 17
o 41 °
=z 2 16
= 3 - z 15
-9
2 14
13
1_
12
0 Ll T J I i 1 ] ¥ I i I ] ] I 1 1 I I 1 I L] 1 11
00h0O 06h00 12h00 18h00 24h00
TIME (hours% ' )
0  WIND DIRECTION + WIND SPEED ) TEMPERATURE
Figure 4: Hourly averages of 10m data at Rondekuil on
31-3-87 showing typical diurnal trends.

(29 YNLYYIAANIL



26

6
w
2 4r
g
Z
. ]
<Z( 3 "* oyl U
o e
—
oy
& e
0 2
o
rememzoamgzzoanas a9
.......... 5 0
1 . \ ' |
FETCH (km})
Figure 5: Proportional increases of 10m data and turbulence

differentials between nearshore and inland sites.

AR TEIPERATLRE

Cool morning air warmed soon after sunrise, and temperatures
increased rapidly until about 10h00. A gentle peak was
reached over the middle of the day, decreasing gradually in
the afternoon, and dropping more sharply from about 1{8h00
(Figure 4). While temperatures inland always increased after
sunrise, temperatures at the coast either increased or
decreased depending on the persistence of a low level marine
inversion, and on c¢hanges in 'wind direction. Daytime 1{Om air
temperatures had a mean of 17.9°C near the coast and 22.5°C
in the TIBL, with corresponding . extremes of 15°C to 35°C.
During the experiments, inland temperatures were 5°C to 10°C
higher than at the coast, with ihe greatest horizontal

temperature gradient bccurring in the first 6km {Figure ©5).
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Wind data from the {0m network indicated seas breeze
formation to some exitent on  all experiment days. It the
morning  the existing land breeze or light gradient wingd of
tm.s5"! 1o 3ms~! usually swung through north, the westerly
sea breeze component building up from about  10h0U. Wind
speeds  showed the expected Emcr@aﬁé and %ﬁﬁareagﬁe during the
day, following the pattern af surface température
differences {Figure A%, wWind direction was frequentiy
different at the various sites in  the morning but, with the
progressive influence of the sSes breeze, att sites had
become  simjilar by about  13h00.

Althougn Raynor et al {(1979) found a decrease in surface
wind  speed nland, it was generally observed 1o increase, in
contrast 1o the expected decrease (Figure 35). This effect
has been found previouslty in the area (Comrie, 1886} and is
& surface phencemenon related to the persistence of ithe low
tevel  marine  inversion close 1o the coastline. Wind speesd

parameters %t the ¢oast andg inland  are given in Table 2,

wWind direction displaved a strong tendency of becoming more
normal to the coastiine with passage ~ infland, although the
gradient wind was almost  always coblique to the coastline
over the sea, This effect was  aise noted i Raynor st &!
{1979}, 1t is thought that increased frictionat drag i the
TiL, and thermal differences resulting in & sea Dbreeze
component, caused the flow to become more perpendicular to
the coast, This  change in wind direction can be  ssen in
Figure 4.

Loy et KLE

Marked increases in 1om turpulent auaniities ‘ fstandard
deviations} were found inland within the TIBL (Figure 83 A
threefold increase in o, occurred between OKm and 6Km, with

& similar increase for o,/u. A doubling of gge Ltook place
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Wind speeds wer*é' also linked to the presence of an initial
mixed layver {(see Airborne itemperature structure below). Days
with a mixed layer exhibited wind speeds around 9m.s~! in
the lower 1000m, while ~on days with stable lapse rates near
the surface, this figure was about sm.s~1, Measured TIBL
neights were found 1o be just above the region of peak wind
speed and well below the region of minimum wind -'speed, the
latter usually being associated with the swing between the
'sea breeze component and the overlying gradient wind
{firects_on.

Figure 6b shows the mean vertical pattern of wind direction
Thne normal Fflow nearer the surface was typically 1000m or
more deep, with varvying amounts of change towards the
synoptic flow above., Although the latter was observed from
the SW, W and NW, flow near the surface was always close 1o
wWSwW (250%), which was exactly normal to the c¢oast. As the
ses breeze and TIBL developed during the day the depth of
ihis layer increased, and liKewise as the laver shrunk in
the late afternoon the gradient flow descended again, as
seen below in  the lapse rate and acoustic sounder data.
increased variability in wind direction is generally
associated with lower wind speeds, and thus the greatest
variations in  direction were found near  the ground and at

the 1top of the sea Dbreeze layer.
AUETE SR

Acoustic echo sounders are well Known 1o display a strong
link to the turbulence and -temperature siructure of the
atmosphere (Beran et al, 1873), sand are +thus ideally suited
ta TIBL analysis, Acoustic signatures were strongest in the
most well defined TIBLs, which as expected possessed 1he
stbongest lapse rates and greatest contrasts in turbulence.
Figure 7 shows a facsimile of the acoustic sounder trace
from FRun 401, together with the observed TIBL height above
the farm ([(BKm). Figure & shows a time-heighl representation
of TIBL heights for the study days, as read off acoustic
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sounder charts using the above technique. Both the above
diagrams illustrate the characteristic growth and decay of
the TiBL, which followed the diurnal cyctes of insolation,
wind and temperature. Considerable variation occurred from
day to- day as well as during each day, depending on
meteorological conditions.

The first part of the mor'ning’ was generally c¢haracterised by
increased convective and thermal activity, after which
mixing height tended to stabilize as the TIBL became
established. Growth of the TIBL seemed most rapid in the
late morning, reaching a maximum height around midday, and
then dropping off more gradually during the afternoon until
about 1{18h00 when it disappeared with a change in wind and
temperature conditions. This pattern s in close agreement
with that outlined in Kerman et al (1982).
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Figure 8: Derived TIBL heights for the eight study days
taken at the farm site (26km inland).

Airborne measurements
TEWPERATIRE  STRUCTURE

An important feature of the temperature structure of the
TIBL is lapse rate of the onshore flow over the sea. The
patterns of turbulence and temperature which result over the
land are to a large extent determined by this factor,

although many other complex relationships are also involved.

in these experiments, atmospheric stabilities ranged from
stable (O.47°C.100m‘1) - t0  unstabis (1.33°C.100m‘1). Two broad
types of onshore flow were recognisable from the data: those
where the TIBL had an initial height due to the existence of
a mixed layer near the surface, and those where the stable

layer extended throughout . the entire flow. The importance of
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these two types has béen recognised in the literature
(Lyons, 1975), where they have been labelled Category | and
N TIBLs (Stunde.r' and SethuRaman, 1985). They . have also been
recognised in field studies, where a <classification of this
nature was made iin Gamo et al (1982), using horizontal and
veriical variations in potential temperature. The former
were denoted Type A and the latter Type B. Vér‘iat'ions wi‘th'in
these categories have been further classified (Figure 9)
Type A-a where a single neutral layer was present, and Type
A-b where more than one level of stratification existed.
Type B-a displayed strong stability with a simple
temperature increase in the TIBL, while in Type B-b weaker
lapse rates allowed greater variation in temperature
structure, showing a characteristic decrease in temperature

near the TIBL boundary prior to an increase within the TIBL.

Figure 9: Categorization of TIBL types according to vertical
and horizontal variations in potential temperature
(ho = initiat TIBL height; dotted lines denote potential
temperature).
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COver the sea a very shallow inversion {less than 100m) was
always oresent due to surface cooling, aithough this was
soon dissipated over the land and resuited in only localised

affects on surface TIBL characteristics.

Figure 110a illustrates the patierns of potential temperature
;Fotsr;d cduring Run 413, Type A-a. An initial  TIBL he_ignt af
240m existed over ‘the sea. This mixed layer became fully
warmed a few kilometres intand, at which point the height of .
the isothermic surface began 1to increase, up tTo a height of
about S00m. A characteristic pattern developeaed, whereby
runbending®  of  the isotherms occurred near the surface as
the unstable layer became evenly mixed, There was aslso a net
increase in temperature of about 49C 1o S9C  associated  with
the TiBL. Yertical temperature profiles {Figure Ha) gispliay
the growth from the initial mixed layer of 240m over the sea
.ts 550m at the Ffarm (Tkm}, and to 200m inland {18km}. The
large temperature varigtions above 1000m inland coincided

with scattered cloud at this level,

Figure 105  shows Run 319, 1ivpical of Type A-b. Although
displaving essentially the same general structure of a mixed
laver overian by a stabls laver aloft, the mixed laver
itself was more complex, with an éni@f*vénéng stable laver at
about 200m. Although slight siratification existed over the
GCean, it Was intensified by surface heating before the
gntire laver bscame more mixed further inlangd. The TIBL thus
increased from about 160m o 1000m over the whole distance.
vertical profiies from Run 2i8 {Type A=D) similarly
mdicated the establishment of & neutral mixed layer,
especially near the surface, which became warmer with

increased surface heating intand (Fég’ure {ia).

Type B-a is illustrated by Run 421 in Figure 1{2a. The
onshore flow was siable throughout and became eroded from
the surface uypwards with passage inland. This is the simpls
or idealised iftvpe of TIiBL formation with the mixed laver

developing from the surface at the c¢oast. Temperatures in
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Figure 10: Patterns of potential temperature (°C) for (a)
Run 413, Type A-a and (b) Run 319, Type A-b.



HEIOHT (m)

35

1500 1.500
| A-a 1 A-b
: P
i 4 u':.-:'
i i "
i J f~a=— TIBL
1000 - ] TR
. TieL —m3 ? - E
’ wr hy, —— :
- 1 I
E v
T T
h 0 h » g
g Lol
i TIBL i y™" = ’ ’ :
500 - o 500 - O
M ) s
- ‘r H i Il ’."
. { 18Kkm §
| ) i i OKmM 3 15Kkm
h
-t “‘ . -
TKM +
. OKm - CKkm
0 T ' TT T'T T"T T T T T T 1T I"T 1T 77177 g T T T T 1 1T T T TP T 1777 T 1 T1TmTI1d
10 2 1 6 18 20 22 M % 2B N 10 12 4 1§ 1838 20 22 M % 28 W
POTENTIAL TEMPERATURE (°C) : POTENTIAL TEMPERATURE {°C)

Figure 11a: Vertical temperature profiles (°c) for Run 413,
Type A-z and Run 318, Type A-b.

the stable layer remained @ constant until the TIBL was
intersected, at which point there were increases of 1°C
aloft and 3°C nearer the surface. Vertical temperature
profiles ilMustrate the stable flow over the sea (Figure
1ib}, which becamé mixed to a height of about 300m at the
farm (6Kkm), and to about 800m Ffurther inland (15Kmi.

Figure 12b shows Type B-b as Run 40% In this example, the
mixed layer grew from the surface at the coast to about 400m
at the farm, with a more gradual increase further inland,
This pattern was very similar to Type B-a, in that the
initial stable layer was eroded by the development of the
TIBL with passage inland. Perhaps due to a weaker lapse
rate, entrainment was more enhanced in this case, causing a
characteristic slight decrease in potential temperature
before the TIBL was encountered. Gamo et al (1982) drew
attention to the similarity of the above pattern to the

‘temperature crossover’ effect found in urban heal island
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Figure f1b: Vertica!l temperature profiles (°C) for Run 421,
Type B-a and Run 401, Type B-b.

studies (Bornstein, 1968). This pattern is also evident from
the vertical temperature profiles, which - indicated a weaker
lapse rate and  higher TIBL height than in Type B-a (Figure
11b).' The height of the TIBL was greatest in Type A-a under
conditions of weak lapse rates and enhanced vertical mixing.
Conversely, the lowest TIBLs were Type B-a with strongly
stable onshore flow and severely limited vertical mixing.
The height of the TIBL defined by temperature 5 Known 1o be
roughly 704 of the height defined by - turbulence (Stunder and
SethuRaman, 1985), and similar tendencies, atthough of
Iesserr magnitude,l were found in  this study.. This difference
in height - was accounted for by the existence of the
entrainment region at the base of the stable layﬁer‘, where
although penetrative convection occurred, temperatures were
cooler than within the TIBL. This is in general agreement

with Gamo et  al (1982).
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HUTY

Although not uée{ﬁ in many studies, humidity can be an
important indicator of the TiBL. Patterns of specific
humidity were relatively similar for 2l cases of the TiBL,
with  additional meisture accumulated off the land surface
resulting in a2 mean increase in the TIBL of 1.8a.Kkg™}, and  a
range of §.3g.§<g" e Eég.xg"i. Gamo et al {1982y ‘found
similar increases in moisture content of tgkg~! to Aég.Kg"*.

These were typical values found between 00m and 400m height

in the  TiBL. Much larger increases accurred nsarer the
surface due to  localised temperature nNcresases, the gopposite
occurring  alofti. Specific humidily had a fmean of @,@g.i&g“‘ﬁ
outside the TiBL and 1%.?g,§<g"1 within, indicating that on
average the moisture content in the TIBL increased by 187
Largest increases took place in Type A-t TiBLs, under weak
lapse rate conditions with the greatest mixing, while the
gmallesi differences occurred under the opposite <¢onditions
in Tvpe B-a.

Relafive humidity displayed a decrease within the TIBL due
to warmer temperatures. In additién, higher humidities were
found at the TBL boundary in the entrainment region between
warm and cool  air. Figure 13a shows Run 413 (Type A-a)
tvpical of all Type A's, where the high humidities zat  ilhe
top of the imitial TiBL height were lifted wup a8 the TIiBL
depth increased inland. This pattern was simplified in  Type
B's (Figure 13b, Run 334} where a simple drying out occurred
i the region of TiBL for‘r:}atﬁon, with greater humidity
further above,

in general, both dry bulb (7) and wet bulb (T,) temperatures
increased in the TiBL, the rate of increase of T ©being
greater than that of Ty The resuiting dryer . conditions
within the TIBL thus enabled ihe taking up of extira
evaporative moisture over the land. Clouds were observed at
the boundary of the TIBL in cases where relative humidities
HEre aslightiy above 1007, characterising the differences %?‘%-
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moisture content within the entrainment region. Occasionally
additional clouds associated with the sea breeze were also
observed. The same structure of an evolving dry laver near
the ground with more moist conditions aloft was evident from
the vertical profiles of relative humidity (see Figures 14a
and b, Run 413 and Run 339).
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Figure 14: vertical relative humidity (%) profiles for (a)
Run 413, Type A and (b) Run 331, Type B.

TURBULENCE STRUCTURE

The pattern of turbulence in Type A-a is illustrated by Run
330 in Figure 15a. Values of o, in the initial mixed layer
and in the TIBL were o0.2m.s~! to 0.35m.s'1, while out of the
TiBL oy was about 0.15m.s~1. The growth of the TIBL tookK
place from the top of the initial mixed t!ayer at about 200m

height near the coast. Free convection at 6Km to 7TKm

110
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moisture content within the entrainment region. OCccasionally
additional clouds associated with the sea breeze were also
observed. The same structure of an evolving dry laver near
the ground with more moist conditions aloft was evident from
the vertical profiles of relative humidity (see Figures 14a
and b, Run 413 and Run 33f1).
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Figure 14: vertical relative humidity {7£) profiles for (a)
Run 443, Type A and (b) Run 33%, Type B.

TURBILENCE STRUCTURE

The pattern of turbulence in Type A-a i3 illustrated by Run
330 in Figure 15a. Values of oy, in the initial mixed layer
and in the TIBL were 0.2m.s~! to 0.35m.s”1, while out of the
TIBL oy was about 0.15m.s~1. The growth of the TIBL tooK
place from the top of the initial mixed layer at about 200m

height near the coast. Free convection at ©6&Km to TKm

1
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resulted in a strong turbulent upcurrent, probably a
thermal, the effecfs of which were felt up 1o 800m Further
intand {#1%?{:&1) increased turbulence associated with patches
of cloud was found near the T%BL poundary.

The most siriking feature of Type A-bL ({Figure i5b, Run 319}
waé the generally higher ievel of turbulence, - This was
attributable to thne weak lapse rates found in this _type,
especially in the mixed laver which was unstable in places.
Background turbulence was  about 0.4m.s™1, increasing to
0.65m.5”! in strong bands of turbulence nearer the ground.
These Dands wepre associated with regions of  instability  and
the breakdown of verticat temperature gradients, especially
in the lower lavers of the TiBL. The convex TIBL Dboundary
was badly defined and contorted, due 1to the persistence of
compiex patterns of turbulence aloft. As in  all types, T

was observed 1o decrease somewhat with height.

Type g-a {(Figure i6a, Run 339 nad the strongesti lapse
rates, and hence the lowest TIBLs were found in this case.
Background  levels of oy were generally 0.m.s"Y, increasing
to 0.25m.s”t within the TIBL, with even greater values near
the surface. The height of the TIBL never exceeded 600m, and
was observed 1o cause serious plume trapping. The  highly
gtable conditions evident in Type B-a resulted in a
flatitened convex TiBlL boundary., Sirong differences from Type
A were evident in the lack of a ‘turbulent mixed layer over
the ocean, which in Type B-a only began at the c¢oastline,
The sharpest o, gradient occurred at this point, with
changes in turbulence elsewhere in ihe TIBL.  being iess
marked. bue to its confined nature this s the most

vertically abrupt of the TIBL types.

Ty'pe B-b ({figure {B6b, Run 401} behaved in a similar way 1o
Type B-a, except that turbulence in the TIBL was somewhat
higher and more widespread. This was caused by slightly
weaker lapse rates, which allowed . a larger degree of

vertical miRing and entrainment. Yery evenly snpread
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vackground turbulence was reveaied by o, values of about
0.45m.81,  with values in the TIBL of o¢.2ms ! to 0.3ms"l
The convex boundary of the TIBL exhibited a good spatial
definition, and reached a height of over 700m inland. A
commorﬁ cccurrence throughout all ithe data was the nature of
ihe increase i turbulence 3t the TiIBL Dboundary. Near the
surface, o, underwent a step c¢hange, with a more gradual
transition at greater heighis. This was due firstly 1o the
steep slope of the TIBL near the coast, and secondly to the

decreased intensity of turbulence away from the ground.

SUMMARY AND CONCLUSIONS

This study has examined the meteorological characteristics
of the TIBL in order 10 quantitatively define iis  typical
mesoscale  structure, This was achieved in a comprehensive
coverage using ground based and airborne measurements over
the length and height of the TIBL. This study has found
that

13 TEBLSA were promoted under conditions of moderate 1o
strong insclation with c¢lear skies or scatiered cloud. Large
surface temperature JdJdifferences occurred Dbetwesn sea  and
langd, supplying convective and conductive energy for TIBL
formation, and resulting in strong air temperature

gradients;

2} wWind speeds in the TIBL were generally lower during more
stable conditions, and  higher _.during well mixed rconditéor}s.
Speéés were significantly higher nland than at the coast
due to the persisience of low fevel stability near the
shore, The TiBL was located just above the height of the
wind speed maximum, and was well below the wind speed
minimum a8t the top of the sea breeze laver:

3} Wing direction of the onshore flow was usually obligue to

the coastline, becoming normal over the land owing 1o the



45

Figure 17: composite summary schematic of selected
meteorological characteristics of the TIBL.

effects of frictional drag in the TIBL, and thermal
differences that causé the sea breeze. .These effects were
most pronounced near the surface, with wind direction
showing a greater tendency towards the gradient flow with

increased height;

4) Low level turbulence parameters showed a strong gradient
near the coastline, with a two to fivefold increase

occurring within the TIBL;

5) The shape of the TIBL was subject to flattening or
expansion under different conditions, but the general convex
form was maintained at all ‘times. The sharpest " c¢hange in
TIBLL characteristics took place in the first six Kilometres,
with the bulk of TIBL growth completed in the first fifteen
to twenty rki!ometr‘es;
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81 Tne growin and decay of the TIBL clossly followed ihe
diurnat patterns af  msolation, temperalure and wind speed,
The TIBL grew rapidly in  the late morning after developing
from earler conveclive conditions. The TiBL height evened
out during the day, decreasing stowly in the afterncon  and

more  rapidly  towards  sunset:

7y  Relative humidity decreased in the TiBL due 1o warmer
temperatures in the mixed laver, which allowed  greater
uptake of evaporative moisture, and a consequent increase in
specific humidity. The area of maximum relative numidity
delineated the TiBL boundary in  the eéentrainment region, and

WAS  As580ciated withh  occasional scattered c¢loud;

8} The structure of the TIBL was strongly influenced boih by

the stability of the onshere flow  and the presence or

absence of  an  initial migxed - laver. The hneight of the TiBL
and the intensitly of turtulance showed an INYerse
relationship  with lapse rate. L.east well defined TIBLs of

the greatest vertical extent showed the highest degree of
rixing, POSSEssing an nitial  neutral layer ang weak ilapse
rates, TIiBLs oceurring with sitable onshore flow  and stirong
iapae rates experienced severely Yimited vertical

dispersion, with seriocus implications for air guality.

A composite summary schematic of the TIBL i3 givenn in Figure
i, ilustrating the relative behaviour of the various
parameters with respect to  the struclture of the TiBL., The
gight cases of the TiBL examined in this study have outlined
both the rangse and the “%:yp{m% patierns of meteorociogical
variables that may be found, many of which complement 1the
findings of other similar studies, Insight has also been
gained of the complex overlay of component feslures that
ftogethar comprise the TIBL.
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CHAPTER 3

THE MESOSCALE TURBULENT STRUCTURE
OF THE THERMAL INTERNAL BOUNDARY

The mesoscale asiruciure of turbulence in & Thermal nternal
Boundary Laver ({TIBL} was investigated by making use of an
instrumented light aircraft  for measurements  spanning the
lengih  and height of the TIBL, The TIBL developed From the
initially stable onshore Flow as a peutiral and slightly
pnatable laver within the sea breeZe, possessing regulasr
strong flctuations of temperaiure and vertical wind speed,
The value of sensible heat Plux within  the TIBL varied
greatly, but was strongly positive in the surface laver,
- moderate to  slightly negative within the mixed laver, and
negligible outside the TiEL. Analysis of standarg deviations
revealed a similar magnitude of data in comparison between
the TIBL and the Convective Boundary Laver, but the incresse
i turbulence associated with the top of the latter was not
generally present, and instead & smooth decreasse of
turbulence  with non-dimensional height was found in the
Ti|L,
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INTRODUCTION

Coastal areas encompass neot only the interface between
marine and terrestirial surfaces, but 2lse 2 2Zone in which &
complex meteorological environment is evolved, Emiasions
from industiries, petrochemical complexes, power stations and
nuciear  facilities inte the cceastal atmosphere have raised
concern about the dispersion of air poliutants in_ these
areas. OF particular influence are effects such as the sea.
breeze circulation, and the development of the Thermal
internal Boundary Laver {TIBLY, which result ] girong
hrorizontal and vertical sonirasts in turbulent ditfunion
parameters.

The TIBL is formed under conditions of onshore flow due to
surface discontinuities of roughness angd temperaturse, which
generate mecﬁaﬂical and thermal turbulence. The adjustment
of the atmosphere to the new conditions takKes place most
rapidly near the shoreline and is more gradual further

inland, producing a characteristically CONVEX shaped
boundary thal separates 1ihe modified turbulent ar from the
unmodified stable airr aloft. The sirong differences in

stability and tuyrbulence between the two regions can
saverely limit yvertical dispersion in -“the TiBL, ganecially
nearr the c¢oast, causing fumigation and plume trapping and a
consequent increase in  ground level concenirations,

initial TIBL siudies evolved from boih  boundary layer work
ang from research into c¢oastal air quality and land and sea
breezeszs, with esrly contributions by Elliot (1958}, Prophet
{1969y and VYan der Hoven (1967 Humerous papers na#e
appeared on the complex fumigation phencemenon, including
Colling (1971}, Lyons and Cole (19?3} and Peters {1978}
More recently, large scale fjeld studies of the TIBL have
taken place at BrooKhaven (Rayner et al, 1979), Nanticoke
{Porieili, 19827 ¥Kerman et ), 1{982) and a1t Kashimaura in
Japan (Gamo et al, 1982). Very few specific examinations of
the structure and dynamics of turbulence within  the TIBL



pocyr i the lHierature, especisily at a scale covering ithe
entire TIBL. Much theoretical and practical work on the
Conveclive Boundary Laver {GBL) has been applied 1o
turbulence in the TIBL, especially studies such as Wyngaard
et al (1971), Deardorff (i972), Kaimal et &l (i1976), Caughey
angd Palmer {(1879) and Nicholls  and Regdings (1979). Such
analvses of the TIBL have been performed at low level near
the shore, and further inland using meteorological towers
and instrumented Kytoons, For example Echols and Wagner
(i972). Smedman and HbBgsirdm (1983}, Ogawa and OChara (19835},
Ohars and Ogaws (1985 and Cgawse &t af (1985

The pyrpose of this study s 1o  uymdertake & mesoscale
examinationr of the turbulent characteristics of the TiBL.
s intended 2o detail the structure of varicus turbulence
parameters as observed in  the field, by means of airborne
'meassrements spanning the length and height of t1he TiBL.

DATA ACOQUISITION AND PROCESSING
_ xethedoiégy

Figure 1 ustrates 1he location of the study area on  the
Atlantic <oast, about 30km to the north of Cape Town The
shoreline in sporoximately tinear with a MM 1o S5E
algrnment. The terrsin slopes gently upward from  the coasi
to about i00m at 20km inland, diaplaying littie - relief
except for a number of hills further to the south and north
of the study area. The land surface is mostly ploughed
wheastfields, with some grass and bush cover nearer the
shore. A number of small settlements and farms are - found in
the region, and centrally locaited on the coastiline s the
2000MY¥ Koeberg nuclear power station.

Airpborne measurements of iemperaiure, humidity . and
turbulence were taken using a light aircraft mounted with a

thermisior psychrometer and a2 minlaturised quarir Jdisphragm
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Figure 4 Location of the study area on the Southern African
coasthine showing aircraft flight track (broken line).

pressure transducer specially adapted for turbulence
measurements (Comrie, 1988). This approach is similar to
those of Raynor et al (1979) and Gamo et al (1982), and is
based on the method outlined by SethuRaman et a! (1979). The
aircraft (Cessna 1172) was flown at a constant thrust and
pitch angte, allowing it to be sensitive to vertical eddies
while still maintaining the general flight path, thus taking
advantage of the motion and response of the aircraft itself
to measure turbulence, Traverses ac¢ross the study area were
flown at six preselected levels, exponentially spaced from
152m to 134im altitude, covering a horizontal distance of
about 20Km from offshore to well inland (Figure 2). Three
vertical temperature profiles were made prior to _ turbulence
measurements, one in the stable atmosphere over the sea and
two at distances further inland. An entire run took a little
over one hour, and was performed near midday when conditions
were c¢hanging least,
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the similarity analysis in QOhara and Ogawa (1985)., The value
of the friction velocity Uy WwWas approximated from the
relationship

aw = 3.&‘;

where & has been shown to be very close to 1.3 for the first
few hundred metres of 1ihe boundary layer (Fiedler and
Panofsky, 1972). A representative surface layer value for o,
of about 0.5m.s"1 was obtained by three methods: from
downward exirapoialion of ihe gdata: fFrom the Loeberg
meteorological mast; and From ather studies aver similar
terrain. This resulted In a ug value of approximately
0.4m.s~!, a typical value for ‘the 1terrain and wind speeds
concerned {Kaimal et &l i976:; Wyngaard, i983). A fairly
close approximation o©f the surface heat Tiux Gp {w'_é‘;“g} was
made from measurements of solar radiation (8§} n the
retationship

Qo(t) = AS(t)

with A = .39 ([Misra and OnlockK, 1982: VYenKatram, {988} The
resulting values for 4, of around 300Ww.m™% to 350W.m~¢ were
very characieristic of & hot summers day near noon  {Betts,
i973; Car‘so_n, {973; Caughey and Palmer, 1979 Andreé, 1{983).
Calculation of other surface and mixed layer parsmeters was
then performed.

TIBL height determination

The determination of TIBL height =z; was made largely from
horizontal profiles of potential temperature in a similar
fashion to Gémo et al (1982}, The TIBL boundary was  taken - as
the point where the temperature trace began 1o increase,
which usually coincided with the onset éf iarge
fluctuations. Claritly was occasionslly provided by reference
ta the w'&° trace or the individual component traces, as

well as the available vertical temperature profiles. This
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enabled a8 fairty precise measyremeant af Ziy with
digerapancies between lemperatyre and lurbulence definitions
of | TIBL height no more than 0¥ [(Z0m), far Jess than the 40
guoted in Gamoe {1982}

BESINTE AND DISCLSSION
Fiog characteristics
SEF AT CORTDNE

The Fietg experiments wepre conducied guring the iate
aouthern summer in HMarch and April of 987, For this siudy
the reswits from one particular test period were used,
1 April 1987, O this day the weather was fair with a light
scattering of cumulus cloud inland. The synoptic surface
oressure gradient was weald, resulting in  generally light WV
winds  which became moderate WSW  with  the development of the
onshore 8Sea breaze {low. Observations were made Dbetween
12hd4%  and 4nis, during which time solar  radiation ranged
between T750W.m~Z€ and 950w.m~€, the mean sea and land surface
temperatures were 1589 and 37.99C respectively, and the
mean 10m  air  temperature was 22°C. Table 1 gives a number of
meagsured and calculated boundary laver parametlers, showing
surface and mixed layver characieristics and the observed
TiBl. height at selected distances inland

s

Figure 3 illustrates the wind data, showing mean and
indivicusal vertical profiles of wirtd spead and direction,
taken at roughly {0 minute intervals between 13ni68 and
13h88. The bowed shape of the wing spesd profile revealed
the charecteristic influence of & seg Dresze mmpﬂémm% with
a maximum  occurring at roughly 3%0m and a2 minimum  at  about
1500m. Wind speeds ranged from 5ms"! to toms™! in  the
lower regions and were O08ma! to 3ms~t alofi, while above
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TABLE 1
(a) Boundary layer parameters at x=5900m
and () TIBL height (12h45 - 14h15)

(a)*

Qo Uy T -L Wx _ Oy €o Yysp Ugo
0.25 0.4 0.625 19,13 1.51 0.166 293 8 7 5.5
(b)

) 4 0 3 & 9 12 15 (km)
z; %0 130 410 490 580 680 {m)

* Units in appendix 3.t.

2600

TiBL

Ll 12 - . » e r
satwiveriiosson m_ Ssasardemadiensnis saprr

15 180 /] m s
WD SPEED (m.s-1) : WHD DIRECTION (deg.)

Figure 3: Vertical wind profiles showing mean wind speed and
direction {bold lines) and individual profites {feint
lines), with the height of the TIBL boundary (dotted

line).
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EOOm there was 2 layer of increasing wind speed unrelated
1o the THL or the ses breeze component, resulting from ihe
prevailing gradient flow. The gr@&t@%% variability in windg
speed was fTound, as expecied, nearer the ground, while tihe
TiBL height was  observed Jjust above the wind speed maximum
{z; = 40m). OCgawa et 3/ (1585} noted much the same effect
in relation to the TiBL in a lake breeze,

The wind direction profile reflected a similar situation to
that above, with the influence of the sea breeze component
peing  displaved neasrer ine surface, Cloge 1o the surface,
wé?w gdirection wan aimost gxactly perpendicutar to the
shoreline ({28509}, matching the region of higher W%ﬁﬁ speeds,
while Bigher up above the TiBgL, wing direction SWUng
gradually EEs) & gesterly gradient Flow. This profije
ithustrated the lack of return flow aioft, while
highlighting the flow normal to the c¢oast near the ground,
where wind direction remained roughly constant throughout
the TIBL.

POTENTRL TORERATUR

Figure 4 illustrates vertical profiles aof potential
temperature, taken over the sea and at SBKm and 15km  inland
respectively, Onshore flow displaved a relatively constant
stable poiential temperature profile of about 0.005km~}
throughout the atmosphere, with no initial mixed laver
gceurring near the surface. At iBkm inland the mixed laver
of the TIBL had reached a height of aboul &50m, displaying
slight instability of about -0.005Kk.m™! in the lower regions
and more neulral stabéﬁt‘y further up. Above the TIBL the
stable laver persisted, although not as smooth in profile as
over the sea.

Figure 3 shows a cross-sectionsal profile of; potential
iemperatures in ihe TIiBL constiructed from horiZontal
traverses, from which a8 characteristic pattern was
identified, The initial  stabtle onshore flow was  present,
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Figure 4: Vertical profiles of potential temperature (0C)
"taken over the sea (solid line), and at bKkm (broken
line) and {5Km intand (dotted line).

with slightly stronger stability near the surface. Further
intand, the height of the TIBL increased from the ground
upwards forming a region of well mixed air. Above this was
found the entrainment region, characterised by the first
undulations of the isotherms, where c¢hanges in potential
temperature originated. This transition zone between the
TIBL and unmodified air was denoted by a decrease in
stability. although not yet neutral, compared to aloft where
potentiél temperatures were horizentally consistent and
unaffected by boundary layer formation. The TIBL boundar-)}
was thus found to lie between the stable layer and the mixed
layer in the entrainment region, and was somewhat  irregular
in nature due to the intermittent nature of the temperature
changes. Also, the mean data used in this analysis indicated
at least fairly coarse scale entrainment wave formation of
the order of 1{0Km in wavelength (see following section).
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Figure 5 Cross-section of potential temperature pattern
(°C) for Run 401

NOTANTAREOUS FLUCTUATING

Figure 6 depicts the instantaneous potential temperature and
vertical velocity fiuctuations at different heights and
distances downwind. The  fluctuations in the temperature
irace were of the Ileast magnitude and frequency over areas
nearer the c¢oast and also with increased altitude, and were
greatest further inland and nearer the surface., Temperature
fluctuations outside the TIBL ranged from -0.1°C to 0.1°C,
whereas values within the TIBL were -0.4°C to 0.4°C, with
actual temperatures showing a corresponding increas‘e. Closer
to the ground the fluctuations were relatively freduent and
evenly spaced, while higher up, especially near the top of
the TIBL, they were more irregular and intermittent.
Waveléngtns of the variations in potential temperature were
of the order of SOOm.
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Figure 6: Instantaneous Dpotential temperature (£0.5°C) and
vertical velocity (¢tm.s~!)  fluctuations for the  six
flight levels showing turbulence outside and within the
TIBL.
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Similar patterns <an be seen in the veértical velocity traces
where  turbulence-induced variations in the vertical wind
speed were alsc greatest both inland and nearer the surface,
with decreased values é?; greater heights as well as over the
sea. Within  the TBL, values of w varied between ~0.4ms™}
and @aémaﬁ“"%g while outside the TiIBL this range ﬁ@@é’“@&%@@ 1o

~g.2ms~!  and o.2m.s"l, The patterns of intermittent
turbulence noted above were more noticeabls in the w  trace
than in the temperature trace, Downward yvariations iry

itemperasture were more damped than the corresponding motions
for w, & phenomenon noted aiso in Lumley and Panofsky
{1964). Fairly strong cvycies or -@%'&wtg@@ in  vertical w#ind
speed gocurred inside the TiBL, ang were most regular nearer
the surface, with intermittent patches of urbylenss paar
the upper boundary of the TIBL. i the unmodified air
outside the TIBL relatively  uniform  patierne of background
rurbulence were present, Gbservations of ihe relative
behaviour of the T and w» tlraces seem Lo indicete that
positive updrafis were largely assoclated with temperature
increases, and vice versa for downdrafts, which resulted in
a generally positive heat Flux relationship.

Fluxes

T FLUK

Figure 7 shows an example of raw sensible heat flux dats,
taken at i52m. Thie trace & illustrative of the variations
axperienced, and¢ shows the minimal sensible heat fFlux  that
cccurred ouiside the TIBL a3 well 23 the far greaster
increases  and decreases encountered upon eptering the TIBL.
Background levels of heat flux were beiow 0.0ims” k! ang
increased as much as tenfold in the TIBL, Similar behaviour
in  vertical profiles of heat ¥flux were found in Smedman and
Hbégetrém (1982) &and in OCgaws et &f (1988)}. Observation of
the mean heat flux {Figure 8y Ffor the same data clesrily
itflustrates 1ihe above Increases (caleulated values are 2B
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second averages). There was a definite tendency 110 a
positive heat flux within the TIBL, although smaller scale
variations and some degree of stable stratification iin the
atmosphere gave rise to regions of negative heat flux. Mean

0.20

0.15

0.10

0.05 —

0.00 Y

~0.05

—0.10 4

—0.15 S

—0-26 ] T T T T T T T T T T
-4 0 4 B8 12 16 20

FETCH (km)
Figure 7: Horizontat profile of raw sensible heat flux data

from 452m, illustrating increased heat flux at the TIBL
boundary.

heat +lux values showed increases of the same order as
above, from 0.00ms 'kl up to o0.02ms k1.

"Figure 9 is a cross-section of the sampling area showing

isopleths of mean heat .flux compiled from the horizontal
profiles, The data exhibited a large degree of horizontal
and vertical variation over the times and distances
measured. Apparent from the diagram was a region of stronger
heat flux in the lower 150m (surface layer), above which was
a region of alternate positive and negative heat fluxes of
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Figure 8: Horizontal profile of mean sSensible heat flux at
i52m, showing variation of heat flux within the TIBL.

varying strengths (mixed layer). wWithin this region were
large areas of gentle upward or downward flux, which were
interspersed with smaller pockets of more intense activity
such as the convective elements at 4Km and 12km where both
7> and w’ were both strongly positive. At greater heights,
background levels close to Zero were present. The mean heat
flux analysis did not lead to great clarity in the
definition of the TIBL, although -  an extended measurement and
averaging time would have improved this t0 some extent.
However.. a clearer picture of the TIBL boundary was obtaineq
by considering only the magnitudes or 3absolute values of
mean heat flux {(Figure 10)., A feature npoted in bdtn diagrams
was the dampening effect of the stronger marine stability at
low level in the onshore flow near the ¢coast, which
persisted a little way inland until eroded by surface
heating and turbulence. The height of the TIBL as reflected
in the latter analysis seemed to be higher than that of the
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“more conventional definitions, perhaps due to a more gradual
decrease of heat flux when averaged across the entrainment

region such as the effect of the thermal convection near
4Km.

It was evident from 'the above that, even over per‘iods of 10
minutes up to an hour or more, the patterns of heat flux in
the TIBL were not as simple and constant as might have been
expected. Although greater variations in temperature and
vertical velocity occurred within the TiBL, it did not

necessarily follow that a net positive heat flux was found

1 500

M 15Kkm

1 000

S00 4

¥ I I i i J ) 1 1 1 I

I .
-0.010 -0.006 -=0.002 0.002 0.006 0.010 0.014 0.018
w’0’ (m.s—1.K-1)

Figure 1{1: Vertical profiles of mean sensible heatflux (m.s~
‘1k-Y) for a range of downwind ~ distances.

throughout the TIBL. This applied particularly to the mixed
region above the superadiabatic surface layer, where
relative increases in stability caused small negative heat
fluxes. Figure 11 jllustrates a number of vertical prbfiles
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Figure 12: Normalised heat flux as a function of non-
dimensionalised boundary layer height.

of heat flux for a range of downwind distances. Values were
largely positive close to the surface, diminishing rapidly
with height due to the stability structure of the
atmosphere, which possessed a superadiabatic layer near .- the
ground with neutral and slightly stable layers above, Small
negative values of heat flux were associated with a relative
increase in stability, and were not necessarily associated
with the entrainment region (Caughey and Palmer, 1979), This
was not as apparent at heights somewhat higher than the
TiBL, wﬁere heat flux evened out around zero. Figure 12
shows these same data normalised by surface heat flux (Qp)
and TIBL height (Zz;), with curves and data ranges from other
studies (Lenschow, 1970; Deardorff 1972; Caughey and Palmer,
1979; Nicholls and Readings, 1{979; Ohara and Ogawa, 1985;
Ogawa et al, 1985). As was evident from the above
discussion, a smooth heat flux profile with only small
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negative values of heat flux were found at z/z; = {, which
became positive below z/z; = 0.5, The data were in fair
agreement with those of Kagimal ef &/ (1976} and Hicholls and
Readings {19793 and close 1T byt a8 Nttle ifess than those
of OGgawe et al {1985}, The above studies took plate under
generally unstable conditions, while the present data were
collected in a generally neutral TIBL. This gave a dampened
effect 1o the heat fuux profile, with values only Ncreasing
in  the regieon o¢f greater Iinstability nesrer the ground
Also, the sirong syperadiabatic javer at ihe surface
possessed a large surface heat fiux, which contributed 1o
the generally smaller vawes of Q/0Qp in the TIBL.

FLiR

Although ne concurrent measurements of horizontal wirng
velocity (u') were  available, conclusions drawn  from  the
variations in w data, and the available « dalas from pibals,
suggest 1that the momentum Flux or shear siress u'w° displays
similar patierns 1o those identified in  other siudies. The
greatest interaction betwesn these varigbles 1ook place npear
the surface in the TBL, and dJdecreased with height. HMomenium
flux iz thus expected 1o be consisient with resulis from
oiher authers a3 well as displaying patterns of & similar
nature 1o the present heat flux data.

Standard deviations

Tt

Figure 13 is an example of a horizontal c¢ross-section of op
at t82m {calculation perica of BO seconds). it illustrates
the iypical inerease in tempersture  varialicons within  the
TIBL, with bacKground values of less than 04°C and values
within  the TIBL of up to 0.49C, Congiderable horizontsl
variation in oy was found tTo exist, with some areas showing
far grezter thermal activity than others in close proximity.
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Figure 13: Horizontal profile of the standard devialion of
temperature at  152m.

Figure 14 s a cross-section showing the patterns of ¢y in
the study region. The conventional TIBL pattern was a2t once
evident, although perturbations éi“%‘iﬁ‘“@%ﬁ@@@{ﬁr by persingtent low
level stability nsar  the coast interacting with strong
thermal activity near J4km caused the doubiing back of the oy
profile g few Kkilomeires inlend. This type of patiern was
typical! of all regions of the TIBL boundary, dus 1o the
continual  adjusiments to changes In the flow charagoteristics
w¥hich - caused 1 1o have 2 pulsaling  and  undulating nature,
in genersl, the sitandard devistions of polential temperature
were, as for other parameters, greatest inland and nearer
the surface, and least at higher allitudes and towards the
sea, Almospheric stability 2nd ite effect on the potential
for turtulent  and thermal differences within the TiBL
particularly influenced oy, The entrainment region was not
clearly seen in the above analysis, although the relatively
contorted patterns of oy ocourréd as a result of conveclive
overshooting in  the entramment region. TIBL  hewghls evident
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Figure 14: Cross-sectional opatterns of o7 (9C) for Run 40\

from the analysis compare {avourably with. those derived from
turbwience data and temperature profiles,

Figures 15 and 16 show the non-dimensional plots of or/6,
and o7/T, Data were 1taken from the same range of heights
and distances downwind as in the foregoing heat flux
discussion. Mixed layer scaling by €&, provided a good it to
the ﬁata. while 7T, scaling for the surface layer was
predictably not as effective. A number of studies have
indicated increased deviations and variability near 2z2/z; = %
in the 6, case (Caughey and Palmer, 1979; Sun and Ogura,
1980) while others have indicated a more gradual decrease
with height. A slight increase in or/9; near z/z; = 1| was
apparent from the data, although it was quite possibly due
to scatter, and in any case not nearly as strong as for the
CBL. The data followed a very similar pattern to that found
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Figure 15: Vertical profiles of <oy normalised by mixed Ilayer
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Figure 16: Verticat profiles of oy normalised by surface
layer scaling (Ty) a3 a function of non-dimensionalised
height. Curves indicate data from other authors {see
text).
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-by a number of other gauthors (Wyngsard et 3], 1974
Deardorff, 1972, Ohara and Ogawa, 1985; JOgawa £f al, 1985}
which indicated a more simple curve that decreased with non-
dimenzional  height. 1 4 %muld thus seem as though the sirong
increase in turbulence near zJr; = 1 i3 limited 1o the top
ef  the CBL  only, while turbylence within the "E‘é@%,,, - showead
jess wvariabllity at this height and decreased more regularly
with  aititude. Data values compared well with those
presented in the above studies, and were of the same
magnitude as both TBL and CBL data. Similar compariscns for
the 7T, case revealed reasonabie similarities Detween 1ihe
present dats and the results of Deardorfd {(1272), but were
well below the data collected over the sea by Nicholls and
Readings (i879} and the low level data of Ohara and OQgawa
(1985}, While the 1lack of near surface data below 2z/2z; = 02
prohibited a complete comparison, the shape of the curve
showed 1the same smooih decrease with height, which further
suyggested a dJdifference Detwesn the non-dimensional profiles
of temperature-related furbulence i the CBL and ihe TiBL,

Figure 117 3 an &xémsﬁr%e of a horizontal o, profile, taken at
€i3m. The trace shows the sirong increase in turbulence
sssociated with the TIBL, which rose from 0.3ms™! to about
0.25m.s~! across the TIBL boundary (calculation period of 50
seconds). Variations of vertical turbulence within 1he TIBL
were more horizonially consistent than those of temperature,
while &m magnitude of the incresse zaoross  the interface
became diminished and more gradual at greater altitudes,
Figure 18 showe the o, cross-section of the study area, from
which ithe characlieriagtic ahape of ithe TiBL CEN e
identitied. The boundary of +the TiBL was curved and slightiy
irregular, and displaved the same zmall region of giminished
turbulence  associated with the persistence of low  level
siability. The entrainment region wes identified with 3 %ém
of intermediate level! turbulence which was subject 1to
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Figure 17: Horizontal profile of the standard deviation of
vertical velocity (m.s”') at 213m.

occasional patches of strong or mild turbulence. Due to the
intense nature of thermatl upcur‘rents,‘ sharp changes in
vertical velocities were found within tens of metres of each
other towards the edge of the TIBL, while in the fully mixed
layer below many of these contrasts were evened out by the
mechanical turbulence present at those levels. In Figure 8
the bulk of these small scale variations are no longer
visible. due to smoothing although targer variations c¢an be
seen, for example the turbulence associated with the thermal
upcurrent at x = 4Km, .Caughey and Palmer (1979} mentioned
the observed finite value of the standard deviation above
z;, and its association with entrainment and with internal
waves of 5 to 10 minute periods at higher altitudes,
Examination of the ¢, cross-section revealed the likely
presence of this type of  activity, which was 2also noted
earlier in the discussions on instantaneous fluctuations and
potential temperature. This o, analysis also provided a good
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indication- of the TIBL height defined by potential
temperature parameters, and is an important factor when
considering the actual behaviour and vertical dispersion of
air pollutants in the coastal zone.
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Fisurem‘ia: Cross-—-sectional patterns of Cw (m.s*i) for  Run

The protile of aw/&' (turbulent intensity) has not been
considered here due to the overexaggerated effects of the
uneven wind speed profile caused by sea breeze penetration,
which effectively diminished turbulent intensity in the
TiBL.. There is thus little merit in comparing these daté
with those from <the CBL, which is characterised by an aimost
constant logarithmic wind profile and a consequeni increase
in turbulent intensity near the surface. This explanation
concurs with that in Ogawa et al/ (198%), where comparable
behaviour was found in a lake breeze. The relationships of
ow/Uuy and oyu/w, to non-dimensional height z/z; are shown in
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Figure 19: Vertical profiles of oy normalised by surface
layer scaling (Uy) as a function of non-dimensionalised
height. Curves indicate data from other authors (see

text).
Figures 19 and 20, with the a_ssociated curves
indicating resuits from other authors. The data points

were obtained from the same set of downwind distances and
heights as used previousty, Contrary to the heat fiux data,
the surface layer scaling by v, was a much better fit than
the mixed layer scaling by W The wu, data followed a
similar pattern to the TIBL data presented in Ohara and
Ogawa ‘{1985). although values were roughly half of the
latter which were collected near the surface. In terms of
magnitude, the data were similar 1o those of investigators
concerned with the CBL (Dear‘dor‘ff, t972; - Nicholls - and
Readings, 1979), although not showing the more bowed pattern
usually associated with the CBL, and instead displaying the
generally smooth decrease of turbulence with height that
seems to be typical of the TIBL. This echoes the earlier
comments  regarding the different profiles of turbulence

found in the 1two boundary layers.
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The values obtained from w, scaling were lower than other
studies {Willis and beardor+ff, 1974; Caughey and Palmer,
1979; Sun and Ogura, 1980; ©Ohara and ©Ogawa, 1985; Ogawa et
al, 1985), although the latter data takKen at the same scale
in the TIBL were in fairly good agreement in the upper half
of the TIBL, while the OChara and Ogawa (1985) results taken
at a smaller scale in the TIBL were conversely much gheater.
It should be borne in mind that the CBL data are céntr‘ed

2.6

. wD Willis and Deardorff {1974)
2.4 - . CP Caughey and Palmer (1979)
22 S50 Sun and Ogura (1980)

o O QOgawa et al! (198%)
2.0
1.8 I

z/z;

arnmem ]

aw/wﬂ

Figure 20: Vertical profiles of o, normalised by mixed layer
scaling (wy) as a function of non-dimensjonalised
height. Curves indicate data from other authoers {see
text).

around a free convection prediction and, considering the
earlier comments on enhanced stability, that cbnvective
activity was not necessarily as well developed as in  the
CBL, even though the TIBL formed a mixed layer. Few data and
no predictions existed for regions higher than Z/Z; = 1. The
observed values of 04 to 0.2 fell in the expected range,
and were of similar value to the small amount of other data
available.
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SUMMARY AND CONCLUSIONS

This paper has examined the mesoscale turbulence structure
of  the TiBL under conditions of stable onshore flow,
Airborne measurements spanning the length and height of the
TiBL. were made, Trom which a detailed analysis @% selecied
filow characteristics, fluxes and atandard deviations’ was

performed. From the data considered, this study has found
that : '

@ WwWind profilee of speed and éirecfion digplaved a airong
sea breeze influence. The TiIBL was located slightly higher
than the wind speed maximum, and was associated with the
laver of relatively <constant wind direction found near the
surface,

£} The TIBL developed as a neulral and unstable laver from
the initially eilable onshore flow, Stabilily persisted alodt
put dgecreased in the entrainment region at 1inhe upper
boundary of the TIBL, where the Jfiral changes in temperature
occurred, ‘

3y The TIBL was characterised by émér&a%@@ values  and
variations in temperature and vertical velocity, the iatter
exhibiting the  greatepr clarity. Filuctuyations were most
regular near the surface, and became intermittent higher up
in the entrainment region, The Dbehaviour of all raw and
calculated values was subject 1o dampening under conditions

oF increased siability.

4} Senszible heat Filug was  minimal oyiaide the TiBl, and
alightly negative in its upper pegions, Further below, a
convoiyted deeper laver of more moderate heatflux than found
i the CBL was Formed, which was subject to pensiration b?
thermal conveclive alements, A lot of variation i heat flux
occurred in the mixed layer, and a slightly negative bias to
the normalised datza was found., These were atiribuled 1o the
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relatively neuiral stability, in contrast 10 the unstable
surface laver where heat flux was sirongly positive,

%) Patterns of oy were compléx and particularly susceptible
te the infiluence of stabllity and- convective moiions, with
the greatest valges ocourring in the TigL., In  conirast 1o
the CBL, oy in the TIBL decreased smoothiy wi%:?‘él IO -
dimengional beight, with generally larger lsvels and  only a
marginal ncresse in  turbulence near Ir/SE; = %

5}. The TIiBL. was denoted by Sirong increases in oy, patterns
of which displayed c¢lose agreement with the observed TIBL
height. The upper boundary of the TIBL was associated with a
change to moderate values of Uy, which resuited from the
intermittent turbulence of the entrainment region. Non-
dimensijonalised o, profiles of the TIBL exhibited Ilow values
for mined laver scaling, parily attributed to stability,
white surface layver scaling by 4y provided values <close to
other data. Both profiles were distinctly different from the
CBL profile iIn shape, angd revealed the characteristic smooth
gecregae  with height identitied for other parameters in the
TiBL.

This analysis of the mesoscale turbulent siructure of the
TiBL has  highlighted many Similarities found in both small
scale turbulent studies and In larger scale studies of the
CEBL. However, certain features wers particulariy
char‘acter:istic of the TIBL. A complex turbulent structure
denoted by a variety of parameters has been shown to
cdevelop, as relatively stable marine  air  becomes  modified to
& wel mixed layver over the iand.
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CHAPTER 4

T
BOUNDARY LAYER EQUATIONS

The performance of eight selected Thermal Internal Boundary
Laver ({TIBL} hneight eguaiions was 1tested against 5 regently
gollected independent data set, and evaluated by means of
statistical summary and difference measures. The equations
of Plate ({1971}, Stevyn and OKe ({1982} and Gamo et af ([(1983)
displaved the best averall performance, and were
. collectively ranked in highest position. These equations
were theoretically derived from mixed-laver thermodynamics,
and made direct use of 3 heat flux parameter. They possessed
a high degree of accuracy., with low mean and model-orientedg
errors, and biases clgse to zero. Alzoe well ranked was ithe
empirical equation of Raynor et &/ (19758} which had a2 high
potential aoccuracy, but which resulted in a8 greater
variability of actual prediction. in general, ithe TiBL
height predictions slightly underestimated boih the gradient
and height of the TiBL.
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INTRODUCTION

The increase in the number of air poliution sources located
in shoreline environmenits has led 1o concern regarding air
guality in ihese areas, The complex meteorotog_y found in
coastal regions has prompted the development of  disperion
models for planning and regulatory purposes, as well ‘ag for
high dosage and emergency response forecasis. Models of this
nature have been desighed on  a numerical, statistical and
similarity Dbasis {(Lvons and Cole, 4873 Sohuh, 18975  Antnhes,
1578 Dobosy, 1979; Yan Dop E X4 ai, i979; Misra, 1980;
Kerman, 18982), and talke into account a widge range of
specialised meteorological factiors, including effeéts such
as .the mesoscale itransport of pollutants under sea breeze or
gradient wind conditions, and the possible exient of any
fumigation Zones.

An important characteristic under these circumstances s the
formation of the Thermal Internal Boundary Laver (TIBL),
which arises from an adjusiment of the airflow to the
changes in 's-urface roughness and temperature that occur at
the coastline. During conditions of onshore flow the TIBL s
present as a convex mixed layer ihat in'cr‘eases in depth with
distance inland, @@m?@ﬁ by & slable inversion layer. The
Juxtaposition of the modified and unmodified air resylts in
the adjacent location of 1itwo entirely different dispersion
rFegimes, within which pollutant pehaviour differs greatly,
Pollutants emitied into the TIBL are subject fo limited
vertical diffusion, especially near the shore, while
emissions into the stable layer at higher levels may travel
& ct}nsiderabia distance downwing with relatively little
diffusion before fumigation OCCUrs upon intersecting the
TIBL {Figure i}, Maturaliy, this has geprious | implications
for ihe prediction of ground ievel and elevated
concentrations, making it important for models to include =&
modyle based on an accurate TIBL_ height formulation,
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onshore Flow D U

Figure 1: Schematic of TIBL formation and fumigation
' conditions during stable onshore  flow.

Many of the TIBL height prediction formulae were developed
in parallel with theoretical and empiricatl studies {an
outline of their development appears in the next section),
and few attempts have been made to independently assess
their relative operational performance using other data
sets. An important contribution was made by Stunder and
SethuRaman (1985) who evaluated six TIBL equations using the
Brookhaven {Raynor et 3l, 1979) and Kashimaura (Gamo et al,
1982) data bases, which possessed the complete sets of
necessary input data. Some comments and examinations of data
and equations were also made in Hsu (1986) and Venkatram
(1986}, Comparisons of predicted and observed data readily
lend themselves to statistical evaluation, about which an
extensive body of literature iSs in existence, Applications
of statistics to meteorology and model evaluation have been
made by Panofaky and Brier (1968), and more specifically by
Fox - (1981), Willmott (1982) and Hanna (1983).
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-1t is the intention of this study to makKe use of a recently
collected set of independent data to perform a comparative
statistical evaluation of the performance of the TIBL height
prediction equations. This will allow an assessment of their
relative accuracy, .sensitivity, applicability and potential
for adaptation.

DEVELOPMENT OF TIBL. EQUATIONS
Evaluation formulae

Although the TIBL height formulae c¢an, as with most
research, be classified along theoretical or empirical
lines, a number of streams of thought exist in the
literature on TIBL equations (Figure 2). Only the salient
points with regard to operational usage of each equation are
highlighted -in the outline below, while for more detailed

THEORETICIAL BASIS EMPIR!CA{. BASIS

1
19560 Ogura (1950)

Eliot {19568)
1960

Van der Hoven {1967)

1970 : : Plate (197 1)
Raynor et al {1975)Peters (1975)

* Weisman (1976
Venkatram (1977) ( )

van Dop (1979) 4+ _ _
1980 Misra (1980) Steyn and Oke (1982)
Gamo et af (1983)"
-y Lyons et a (1983)

Hsu (1986) -~ —— — — — ) Venkatram (19886)

Figure 2:- Flow diagram of the development of TIBL. equations
‘illustrating main research streams (solid lines) and
overlap of ideas {broken lines).
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derivations referente can  be made either 1o the  original
aythors or i some ¢ases 16 Stunder and SethuRaman (1988).

in early work on boundary lavers Elliot {3988} derived an
internal  boundary laver equation applicable for small  feich,
essentizlly  the same a5 thset of OGgurs 1950 in it  was
recognised the power dependence of internal boundary layer
height on  fetch, and the role of wing speed, stability and
surface roughness, aithough 1the early ecuatlions made use of
the unsatisfactory concept of eddy ciffusivily which was
avoided by later modellers. The first formulation that
specifically deaslt with the TIBL was that of Van der Hoven
{1967y, This empirical Buation wWas presented graphically
and was derived 1o fit the data of Prophet (1881 with the
generat form

where
?‘?

EE]

TEL height {m)

¥ = Distance nland (fetch} from shore {(m)
I = Mean wing speed in TIBL (m.s~ 1)
AS = Veritical difference in potential temperature within

overwater syrface inversion laver (Kl

Equation (i} contained the firgt parameterigations of wind
speed and atability, bat suffered from dimensional
nnomogeneity. N&v&r%%@@%easl an impoertant feature of this
eagtiation was the recognhition of the sauare-roct dependency
on fetch, which has since been adopted i all other TIBL
height prediction  formulae,

Although the development of other formulations was evolving
simultanecusly, Raynor et al (1975} derived the following
reiationship ‘ of a simitar stiyle 1o equation 43 from
physical and dimensional r&&&@mémgz
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Boe oty oA T -Tly 18
B

dy0 (23
where
#y = Land surface friction velocity imagmﬁﬁ
Gio = Mean wind speed near surface (m.s"!)
7 = Land surfasce temperature (K}
Ty = Water surface temperature (K}
# = Overwaler potential temperature lapse rate {K.m~ 1),

This somewhat more sophisticated approach incorporated an
allowance for surface roughness in the drag coefficient
Ue/tiyn, as well as including the - difference in surface
temperalures as a relative measure @f heat flux, As in most
ather %@rn&ﬁae the initial lapse rate of 1the whole laver of
oenshore flow was wused a8 a5 better indication of stability
than the surface difference emplovegd by ¥an der Hoven
{1987},

Yenkatram (1977} derived egsentially  the same equation on
theoretical grounds from mixed laver iheory, of the format:

Bos (BT ~Twl oy TR
& 8. 11-2F] ' {33
where
F =z aAn entrainment fraction.

AS a result of its mixed layer derivation, this model
inciuded the mean mixed laver wind U rather than the surface
wind speed g, and the entrainment parameter 2/1-2F, while
the surface temperature term was treated as a heat flux
paramelterisation. Eauation {3} assumed that ithe TiRL was
both buoyvant and well-mixed, although a degree of
stratification has sometimes been found 1o be @réﬁeﬂﬁ in

wind speed and temperature pr@?ﬁﬁ@ {Comrie, {988),

in an alternative @?pr@ach. Flate (187f) made the Ffirst use
of mixed laver theory t¢ estimate the height of the TiBL and
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obtained a slightly different result. Using the work of Bail
{(i¥60} on the Convective Boundary Layer (CBL}), Plate (1971
directly incorporated a heat fiux term  andg the siability of
the CEpping nversion laver, and obisined:

Bz ( A Ha.x 342
pgﬁ‘@mﬁaié (4}

where

Ho = Surface neat flux over land (W.m"F)

P Density of air (g1.22103g.m=3)

Specific heat at constant pressure (z1.008J.g 1.k 1.

¢p

The major difference in equation {4} was the direct uyse of
heat flux Hgp, which is difficuit to  oblain for the bulk of
meteorological observations, The difficuliies with

stratification mentioned above alsoc  apply.

Peters {19783 performed a theoretical energy palance
derivation which resulted in & straight line boundary for
the pregicted  TIBL.,  This formulation lacked the half-power
relationship  but included both heat flux in the numerator
and swuw-face temperature differences in - the denominator. its
application was intended mainly for small x as the monotonic
increase in  predicted TIBL height precluded the tendency
towards an  ecuilibrium  height at  large  distances inland. A
number of adapistions were made to Pelers {(1875) eguaticn in
Weisman (19763 where the Following reflationship Has

outliined:
nos ( B He.x }VE
p.cp.Bou ‘ {5}
This was - parabolic extension to  the straight line

nehaviour which recovered 1the more usual soguare root shape
of the TiEL. 1t resulted in the same formula as Plate (1870

except For the coefficient in the numerator being halved.



aa

Gamoe et al (1983) also followed mixed Ilayer theory, and made
use of work on urban heat islands modified for the coastal
atmosphere. An equation very similar to that of VWeisman
{1876} was derived,  but with the incorporation of an
entrainment factor as follows:

h = (2. [1+2F1Hg.x)1/2
p.Cp. B.u (&)

A full set of model equations was presented that allowed for
both the dstance and time dependence of 1the mixed laver, as
well as for the prediction of certain varizbles downwind.
The model was developed in conjuncilion with the Kashimaura
¢data base, against which it was tested.

Stevyn and Oke (1982} presenied a2 model of the depth of the
daytime mixed layer at the coast with similar provisions for
the time and distance dependance of mixed laver height. This
mathematical model was galso based on the thermoedynamic
mixed-layer approach, and the resulting equation for TIBL
height showed only minor differences to equation {8} above.
TIBL height was expressed as:

Bz Pt (2. [14F) . Ho. 0 Y/E
£ g Bt {7

where
g = Depth of the surface layer (m).

The inclusion of surface layer depth stemmed from a more
precise consideration of the mixed layer as starting some
distance above the surface, while differences in dJderivation
caused a samall change in the entrainment parameter.

Lyens et al (1983} extended the mixed layer concept bV
parameterising the heat flux term as & sinusoidal function
dependent on time of day and solar insclation. This was an



89

attempt to circumvent the practical difficulties in

measuring Hp which resulted in the form:

h= hp+ (2.%.He.sin(w.ta/D V2 L (x-xpp N

pP.Cp.B.u ‘ (83
where
hog = tnitiat TIBL depth (m)
¥ = Solar inscliation factor {(between ¢ and 1.0 For

negligible 1o sirong insoliation)

He = 2TEW.m"E = 207 of solar constant {Anthes, 1978}
? = {in radians, alternatively 184}

tg = Time since sunrise (hrs)

D; = tength of day (hrs)

xp = Correction distance for change in TIBL shape (m)
N = VYariable exponent.

This formulation was the first 1o specifically include the
addition of the initial mixed layer where necessary, as well
a8 allowing. for correction distance ¥ the coastline was
characterised by more than one change in surface roughness.
Also included was a variable exponent of x which resuited in
a best fit of 0.61. from the Ilimited data of Lyons et al
{1983}, However, Doih theory and observations tend to
support a value of 0.5 #3 emploved in other formulations.
Eguation (B) c¢an thus be rewritten in the same form as ihe
previousA equations with & single half-power exponent.

-

Other approaches and comments

Two recent formulae have adopted completely different
gpproaches, Hsay (1986} followed Van Dop ef a2/ (1979} and
Hisra {(1980) and simplified atl the physics of the
relationship inte a standard szimple format of the tvype:

h = axt/e (9
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where the coefficient A4 was determined itheoretically or from
a best fit 1o empirical data. Hsu (1988} using a small data
set from France, Sweden and Japan found A = 191 t 0.38, but
somewhat larger values as high as 5.7 (Misra and Onlock,
{980} have been found elsewhere. The large range of this
factor make it fairly eite and situation specific, and
better suited to focal empirical validation, Venkatram
{1986} avoided describing the TiBL height itself, and
eclipsed any. use of terms such as heat flux by considering
only the equilibrium height of the TIBL and the distance
inland  at  which 11 was reached, This equales 10 the height
af ithe inland mixed laver [(CBLY, of which i1 I8 currently
possible to make reliable predictions or relatively easy
measurements. The TIiBL curve is then calculated 1o this
height in  the following manner:

n =z (hgf + [hl-nfri1-eX/L1y1/2 (10)

where

Ne = Equilibrium height {(m}

L = Relaxation distance (L = Bha, B = empirically derived
constant}.

Estimates of £ are 51 present unavailable in the literature,
although  typical proportions seem to suggest a value of
around 25 Boith eguations (9} and (10} hold promise for
engineering and operational usage due to the minimal amount
of sophisticated meteorological data required as  input.

Many of the foregoing eqguations have common drawbacks, The
use 01; a constant entrainment parameter £ is debatable, but
given the present poor understanding of entrainment
dynamics, the beést operational estimate 8 the commonly used
value of 0.2 (eg. Tennekes, 1973; Venkatram, 1977; Gamo et
af, 1283). Fortunately, most formulations are rélatively
insensitive 1o changes in §F (VenKatram, {877, Stevn and Oke,
i582]. The assumption of constant heat flux or surface
temperature difference in the hopizoental,  alihough  resulting
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in asymptotic behaviour, does rot result i # final
equilibrium  height as is frequently observed in practice
{stunder andg SethuRaman, 19853  Also, a3 - menlioned %%?"?%ﬁm
mma.ém@tiam% of constant vertical profiies are noet always
satiefied, although  their theoretical structure has been
experimentally verified in the laboratory (Deardor®t et al,
969}, HMany of the TIBL predgictions DOSBess another
operational problem due to the presence of B in the
denominator, namely the singularity of the solutien as B —e O

in the presence of near neuiral lapse rates.

EXPERIMENTAL BACKGROUND AND EVALUATION HETHODOLOGY
Data acauisition

The database used in  this study consisted of & range of TIBL
measurements taken as part of a field study over a coastal
area 30km to the north of Cape Town, near the tlip of tlhe
Southern African  subcontinent (Figure 3% The shorsline was
approximately linear wilh é MM 1o B8R aglignment. The
terrain sloped gently upward from the @@ﬁ:ﬁ% te  gbout W0OOm at
20km  inland, displaving Httle relief apart from a few small
hills further to the south and north of the study area.
Ground cover was mostly ploughed wheatfields, with some
arass  and bush areas nearer the c¢oast., There were g number
af small S@%‘t?@menig and farms in  the regien, with the
2000MY  Koesberg nuclear pcww’l station centrally Ilocated on

the shoreline,

Data were  collected vig both airborne and surface
- measurements in a similar fashion to that collected at
Brookhaven and Kashimaura (ibid.h An  instrumented  Hght
aircraftt provided information o0 temperature, humidity,
turbulence  and heat  flux st different levels while surface
temperatures, wind data, insolation and Acoustic scunder
traces were recorded on  the ground, A more complete

descriptlion of the experimental method may be found N
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Figure 3: Location of the study area on the Southern African
coastline showing instrument location {(dots) and
_aircraft flight track {broken line).

Comrie (1988). The determination of TIBL height was made
largely from the horizontal profiles of temper‘ature',
turbulent fluctuations and heat flux, with reference where
necessary to the vertical temperature profiles and the
acoustic sounder trace. it was thus possible to Fix the TIBL
boundary fairly precisely at numerous positions downwind,
from which observed TIBL heights were determined at 1Km
intervals inland from the shore. The method of collection
for the variables and constants in the various TIBL
equations is provided in Table {1 A +full tabulation of the
corresponding data values can be found in Appendix 4.1
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TABLE 1
Input parameters and methods of data aquisition

Parameter Method

Hp Ho = 0.395 (Misra and Ontock, 1982;
venkatram, 1986) where 5 = :solar

: insotation from radiometer measurements

B Overwater aircraft temperature profiles

A© Overwater aircraft temperature profiles

7 Pilot balloon wind profiles

o 10m meteorological masts

L Direct land surface thermistor readings

Tw Direct surf zone and water surface readings

hg Overwateir aircraft profiles of temperature
and turbulence

Uy 0.4m.s~ 1 from aircraft and surface
measuremenis

F 0.2 (see text)

Statistical methods

A standardised methodology +for the statistical' evaluation of
metecrological models was proposed by Fox (1981), and
received general affirmation by Willmott ({982), who made a
number of additional comments and modifications, Both
emphasized that for one-dimensional scalar quantities a
range of different measures should be c¢omputed to describe
the relationships between observed and model-predicted
variables. Willmott (1982) also stated that measures of the
statistical significance of various corretlation methods
cught to be avoided as they are frequently misleading, and
instead a complementary set of difference and summary
univariate indices should be employed in a descriptive and
informed approach to scientific model evaluation,

Statistical summary measures computed were firstly the mean
observed and predicted values, O and P, and secondly their
standard deviations oo and op, which together generally
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geseribed the 1wo varietes., Alse computed were the intercept
and slope, & and b, of the feast squares regression

i

P, = & + b0, which outline the nature of the linesar
covariance between © and F, and the coefficient of
determination (8 or *wariance @ explained’. Bifference
meéasures used were iheé mean absolwuie error {(MAE) and root
mean souaré error (RMEE), boith regarded as among the best
measuyres of model performance a8 they 3summarised the mean
differences in  experimental  units  (meires). The mean bias
error  (MBE) was alse computed as it provided a quick  summary
of over- or underprediction by the different models,
information on the nature of differences was obtained from
the calculiation of systematic {madel griented) andg
unsysiematic fdata orientedy errors asﬁ;@ their relative
proportions {potential  accuracy), and on the relative size
of  the differeénces {(aciual accuracyr from o, the inden of
agreement. Computational Fformulae appear i Appendix 4.2,
following the form of Fox {1981} and Wilimott {1982}

it wasz decided not 1o adopt 2 scoring or weighting scheme {o
rank the v&%’*a;@&gﬁ modeis, as any such sacheme 8 by definition
sub jective and somewhat arbitrary in  naturée [(Stunder and
SethuRaman, 985), Likewise, hypothesis {ests such as the F§F
of ¢t tests are unreliable in  model testing {(Willmott, 1{982)
and c¢an lead 1to confusion. Evaluation was bDased instead on
kKnowledge Dboth of the sensitivity of 1the above measures 1o
the patterns and  anomalies within the predicted and obsepved
data, and of the models themselves, thus providing &
comprehensive and in-depth assessment.

REBULTES AND DIBCUSSION
initial conditions
The observed data sel was collected dJuring the late sauthern

summer in Mareh and Aprilt 1887, A total of nearly Y hours
of complete TIBL data were taken over B different davs
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during this period, with measurements taken near midday when
. conditions  were changing least. Each set of measuremenis
provided around 5 1o 10 TIBL  height fixings, from which a
total of 142 individual cases of observed TIBL height were
obtained for analysis.

.The T!Bf. height prediction formulae c¢hosen for evaluation in
this study comprised equations (i) through (8) inclusive,
All inputs to these models were independent in nature, with
ne  local  empirical  determinations regquired as in eguations
(9) and (10), which thus preciuded the Ilatter itwo eguations
from objective determination of TIBL nheight. Where a factor
had an element of variability, the value suggested by the
authors as tiypical or that most commonly indicated in the
literature was used. All the equations except that of Lyons
et al] (1983) (equation (8)) assumed the existence of
compietely stiable onshore flow, and therefore a modification
%38 made 1o aliow for the addition of the depth of an
initial mixed layer (hp) at the Dpase of the TIBL. This
modification allowed for the inclusion of Type A (hp > 0)
and Type B (hp = 0) TIBLs (Comrie, 1988) in the evaluation,
in a similar fashion to Stunder and SethuRaman (i1985). In
the evaluation which follows  below, equations have been
referred to by the name of their prime author.

Typical Typbe A and B 7TiBLs

Two 1iypical examples of 1the evaluated 7TIBLs are presented
here, Type A with an Initial mixed laver, and Type B with
compietely stable upwind conditions. Run 413 is an example
of TIBL Type A which had an initial mixed layer of 240m deep
at the shoreline, Conditions were relatively cliear and
EUNRNY, with a strong surface temperature differential and
moderately strong wind speeds, as shown in Tabié 2. The
initial height and relatively smooinh TIBL profile that was
gbserved csn beée seen in Figure 4, The TIBL grew steadily -for
gbout the first B¥m and reached 1o just below 9S00m height,
bevond which TIBL growth levelled off to¢ a more gradusl rate
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as the 'equillibl"ium height was approached. in this example
the TIBL grew to a height greater than that predicted by ;any
of the equations, although in the first half of its growth
all were within 100m (about 20%) of the observed height
except for Van der Hoven’s formulation, which gave low

values throughout. The best predictions for this selected

TABLE 2
Summary of meteorological parameter‘s for two TIBL cases

Parameter (units) Run 413 Run 42t
(Type A) (Type B)

Ho (W.m™2) 343 335
#* (W.m-2) 270 263
B (k.m~ 1) 0.008 0.005
Ae  (K) 8.7 3.2
7 (m.s~ 1) 10.4 5.4
1o (m.s~ 1) 7.8 4,2
L () 36.0 29.7
Tw (K) 11.6 13.4
hg  (m) 240 0

* # = YHesin(wtg/Dyp)
{Lyons’ equation)

case appeared to be those of Venkatram and Plate, as these
deviated least from the cbserved height of the TIBL
boundary.

Run 421 (Type B) took place under conditions of stable
onshore flow and moderate wind speeds, with generally clear
skies except for scattered small cumulus inland.- The input
set of initial meteorological conditions is also found in
Table 2. Figure 5 illustrates the observed and predicted
TiBL. profiles, in which the TIBL grew +fairly rapidly from
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Figure 4: Observed {bold line) and predicted TIBL heights
for Run 413, Type A.

ground level at the coastline to over 300m about 6km
downwind. Over the next 2Km a steep growth to about 550m due
to convective activity caused a Kink in the TIBL boundary,
from which point a more gradual rate of increase was
observed to just under 800m~ at 18Km inland. The idealised
smooth TIBL curves of the equations naturally could not
precisely emulate the uneven pattern of the observéd data,
the accuracy of each model having to c¢compromise on over- or
underestimation at different points alohg the boundary. Only
two of the eight chosen equations were strongly in  error in
this example, van der Hoven’s completely underpredicting,
and Venkatram’s <ompletely overpredicting. Of the remaining
formulae, that of Plate overpredicted by a factor of about 2
near the shore. but by only a slight difference further

inland, while those of Lyons and weisman, although
predicting well near the shore, generally underpredicted
intand. The equations of Rayhor‘, Gamo and Steyn atl

pl_'*edicted within metres of each other, and supplied perhaps
the best c¢ompromise by moderately overestimating TIBL height
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Figure 5: Observed (bold line) and predicted TIBL heights
for Run 421, Type B.

nearer the coast, and moderately underestimating at greater
distances downwind.

Model! performance - all data

Statistical summary and difference measures were first
calculated for all 143 cases of TIBL height (Appendix 4.3).
The mean observed TIBL height for all cases was 622m, to
which the closest approximations were the equations of
Raynor and Steyn, both of which emerged with a2 mean
predicted TIBL height of 600m (Figure 6). This slight -
underprediction was reflected in their MBEs of -22m, which
were close to the observational error. very near to this
value was the equation of Gamo .(-29m), while slightly higher
was that of Plate, which on the average, overpredicted by
47Tm. Other formulations were in error, on the average, up to
as much as -224m. it is of course desirable for a model to

parallel any natural variations in the data, and the amount
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of variability in the observed heights was described by a
standard deviation of 28im (Figure 7). However, this measure
can also be misleading in that an index of variance contains
no guarantee of inherent accuracy. Thus although the
formulae of Venkatram and Van der Hoven had the closest op’s
to the above value, not much was gleaned from this measure

as all the values were within. 104 of each other, and within
52 of the observed data.
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Figure 6: Mean Dbias errors and mean predicted TIBL heights
for the eight selected equations (mean observed height
= 622m).

At this point it is instructive t0 examine the regressjon
parameters and scatterplots associated with some of the
equations (Figure 8)., Displays 61’ this type can lead to
great clarity between models as regards value, spread and
bias of the data. Using the examples above it can be seen at
a glance that, even though their means were the same,
Steyn’s equation was superior to Raynor’s in terms _ of
offset, gradient and variance. Likewise the plots for Van
der Hoven’s equation and VenkKatram’s equation showed - the
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Figure T: Standard deviations of predicted TIBL heights
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respective performance below or above the observed data. In
general, the larger values of &a and smaller values of b
suggested a systematic all round underestimate of both the
TIBL gradient and height, as indicated _ earlier by the MBE.
As regards the variance in O that is explained in P (ro),
Figure 9 reaffirms the above deductions, the equations of
Plate, Gamo and Steyn bhaving this proportion as high as 80/,
and others dropping lower down to 554,

For more precise distinctions between closely competing
equations, use was made of 1two reliable measures of model
performance, MAE and RMSE. Although HMAE is intuitively more
appealing due to its general expression of mean error in
absolute terms, RMSE is also important as it is weighted
more sensitively towards extreme values, thus incorporating
a measure of consistency in the performance of a model
(Wwillmott, 1982). Figure 10 illustrates the two respective
sets of errors, which under the current assessment followed
each other very closely. Ranking of the models by these
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methods was unanimous. in each instance, with differences
between the top three equations of Plate, Steyn and Gamo all
within the observational error. The errors of the former two
equations were practically identical, and c¢onstituted about
154 to 204 of the mean TIBL height.

Additional insight was gained frbm the compiementary
measures of systematic and unsystematic error. Considering
the systematic or model-oriented error, Steyn’s equation
emerged with the lowest RMSEg of 60m, closely followed by
Gamo, Plate and Raynor (Figure 11). When viewed as 2
proportion of systematic error (MSEg/MSE) Raynor’s equation
in fact performed the best (0.21) due to its relatively
smaller RMSE, with the next Jlowest being those of Steyn
(0.23), Gamo (0.25) and Plate (0.28) (Figure 12). As this
type of error <c¢an be described linearly, any adverse
tendency of an equation may be damped out for operational
use by making the appropriate adjustment. It is therefore
also a measure of potential accuracy.

RMSE,, = B RMSE

%/////; Steyl;.l

7///////; Raynor

Weisman

Vaenkatram

-300 -2;30 -1 (1)0 ET?ZZES 100 200 300
M :

Figure 11: Systematic {model oriented) and unsystematic
(date oriented) root mean square  errors, which ranked
the selected formulations in the same respective order.
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Figure t2: Proportions of systematic (model oriented -~ dark
shading) and unsystematic {data oriented - light
shading) error.
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ranked equations of Steyn, 6Gamo and Plate.

A precise comparison of actual model accuracy is contained
in the index of agreement (d) (Figure 13), which indicated
that the equations of Steyn, Gamo and Plate all had an
equally high level of accuracy (d = 0.94). These ‘formulae
were 34 more accur‘até than Raynor’s equation, 4% more than
Weisman's, 5% more than Venkatram’s, and 7/ more accurate
than that o¢f Lyons. van der Hoven’s equation was adjudged
the least accurate of the prediction methods ({(d = 0.,76).

Model performance - categorised

As the input data such as wind speed and stability did not
show a great deal of variation, any categorisation of the
data by these parameters would not have carried much meaning
because of the Ssmall number of cases involved. However,
classification into TIBL Types A (n = 91) and B (n = 52)
provided sufficient cases in each type for additional
insight to be gained from their seperate evaluation (Table
3).
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TABLE 3
‘Statistical summary and difference measures for
Type A (N = 91) and Type B (N = 52)*%

VdHoven Raynor VenKatram Plate Weisman Gamo Lyons Steyn

TYPE A

o 704 704 704 704 704 704 704 704
P 472 695 82s 759 630 687 580 694
% 285 285 285 285 285 285 285 285
op 295 249 262 251 245 246 244 247
a -69 220 293 215 122 163 78 168
b 0.77 ©.87 0.76 0.77 ©0.72 0.74 O.Tt 0.75
MAE 235 152 161 128 1314 127 §44 127
MBE  -233 -9 §219 55 -74 -47  -124 -10
RMSE 312 183 204 147 - 172 146 201 144
RMSEg 242 93 140 85 109 75 149 73
RMSE, 197 157 149 120 133 125 135 124
prop. 0.60 0.26 0.47 0.33 0©0.40 0.26 0.55 0.26
ré 0.55 0.60 0.68 0.77T O.T1 0.74 0.69 0.75
d 0.77 ©0.88 0.86 0.92 0.90 0.92 0.87 0.92
TYPE B

o] 478 478 AT8 478 478 478 478 478
P 268 434 605 511 361 - 427 318 435
% 206 2086 206 206 206 206 206 206
op 125 159 226 182 129 152 116 155
a 118 95 126 110 78 92 66 93
) 0.3 0.71 1.00 0.84 ©0.59 0.70 0.52 0.72
MAE 225 85 134 54 137 87 175 81
MBE -210 -43 128 33  -116 -50 -163 -42
RMSE 274 97 157 74 149 93 195 87
RMSEg - 253 74 128 A7 143 79 190 72
RMSE, 106 63 92 58 41 48 45 49

prop. 0.85 0.58 0.66 0.40 ©0.92 0.73 0.95 0.68
re 0.27 0.84 0.83 0.90 0.90 0.90 0.85 0.90
d 0.68 ©0.92 0.85 ©0.95 0.84 0,93 0.76 0.93

% All means, standard deviations and errors in metres,
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The relative performance of the different egustions was on
the whole very Similar for Type A anog B, with much the same
raniing a8 In the uyncategorised evaluaiion, The {37; £ and MBE
values behaved as expecied, a3 did the siandard deviations
which displayed only' minor changes. In  terms of MAE and
RMBE, ihe equations of Stevn, Gamo &nd FPlate ranked
essentially eqgual for Type A, Etevn’s Dbeing only marginally
betier than the others. in Type B, Plate's eaqguation was
somewnat bDelier ranked than those of Steyn, Gamo or Raynor
for both MAE and RMSE. The regression parameters alsoe echoed
their uncategorised behaviour, but reflected the same slight
bias in Type A and Type B ithat was found in the mean errors.
The lowest sysiematic error in Type A was for Stevn's model
and  for Plate's model in Type B, where Ravynor's ecuation
aiss performed well Conversely, the formulations of Stevn,
Gamo  and Raynor performed ecually well for Type A TiBLs in
terms of the proportion of systematic error (potential
aceyracyd, while for Type B OTiBLs Plate’s eguation clearly
hnad the highest ranking. With reference 10  actual aoouracy
{9y, in Type A the formulae of Steyn, Gamo and Plate were
all  equally high, while in Type B Plate’'s Fformula was 24
more accurate than those of Steyn and Gamoe, and 34 more than

Raynor’s,

Equation performance

From the foregoing results 1 was possible to  discern a
generalised unscored ranking of the TIBL height predictions
as  oullined in Table 4 Delow, The Jfirsl three formulations
{(Plate, Gamo and Steyn) all performed very clomse to one
ancther throughout the statistical evaluation, with any
differences hetween them consistently within the
gheervational error, Depending on  the measure employed they
each had certain amall benefit® over one another, although
when viewed in the context of the Jimited observational data
set any further differentiation became meaningless, Raynor's
equation was considered 1o be marginally less superior than
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TABLE 4
unscored ranking of TIBL height equations

Rank Model

} Steyn

1, 2.&%8 3 1} Plate

] Gamo
Raynor
Weisman
Venkatram
Lyons
van der Hoven

D@~ n

those equally placed in top rank, but was the highest placed
empirical equation. its potential accuracy was in fact the
most promising, but due to the greater scatter and variance
of its predictions it received slightly lower rankings. The
ranking of the lower four equations was consistent in all
the statistical assessments.

Clearly the theoretically derived mixed-layer based models
generally performed the best. The structure of these
equations is essentially identical excepf for the choice of
coefficient in the numerator, which for this data set
ideally seemed to lie between a coefficient of 4 in equation
{4) (Plate) and one of 2.[1+F]) = 2.4 in equation (6) (Gamo).
This is reinforced in Stunder and SethuRaman (1985) who
indicated Weisman’s equation (the only equation of this type
evaluated) to be the best. High ranking was also given to
Raynor’s equation with similar comments on correlation and
scatter. venkatram’s equation was not highly ranked in
Stuﬁder and SethuRaman (1985), for .the same reasons of
overprediction as in  this study. Although mixed-layer wind
speed was incorporated, the entrainment parameter caused
resdns to be consistently larger than the Raynor equation
of similar format. As the Lyons equation ailse had the sound
basis of the mixed-layer  format, considerable potential
would exist if the underprediction of the heat flux
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parameterisation were 1o be counteracted., 1T was feltl that
the consistent underesiimation was dus to ithe low value of
maximum heat Plux (2rew.m™ ) contained i the
parameterisaticn, for which a more realistic value closer o
about 400W.m€ may provide improved results, This was in
fact alluded 1o by Lyons et gl (1983} for cases where actual
measurements of maximum heat Flux are available. Lyons’
gquation would then pertorm almost wlentically to that of
weisman., The poor ranking of the VYan der Hoven eguation was
attributed to the inacouracy of the A8 term ir
parameterising the upwind stability, the g term in the other
equations being far more appropriate as it comprised the
whole depth of the TIBL. The systemaltic underestimation of
TiBL  height was  ailso  aliributed to 1ihe size of ihe empbirical
coefticient of 8.8, which s by definition site-dependent.

SUMMARY AND COHCLUZIONS

This paper has scught 1o evalyaste the performance of the
TEL height prediction egquations by means of & statisiical
comparison, i order 1o 383£585 their relative geouracy,
applicability and sensgitivity. The evaluation WES made ¥ia
the application of =& number af statistical summary and
difference measures, using a recently collected independent
data set. This study Found, Ffor ithe Hmited data and
selected equations under consideration, thatl:

% The eguations of Plate ({971, Stevn ang OKe (1982} and
Game e 2] {(198F) together received equally Righ ranking,
and were judged 1o have tihe best gversll performance. Ths
equation of Raynor &7 @/ (1975} perfoermad amost as well,
but received a slightly lower ranking due to the greater
variance of its predictions. The equations - of Weisman
{1978}, VenKstram ({1977}, Lyons et & {1983} ang VvYan der
Hoven (1967} received sequentially lower ranking
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2% Hodeis based on the thermodynamic principles of mized-
laver theory, and which included the direct use of surface
reat flux, performed petter in general than those eauations
that used other methods., The finer differences in prediction
petween equations of this type resulted from the relative
sizes of the coefficient in the numerator:

2} Model performance using categorised {(Type A and a“"é‘ysm 83
data was essentislly the same a5 that using uncategorised
data, with marginal changes generally favouring the eguation
of Steyn and OKe (1882} for Type A, and that of Plate {1879
for Type B;

4% The mean bias of 1ithe highest ranked eguations fFell within
50m above or below the observed TIBL height. The variance of
all the equation predictions was slightly less than that of
the observed data due 1o the dealised shape of the former.
The calculated regression parameters suggested 2 generalised
underestimation by a small magnitude of both TIBL gradient
and height by the equations;

51 The mean errors of the highest ranked equations were all
within metres of one 4 another, constituling on  average 157 to
204 of the observed TIBL  height, These  formulae all
poasessed a3 low  proportion of model-oriented error and  thus
& high polential accuracy, the highest of which was the
eagiation- of Ravnor =34 al {1975} The highest ranked
equations alsc possessed the largest indices of agreement,
with accuyracies a number of percentage ponts abhove those of
the other equations.

This evaluation has provided an independent assessment of
the performance of TiBL height equations using & variety ot
different statistical techniques, in the interests of
objectivity {he Ffornmulptions were tested a8 given in the
hteraiure, withoyt the use of locsl correction factors as
might well occur under operational conditions, in such
circumatiances the appropriate modifications would serve 1o



further ° improve the relative accuracy of the model
concernad, Ffacilitating relighle prediction of TigL neight
and possible fumigation conditions,
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CHAPTER %

FORMATION , STRUCTURE AND HEIGHT OF
L

& case study methodology was emploved to provide a2n overall
view of the Thermal Internat Boundary Laver (TIBL} 83 &
dynamic mescscale feature of the coastal atmosphers, The
Tigl, formed From morping convective conditions, and  followed
the same growth and decay pattern as the surface heating and
the development of onshore flow. The initially irreqgular
TigL, bboundary became more yniform during the day, 83 a
steady Dalance Detween wing speed ang  surface heating was
achieved., 5Sirong yndulations in  the TIiBL were caused by
eddies  and ithermal upcuwrrents, which were characterised by
iarge fluctuations and increased values of yertical
velocity, temperature and heat Flux. TiBL height
chaervaltions angd predictions highlighted a3 nearshore pegion
of complex and unpredictable TIBL  formation, and an  inlandg
region of more ragular TigL formation where relatively
accyrate ghservation and prediction of TiBL height wasn
possible.



IHTRODUCTION

The need for & greater understanding of atmospheric dynamics

and dispersion in  coastal rFegions has been & necessary

conseguences af industrial development iFy such areas,
Pelrochemical plants, fo8sil el &nd nuclear DOwer
generating facilities have incregsingly been located in

ghoraline environments, giving rise to concern regardng
coastal alr aualily. A wide range of resesrch has iIn turn
been stimulated in order to improve not only theoretical
knowledge, but also operational experiise in planning,
impact asgessment  and prediction with  regard to the

dispersion metedsrology of the c¢oeastal zone,

The coastal zone is characierised by a complex
meteoroiogical environment,  which exbibit s ] number of
unigue features that arise from the fundamental physicatl
differences Deitween the underiyving marine and terrestrial
surfaces, When fair weather conditions prevail, such e¥fecis
include the development of the sea breeze, and the formation
of the Thermat! internal Boundary Layer {(TIBL).

The TiBL manifests itseld as an adjustment of the
aimospheric boundary layer to the surface discontinuities of
temperature and roughness  that ocgur a8t the interface
between. land and sea. During onshore Flow, surface based
turbulence penetrates upward giving rise to the cCconvex upper
poundary that c<characterises the TIBL, thereby separating the
evolving mixed layer near the surface from the unmodified
reiatively gtabie air that overlies T, Two entirely
gifferent dispersion regimes are thus formed adiacent 1o
each Sther, & & number of complications can resyult.
Pollutants emitted within the TiBL may suffer sevyere
veriical limitations =H] their dispersjon, eapecially near
the shore, whilst pollutants emitted into the stable laver
aloft may travel some Jdistance inland before intersecting
the - TiBL, a*@; which point the st relatively concentrated
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plume will fumigate downwards (Figure 1{). Under both sets of
circumstances the ground level c¢oncentrations may be far
greater than those normally predicted. Also, as  horizontal
scales are of the order of Kilometres, and the TIBL height
only a few hundred metres, relatively small changes in the
latter can drastically affect the pollutant concentrations
and location of the fumigation zone. Thé accurate
determination of TIBL height, theoretically or empirically,-

is therefore of great value,
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Figure 1: Schematic of ?IBL formation and fumigation
conditions during stable onshore flow, -

Early Knowledge on TiBLs was gained both from bouncary layer
and coastal air quality research, including Elliot (1958),
Prophet (1961) and Van der Hoven (1967). Later studies
covered the TIBL in more detail, with emphasis | on
fumigation, for example Collins (1971), Hewson and Olsson
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{19673, Lyons and Cole (1973), Peters (18758} and Weisman and
Hirt  {1978). Oty a  small number of  comprehensive field
studies have been made due to the large resources reguired,
with major  contributions from Brookhaven, Long istand
{Raynor et af, 1979}, HNanticoke, Lake Erie ({Portell, 1982;
Kerman et 81, 1988 and Kashimaura in Japan {(Gamo et a8/,
1982). Low level and nearshore ' turbulence measurements have
&lso  been performed, such &8 Echols and Wagner {1978}
Smedman sand  Hbgstirdbm {(1983), OCgawa and Ohara (1988} and
Coawa £t a7 (1985, The prediction of TIBL height has also
been included in numerous models, such as Raynor et al
{19753, VenkKailram (1977, Stevyn and OKe ({1982}, Gamo et &}
{1983) and Lyons &t a7 (1983}

Relatively few studies have sought 1o provide an overall
videw of the TIBL as a dynamic mesoscale feature of the
ceastal atmosphere. i s thus intended 1o provide a brief,
vet sufficiently detailed, general coverage of the TiBL by
mesns of a case  study, encompsassing its  growth and  decavy,
varicus  structural and turbulent characleristics, and the
chservation and prediction of its  height., The TIBL  will  thus
pe viewed within 1he context of not only its Oown properilies,
byt also within that of the prevailing meteorelogy and the
possible impact af ts height on ?&ﬁ&gaté@m conditions.

EXPERMENTAL BACKGROUND AND DATA COLLECTION
Study area

Figure ‘2 illustrates the location of fi?‘z@ experimental site
on  the Atlantic coastline of Southern Africa, about 30km to
ithe north of Cape Town, The shoreline was roughly linear and
was aligned slong a2 HMYW 1o S83E axis. The terran sloped
gently upward from the coast to about 100m at 20Km inland,
gdisplaying little relief except for a number of small  hills
fyrther 1o the north and south of the study areas. The lang
surface was covered mostly with plioughed wheatfields, with
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some grass and low bush nearer the shore. There were a
number of small settlements and farms in the region, with
the 2000MW Koeberg nuclear power station centrally located
on the shoreline.
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Figure 2: Location of the study area on the Southern African
coastline showing instrument location (dots) and
aircraft flight track {broken line).

Instrumentation and data collection

Measurements of selected parameters were made via both
airborne and surface sensors in a simitar fashion to those
collected at Brookhaven and Kashimaura (:‘b_id,). This
approach has proved 'to be the most effective method of
obtaining a relatively complete data set over the time and
distance scales required. information on temperature,
humidity, moisture éontent, turbulence and heat flux at



gifferent levelzs of the aimoesphere above the study region
was provided by & light aircraft {(Cessna 172} carrying
computerised instrumentation. A seiection of ground based
measurements were 3also  taken, with temperature, wind speed
and direction available Ffrom a network of 10m masis, in
addition to vertical pilot balloon wind profites, land and
sea surface temperatures, insolation and acoustic sounder
measurements (Figure 2).

Surface data were acoquired continuously ithroughout the day,
including the geoustic sounder trace which was used Lo
detail the constant changes in TIBL height, while ihe
aircraft was flown in the middle of the day when conditions
were fully developed and more constant over time. The data
were calibrated and processed by microcomputer to provide
horizontal and vertical profiles of the relevant parameters,
from which composite two-dimensional <c¢ross-sections of the
atmosphere were reconstructed. A more complete description
of the expebimen‘eat methodology may be found in
cComrie {(19BBa).

RESULTS AND DISCUSSION
synoptic conditions

The field experiments took place during HMarch and Aprit
1987, ¥from which eight days of complete datz resulted. The
data set collected on WwWednesday 1 Aprit 18987 (Run 401} was
selected for the current analysis as a typically
repr‘_eseﬂtaﬁive and illustrative example of the conditions
experienced, on this day ihe synoptic conditions were
favourable for ihe development of onshore winds over the
study region {Figure 3). A very weak ridge of high pressure
extended over the ares, separating two poorly developed
cells of Jow pressure located W and SE of Cape Town. The
study region was thus under the influence of a weak isobaric
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pressure gradient, which provided gentle and generally
westerly (onshore} winds within which more localised flow
patterns were later to develop. SKies were clear except for
& light scattering of fair weéther cumuius inland from the
study area.
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Figure 3 Synoptic surface pressure analysis {mB) gver
Southern Africa on 1 April 1987.

Mesoscale wind fTield

The evolution of meteorological conditions during the day
was revealed by the mesoscale surface (10m) data illustrated
in Figure 4. At sunrise (07h00) a gentle drainage flow or
land breeze was in progress over the study area. wind
directions displayed a northerly component throughout the
region, with generally light wind speeds. The temperature of
the drained air dropped by about 3°C or 4°9C between 20km
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inland and the c¢oast, where a minimum of about 39C was
recorded,  Alr temperatures over the ses were slightly warmer
at about 15°C,

By 1000 the northerly flow still persisted over much of the
atudy ares, DUt wind speeds had become amost calm as &
resyit of the buildup of daviime conditions, This was
especially notable in the temperature patterns which by this
time had reversed, with temperatures inland about 29C warmer
than over the sea This difference was sufficient 19 promote
the onset of 4§ sSea breeze component over the study area,
detected only at the coastal sites because its penetration
had not yet extended more than a few Kilometres inland.

Az the day progressed, temperatures and wind speeds over ithe
leand continued to  increase, while wingd direction backed to
westerly at a8 siles as ithe onshore component developsd, At
14n00  ust after selare noon the lsmperature ddifferential was
as much as &%C, with relatively strong onshore winds of
am.s"! to 6ms-! over the study area. Solar radiation at
this time was 850W.m"&,  with sSea and tand surface
temperatures of 15.89C and 37.99C respectively, As  the
mﬁi’%@f@ flow moved inland, there was & tendency for the wind
T back  slightly  and become @ér@@‘téy perpendicular to the
shorelins, due possibly ic the thermal and frictional
effects encountered over the land, These <circumstances which
arose during the day were suitable for the formation of 3
TiBL. with the onset of a steady onshore flow out of the
earter caimer conditions. During the afilernoon the WEW  Fflow
persisted, but wind speeds began %0 drop gradually towards
the late afternoon with the corresponding decrease in  the
temperature differential. By sunset at 19h00 wind speeds had
diminished to about 3%8“%@ with 2 temperature differential
of roughly 3°C.

Tim, groewin snd decay

The corresponding diurnal behaviour of the TIBL was recorded
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by the acdustic sounder trace, illustrated in Figure 5,
covering the same period of time from sunrise to sunset
(07h00 to 19h00). The depth of the drainage flow at the
sounder site 6Km inland (Figure 2) was observed to decrease
from about 150m to . almost 2ero within the first hour after
sunrise. A build up of thermal activity was detected by the
acoustic sounder over the following two to three hours
corresponding to the period of near calm discussed above.
During ihe late morning the acoustic echoes clarified as
wind Speeds increased and thermal activity became smoothed.
This period of transition during which convection over the
tand blended into the onset of onshore flow marked the start
of TIBL formation. Hence in this example the TIBL did not
increase in height from the ground upwards as might be
expected, but was initiated from a turbulent layer a few
hundred metres in depth.

1 000
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- TIME (hours)

Figure 5: Facsimile of acoustic sounder trace showing
observed height at i3h20 and inferred TIBL height
during the day (solid line), The broken line represents
unclear height definition due - to convective activity.
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The irregularity of the TiIBL boundary until  about noon
indicated the intermittent nature of the turbulent mixing,
due . to the thermal aclivity and sporadic surges in wind flow
that were ococurring pricr to  the establishment of relatively
steady conditions around h3I0.  TIBL height peaked a1 around
B530m to &00m  near midday, and dropped off a lHttle to  about
400m during ithe  early afternoon, coinciding with the
airborne measurements which were taken simultaneously.
During the c<ourse of ithe afternoon, TBL height fluctuated
by &s much as 00m, due Lo the variability of the turbulent
eddies associated with the TIBL. These oscillations of the
TiBL boundary occurred at intervais of the order of
approximately S minutes, with corresponding wavelengihs of
up to roughly a Tew Rilometres., Afier aboul 8h30  the TiBL
height decreased more rapidly to gboul 00m around sunset a2t
8R40, The acoustic sounder detected not  only  the T8l
poundary, bul alsc the more intense turbulence npearer the
surface, light turbulence at higher altitudes in the
morning, and the evolstion of 3 more stable layer above the
TBL in the evening. The growth and decay of the TIBL ihus
displaved many of the same characteristics a3 the miking or
é@mﬁmc‘&w@ boundary taver sYer the . tand, wilh relatively
rapicd growth before noon, a peak at the time of maximum heat
flux followed by & gradual decrease during the afterncon,
with further decreases towards evening as stable conditions
developed,

¥ertical wind strucivre

Comprenensive field measurements of TIBL siruciure were made
petween 13000 and 14h0O0, during which time the TIBL height
remained relatively conatant. Yertical wind profiles
{Figur-e 8] revegled the Iinfluence of the surface on the ses
bregrze component. This WSV  flow occurred manly in the lower
B500m, above which the wing swung gently te a mere westerly
fiow up to a height of about 1400m where direction bDecame 3
constant 28009, The wind speed profile revealed further
digtinctions between these 1tihree lavers, with greatest wind
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Figure 6: Vertical wind profiles showing mean wind speed and

direction (boid lines) and individual profiles (feint
lines), with the height of the TiBL boundary (dotted
line).

sSpeeds occurring below 500m, and which decreased to near
calm around 1400m to 1500m. Above this height the gentle
increase in wind speed corresponded to a different synoptic
airflow in the atmosphere above the boundary layer. The TIBL
itself was denoted by relatively uniform mean profiles of
wind speed and direction up to 500m height.

Temperature and moisture structure
Measurements by aircraft revealed a pattern -of potential

temperature which showed a stable onshore flow at the'

c¢oastline which, during its passage intand, became eroded
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from below by heating and mixing (Figure 7). Upon
intersection with the TIBL, the isotherms bent downwards
within the well mixed layer and displayed a constant
potential temperature profile, which showed the
éharacteristic increase in depth with distance downwind. A
sharp increase in TIBL height was observed at 4km to 6km
inland, beyond which the effects of TIBL growth were less
sharp. At heights greater than about 1000m the isotherms
remained relatively unaffected by any peﬁtur‘bations
originating at the surface.

The increased temperatures within the TiBL (by about 4°9C  at
the 200m level) had the consequence of reducing relative
humidity in the TIBL, especially near the surface (Figure
8), thus facilitating the additional uptake of evaporative
moisture off the land., The roughly 10/ decrease in relative
humidity was accompanied by an increase in  moisture content
of about 2.59.!(.9“| between the <¢oast and 16Km inland at the
200m level (not ilustrated).
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Figure T: Cross—-sectional pattern of potential temperature
(°C) for Run 401,
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Figure a: Vertical profiles of relative humidity (%) over
the sea (solid line) and at 116km inland ({dotted line)
showing the decreased humidity within the TIBL,

Turbulent structure

Cross-sections of the turbulent parameters o, and or both
displayed fairly similar structures associated with the TIBL
(Figures 9 and 10). The slight persistence of tlow-level
marine stability coupled with the occurrence of a thermal
upcurrent produced a sharp rise in TIBL height near the 4Km
marK, with an associated bulge in the isopleths of Dboth
paramet_ers. The nature of the aircraftt flight pattern meant
that the diminishing effect of the upcurrent was measured in
successive horizontal runs as it moved upward. Undulations
in the profile of the TIBL were alse found further inland,
for example at 12km, but a generally steadier growth in the
height of the turbulent region was found over the inland
areas, Above the TIBL, loosely defined regions of low
intensity turbulence were ocbserved. Actual values of
turbulent parameters increased two or threefold within the
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Figure 9: Cross-sectional pattern of o, (ms™Y for Run 401

1 500

1 000

500

-4 o 4 8 12 16 20
FETCH (km)

Figure 10: Cross-sectional pattern of or (°C) for Run 40,
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TIBL, with the strongest turbulence occurring near the
surface,

Heat flux structure

Cross-sectional measurements of mean sensible heat  flux
(w_'e") did not provide a clear definition of the TIBL: height
er shape, but the regions of more intense turbulence within
and along the boundary of the TIBL were highlighted as areas .
of large heat flux (Figure 14). Heat flux was generally
negligible outside the TIiBL, but tenfold increases were
found within the TIBL, especially in the lower regions
associated with the surface boundary layer. Higher up,
intense pockets of heat flux were more scattered and were
associated with mixing and thermal activity, for example at
the 4Km to 6Km markKs and at 12km downwind. Some areas of
relatively strong negative heat flux were also found, in

many cases in close proximity to strongly positive regions.
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Figure 11: Ccross-sectional pattern of mean sensible heat
flux (m.s~1x~1)  for Run 4OV
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The iéopleths of heat flux thus provided a fairly complex
picture of the TIiBL, with a contorted undulating boundary,
although the latter was ~also partly due to the somewhat
instantaneous nature of the measurements.

Determination of TIBL height

A range of methods were available for determining TIBL
height from measured parameters, for example from the
delimitation of the base of the stable layer in a vertical
temperature profile (Raynor et al, 1979; Ogawa and Ohara,
1985), or from the maximum in the vector wind shear (Kerman
et al, 1982). For the data presented above the observed TIBL
height differed by as much as 204 1o 30/ depending on the

parameter or definition followed, Gamo et al (1982) found
similar discrepancies between TIBL height defined by
temperatusre and turbulence. Intuitively, the definition of

prime concern was that which described the height to which
pollutants would diffuse within the TIBL. Unfortunately, no

single parameter that could summarize this behaviour
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Figure 12 Observed (bold line) and predicted TiBL heights
“from the four selected equations for Run 404,
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existed, and some precisensss  was  therefore lost when
reference was made to 3  selection of paramelers. Further
complications in determining TigL, height resyited from
spatial and temporal variation i the data, Ffor example the
transitory nature of eddies and thermals. The dynamic nalure
of the TIBL thus made definition of ils shape somewhat aKin
to that of a developing cumulua clioud, especially in near-
neutral conditions, and hence some form of averaging or

approximation of the boundary was unavoidable.

For- the present study, TIBL height was defined in a similar
way 1o Gamo et af (1982), making use of nhorizontal transecis
of potentialr temperature, DUt  glse  using vertical wém@ spéad
and heat flux transects where necessary. At  the point of
intersection with the TiBL, the boundary was denoted by
ncreases noth i ] the value and variation of ihe
parameter, which continued to increase and vary within the
TiBL., Figure 12 illustrates the profile of observed TIBL
height determined by this method. In it c¢an be seen the
relatively low TiBL. height npear the coast where stable
conditions bérsisted, followed by & region of rapid growth
associated with the presence of the ~thermal upcurrent, and
further inland a large region of steadier and more gradual
arowth,

T height prediction

Also  lustrated in Figure 12 are ithe TIBL height curves of
four opredictive equations ({(Plate, 1971 Raynor et gf, 1875
Stevyn and OKe, 1982; Gamo et 2/, 19B3). These equations have
been shown to perform i‘eiativety accurately under a range of
similar conditions  {(Comrie, 1988c). The eguations of TiBL
height provided a smoothed profile of the TIBL due to the
idealised assumptions that enabled itheir theoretical or
empirical development. As the observed profile of the TIBL
was irregular, the predictions wvere thus a8 compromise
between over or under-estimation at different places along
the TIBL boundary, Flate’s {1871 eguation was the highest
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pr@ﬁé@%é@m; which asverpredicted at all distances, althouah
only minimally eafter the first Bkm. The egquatlions of Raynor
et al (WTE),  Steyn and Oke (1982) and Gamoe et a! (1983 all
aoverpredicted iritially as well, but slightly underpredicted
bevond the Bkm mark, in the order given above. - Thiz distance
coincided with the focation of the thermal upcurrent
ohserved iIn the data. For the ‘average’ TIBL ihe edguations
provided & reasonably good prediction, in  this case to
within S0m for most of the TIBL boundary, but accurasy was
not as high near the coast where the more complex patterns

of stability and semi-randem iturbulent motions occurred.

For the TIBL considered above, i1 was c<clear that changss in
TiBL. height a8 small as 100m, which occurred continuously
throughout the day, might have atfected the Iocation of the
fumigation Zonz by several kKilometres. This effect would
have been most marked over the inland aress where 1he TIBL
gradient was most shallow, and would Fortupately not have
been ag severe nearer the coest where the TIBL was lass
predictable. Inaccuracies under complex conditions such a8
those Jfound in coastal areas therefore st leave much room

for Further eXamination.

Models of TIBL or mixed laver height are useful not only for
purely predictive purposes, but also  as a means of
guantifvying retationships bhetween the wide rangs  of  input
variables. EkKnowledge of the sensitivity of input variables
under the prevailing metecroclogical conditions in impartant
in  operaticnal  surroundings  where pollutant releases can  De
conirolied,” and where unfavourable dgispersion conditions
might bDe avoided by the monitoring of selected coritical
parameters,

SUMMARY AND CONCLUEIONS

This study has sought to provide an overall view of the TIBL
as a dynamic mesoscale feature of the coastal atmosphere,
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This was achieved by means of a case sStudy, making use of
noth surface and airborne measurements 1o provide coverage
of TiBL growih and gecay, structural andg turbulent
characteristics, and the observalion and prediction of TiBL
nelght. This case study of selected TIBL data has shown
that:

£3 A weak synoaptic pressyre gradient favoured the
develicpmant of a localised onshore Flow  pattern  over  the
gtudy area, Earlty morning drainasge flow off the land ceassed
2 to 3 hours after sunrise with the increased surface
neating, which promoted an onshore sea breeze component.
wing speeds strengthened untit the mict afternoocnh when
temperatyre conirasts were greatest, and then dropped slowly
towards the evening. Vertical wind profiles revealed a
surface based laver of uniform spesed and Jdirection that
corrésponded with the TibBL:

2y The diurnal behaviour of the T8 corresponded well 1o
the above patiern The TiBL was formed out of convective
conditions  dJduring the late morning, and its irregular upper
poundary gradually became smoother as wind speed ang surface
neating achieved 2 steadier balance, Initial TiBL  growih was
rapid, peaking during the time of maximum heatflux near
solar midday., Gradug! decregses i height  occurred untit  the
late afternoon, when more rapid dJdecay set in, Eddies  and
irregular pockets of turbuyience caused Fluctustlions of up to
$00m  in TiBL  height, with horizontal scales of up 10 a few
thousand metres;

Y The potential temperature structure of the TIBL comprised
a mixed laver of  uniform profie  that increased in depih
with  downwind distance, with entrainment activity causing
pending of the isotherms 2t ithe TIBL boundary. Warmer
temperatures within the TigL raeduced relative numidity,
ai?mgés%g the uptake of additional evaporative moisture:
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4) The turbulent structure of the TIBL, as revealed by the
standard deviations of vertical wind speed and temperature
and- the mean Ssensible heat flux, was characterised by strong
increases in the va!ue's of these parameters within the TIBL.
‘Localised pockets of intense turbulence, such as thermal
upcurrents, resulted in strong undulations in the TIBL
boundary, ‘particular‘ly- in the more complex region of TIBL
growth nearer the c¢oast. Large heat fluxes were observed
'near the ground, with fluctuating positive and negative
values ogcur‘r‘ing throughout the rest of the TIBL;

5) A' considerable range of TIBL heights was obtained
depending on the parameter or definition used, further
complicated by the spatial and tempora! variations in the
data that resuited from its dynamic and irregular nature,
The observed TiBL had a low initial bheight followed by a
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Figure 13: Composite schematic diagram of diurnal . TiBL
evolution and behaviour.
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regicn of rapid growth {complex nearshore region), with a
region of steadier and smoother growth further intand, The
idealised prefileg of TIBL heignt oblained from predictlive
equations provided a reasonable approximation of the
observed data, especially inland, but did not account for
the complex TIBL heights near the shore,

A composite schematic diagram summarising some of the above
features of the TIiBL and its evolution 8 illustrated in
Figure 13, This particular case of the TIBL from the WYWest
Coast of Southern Africa on 1 April 1987 displaved many of
the typical characteristice noted in  Comrie (1988a; 1988h;
1988ck. The relatively uniform shape of the TIBL boundary
conveyed by the height prediction formulae was in reality
far more complex. Different parameters outlined the constant
variety oF aiructures and tempaoral behaviour that
characterised the TIBL a3 a dynamic and turbulent region of
the coastal atmosphere.
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SUMMARY AND CONGLUSIONS

Thie thesis has undertaken an empirical examination of tnhe
growth, siructure and prediction of the Thermal Internal
Boundary Laver (TIBL). The experimental methodology was
designed to enable a comprehensive spatial and temporal data
coverage, This was . achieved using a specially énsirumented
hght aircraft for transect +lights over the entire length
and hejght af the TiBL, together wilh - network of -
meteorological masis and surface instrumentation, including
an acoustic sounder. The resulting data were investigated in
terms of generat meteorological characteristics, turbulent
structure, and an evaluation of the TIBL height equations,
while a synihesis of these approaches was provided by a case
study. Each of 1hese aspects of the study was reported in a
separate chapter {paperl. A number af the features
identified in these stiudies have bpeen incorporated into
composite schematic diagrams illustrated in Figures 1 and 2.
The overall conclusions  reached in this  thesis may be
summarized as follows:

#) Localised onshore flow was promoited by a weak synopiic
pressure gradient, fregquently with favourable isobaric flow
aloft. Thermal and frictional effects asscciated with  the
TBL. and the sea breeze component caused the obligue onshore
flow to become more normat to the coasthine, with
significantly nigher wind speeds intand, gspecially undger
less stable conditions, Large increases in low level
turbulence were siso  Found, and  wind prodiles  revealed a
surface based iayer of relatively uniform spead and
direction, with the TIBL interface occurring just above the
velocity maximum.

2} The TiBL developed ¥from 1inhe initially stable onshore Flow
as =& neutral and slightly unstable layver within the sea
breeze component. it grew rapidly from convective conditions
in  the morning, peaking at mikdday and decreasing  slowly  in
the afterncon, following the same diurnal growth and decay
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Figure 1: Composite summary schematic of selected
meteorological characteristics of the TIBL.

pattern as the surface heating and the development of the
onshore flow. TIBL Dbuildup was strongly influenced by the
averwater lapse rate and the presence of an initial mixed
layer. The initially irregular TIBL boundary became more
uniform during the day, as a steady balance between wind
speed and surface heating was achieved.

3) Warmer temperatures occurred throughout the mixed laver,
aflowing slight increases of specific humidity by the uptake
of evaporative moisture, Conversely, relative  humidity
decreased in the TIBL, with maxima of relative humidity
associated with the entrainment region and the presence of
scattered cloud. Temperature structure also strongly
influenced the intensity of turbulence and the degree - of
entrainment into the TIBL aloft,
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4) The patterns of the standard deviations of vertical
velocity and temper'atur*e' (ow and cr) displayed strong
increases in the TIBL, decreasing .somewhat in the
entrainment region as a resuit of intermittent turbulence. A
'.tur‘bulent'. similarity analysis of standard deviations for the
TIBL and the Convective Boundary tayer (CBL) revealed a
similar magnitude of data, but the increase in turbulence
associated with the top of the CBL was not generally
present, and instead a smooth decrease of turbulence with
non-dimensional height was found in the TIBL.

8) Values of sensible heat flux (F"_'é—') within the TIBL
varied greatly, but were strongly positive in the surface
layerr, moderate to slightly negative within the mixed laver,
and negligible " ouiside the TIBL. Strong undulations in the
structure of the TIBL were caused by transitory .eddies and
thermal upcurrents, which were characterised by large
fluctuations and increased values of sensible heat flux,
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Figure 2: Composite schematic diagram of diurnal TIBL
evolution  and behavicur. :
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6}  The . thegsrelically Dased TiBL  height equations of Plate
(189713, Steyn and Oke (19828) and Gamo &1 af (1983} displayed
the best overall performance, and were collectively ranked
ir %@égé‘aeat @bﬁitémm They possessed a nigh degree of
accuracy, with low mean and model-oriented errors, and
biases close 10 zero. Also well ranked was the  empirical
eguation of Ravnor et a2f (19783 which although p{smésaimg a
high potential accuracy, had & greater variability of actual
prediction. in general, the TIBL  height predictions slightly
underestimated both the gradient and the height of the TiBL.

Ty GCbhservations of TIBL structure and height highlighted a
nearshore region of complex and unpredictable TIBL
formation, furiher complicated oy yeriical variations in
stability, These continual dyrnamic ad justments to TiBL
growth occurred within the first few kilometres of the
shore, freaguently comprising &t initially sl0ow and iater
rapid increase in height, foliowed by & region of more
reguiar TIBL formation where relatively accurate observation
and prediction of TIBL height was  possible.

The overall conclusions of this thesis have confirmed many
of the observations and findings noted in other studies,
while producing new insights into certain aspects of
mescescale TIBL deveiopment, In particular, temporal
analyses, combined with c¢ross sections of the meteorological
and turbulent properties of the TIBL, have elucidated
aspects of the complex shape, sitructure and temporal
behaviour of the TIBL. [t has alsc been shown that the
religble prediction of TIBL height can be performed to some
degree of accuracy, Evaluation of the impact of the TIBL on
fumigation conditions and pollutant dispersion in shoreline
environments will thus e benefitied by the additional
understanding of the growth, structure and prediction of the
TiBL. provided by this thesis.



143

REFERENCES

Andre, J.C., 1983: Planetary boundary laver parameterization

and turbulence closure. In Lilly, DK. and Gal-Chen, T,
{eds.): Mesoscale meteorology - theories, observations

and models, D, Reidel, BBI1-8669,

Anthes, R.A., 1878: The height of the PBL and the production
of circulation in a seg bhreeze model, J., Atmos, Scy.,
35, 1239-4239,

Ball, F.e, 1960: Control of inversion heighti by surface
heating. Guart, J, Roy. Meteoral. Soc., 86, 483-494.

Baran, W, HOOoKe, W.H. and Chfford, 5.F., 1973 Acoustic
&cho sounding technigues and their application to
gravity wave, turbulence and stabiltly studies.
Bopndary-Layer Metegrofl, 4, 133-167,

Betts, ALK, 197 3: Non precipitating cumulus convection and

its parameterization. Cuart. R Roy. Meteorol. Soc.,
99, 1ITO-196,

Bierly, E.W. and Hewson E.W., 1963: Almospheric dif fusion
studies near a lakeshore., Jo Appl. Meteoroi, 1, 390-
398,

Bornstiemn, R.D., 19€8: Observalions of the urban heat island
effect in Mew York City. /. Appil. Meteorof., 7T, B75-
582,

Carson, 3 0% P 1973: The development of a drvy inversion

capped convectively unstable boundary laver. Quart. J.
Roy. Meteorel. Soc., 99, 480-467,

Caughey, 5.4, and Paimer, §.6., 19T 9 sSome aspecis of

tur-nulence structurs throuah ithe depihn ot the
convective boundary ilaver. Quart. W Roy. Mateorol,
Soc., 108, a8it-8z27.

Colling, G.F.,, 1974 Predicting sea DbDreeze fumigation from
tall stacks at coastal sites., Nuclesr Safety, B, 4%0-
499, .

Comrie, A.C, 1986: Trnerms!  internal  boundary lavers in the
South Yestern Cape - & report o the first fieid
investigation. Unpublished internal Report, Dept, of

Environ. and Geog. Sci, Univ. of Cape Town, 15pp.



144

Comrie, AC., 1988a; Meteorological characterisiics of
ihermal internal boundary lavers, Chnapter 2.
unpublished M.E¢ thesis, Dept. of Environ, and Ggogr.

Sci,, Univ. of Cape Town.

GComrie, ALC., 19880 The mesoscalis  lurbwent  structure  of
ithe thermal internail poundary iaver. Chapter 3,
unpublished M.5c  thesis, Dept. of Envireon,  and Geogr.
Sci.,  Univ. of Cape Town

Comrie, AT, 1988¢: AT evaltation of thermal internat
boundary laver eguations. Chapter 4, unpublished M.Sc
thesis, Depi, of Environ, and Geoar, Sl Liniv, oF

Cape Town.

DeardorT¥, JoW. 1972 Numerical investigation of neutral
and unstable planetary boundsary lavers., J. Almos. Sci.,
29, Gi-115,

Deardorff, J.W.  Willis, G.E.  and  Lilly, D.K.,  1969; .
Laboraiory investigation of non-staady penatralive

convection. J,  Fluid  Mech, 35, T-34

[ Yeoochio, R.A., Smith, DB, . oand Martin, Gy 1976:
Paer-formance of a recent formulation for rate of growih
o f poundary favers near shorelines, Pregented a1t
Conterence on Coastal Meteoroiogy, Amer., Meteopr. Soc.,
Virginia Beach.

Dobosy, E., 197 9 Rispersion of atmospheric pollutants in
flow over 1The shoreline of & large body of water., J.
Appi, Metoorol,, $4, HT-132.

Dooley, Joy 1976 Famigation oF Dower plant plumes i the
lakeshore environment. The University oFf Wisconsin -
MilwaukKsae, Wisoonsin.

Eohiols, W.T. and YWagner, MNE., 1972: Surftace roughness and
internal soundary iaver  near  a ooastine. o Appl.
Meteorol., i, 858-562.

£iliot, wW.P., 1558: The growtn of the FTmospheric internal
boundary laver. Trans, Amer. CGeophys, Union, 39, 1048-
054,

Fiediar, ¥, and Panofsky, HA, 1872 The geostrophic drag
coefficient and the ‘effeotive” roughness fength.
- Quardt J. FRoy. Meteorol See., 9B, 213-220.

Fox, D.G., 19814 Judging air- guality mode] peprformance - &
' sUMMAary of the AME T workshop On dispersion model
performance. Bull. Amer. Meteoreol. Soc., 62, 599-509.

Gamao, M., Yamamotlo, 5. and Yokovama, 2., 1982 Alrborns
measyrements of the free conveclive internat boundary
layver  Ouring  the sea breeze., J. Meteorol. Soc. Japan,
&0, 12841298,



145

Gamo, M., Yamamoto, S., Yokoyama, O©O. and Yoshikado, H.,
1983: Structurs OFf ine free convectiive internal
boundary laver above the coastal area. J. Meteorol.

Soc. Japan, &1, 110-124.

Garratt, S8, ﬂi?&?: The stably stralified iniernal boundary
laver for steady andg diurnally varving - offshore flow.
Boundary-Layver Meteorol,, 38, 369-394,

Hanna, 8.R., 1283: A simplified scoring system for air
quality models. Paper 8336.6 presented  at  Annual Air
Foll, Control Assoc. Meeting, Atlanta, Geordgia.

Hewson, EL.W, andg  Qlsson, LLE., 1287 Lake effects on air
pollution dispersion. N Air Foll Control Agsoc., 17,
TBET~T64

Hau, 5.A., i%83; On ithe growth of 3 thermaliy modified
boundary laver by advection of warm air over a cooler
sea, J. Geophys., FRes., BB, T7i-774.

Hsu, 5.A,, {9886: A note on  estimating the height of ithe
convective internat boundary - layvepr near the shore,
Boundary-Layer Meteoaraol., 38, 3M1-3146.

JUry, M.R. and Mulholiand, M., 1986; Coastal gdispersion
chimatology near the SW tip of Africa - a system for
evalyation and prediction, Dept. oFf Oceanoagraphy, Univ.
of Cape Town, Z23pp.

Kammal, J.C., Wyngaard, J.CL, Haugen, D.A,, Cote, O.R.,
fzumi, T, Caughey, 5.4 and Readings, C.d., 1976
Turpulence siructure in the convective boundary taver.
oFe Atmos, Seiy 23, 21522489,

Keen, C.5., 1979: Air pollution survey of Greater Cape Town,
Volume 4. Report forr the Cape Town City Council, id6pp.

Keen, C.8., 19B4: Sesa breezes in the complex terran of the
Cape Peninsula. . Postprints  from the  Third Conf. an
Meteorciogy of the Coastal Zone, Hiami, Florida, Amer.
Metesorol. Soco., Bostorm 129134,

Kerman} B. R., i982: A similarity model Gf shoreling
fumigation. Atmos. Environ., 6, 457478,

Kerman, B.R., Mickle, R.E., Portelli, R.V., Trivetit, M.B.,
andg Misra, LK., i982: The Hanticoke shoreline
diffusion experiment, June 97811 internsat poundary

laver structure. Aftmos., Environ, 6, 423-437.

Knox, M.E. and Lyons, W.A., 1975 The thermal internal
boundary laver in a shoreline environment during summer
fumigation episodes. Presented at the First Conf. on

Regional and Mesoscale Anglysis and Predictions, Las
Vegas, HMNevada, Amer. HMetecorol. Soc., BoOston.



148

Lenschow, DM, 1970 Airplane measurements of planetary
boundary laver sirusture. J. Appl,. Metepprol, B9, BT74-
Ba4,

Lenschow, [k, 1974; Fatimating updraft valocity From

airplane  response. Mok, Wea, Kev.,, 104, Gi8-G27.

Lilly, DK, 1968:; HModels of c¢loud topped mixed layvers under
a strong inversion, QGuart. J. Roy., pMeteorsl. Soco., 94,
292300,

Lumiey, el and Panofsky, H.AL, 1964  The  structure of
atmospheric  turbulence., J. Wiley angd Sonsg, Hew  York.

Lyons, W.A. andg Cisson, L.E., 97 Mesoscale air ooliution
iransport in the Chicage lake bregze. 4. Air Foll.
Conireol Assoc., B2, BTL-88%,

Lyons, WA, - and Cole, M.5., 973 Fumigation and plume
trapoing  on the shores of Lake Michigan during siable
onshore  flow, J. Appl. HMeteoroi, {2, 494-510.

Lyons, WA, 197 5:; Tursulent - diffusion and collutant
transport in shoreline gnvironmeants, Lectures an air
poliution and environmental impact analysis, Workshop
on Meteoroiogy and Environmental Assessment, AME S,

Meteorol, Soc., Boslon, 136-208.

Lyons, W.A., Keen, O©.5. and Schuh, J.A., 19B83: Modeling
mesoscaie diffusion and transport Drocesses for
releases within  coastal  zones during  land/sea Dreeszes,
nited States Muclear Fegulatory Commission,
NUREG/CR3IG 42,

Meroney, F.W., Cermalk, C.E. arnd Y ang, 8.7., 1975: Modelling
of aimospheric transport and fumigation at shoreling
sites, Soundary-Layer HMHeleorol, 9, 59-%90,

Misra, PLK. arnd onlock, 5, 1982 Modeiling continuous
fumigation of  the Manticoke generating station  plume,
Atmos, Enpviren, 18, 479-48%,

Misra, P.K., i1980: pispersion from tall stacks into a
shoreline environment, Atmos. Environ., 14, 3I958-400,

Moroz, W.J., 1887 A lake Dbreeze on the easiern shore of
L.ake HMichigan -~ obseprvations and model 4. Almos. 8¢i.,
e4, 337385,

Micholls, 8. ard Readings, C.d., 19T 9: Aircrafi ohservalions
af  the siructure of the ower Doundary laver over ithe
segq. Quart. J. Foy., Meteorol., Soo., W05, 785-302.

Ogawa, Y. ang  COnara, T., 198%: The turbulent structure of
the internal boundary layer near ine shore - Parit o
Case study. Boundary-lLayer Meteorel, 34 369-384,



47

Qgawa, Y., ©Ghara, T.. WakKamalsuy, 3., Diosey, P.G. andg Uno,
fos ig9gs: Observation of lake Dbreeze peneiration and
subsequent development oFf the thermal mternal poundary
iaver for ihe Nanticoke i shoreline diffusion
experiment., Foundary-Layer HMeteorol, 32, 207-230.

Cagura, Y. 1980: On the heat transfer in the lower laver of
the aimosphere. Geophys. HNoies, Geophys., inst., Tokye
Liniv., 3, 27.

Ohara, T. and Ogawa, Y. 1985: The turbulent structure of

the internat boundary layer - Part Pl Similarity and
enargy bBudget analy5is. Boundary-fLayer Meteorol., 3z,
39-B6, )

Fanofsky, H.A, and Brier, G.W., 1968 Some applications of
statistics 1o meteorology. Pennsvylvania State
University, E24pp. )

Feters, L.k, 11975%: On the ¢rmiteria for  the gccurrence  of
fumigation intanag from a large lake. Atmos, Environ.,
9, 8509816,

Peiterson, E.W., . 1969 Modification of mean flow and
furbulent energy by a change in surface roughness under
conditions of neutral stability. Guart. oo Roy.

Meteorol. Soc., 95, 561-8575,

Pielke, R.A., 197 4: A three-dimensional numerical model of
the sgsea preeze over soulh Florida, Mon, Wea., Rev.,, 102,
H5=-139, ‘

Piate, E.J., 19714 Aerodynamic characteristics oFf
atmospheric boundary iavers, Linited States Atomic

Energy Commission, 190pp,

Portelli, R.V., igge: The Manticoke shoreline dif fusion
" exXperiment, June i978-1: Experimental design and
program  Ooverview, Atmos. Environ., 16, 413-421.

Prophet, £8.7., §i9614: Survey of available information
pertaining to  the transport and diffusion of airborneg
material Qver ocean and shoreline complexes, Tech.

Report 89, Aseroscel Lab., Stanford Univ,, 53pp.

Hao, K.B5., ¥yngaard, J.C. and Cote, LR, 197 4: The
struciyrs of a two-dimensional internal boundary laver
over a sudden change of surface roughness. J. Atmos.
Sci., 34, T38-746.

Raynor, G.S., Michael, P., Brown, R.M. and SethuRaman, S,
1975: Studies oFf aitmospheric diffusion from a8 nearshore
gceanc site. . Appl. Meteorol., 14, 10801094,



48

Raynor, G.5., SethuRaman, s, and Brown, R.M., {979
Formation and characteristics of coastal internal
boundary lavers during onshore flows, Boundary-Layer
Meteorol,, 16, 487 -514,

Schuh, J.A., 1975: A mesoscale model of continuous shoreline
fumigation and lid=trapping in a wWisconsin shoreline
environment, Special Heport  no, 27, Center fTor Greai
Lakes Studies, Univ, of VWisconsin-Milwaukee, 07 pp.

SethuRaman, s., {ed.}, 98 4: A Summanry of the BrooKhaven
Workshop on Coasial Atmospheric Transport Processes,
Postprints from the- Third Conference on Metecrology of
ihe Coastal Zone, Miami, Florida, Amer. Meteorol. Soc.,
Bostion, 124-1¢8.

SethuRaman, 5., Brown, R.M., Ravnor, G.5. and Tuthill, WA,
1979 Calipration and use of a ssailplane variometler 1o
meagsure vertical velocity fluciuations. Boundary-Layver
Meteorol,, 15, 99-10%,

Shir, C.C., 1972: A numerical computation of awr flow over a
sudden change of surface roughness. J. Afmos. Sc¢i., 29,

204-310.
Smedman, A-S. and Hiégstrdm, ., 1983; Turbuient
characteristics aF & shaliow convective internal

boundary laver. EBoungary-Layer Meteorol, 25, 271-287.

Steyn, D.G. andg Oke, T.R.,, 1982: The depth of 1he daytime
mined layer at IwWOo coastal sites: & model and its
validation. Boundary-Layer Meteorel, 24, 161-180,

S Stull, R.B., 1976 Mixed=-laver depth model mased  on
turbulence energelics, o/, Atmos. SCie 33, 1268-1278,

Stunder, M. and SeithuRaman, 5., 1985: A comparative
evaiualion of the c0astal internal boundary-laver
height equations, Boundary-Layer Meleorol., 32, 77~
204,

Sun, W.Y. and Ogura, Y. 1{1980: Modeling the evolution of ihe
convecliive pianetary boundary laver. S Atmos. Sci.,
37, 1558-1972. |

Tavior, P.A., 970 A model  of airflow above changes in
surface heat Fiux, temperature and roughness for
neutral andg unsiable conditions. Boundary-Layer

Meteorol., i, i8-39,

TennekKes, H., 197 3: A model for the dynamics of the
inversion above a copveciive Dboundary laver., J. Aitmos.
sci., 30, 558-587.

Tennekas, H., 1974: The atmospheric boundary laver. FPhysics
Today, 27, 5B2-63. :



Tennekes, H, and Driedonks, AG M., i981: Basic entrainment
equations fTor the atmospheric bpoundary laver, Souhndary-
Layer Meteorol, 20, 515-531,

Yan der Hoven, L, 1967: Atmospheric transport and ¢iffusion
at coastal sites., Nuclesr Safety, 8, 490-499.

Van Dop, H., S5teenkist, R, and Nieuwstadt, F.T.M., i979:
Revised estimates  for continuous shoreline fumigation,
oI Appl. Meteorol., 18, 133-137.

venkatram, A, 1977: A model of internal boundary laver
development. Foundary-Layer HMeteorol., H, 419-437,

Yenkatram, A, 19886 An examinalion of  methods 1o estimate
the neignt of the coastal internal Doundary iayer,
HBoundary-iayer Mesteoroel, 386, 145-186.-

Weisman, H. and Hirt, M.5., {275: Dispersion governed by thne

thermat internal boundary laver., Presented at £8th
Meeting, A Poil, Conirol Assoc., Boston,

Welisman, B., 1976: on ihe criteria for the occurrence of
fumigation inland from & large lake - a reply, Afmos.
Environ.,, i2, . iT2-17%.

Willmott, C. J.,  1982:  Some comments  on the  evaluation of
model performance, Bulil, Amer, Heteorol, Soc., 83,
1309-1213.

Wyngaard, SJ.0,, 1983: Leciures on ihe planetary noundary
laver. in Lilly, D.K. and Gal-Chen, T. {ads.):
Mesoscale metearsiogy - itheories, cbservations and

models, D, Reidel, 603-650,

wyngaard, J.C., Cote, O.R. and lzumi, Y., 1971: Local free
convection, similarity, and ithe budgets of shear stress
and heat Flux, o Atmos, Sci., 28, 1711182,



149
APPENDIX 2
2.1 Abbreviations and symbols -

g, ms-! standard deviation of horizontal wind velocity

oy ms5-! sStandard deviation of vertical wind velocity

g © Standard deviation of wind direction
or °C Standard deviation of temperature
T ©°C Dry bulb temperature

Ty ©C Wet bulb temperature

2.2: Date and Run number for the eight test days

Date Run Number
18 March 1987 318
19 March 1987 319
27 March 1987 327
30 March 1987 330
31 March 1987 331
1 Aprit 1987 401
13 April 1987 413

21 April 1987 421




APPENDIX 3

2.1: Abbreviations and symbols

L Monin-Obukhov length

Ap .81 k-1 Surface sensible heat flux
s .m~2 Solar radiation

T Temperature

instantaneous iemperature fluctuation
Surface scaling temperaiure

ot
2 OB N 2 om ®m om m £ 3 3

or Standard deviation of temperature

t 5™t Horizontal wind speed

u’ a1 instantaneous wind speed fluctuation
Uy .81 Surface scaling velocity

w  m.s— vertical wind velocity

ws m.s~1 instantaneocus vertical velocity fluctuation
wy m.s™! Mixed layer scaling velocity

g w’ me.s"¢ Momentum f1ux

Z m Height above ground

z; m Boundary laver height

&y K " Mixed layer scaling temperature

w6’ m.s~ 1.k~ sensible heat flux
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APPENDIX" 4

4.1: Input values of TIBL height equation parameters for
the eight TIBLs evaluated.

Run

input

Parameter 318 319 327 330 331 4014 413 421
H? (W.m™2) 355 369 335 363 324 332 343 335
#*  (W.m"2) 236 263 205 270 246 270 270 263
g (x.toom-1)1.33 0.5% 0.48 ©0.50 0.58 0.56 O0.77 0.47
A®  (K) 2.3 4.4 7.4 4.5 t.6 0.6 8.7 3.2

T (m.s™ 1) 8.2 8.6 7.6 6.8 8.1 6.9 10.4 5.4
o (m.s™1) 6.2 6.8 5.1 6.1 6.1 5.2 7.8 4.2
L (K} 35.1 36.8 39.9 35.4 33.6 37.9 36.0 29.7
Tw (K) 12.2 13.4 14.5 13.9 14.5 15.8 11.6 13.4
ho (m) 860 160 140 200 0 0 240 0

* 4§ = Y.He.8in(wtg/Dy) |
Lyons et al (1983) heat flux parameterisation




4.2: Computational Formulas for the statistical summary
and difference measures foliowing the form of Fox {1981} and
Willmott (1982). '

- 7
MAE = ﬁ"‘E;SP;-C’;; ; (11)
i .
7
MBE = n-’.zi(P;-o;} (123
=
3
RMSE = §ﬁ“§.§§€p;“$§}§§®&§ {(13)
iz .
7 A
RMSEg = {n-f,z!w;-o;—}a}@ﬁ (14)
e
2 4
RMSE, = {ﬁ’f‘Ef{Pj—P;jQIQ'S {15)
Pz
1] 5, 0 , s
d = 1‘E_31(P§'0§} /_EgttP,-iﬂG;iI ] (16)
£z i =

where n = number of cases, P - predicted and O = observed,

and where Ot(gst, P; = P,-0 and O} = 0;-0.
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4.3: Statistical summary and difference measures for the
eight TIBL equations for 143 cases (means, standard

deviations and errors in metres).

YdHoven Raynor Venkatram Plate Weisman Gamo Lyons Steyn

o 622 622 622 622 622 622 622 622
P 398 600 745 669 532 593 484 600
% 281 281 281 281 281 281 281 281
op 265 254 271 258 247 250 243 251
a -37 132 225 150 56 97 21 102
b 0.70 0.75 0.84 0.83 0.77 0.80 0.74 0.80
MAE 231 128 151 101 133 113 155 114
MBE -224 -21 123 a7 -89 -29 -138 -22
RMSE 299 157 188 i2s 164 t29 199 126
RMSEg 240 73 132 66 t14 64 156 60
RMSE, 178 139 135 106 120 112 124 i1

prop. 0.64 0.21 0.49 0.28 0.46 0.25 0.6% 0.23
r2 0.5 0.70 ©0.75 ©0.83 0.76 ©0.80 0.74 0.80
d 0.76 0.9% 0.89 0.94 0.90 0.94 0.87 0.94
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4.4: Abbreviations and symbols

o Mean observed TIBL height

P Mean predicted TIBL height

an Standard deviation of observed TIBL heights
op Standard deviation of predicted TiBL heights
E ¥ - intercept of least squares regression
b % coefficient of least squares regression
MAE Mean absolute error

MBE Mean bias error

HHEE Root mean squars error

MSE g Systematic error

HMSEy, Unsystematic error

prop. Proportion of Systematic error

re Correlation coefficient

d index of accuracy
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APFENDIX B

5.4:

ar
W e

Abbreviations

(m)
(k)
m.s~1. k1

and symbaols

Standard deviation of vertical velocity
Standard deviation of temperature
Mean sensible heat filux
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