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PREFACE

Rapid urban and industrial growth along the MNatal coast
has occurred with little concern for characteristics of local climate.
In general, industrial growth has taken place without taking into
sccount the potential for pollution transportation during the winter
seasonj; urban areas have developed without consideration for the
vital need in sub-tropical latitudes to maintain adeguate mixing of
the lower atmosphere. The apparent inadequacy in planning for
climate has partly been due to a laok-of understanding of the nature
and characteristics of local wind systems. The motivation for this
study stems, therefore, from the need to evaluate the influence of
land-sea and topographically-induced wind systems upon certain as-

pects of weather and climate on the Natal coast.

During summer, moist and relatively cool air is advected
almost daily over the Natal coast by the sea breeze. Observations
of spatial and temporal varigtions of these winds were made in the
period 1963-69 from recording stations in the Durban area and along
a 40-mile transect approximately normal to the coast at Durban.
Comparable observations have not as yet been made in South Africa
nor have there been attempts to examine the influence of sea breezes
upon selected climate and weather phenomenon. In this latter connec-
tion the role of the sea breeze is examined in two separate fields

in this study, namely urban climatology and thunderstorm development.

Climatic discomfort caused by the combined effect of high
temperatures and humidities on the Natal coast, is at & meximum in
urban areas. Since these areas are also highly populated, a need

exists to evaluate the ability of the sea breeze_?o reduce urban
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temperatures by advection of cooler air over the area, by eddy
diffusion of heat or by displacement of urban temperatures away
from poorly ventilated areas. Thus climatic discomfort in these
areas may also be reduced. Detailed observations of the influence
of the sea breeze, in particular, and wind in general, upon the
spatial variation of temperature, humidity and human comfort were,
therefore, undertaken in the Durban area. It is believed that this
ig the first time an attempt has been made to describe the spatial
distribution of a comfort index in an urban area. The results

should be of interest to the architect and town planner.

The sea breeze, strengthened by gradient and wvalley winds,
is shown to penetrate at least 40 miles inland. In accordance vith
this, it is suggested that the inlend invasion of marine air takes
place in response to lowered pressure in adjacent inland areas in
southern Natal and provides the moisture regquired to feed thunder-
storms which develop in this area. These storms subsegquently move
towards the coast following the retreating convergence zone between
winds with an onshore and offshore component of motion and reach

Durban after sunset.

‘ Land breezes are best developed in winter. Observational
techniques were similar to those employed in the sea breeze study
and provide the only detailed examination of spatial and temporal
variations of land breezes in South Africa. Until recently the
nature and characteristics of topographically-indvced winds in Natal
vere also & relatively unexplored feature of local atmospheric c¢ir-
culations. However, Tyson (1967) has examined local winds in certain
Natal valleys and his prediction that mountain-plain winds reach the

coast during the night is also examined in this study.

While the relatively weak and shallow land breeze may be of
secondary importance when compared with the sea breeze, it would be a

mistiake to underestim *a2 the importance of these winds upon certain
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aspects of coastal climate. In particular the tendency for land
breezes to initiate cloud and precipitation at night is exasmined
while the potentiel for the transportation of atmospheric pellution

by these winds is also briefly discussed.

A study of the diurnal variation of precipitation at
Durban reveals a high frequency of low intensity precipitation at
night. The nature of this precipitation differs in both frequency
and amount from high intensity rainfall which is the product of
thunderstorm and frontal activity. It is suggested in this study
that the land breeze plays a dominant role in providing the buoyancy
necessary to cause nocturnal drizzle precipitation from shallow

stratus cloud.

The thesis is divi&ed into four parts. Part I examines
details of the physiography, weather, climate, observatiinal methods
and analysis technigues. Because of the variebility of weather on
the coast of Natal that section is dealt with in more detail than
would have been deemed necessary for a similar study inland. Without
knowledge of the characteristics of the atmospheric circulation, the
behaviour of local wind systems in relation to large scale systems

could not be adequately discussed.

In Part IT land and sea breezes and topographically-induced
wind systems are examined in detail. Emphasis is placed not only on
the observational characteristics of these winds such as onset, depth,
velocity gradient, surging, relation to gradient winds and dissipation
but also on their relation to theoretical models of the relevant wind

system.

The influence of local wind systems upon selected climatic
elements is deglt with in Part III. Characteristics of the diurnal
variation of precipitation are examined in Chepter 6. Rainfall

frequencies and amounts are shown to be highest in the first half




xxii

of the night and a model is developed to explain the influence of
land breezes and mountain-plein winds upon low intensity but high
frequency nocturnal rainfall. High intensity but low frequency
rainfall produced by thunderstorms also occurs soon after sunset
and a further model is advanced to explain this phenomenon in

relation to the sea breeze.

The effect of alr movement upon the spatial variation of
temperature, humidity and a discomfort index in both summer and
winfer is examined in Chapters 7 and 8. The relationship between
these elements has permitted the development of an empirical model
to predict values across the city of mean midday summer and winter

temperatures as well as discomfort index values.

In Part IV the most significant aspects relating to the
study as a whole are summazised. TIn conclusion the potential for
the transport of pollutants by land breezes and topographicall: -
induced winds is briefly discussed as an aid to planning and simple
spatial models are g;ven showing generalised air movement and ven-
tilation characteristics in the Durban area and along the Natal

coast.
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PART 1

INTRODUCTION



CHAPTER 1

TOPOGRAPHIC SETTING, WEATHER AND CLIMATE

1.1 Topographic setting

The Natal coastal belt, defined here as the area lying
below 2,000 ft in altitude, widens from 15 miles at Durban to 35
miles at Richards Bay and 60 miles at St. Lucia Bay (Fig. 1.1).
South of Durbtan, incision by rivers through granite and resistant
sandstone has produced deep, narrow valleys which extend to the
coast; to the north the coastal strip becomes increasingly low-
lying and river valleys shallow and wide. The coast is not in-
dented but its smooth line is broken at Durban by a steep-sided
sand ridge, known as the Blurf, which diverges from the normal
line of the Natal coast at an angle of about 140. Similar sand
deposits line the coast and in places stand as ridges above the

beach zone.

The Bluff ridge, whicﬁ extends seawards at Durban, rises
above 250 ft in altitude and dominates the coastal topography in
this area (Pig. 1.2). The ridge forks 3.2 miles from its head and
is approximately parallelad 0.9 miles to the west by the Ventworth
ridge. West of these coastel ridges e further ridge, known as the
Berea, parallels the coast and rises above 400 ft in altitude. Due
to_the divergence of the Bluff ridge from the line oI the coast,
the corridor bstween the coastal and Berea ridges widens towards
the sea in the north. At Jacobs the distance between the base of
the Wentworth and Berea ridges, taken as the 50 ft contour, is 0.3
miles. The corridor then widens to 1.8 miles at Umbilo, 2.2 miles
at Congella and 3.5 miles at the northern end of the Bluff.

Natal Bay lies between the Bluff and Berea ridges and is
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enclosed to the north by a2 curved spit called the Point. The

floor of the corridor between the ridges is flat and low-lying
and consists largely of alluvium deposited by the Umbilo and
Mhlatuzana ‘Rivers which enter the bay in the south and the Mgeni
River which entered the bay prior to 1860 in the north. This
letter river has since changed its course to drain into the sea
3.5 miles north of Natal Bay. Further details of the configura-~

tion and geometry of the Durban area are given in Table l.l.

Table 1.1: Details of the configuration of the Durban

area
Approximate Approximate  Trend
Slope Altitugde
(deg) (£t) (deg)
Berea ridge (east faring) 7 440 30
Bluff ridge - (west facinz) 39 290 38
Ventworth ridge (west facing) 18 270 38-45

Rivers in the Durban area have entrenched narrow valleys

through the Berea ridge. Table 1.2 shows that the Mgeni River

valley through the ridge is the most narrow and is referred to in

this study as the Springfield Gap.

Teble 1.2: Configuration details of valleys through
the Berea ridge

Width Trend
(£t) (deg)
at 200 ft contour

Mgeni River 1950 %0
Umbilo River 2250 140
¥hlatuzana River 2400 120

1
1
1
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Yest of the Berea ridge a low-lying hill and valley region
slopes up to interfluvial heights separated by entrenched east-west
valleys (Fig. 1.3). The interfluves rise gently to 1,300 ft east of
the Pinetown basin, the average elevation of which is about 1,100 ft.
A sharp escarpment rising to above 1,700 ft forms the western edge of
the Pinetown basin above which the Kloof-Hillcrest plateau extends

westward for some 5.5 miles.

The Pinetown basin is partly cut off from the sea by the
1,300 ft Cowies Hill ridge. Fig. 1.4 shows that the floor of the
basin also constitutes the watershed between north flowing tribu-
taries of the Mgeni River and south flowing tridbutaries of the Umbilo
River. Details of the coﬁfiguration of the basin are given in Table
1.3,

Table 1.3: Details of the configuration of the Pinetown

basin
Approximate Slope Width Approximate Altitude
(deg) (miles) (ft)
between 1,100-1,200 ft contours at crest of scarp
SE - w N-S E-w E W
13/ A
15 18 2.0 1.7 1,300 1,700

In common with much of the geology west of the Berea, the
Kloof-Hillcrest plateau is cut across Table Mountain Sandstone. The
resistance to weathering and erosion of the guartzitic strata in this
stratigraphic series is responsible for the steep-sided naturae of the
valleys which the rivers have cut as they adjusted to base level.
Consequently the lMgeni River flows about 1,700 ft below the crest of
the planed, gently seaward sloping Kloof-Hillerest plateau region

although only some 12 miles from the coast,
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The north-west margin of the Kloof-Hillcrest plateaun is
bounded by the steep-sided slope of the vest-facing Hillcrest
fault-line scarp (Fig. 1.5). Below this scarp lies a highly dissec-
ted region drained by the ligeni River. The interfluve region be-
tween the Mgeni River to the north and the Mlazi River to the south
extends almost to Pietermaritzburg as an upland area between 2,000-
2,500 ft.

1.2 Weather and climate
1.2.1 Characteristies of pressure systems

Atmospheric circulations over the Watal coast are primarily
influenced by sub-tropical anticyclones. These are most numerous
along 3605 in summer, 3208 in winter and 3408 in the intermediate
seasons (Taljaard,1967). A seagsonal meridional oscillation of the
nmean position of the Indian Ocean high is largely due to interhemi-
spherical mass transport, which is responsible for a pressure rise
from Jznuary to July in the southern hemisphere and & fall in the
latter half of the year. Vowinckel (1955) shows that from January
to April, mass flux {rom northern to southern hemispheres between
longitude 0°E and 90°E, bypasses the still overheated African con-
tinent and is transported.to the middle latitudes where, over the
Indian Ocean, an extensive pressure rise results. By April, however,
the cooling African sub-continent is able to accommodate the mass
transport from the north and & pressure rise beging in sub-tropical

latitudes to reach a maximum intensity in July.

The increase of pressure over Souchern Africa iS accompanied
by a movement of the Indian Ocean high into the western part of this
ocean and it reaches aboutl 65°E in June (Voﬁinckel,l955). This makes
it the only maritime sub-tropical high pressure cell whose centre of

gravity moves into the western part of an ocean. van Loon (1961)



attempts an explanation of this phenomenon by suggesting that the

circulation over Australasia may influence the seasonal movement

of the Indian Ocean high. Rapid cooling of the Australian contin-.
ent in winter produces a source of cold air over the land with a
relatively warm surrounding sea contributing to what amounts to &
warm source. A split‘in the upper westerlies results, an occur}ence
marked by the development of highs further south than elsewhere in
the southern hemisphere and by cold pools and depressions at upper
levels., It may be possible, therefore, to connect the mean zonal
high pressure oscillation in the Indian Ocean with the developﬁent

and disappearance of the split in the westerlies over Australasia.

The intensity of the winter anticyclone in the Indian
Ocean is greater than is to be found with anticyclones over all the
other oceans (Vowinckel, 1955). This characteristic, together with
the westward and northward shift of the mean position of the high,
exerts a profound effect upon the nature and charazcteristics of
winter climate on the Natal coast. Lengthy spells of warm, dry,
cloudless weather which accompany anticyclenic cells provide ideal
conditions for the development of land breezes end topographically-
induced wind systems. These local winds also provide & mechanism
for the transport, rather than dispersal, of atmospheric contamfnants
which collect beneath subsidence or radiation inversions. However,
in this season frontal depressions also penetrate further north than
in summer to produce weather along the Natal coast which is ‘more
characteristic of temperate than of sub-tropical latitudes. The
development of local wind systems is then inhibited by the strong
winds, cloud and possible rain that accompanies these depressions

while accumulated atmospheric pollution is rapidly dispersed.

During summer the inter-hemispherical mass flux is reversed
and movement is towards the northern hemisphere. This is succeeded by
a weakening of the Indian Ocean high pressure cell and is accompanied

by an eastward shift of the centre of gravity of the high to 88°E by
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December (Vowinckel, 1955) as well as by a southerly displacement

of the axis of the belt. This latter movement is primarily re-
sponsible for a reduction in summer of the frequency with which cold
fronts penetrate into sub-tropiceal latitudes. However, throughcut
this season the lower atmosphere along the Natal coast is well mixed
due largely to strengthened sea breezes and gradient winds and

weaker subsidence inversions.

1.2.2 Characteristics of weather systems

1.2.2.1 Anticyclones

The Indian Ocean high must not be regarded as a permanently
established element but rather as a composite of eastward moving
ihdividual cells. The movement of these anticyclones in the Indian
Ocean belt occurs along a more restricted latitudinal zone than is to
be found in the other oceana {Taljaard, 1967). In summer, for instance,
the belt is only 8-12° ﬁide with highest frequencies of anticyclone
centres at 37°S (Taljaard and ven Loon, 1963). Many of these cells
skirt the Cape and south-east coast of South Africa, while the re-
mainder extend ridges eastward across the continent. The longevity of
these cells is remarkable_and attempts to trace their lifespan have

suggested periods of up to 24 days.

Subsidence from anticyclones result in the development of
temperature inversions or quasi-isothermal layers at the boundary

. . . o1
between cool, moist surface air and drier, warmer upper air . At

Durban fwo such stable discontinuities are frequently present. The

Taljaard, Schmidt and van Loon (1961) define an inversion as "a
rise in temperature exceeding 0.5 C over an interval of 50 mbs
in an upward direction! and a Quasi-isothermal layer as 'one in
which the lapse rate is less than the saturated adiabatic lapse
rate but in which the increase in temperature with height does
not exceed 0.5%C per 50 mbs."

i
:
]
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upper, generally above 700 mbs divides continentally modified tropi-
cal air from overlying superior air, while the lower divides tropicel
or polar maritime air from overlying continentally modified tropical
gir (Taljeard, 1955). In Table 1.4 stable discontinuities in summer
are shown to increase in frequency from the surface to ECO mbs but

to decrease upwards in winter. This indicates a bhigh frequency of
near-surface inversions in winter which differ from nocturnal inver-
gsions by their presence throughout the day or for as long as the

anticyclone persists.'

Table l.4: Percentage frequency of stable discontinuities
over Durban (after Taljasard, 1955)

Elevation (mbs) . Winter Summer
1600 34.3 4.9
950 13.0 12.9
200 1l.8 16.5
850 9.5 19.7
800 - 9.9 21.7
750 7.0 8.8
700 2.1 2.2

l.2.2.2 Cyclones

In general the sub-tropicel anticyclone belt overlaps the
zone of cyclonic activity on its poleward side. However, in the
western Atlantic Ocean a deviation from this pattern occurs. In
winter, cyclogenesis is most freguent in the belt between 2508 and
3508 which is north of the zone occupied by most anticyclonic centres
(Taljaard and van Loon, 1962). From these latitudes cyclones move

west-north-west to east-south-east in the Atlantic Ocean in a belt



which stretches from approximately 22%s SSOW to 40°S 20°E, The
mean winter track of cyclones crosses the anticyclonio belt in
mid-Atlantic so that only the effect of a trailing cold front is
likely to be experienced along the south and east coasts of

Southern Africa.

Summer cyclones exhibit the same direotional character-
istics as in winter. However, cyclogenesis now occurs more fre-
quently between 55°S and 70°S which is in accordance ®ith the

S w e

&

southward displacement of the pressure belts. The northern limit

of the belt of high frequency oyclogenesia stretches from about r
40°S off the coast of South America to 50°S in mid-Indian Ocean
(Paljaard and van Loon, 1963).

The seasonal meridional oscillation of the mean position
of the sub-tropical high preasure belt is reflected in the freguency
of northward penetration of cold frontsl. Table 1.5 shows that over
a 3 year sample period, the highest frequency of cold fronts which
passed Durban occurred in the winter months and the lowest frequency

in the summer months.

Table 1.5: Frequency per month of the movement of cold
fronts past Durban 1965-67 (after S.A. Weather
" Bureau daily synoptic charts)

0.3 .203 1.8 3.8 3.0 4.0 4.5 4.0 3.8 4.0 2.8 2.3

In order to reduce confusion over the identification of cold fronts,
Taljaard, Schmidt and van Loon (1961) have suggested that they
conform to 'a narrow sloping layer with a vertical extent of at
least 3 kms, across which the temperature changes sharply in a
horizontal direction by an average of -at least 3°C in sub-tropical
regions'. Thus & cold front is quantitatively defined in terms of
its vertical extent and horizontal temperature gradient.




An example of etmospheric circulations and weather charac-
teristics associated with the passage of a cold front ovexr South
Africa is given in Figs. 1.6 and 1.7. At the surface the passage of
the cold front which moved eastward across the country between 17 -
21 Yay 1966, could be recognised by a temperature discontinuity.
Bowever, to understand the severity of the weather changes which
accompanied the surface front, cheracteristics of the upper air wave

pattern must be examined.

By 21 May, a deep trough was located ovexr the country.

Cold but dry air was being circulated over the South Africen plateau
50 that no precipitation occurred. Between 17 - 20 May similar cool-
ing but with a corresponding increase in the moisture content of the
air is shown to occur sbove 400 mbs at Durban. This was associated
with deepening of an almost sfationary low off the Netal coast.
Divergence a2t 300 mbs to accommodate lower level convergence into the
low was assisted by 110 kmot wind over Durban. Precipitation under
these conditions was continuous and heavy along the Natal coast on 20

and 21 May.

l1.2.2.3 Coastal lows

The term 'coastal low! is used for the relatively small and:
shallow low pressure gystems, or pressure minima, which develop over
and move in clese proximity to the coast of Southern Africa betweeﬁ/
Walvis Bay and Lourenco Marques. At the surface the passage of a low
is represented by & sudden change in temperature, pressure, wind direc-

]
tion and wind speed. Prior to the arrival of the low at Durban the

temperature rises, the pressure falls and the pressure gradient steep—f
ens so that north-east gradient winds freshen and may blow strongly. |
When this wind moderates the front is imminent and is generally intro-
duced by strong and gusty winds from the south-west. Temperature now |

falls rapidly and pressure rises.
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No satisfactory explanation of these lows exist. Hattle
(1944) 2nd van Lingen (1944) envisaged lows as endowed with fronts
and represented them as waves travelling s2long a 'semi-permanent
south-east coast front'. This front is defined as the discontinuity

between mild Indian Ocean tropicel maritime air and warmer continen-

tal or subsided air.

Tal jaard, Schmidt end van Loon (1961) have examined coastal
lows in relation to pseudo-frontal characteristics ahead of cold
fronts and describe the existence of a 'leader front! along which
cool tropical maritime ailr digplaces relatively warmer tropical con-
tinental or subsided air. The movement of a leader front ahead of the
cold front along the south and east coasts of Socuthern Africa frequent-
ly coincides with the presence of a pressure minimum situated over the
coast. This pressure minimum is found to coincide with the loweat
elevation of the disturbed sub-tropical inversion and, therefore, re-
presents the position of greatest subsidence and divergence. The low
indicates that divergence above the level of the inversion is in excess *

of convergence near the surface.

Although coastal lows are clearly related to the nature and
movement characteristics of the large scale pressure patterns, they are
not necessarily linked with cold fronts on the Natal coast. As summer
approaches the frequency of ocecurrence of coastel lows increases while
that of cold fronts decreases. Table 1.6 shows that in summer the’
monthly frequency of these lows is cgggiggggbly"highg; than the cold
front frequencies given in Table 1.5 and in all seasons they are re-
sponsible foxr repeated weather changes along the Natal coast. Since
lows are associated with a decrease in air temperature they may also be
recogﬁised by variations in the height of the surface in response to
the hydrostatic balance requirements in cold zir. This is demonstrated
in Figs. 1.8 and 1.9 by a comparison of constant pressure surfaces in
January and July 1967 at Durban. The seasonal variations in occurrence

of lows is shown by more height changes below 2000 m in the former




17

1.8 1 Januery 1967 verticel time section at Durban to
show 24 hour height change (metres) of constant-
pressure surfaces

Fige 1.9 : July 1967 vertical time section at Durban to
show 24 hour height changes (metres) of constant-
pressure surfeces
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than in the latter month.

Table l.6: Frequency per month of the movement of
coastal lows past Durban 1965-67 (after
S.A. Jeatner Bureau daily synoptic charts)

J F M A 1 J J A 8 0 N D
3.0 8.3 6.0 7.3 6.8 7.0 6.3 6.8 7.5 8.0 5.8 9.0

/ The model presented by Taljaerd, Schmidt and van Loon (1961)
offers an explanation of coastal lows which are linked to cold Ironts.
However, lows independent of cold fronts still defy a satisfactory
explanation as to their origin and subsequent behaviour. The fact
that coastal lows are preceded by uppef winds with an offshore compo-
nent may be a pointer to the required solution. Their existence

—3
mainly over the sea also suggests that upper air divergence, which

maintains the low, cannot cope with increased coﬂﬁergence produced by

frictional inflow over the land.
1.2.2.4 Berg winds

The domination of the atmospheric c¢irculation over Scuthern
Africa by a semi-permanent high pressure cell explains the occurrence
of mest to north-west air flow of continentélly modified maritime eair
and continentally modified superior air in the upper air over Durban
(Taljaard, 1955). These winds contribute to yet another pre-frontal
characteristic, namely the Berg wind. These winds occur ﬁainly from
April to September and produce the curious anomaly that the highest

temperature of the year may occur in the winter season.

A Berg wind is a2 hot, dry wind blowing {rom the interior,
a condition commonly associated with a high pressure pattern with
weak pressure gradients over the interior and an advancing depression
over the coast. In the transitional zone between anticyclone and ad-

vancing depression, pressure gradients, which trend parallel to the
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coast, eare steepest and subsidence and divergence occurs. The
inecreased wind velocities break down the sub-tropical inversion
and air, already warmed by subsidence, is transferred downwards

by turbulence {(Jackson, 1947; Tyson, 1964).

A typical example of air movement characteristics under
Berg wind conditions is shown in Fig. 1.10. Throughout the morn-
ing and early afternoon north-westerly winds prevailed to 5,000 ft
and the offshore (negative) component of air movement is, therefore,
considerably greater than the component parallel to the coast.
Under these conditions large positive departures of temperature
usually occur with height, humidity is low, skies are clear and
turbulence active. Berg wind conditions ceased with the arrival of
the coastal low, which is shown to be shallow, of the order 2,000-

3,000 ft, with strong negative components of zir movement parallel

to the coast,

Autographic records which show the occurrence of a Berg
wind and a coastal low esre given by Fig. 1.11. Winds backed during
the morning from north to north-west and this was accompanied by a
sharp rise in temperature, fall in relative humidity and steadily
decreasing pressure. At about 1120 the wind backed sharply to south-
south-west with the arrival of a 30 mph wind. It is apparent that
the temperature immediately fell while the relative humidity and

surface pressure as suddenly rose.

1.2.3 Characteristics of climate

1.2.3.]1 Wind

Mean monthly surface wind speeds 2t Durban reflect seasonal
variations in pressure gradients of the large-scale pressure systems,

the intensity of local circulations and stability characteristics of

e T
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air leyers near the ground. Mean wind speeds are lowest between
May and June when the frequency and intensity of anticyclones over :
the Natal coast is at a maximum (Fig. 1.12). Relatively higher
mean wind speeds during the warm season, November to April, are
due to steeper pressure gradients of the large-scele pressure

systems as well 23 to stronger north-east sea breezes. Highest :

mean wind speeds occur from September to October, a transitional
period at the end of winter which is associated with a reduction
in the stability of the winter anticyclone and an increase in the
northward penetration of frontal disturbances. Mean wind speeds

in Janvary and July for each direction are given in Table 1.7«

Table 1.7: Mean wind speeds (mph) for each direction
at Stamford Hill airport, Durban (after
S.A. Weather Bureau 19€0)

Wind direction January July
N 5.6 4.7
NNE 9.4 903
NE 10.2. 8.4
ENE o 8.1 6.7
E 5.9 5.5
ESE 5,2 4.4
SE 5.8 5.1
SSE 8.1 6.9
S 13.8 11.5
SSW 15.6 15.7

&w . 5.6 0.8
WISW 6.3 8.0
W 5.7 6.5
WNW 4.9 6.2
NW 4.8 5.7

NNW 4.0 4.2
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(after S.A. Weather Bureau, 1960)



The diurnal variatien of wind speed undergoes & slight
change in amplitude rather than in phase during the year (Fig.l.l13).
Maximum wind speeds occur at about 1400 but mean wind speeds at all

times are highest in October and lowest in June. High nocturnal

mean wind speeds in October, relative to other months, are due to
strong south-west winds which blow at the rear of frontal depressions

and may persist throughout the night.

PRITEES "LoT T

V/ind measurements are also affected by exposure. Fig. 1l.14

shows that mean wind speeds are consistently higher at station 15

s 4 e m

(Louis Botha airport, see Fig. 2.l) where channelling of south-west !
or north-east winds occurs, than at station 13 (Stamford Hill airport).

| On the other hand station 12, at a height of 932 f{ was exposed to

winds on all sides and in the summer season recorded higher mean wing

speeds than station 15.

[rm LT

1.2.3.2 Temperature and humidity

Py L e

February is the warmest and July the coolesi month (Fig.
1.15). In summer vapour pressure and, therefore, relative humidity
is high, particularly at night, when little nocturnal cooling at
constant pressure soon causes the air to approach saturation. With
high near surface absolute humidities the atmosphere is also kept i
warm at night by absorption and re-radiation of long wave radiation. F
By day, eddy diffusion of heat by the sea breeze is mainly respon- %

sible for lowering surface temperature but addition of moisture to

the atmosphere by this wind maintains a relatively low saturation . 3 :

f oL

deficit, particularly near the coast. .

The winter months are cool and dry. Of interest is the
occurrence of lowest relative humidity at 1000 in June. This is a
period of calm and rapid surface heating, transitional between the

land and sea breeze circulation.
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LOUIS BOTHA

Fig. 1.14 : Izopleth graphs showing monthly variations of mean
hourly wind speed (mph) at Stamford H3ill (station
13), Louis Bothe airport (station 15) and Reservoir

Bills (station 12) (partly after S.A. Weather Bureau
1960)
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In fine weather produced by anticyclones, rapid surface
cooling takes place at night with the subsequent development of
steep near-surface temperature inversions. Winter lapse rate

I

measuremenis on 28 July 1967 to 400 ft at station 18 (see Fig. 2.2)

in Pinetown showed that on this occasion the inversion broke down
at about 1000 and reformed at about 1700 under clear sky and low
wind conditions (Fig. 1.16). Below 50 ft, mean lapse rates over a
10 dey period, which included calm and unsettled weather conditions,
indicated a similar pattern with the exception of an earlier inver-
sion breakdown (Fig. 1.17).

The seasonal varietion of temperature is not confined to

the surface alone but extends throughout the atmosphere. Fig. 1.18
shows that below 500 mbs atmospheric temperafures undergo a reduc-
tion of 5°C to 7°C between summer and Qinter. Variability about
the mean temperature is causcd by the passage of cozstal lows and
cold fronts in winter and coastal lows in summer. In wintex atmos-
pheric cooling by cold fronts is expected to take place throughout
the gtmosphere and a quasi-constant stendaxrd deviation occurs at all
levels (Fig. 1.19). In avtumn this does not take place to the same
extent. Although the winter anticyclone is weakening in this season,
near-surface subsidence inversions stil}l exist and the breakdown of
the inversion by more frequent coastal lows produces a high standard
deviation below 700 mbs. During summer and spring subsidence inver-

sions are weak or lacking altogether and this effect is less obvious.

R B L R I

Characteristics of the weather and climate salong the Natal
coast have been dealt with in more detail than might seem necessary
for a study of local circulations. However, weather along this

coastline is so variable at all seasons and the influence of



travelling depressions upon local winds is so marked that without

an introductory reference to large scale weather systems, the

nature of local wind systems could not be appreciated in their

corract context.




CHAPTER 2

OBSERVATION AND ANALYSIS

2.1 Introduction

The measurement of local climatological elements does
not necessarily require a long-term period of observations before
certain conclusions can be reached concerning time and space varia-
tions of the paramefters. This reasoning has been recognised by
Geiger (1965) and has been applied by Fisher (1960) and Frizzola and
Fisher (1963) in the study of sea breézes, Tyson (1967) in a study
of topographically-induced wind systems and Goldreich (1969) in a
study of urbsn temperatures. The analysis of short-term measurements
of certain climatic elements bas elso been applied in this atudy;
Local circulations were recorded at intervals gduring July 1963 and
over a 4-year period from 1966-63. The measurement of spatial tempera-
ture variations were made during July 1968 and between November 1969
to Februvary 1970. In addition heourly precipitation records extending

over a 1l0-year period from 1958-67 were obtained from Louis Botha
airport.
2.2 Instrumentation and location
2.2.1 The measurement of wind by balloons

Wind mezsurement by balloons depends upon theodolite
observations at regular intervals. Both the single and double theodo-
lite methods were adopted with the choice of methcd dependent upon

the particular requirements in terms of tracing air rovement.

The single theodolite method relies upon a constant rate
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of balloon ascent. A balloon to which a pre-determined weight is
attached, is filled with hydrogen until it floats. Upon removal
of the weight the balloon is no longer in equilibrium with its
surroundings and rises with a 1ift determinted by the removed

weight. The rate of ascent 1s expressed by the equation

L2
V= —= (2.1)

N
(L + W)3

where V denotes rate of escent in ft/min, W weight of the balloon in

grams, L free lift in grams and q a constant taken as 279 for ballonns
with a diameter less then 90 inches (HMSO 1959).

The pilot balloon theodolite records the angular position
of the ballcon at a particular instant by means of its azimuth and
elevation. The former term denotes the direction of the point on the
ground immediately below the balloon measured in degrees from true
nor%h; the latter term gives the angular height of the balloon above
the ground. Since the height of the balloon is known from the rate
of ascent, the application of trigonometrical ratios fixes the balloon
position at each reading. Both direction and speed of air movement
may be obtained from the balloon trajectory, the latter calculated

from the balloon displacement per unit time.

Results obtained using the single theodolite method are sub-
ject to errors, caused by departures from the computed rate of ascent
of the balloon, which may be ceused by vertical responses to isoclated
buoyant currents or downdrafts and to heating of the balloon. Erxror
is also accumlated under .strong wind conditions. The accuracy of the
single theodolite method has been examined by Arnold (1948) and Ayers
(1958) who compared this method to double theodolite measurements which
served as a standard. A mean error in speed of approximately 1.0 m/sec

and a height error of between 10 and 15 per cent was generally found.




Balloon releases at regular time dntervals using the
single theodolite method varied from 5-60 minutes depending upon
the measurement requirements. For instance, measurements aimed at
recording wind surge characteristics by day or night required 5-10
minute releases, while over a 10-12 hour period local wind condi-
tions could be adequately described by 30-60 minute releases. 5
gram balloons were used with an average rate of ascent of 350 ft/min

by day and 200 ft/min by night.

A primary concern of this study being the measurement of
lend and sea breeze characteristics, wind speeds obtained {rom
single theodolite measurements were converted to onshor~ (positive)
and offshore (negative) wind components. In all cases the orienta-
tion of the coastline was taken as 320; The variaiion of these com-
ponents is described by velocity isopleths in metres per second on
vertical time or space sectioﬁs. WVind direction to sixteen compass

points is also accommodated on these diagrams.

The double theodolite method requires a theodolite posi-
tioned at each end of a base line. Upon release of the balloon,
readings of azimuth and elevation are simultaneously taken at con-
secutive time intervals. The base line was drawn on a map with
scale 1:18,000 and this line was used to plot intersecting azimuth
angles thus giving the fix of balloon positions in the horizontal
plane. Wind speeds were calculated from the spacing of balloon
positions at time intervals while wind direction was given by the
horizontal displacement of the balloon. Since the elevation angle
and borizontal distance from the balloon release points was known,
the height of the balloon at each reading was calculated from
tangent tables.

The main disadvantage of the Aouble theodolite method is
the difficulty, along the Natal coast, of locating suitable base

lines in the horizontal plane approximately normal to the wind



directionl. However, a constant rate of balloon ascent is not
assumed and changes in balloon height, due to diffusion of gas

or vertical displacement of the balioon, is measured. This method
was used at times when it was necessary to record the character-
istics of low-level air movement and on these occasions balloons
were adjusted to maintain a constant elevation or to ascend at a
gentle rate. Since the mein concern of the double theodolite
method was to record drainage winds rather than land or sea breszes,

only true wird speeds were represented on vertical time sections.

Low-level balloon flights using the double theodolite
method require a slow rate of balloon ascent. To prevent the effect
of radiational heating, =z balloon developed from a transparent poly-
thene material called lielinex wes used during the day. This material,
which is transparent to solar radiation and absorbs heat to an insig-
nificant degree in the infra-red wavelengths, proved most satisfactory.
Diffusion through the non-extensible Melinex balloon was negligible
and could be ignored as a force calculated to effect buoyancy within
the period the balloon was likely to remein visible. A double rubder
30 gram balloon was also used to counteract diffusion, the inner
balloon containing hydrogen and the outer balloon air. The rate of
loss of buoyancy would be initially zero, the gas escaping from the
inner balloon being held in the outer balloon. The escape of gas
through the outer balloon envelope only proceeds when an appreciable
concentration is built up in the interspace (Luces, Spurr and
Williams, 1957).

Night ascents required a light attached beneath the balloon.
The weight of battery powered lights proved prohibitive while fhe

intensity of light thus generated decreases with time. Instead candle

1 Another severe practical limitation of the double theodolite

method is the number of fieldworkers required for ifts
operation.

_ mettam




Fig. 2.1 : Map to show location of observing stations in the
Durban area. Double theodolite stations are
cormected by a solid line
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lanterns, in which the intensity of light emitted remains constant

until the candle is extinguished, were used in preference. It was

also hoped that the increase in buoyancy credited to the balloon

by the wasting candle would help counteract the loss by radiational
cooling. The lentern was suspended about 6 ft beneath the balloon

to prevent heating effects,

By day solar heating of the balloon caused an additional
component to the rate of ascent but diffusion of gas through the
rubber membrane partly counteracted this effect. However, as
balloons were tracked for only 10-15 minutes it was felt that the

error thus accumilated was within reasonable limits,

Air movement in the Natal Bay area was observed by the
single and double theodolite method and base lines and theocdolite
stations are shown in Fig. 2.1. Theodolite stations were also
located in the bgeni River valley to record topographically-induced
wind systems and at sites along'a line approximately normal to the
coastline and extending 36 miles inland (Fig. 2.2). The latter
stations were located on the interfluve area between the ligeni
River wvalley to the north and the Mlazi River valley to the south.
These sgtations were sited to record land and sea breezes and were
located as far as possible away from the influence of wind circula-

tions developed in deep valleys.

2.2.2 The measurement of wind by anemometer

1. Casella anemometers were used for the measurement
of low velocity nocturnal air flow in the Mgeni
and Umbilo River valleys (stations 1, 2, 4).
The instruments were mounted at the end of cross-
bars fixed ito an aluminium mast 3 £t and 18 ft
above the ground. A sensitive wind vane was
mounted on the opposing end of each crossbar. Re-
cordings of wind speed and direction were taken

at 5 minute intervals.
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Fig. 2.3 : Summer 1968-69 and winter 1968 location of
midday temperature recording stations in
the Durben area
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25 4 Lamprecht anemorteter was used to obtain
12 months! uninterrupted record from June
1967 to May 1968 at station 12.

2.2.5% The measurement of temperature and humidity by
motor vehicle traversing

With limited resources, motor vehicle traversing is
the most effective method of gathering a suitable array of tempera-
ture and humidify data and this method was adopted  for data collec-
tion in Durban. Two thermistors, one to record dry bulb and one wet
bulb temperature, were housed in an_glgginium tube with length 8 ins
end dismeter 2.4 ins. The %tube was mou;;ed-beside the front left-
hand door of a rear-engined motor vehicle 54 ins above the ground and
T ins from the vehicle. Adequate protection from the direct rays of
the sun was provided by the tube and ventilation of the thermistors
was achieved through the movement of the vehicle. Readings were taken

only when the vehicle was in motion at speeds between 20 and 30 mph.

A potentiometer (a helipot graduated 0-1000 was used in
this case) balanced the voltage between a standard resistor on one
leg of a transistorised resistance bridge circuit and the thermistor.
The helipot readings were then calibrated to degrees centigrade
against a standard msrcury thermometer. Freguent checks were carried
out against sudden devietions of the thermistor from the original
calibration but no significant change was perceived over the rfield-

work period.

Temperatures were recorded by day at 110 stations along &
26 mile traverse shown in Fig. 2.3. The traverse was started at 12%0
and took approximately one hour to complete. Since temperatures at
the beginning and end of the traverse seldom differed significantly,

no correction was applied to reduce temperatures to a common time.
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Over a summer period from late November 1968 to early
February 1969, 28 daily traverses were run in continuous spells
of avout one week irrespective of weather conditions. Winter mea-
surements were carried out over 10 days during June 1969. In both

seasons the frequency distribution of temperature shows an almost

normal distribution and it is felt that the data represent a reason-

ably good estimate of mean midday temperature over Durtan.

The spatial variation of minimum temperature over Durban
was recorded by 5 traverses during July 1968 at 86 stations along
a 39 mile route shown in Fig. 2.4. These traverses were started at

0400 and run only under calm, cleaxr cloudless conditions.

Traverses in the Pinmetown basin were recorded at{ééigta-
tions elong a 24 mile route shown in Fig. 2.5. This fieldwork was

carried out in July 1968 and maximum (midday) end minimum (pre-dawn)

temperatures were recorded over 10 days.

S
2.2.4 Lapse rate measurements by tethered balloon

Lapse rate measurements were accomplished by the suspen-
sion of a radiosonde beneath a Kytoon which was tethered at the sur-
face in the Pinetown basin at station 18. Similar measurements could
not easily be made in Durban due to the danger to commercial aircraft.
Movements of an artificially ventilated bi-metallic strip within the
radiosonde, caused by variations in air temperature, were converted to
morse code and transmitted to a receiver at the surface. Temperatures
were thus recorded at 25 ft intervals and the Kytoon was able {to lift
the instrument to 400 £t in certain conditions. This technigue is
complicated by wind. The XKytoon does not fly vertically under these
conditions and an elevation anglg measured by thecdolite is required

to obtain the correct height.




2.3 Harmonic analysis

Harmonic enalysis is a stendard technique and has been
clearly outlined by Conrad and Pollak (1950), Brooks and Carruthers
(1953) and Panofsky and Brier (1963). The technique permits any
curve described by an array of data arranged in a natural time or
space sequence to be expressed as the algebraic sum of a series of
gine functions. Each sine wave is successively called the first
harmonic which has one maximum and one minimum, the second harmonic,
with two maxima eand itwo minima, etc. The harmonics are objectively
described by values of wave emplitude and phase angle. In each case
the total abscissal length of the harmonic remains the same and
phase angles are obtained by shifting the curve to the left thus

changing the values at which maxims or minima occur.

This technique has been widely used to define periodic
fluctuations within a time or space series (Sutton 1953, Bryson 1957,
Sabbagh and Bryson 1962, Horn and Bryson 1960, NMcGee and Hastenrath
1966, Tyson 1968z, 1968b, 1969a). Tyson (1969t) points out that the
method consists of representing fluctuating data by a series of sine

functions such that the variate Xf: at time t is

N/2
. 2Tkt
X, = X + k§1 ap sin ( gt ) (2.2)

where X denotes the mean of the series.it (t=0,...,N=1), T = 180
degrees, @8 denotes the amplitude of the kth harmonic with phase
angle ®; and N the total length of the period. @z and ¢z are deter-

mined from

2
ap = (pi + qb)2 = sin %g (2.3)
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and
Pz
tan ¢, = @ (2.4)
where
N-1
2 2Tkt
pr = = X X_ cos (2.5)
N .ot N
‘and
N-1
dr = % 2 Xt sin 271;\]]'(1: (2.6)
t=0

except in the case where k =N/2 when p is half the wvalue given

in Equation 2.5 and g is zexo.

If the variance components of the harmonics describing an
observed curve are summed together the curve is closely fitted.
However, the variance component of each harmonic is independent of
the other harmonics so that the contribution of the variance of the
first harmonic to the total variance indicates the degree to which
the first harmonic, specified by the parameters amplitude and phase
angle, fit the observed curve. The variance contributed by indi-

vidual harmonics to the total variance is given by

2
ak

2
ch

(2.7)

except in the case of N/2 harmonics where the variance contribution
is twice the value given by Equation 2.7. Since the variance contri-

bution of each wave to the total varience is known, a variance
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spectrum may be obteined by plotting the variance ratio against

the frequency (X/N) or period (N/k) of eech harmonic.

¥ oK K K K ¥ & ¥ K ¥ ¥

Harmeonioc anglysis was applied to obtain an objective
description of both temporal and areal variations of selected
climatic elements. All calculations were performed on the I.B.M.
1130 computer at the University of Natal. Periodic surges in
land and sea breeze velocities obtained from balloon releases at
5 minute intervals were examined by epplying this method to an
array of wind speed measurements arranged in a nstural series.
The spetiel character of mean summer end winter temperatures and
summer discomfort index values over Durban was also examined by
this technigue. In this case the date arrsy was obtzined from
temperature or discomfort index measurements at regular intervals
along a base line. An expression was then developed to describe
the variance contribution of each harmonic to the totel variance.
Summation of each harmonic function provides a close fit to the

spatial variation of these elements along the base line.



PART I1I

CHARACTERISTICS OF LOCAL WIND SYSTEMS




CHAPTER 3

SEA BREEZES

3.1 Introduction

During summer, moist and relatively cool air over the sez
is advected alﬁggg‘ﬁéily'5§;r the Natal coas£—by the sea breesze.
The characteristics of the circulation in terms of adjustiment to
the rotation of the earth and seasonal variations in the depth of
the system have been described by Jackson (1954). To edd to this
work summer variations in the depth and velocity of the sea breeze
at the coast as well as characteristics of its inland penetiration
have been examined. It is recognised, however, that the sea breeze
is seldom unaffected by gradient winds of the large scale pressure
systems and by topographically-induced winds in the dissected

coastal hinterland.

3.2 General characteristics

The occurrence of a sea breeze during both summer and
winter is a predictable event in fine weather conditions. In summer
the sea breeze prevails for about 11 hours from 0900 until 2000; in
winter the duration of this wind is reduced to 7 or 8 hours and it
blows from about 1000 or 1100 until 1800 (Weather on the Coasts of
Southern Africa 1941).

An exact treatment of the problem of developing a sea
breeze model was first attempted by Jeffreys (1922) who considered
land-sea circulations as antitriptic winds in which only the fric-

tional and pressure gradient forces arce significant. That this early



model does not conform more closely to reality is due to neglect
of the influence of the earth's rotation. Jackson (1954) points
out that a2s the sea breeze circulation on the Watal coast grows
with time, the wind backs from east to north-east to make a small
angle with the coastline. This observation is in egreement with
the theoretical model developed by Haurwitz (1947) which shows the
rotation of the sea breeze with time under the influence of the
Coriolis force and observations by Staley (1957, 1959), Dexter
(1958) and Fisher (1960).

Surface friction seems to be an important consideration
in the variation of sea breeze velocities during the day. In the
simple solenoidal model developed by Bjerknes et el (1933), the sea
breeze must be expected to set in at the time of maximum surface
heating and reach its greatest velocity when the temperature gra-
dient changes from onshore *o offshore. This is far {rom reality
and the effect of friction was suggested by Godske (1934) to dbe an
important contributing factor to closer agresment between the phase
difference between the time of maximum land-sea temperature differ-
ence and maximum velocities in the sea breeze circulation. This idea
was examined in more detail by Haurwitz (1947) who showed, using
Bjerknes!' circulation theorem, that by varying the friction term the
maximum sea breeze velocities could be made to occur at different
time intervals after the time of maximum land-sea temperature differ-
ence had been reached. He concluded that from friction terms obsexved
on land, the maximum sea breeze should occur about 3 hours after the
maximum land-sea temperature difference. Tabls 3.1 shows that mean
hourly wind speeds recorded in February at Duxban occur at 1400,
approximately at the time of maximum temperature difference between
land and sea. This shows that the friction terms used by Haurwitz,
although they do not give close agreement with observations, are

clearly acting in the correct direction.

A clearly defined and dramatic 'frontal® type onset of the
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Table 3.1: Mean hourly wind speed (U) in mpn and the
mean hourly land-sea temperature difference
( AT) in OC during February and July at
Durban (after S.A. Weather Bureau, 1954,
19603 Wellington, 1955)

February July
Time U A T T AT
8 207 "007 106 —496
9 3.3 0.3 1.9 -1.9
10 3.9 1.0 2.2 0e5
11 4.5 1.4 2.6 1.5
12 4.9 1.7 3.0 1.8
13 5.1 1.9 3.9 2.0
14 5.3 1.9 3.7 2.0
15 5.2 1.6 3,8 1.7
16 5.0 1.2 3.6 1.2
17 4‘7 007 303 "O.l
18 4.5 0 2.8 -1.5

sea breeze is not characteristic of the circulation on the Natal
coast nor is it to be found in the humid tropics where, according to
Kimble (1946), steep land-sea temperature gradients are not common.
Instead Wexler (1946) points out that the highest frequency of fron-
tal type sea breezes occurs in temperature latitudes. The ebserce
of a frontal onset over the Natal coast is largely dve to gradient
winds over the sea which, due to frictional inflow or isobaric
orientation, blow onshore once the land breeze has subsided. Cooler
sea air is then advected over the land and this inhibits the develop-
ment of a steep temperature gradient over the coast; particularly as
the land-sea temperature difference is already small. The basic
ingredients for the occurrence of a well-developed sea breeze front
are offshore gradient winds which advect strongly heated land air

towards a imarkedly cooler sea so that a steep temperature gradient

is established.

Sea breeze circulations are considerably aifected by



latitude. In low latitudes where gradient winds and the Coriolis
force is wesk and surface heating is strong, the sea breeze cir-
culation may dominate daytime air movement over the coast. In
middle latitudes gradient winds invariably affect the sea breeze,
either as a strengthening or as a weakening influence, while the
Coriolis force is more effective in rotating the wind duriné the
day towards a small angle with the coastline thus reducing the on-—
shore component of air movement while strengthening the component
parallel to the coast. The Natal coast lies in sub-tropical lati-
tudes midway between low and middle latitudes so that it is not
surprising that the characteristics of both latitude zones should be

found in the sea breeze circulation.

5.3 Frequency of occurrence

At its onset the sea breeze blows east-north-east to
north-east as the example in Fig. 3.1 indicates. Table 3.2 shows
the high frequency of these wind directions during both January and
July the only other directions with comparable frequencies being
south, south-south-west and south-west. These latter directions
are, however, due to the passage of frontal systems past Durban.
Although these post-frontal winds are associated with high wind
speeds which tend to subdue the sea breeze circulation, a variation
of wind direction is nevertheless usually evident during the day as
winds back from south-south-west and south-west to southfsouth—east

and south-east.

The sea breeze occurs more frequently in summer than in
winter. The highest path taken by the summer sun is only 6° 20!
from the zenith so that surface heating is more intense and of longer
duration than during winter when the maximum angle of the mid-winter
sun is 530 20" from the zenith. The sea breeze can only set in when

land temperatures exceed those over the sea. Consequently, reduced
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Fig. 3.1 : Profiles end horizontal components of balloon trajectories

to show the onset of the sea breeze on 6.12.67 at station
17, Cowies Hill



Table 3.2: Frequency of wind direction per 500 for
the 12 daytime hcurs only at station 13, :
Durban (after S.A. Weather Bureau 1960) ;

January July
N 3.1 8.3
NNE 49.1 40.9
NE 74.7 59.2
ENE 53.8 18.1
E 11.0 6.9
ESE 8.9 6.4
SE 19.3 11.3
SSE 23.6 14.1
S 49.4 32.2
Ssw 79.9 51.8
SW 4.6 36.7
WSwW 5.9 11.6
v 0.4 3.4
VNV 0.6 1-4
Nv7 1.6 19.7
NNW l.4 19.8
CALM 15.9 153.2

surface heating in winter tends to inhibit the growth and duration
of a sea breeze circulation. That conditions are more favourable
for the continued existence of an offshore temperature gradient
during winter mornings, is suggested by the relatively high July
frequency of occurrence of offshore pnorth-west and north-north-

west winds.

N

3.4 Inland penetration
The diurnal variation of wind direction at the coast,
which varies from offshore at night to onshore during the day, may
be found to occur throughout Natal. Tyson (1966, 1968a)has des-
cribed the development of 2 mountein-plain wind during the night

and valley winds during the day and he suggests that both these
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winds extend across Natal from the Drekensberg to the coast.
However, these circulations are topographically-induced and to

them must be edded the effect of land-sea circulations and gradient
winds. It will be shown in a later chapter that the land breeze

does not extend more than 20 miles inland as & separate circulation.

However, the sea breeze mey under suitable conditions and strength-
ened by gradient winds, extend considerzbly further. Thnis is de-
picted in Figs. 3.2, 3.3 and 3.4 which show the onset and develop-
ment-of an onshore circulation at recording stations situated pro-
gressively further inland as far as Mpushini (station 21).

The sea breeze circulation penetrates without difficulty
to above the Kloof plateau. Fig. 3.5 shows that by 0900 on 6 De-
cember 1967, the shear line, marked by a wind shift between on-
shore east-north-east winds and offshore northerly winds, lzay be-
tween stations 17 and 19. =y 1000 the sea breeze had extended
beyond station 19 although on this occasion a shallow northerly
wind still persisted at the surface. No dramatic frontal change
eccompanied the wind shift and onshore winds were weak at first but
strengthened later. Maximum onshore wind components tended to occur

over the coastal area and to weaken progressively with distance in-
land.

The depth of the onshore wind system increases in the
vicinity of station 17 and this must be partly atfribuied to the
abrupt 700 f1 altitude rise from the Pinetown basin to the Kloof
plategu surface. A particvlerly good example of this deepening

{rom observations made on 4 January 1968 is shown in Fig. 3.6,

Having ascended onto the Kloof plateau the wind shear
advances across the blazi - Mgeni River interfluve and reaches
Pietermaritzburg on occasions. Fig. 3.7 shows that on 11 Januvary
1968, onshore winds, possibly of marine origin, passed station 21

by 1000. In general the rate of movemsnt of the shear line varies
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: Possible interaction between sea breezes and valley winds
suggested by ctrengthened onshore components of air move~
ment on 26.1.68 a2t station 21. Velocity isopleths ir m/sec
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considerably from the relatively rapid advance of about 8 m/sec
recorded in this example to much slower rates of about 4 m/sec.
The onshore air layer deepened during the morning and by 1500 the
height of zero wind component was 1,700 ft at station 21 and 1,500
ft at station 10 with a familiaxr bulge in the height of zerc wind
component over station 17 where the layer was 2,400 ft deep. On-
shore wind components were stronger seaward of station 17 at 1000
and 1300 and this suggests that the main energy of the sea breeze
circulation and probably the zone of strongest land-sea temperature
gradient was concentrated in this area. By 1500, however, backing
of the wind in response to the Coriolis force weakened the onshore

wind components neaxr the coast,

Although the sea breeze circulation appears to be strong
and deep enough to move across the Kloof plateau, it is suggested
that further inland penetration is sccomplished by the additional
assistance of other wind systems. By 1500 on 11 January 1969,
east-north-east winds at station 21 showed a strong onshore com-
ponent relative to the coastal area and seem, therefore, to be the
product of forces generated other than by the sea breeze circulation.
Valley winds which deepen to above ridge level (Tyson, 1968s) offer
one explanation; another may be sought in the combined effect of sea
breezes and gradient winds particularly as onshore circulations have
been traced from the coast. A more probable conclusion, however, is
that these winds represent the combined effect of all three wind

systems,

Valley winds which influence air movement over station 21
wéuld be generated mainly in the }Mgeni River wvalley. As these winds
déepen to above the level of the interfluve which separates the
Méeni and Mlazi River valleys, entrainment into the combined onshore
gradient wind and sea breeze system would occur. Observations on 26
January 1968 shown in Fig. 3.8 indicate north-east winds at the coast

but easterly winds near the surface further inland. It is suggested
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that in tkhis case east is the resultant wind direction between

deepening valley winds and the gradient wind-sea breeze sysiem.

Unlike an advancing sea breeze front, which is associated
with strong vertical currents usually identified by cloud (Leopold,
1949), the moving shear line in Natal is not esccompanied by clougd
development. However, vigorous cumulus growth in the Xloof plateau
area, coupled with a tendency for the altitude of zero_wind com-
ponent to increase in this area, does suggest a zone of strong ver-

tical motion 10-15 miles inland from the coast.

The movement of a shear line separating onshore from
offshore wind components was not traced beyond station 21. However,
from observations by Tyson (1963a)it seems likely that much of this
onshore air movement is integrated, near the surface, into a regional
valley wind which by day blows east-south-east to south-east over
Natal.

It is difficult to evaluate the influence of pressure
systems in Natal upon these locel wind systems. In particular the
presence of a lee depression in East Griqualand and southern Natal
may be recognised by consistently lower pressures recorded at Kokstad

than at Umtata, Cedara or Estcourt {Table 3.3).

Table 3.3: Mean height in geopotential metres of the
850 mb surface during January 1969 at
weather stations in the Transkei, East
Griqualand and Natal (after Durtan Meteoro-
logical Office daily 1400 synoptic charts)

Umtata Kokstad Cedara Estcourt

501 480 494 492
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An example of 14C0 synoptic conditions on 11 January
1968 shows that although pressures reduced to B850 mbs vere
generally low over eastern South Africa, lowest pressures over
the land were to be found over the interior of southern Natel
end East Grigualand (Fig. 3.9). Although this low may reflect
pressure variations over a much larger area than the Natzl interior,
it was probably intensified by the development of a lee depression
ceused by strong north-west winds blowing over the Drakensderg.
This low may produce a monsoon effect and be responsible for an

added compenent of onshore winds towerds the Natal interior.

3.5 . Depth and velocity characteristics

The depth z2nd velocity of the sea breeze is characterised

by day to day variations. 7This may be attributed in particular to:

(2) Changes in the strength and direction of the prevailing
gradient wind. This is of particular significance on
the east coast of South Africa where the high frequency
of coastal lows produce a wind shift from north-east to

south-west every few days.

(b) Changes in lapse rate. Yhen unstable atmospheric conditions
persist near the surface, heat generated by radiational
warming of the land is spread through a deeper layer than
under stable conditions and this would tend to restrict the
development of a steep thermal pressure gradient. However,
cloud development is also characteristic of unstable air and
the release of the latent heat of condensetion may‘more than
counteract the initial reduction of a land-sea pressure

gradient.

(¢) Variztions in surface heating. The formation of a cloud
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cover over the land soon after sunrise retards surface
heating and thus inhibits the sea breeze circulation.
Nocturnal rainfall, a common phenomenon at Durban, not
only cools the air layer near the ground but alsec delays
the daytime rise in temperature while the saturated soil

dries out.

Certain variables remain unchanged, however, end tney must

exert a considerable influence upon the sea breeze. These inclugde:.

(a) The topography which is deeply incised by rivers
flowing north-west to- south-east. Topographically- :
induced up-valley winds must strengthen the sea

breeze particularly in the lower layers.

T —
N

(b) With the exception of urban areas the landscape is
largely grass-covered so that the rate of surface A
heating affected by this factor would not differ

significantly from area to area.

In fine weather the sea breeze deepens steadily over the

coast. Fig. 3.10 shows that a well-developed sea breeze circulation,
recorded on 28 November 1968 from station 2, deepened from 1,100 ft
at 0920 to 2,700 ft by 1220 at a rate of 9 ft/min. On this occasion
east and east-south-east winds near the surface were due to the in-
fluence upon the sea breeze of low-level gradient winds over the sea
which were veering in response to an advancing coastal low. The
height of zero wind component at 1100 was about 2,000 ft and it is
interesting to note that this is in approximate agreement with the
model developed by Fisher (1961) for a sea breeze circulation at this
hour (Fig. }.11). Fisher used sea breeze observaticns from the New
England coast as a basis for the integration of non-linear sea breeze

equations at consecutive time intervals.
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¥rom components of mean winds normal to the coast
observed from pilot balloon ascents at Durban, Jackson (1954)
concludes that in summer the onshore air current is between 2,000

and 3,000 ft. In addition this height was found to vary in accor-

dance with the stability of the upper air with shallow sea breezes
associated with low-level subsidence inversions. The infrequent
occurrence of onshore winda gbove 3,000 ft is slso shown in Table
3.4 which indicates resultant wind directions computed from Decem-
ber to February 1965-66 14C0 radiosonde ascents at Durban. Re-
sultant winds are easterly at 1000 mbs and northerly at 900 mbs.

Table 3.4: December to Pebruary wind resultants over
Durban (after S.4. Weather Bureau Rawin
data 1965-66)

Pressure Me:in Height Resultant Direction
(mbs) (£t) (deg)
1000 353 92
900 3335 _ 356
800 6628 302

The increased stability of the upper air during winter and
the greater frequency of subsidence inversions at levels lower than
those characteristic of summer (Taljaard, 1955) means that in general

sea breezes would be shallower in winter than in summer. Fig. 3.12

shows that on 7 July 1967 the onshore east and north-east wind deep-
ened over station 18 from 200 ft at 0845 to 2,000 ft at 1800 at a
rate of 3.24 ft/min. At 1300 the height of zero wind component was
some 1,740 ft below that predicted by Fisher for a similar hour.

Despite the gradual deepening of the sea breeze circula-

tion over the coast during the day, the zone of maximum onshore wind
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components remains approximately constant. This is apparent in
Figs.3.10 and 3.13% end mean values of the components shown in

Fig. 3.14 indicate that maximum velocities were located between
500 and 1,000 ft. In the model developed by Fisher (1961) maximum

onshore components are located between 640 ft and 1,300 ft.

On some occasions the wind profile rather than the zero
wind component is an important indicator of the presence of a sea
breeze circulation. On 3 December 1968 (Fig. 3.13) a fluctuating
zero wind component was clearly not associated with the sea breeze
but was due to slight varistions ci the gradient wind away from a
direction parallel to the coast. Upper gradient winds suppressed
eny tendency of the seaz breeze to deepen and its existence could

only be recognised by maximum onshore components below 1,000 ft.

3.6 Surging

In the zone of maximwm onshore wind components in Fig.
3.10 and Fig. 3.13, clearly recognisable surges are present. This
aspect of the sea breeze appears to have received very little atten-
tion although ¥allington (1959) has recognised surges at the ses
breeze front over south-east England and Pearce (1962) describes
10 minute pulses in sea breeze velocities from snemogram recordings.
Pulsating variations in the wind at inland stations are z2lso recog-
nised in the model developed by Pearce (1962) although they 4o not
geem to appear in similar models developed by Fisher (1961) and
Estogue (1962). Pearce cites surge-type solutions found by Ball
(1960) to be associated with the Coriolis terms in the equations of
motion es a possible explanation of this phenomenon. However, it
mey also be suggested that as onshore components of air movement due
to the sea breeze and gradient winds increase, temperatures in the
lower layer of the atmosphere may be temporarily lowered by advection

of cooler sea air over the land and to eddy diffusion of heat. The
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sea breeze component of the onshore air movement may then be
temporarily weakened by reduced baroclinity. A retvrn to the
previous velocities tzkes place as a surge and this awaits upon
the renewal of the pre-existing temperature gradient by surface

heating.

The process described above could account for periodic
surges in the sea breeze and since surging seems to take place as
2 low frequency velocity oscillation it can be described by har-
monic anzlysis. A varience spectrum is obtained by plotting the
variance ratioc given by Egquation 2.7 against the pericd of each
harmonic. By this method wind speed measurements on 28 November
1968 and 3 December 1968 from station 2 give periods of 60 and 120
minutes (Figs. 3.15 and 3.16). The period would, however, be
expected to vary from day to day with changes in direction and
speed of gradient winds and varigtions in the land-sea temperature

gradient.

3.7 The effect of gradient winds

Prevailing directions of gradient winds along the Natal
coast are north-east and south-west. The former is the result of
air circulation about eastward moving highs; the latter due to the
orientation of post~frontal pressure gradienta. The sea breeze
circulation is superimposed upon these winds and the nature and
characteristics of the resultant wind is considerably determined

by the speed and directional characteristics of the gradient wind.

\then the pressure gradient about a preveiling high is
slack, low velocity north-east gradient winds result and it is ynder
these conditions that characteristics of the sea breeze can be best
observed. Subsidence and upper air stabilify are usually associated
with these pressure gradient conditions so that a shallow sea breeze

must be expected. The inland penetration of the shear line between
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Fige 3.17 ¢ Inland migration of the sea breeze with weak north-east gradient
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Fig. 3.18 : Inland migration of the sea breeze with strong north-east gradient
winds on 22.1.68. Velocity isopleths in m/sec
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onshore and offshore wind components is slow and the velocity of
onshore wind components weak. However, in the vicinity of the
coast, growth of the sea breeze circulation generates progressive-
ly stronger onshore winds. On 16 January 1968 eech of these

characteristics viere observed from balloon ascents (Fig. 3.17).

Ls a cold front advances north-east up the Natal coast,
pressure gradients steepen and north-east gradient winds blow
strongly. Under these conditions it ig difficult to separate the
weakened sea breeze components from the gradient wind. Observations
on 22 January 1968 shown in Fig. 3.18 suggest that pressure gradients
steepened sharply after 1200 as a low advanced up the coast, so that
by 1500 the principal component of onshore east-north-east winds was
derived from pre-frontal gradient winds rather than from land-sea or

topographically-induced wind systems.

Post-frontal south-west winds are usually strong and turbu-
lent and are associated with cool near-surface atmospheric tempera-
tures. Cloud is common and rain may fall. Warming of the land is
inhibited by these weather conditions so that only a weak sea breeze
is usually apparent. Observations on 20 Janvary 1969 shown in Fig.
3.19 indicated the periodic occurrence of a possible sea breeze
effect as stronger onshore components of air movement appeared in the
form of surges. These southerly winds were then overcome by south-

gsouth-west gradient winds.

On other occasions such as 5 July 1967 (Fig. 3.20) a sea
breeze blew south-south-east from 1030 having backed {rom west-south-
wegt and south-south-~west. Maximum onshore components occurred at
1400 approximately at the time of greatest land-sea temperature
difference. It is interesting tc note that a clearly defined west-
south-west return current prevailed above the sea breeze with maximum
offshore wind components in phase with maximum onshore wind compo-

nents.

”»

TP i~ 4 S e . il *
—— B

e PR 2

DS e S




73

Time nry

Time section to show depth (ft), velocity
(m/sec) and direction characteristics of

the sea breeze under post-~frontal condi-

tions. Observations on 5.7.67 from station
18
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Anticyclonic cells which move eastward behind cold
fronts cause gradient wind directions to return to north-east and
bring warmer, clearer weather. It is not unusual, therefore, for
winds to back through about 2250 from an offshore west-south-west
lend breeze direction in the early morning towards an offshore
north-north-east direction in the evening. Such an occurrence

is shown in Fig. 3.21.

Less usual is the swift change in wind direction from
south-west to north-east. Observations on 26 July 1967 indicated
in Fig. 3.22, show that onshore south-south-west and offshore south-
west winds prevailed until 1400 abruptly followed by onshore norin-
east winds. The model developed by Estoque (1962) and observations
by Koschmeider (1941) suggest that in this case the advection of
warmer land air towards the sea by offshore winds tends to produce
e strong horizontal temperature gradient within a thick layer of the
atmosphere and, therefore, a correspondingly steep pressure gradient
near the surface. The sea breeze arrives as a local front when the
onshore pressure gradient exceeds that generating the south-west
wind, It must be emphasised, however, that this case is also associa-
ted with a return of the gradient wind system towards the prevailing

north~east direction.

X X % ¥ X X O ¥ ¥ R X

The influence of the sea breeze upon certain climatic
elements is considerable and this topic is examined in greater de-
tail in later chapters. However, at this stage it should be noted
that during thevsummer months, the cool, strengthened sea breeze
lowers the level of climatic discomfort and displaces the urban
heat island away {from the Durban central business gdistrict. It is

suggested that these winds are also indirectly associated with the
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occurrence of evening thunderstorms over the Natal coast. Finally,
ventilation of the atmosphere by the sea breeze lowers the level

of atmospheric pollution.



CHAPTER 4

LAND BREEZES

4.1 Introduction

It has generally been assumed that the seaward movement
of cool air along the Natal coast at night is due to a land breeze
circulation ;ione (Yeather on the Coasts of Southern Africa 1941;
Jackson 1954). However, Tyson (1966) has suggested that mountain
winds, which originate in the deeply incised Drakensberg valleys,
deepen and ultimately reach the coast as & mountain-plain wind
where it is teken for or superimposed upon the land breeze. In
addition drainage winds, which are confined to river valleys along
the Natal coast, contribute an additional component to the offshore
circulation. The purpose of this and the following chapter is to
examine the nature and characteristics of these wind systems and to

evaluate the contribution of each to the total offshore air movement.

4.2 General characteristics

In contrast to the sea breeze circulation the land breeze
has received little attention. In general it is assumed that the
sea breeze mechanism also functions for the land breeze with the re-
placement of land surface heating by surface cooling so that a
baroclinic atmosphere is maintained between land and sea surfaces
and the circulation around isobaric-isosteric solenoids is reversed
from onshore to offshore. The circulation has not been simlated by
the integration of non-linear land breeze equations performed at
consecutive time increments and few comments are to be found regard-

ing the influence of friction and the earth's rotation upon this

BT T et T




circulation,

At night thermel stability in the land breeze layer
inhibits turbulence so that surface land temperature, which rela-
tive to daytime is less affected by vertical diffusion of heat,
cools further below the sea temperature than it rises above it by
day. This occurs during both the warmest and coolest months al-
though Table 4.1 shows that in July the maximum nocturnal land-sea
temperature difference, AT, exceeds the February value by a factor
of 1.97. Throughout the night and in both months, negative AT
values are greater than positive daytime values (see also Table
3.1). This characteristic has also been recognised by Kimble
(1946) who points out that even in the wet tropics land-sea tempera-
ture differences are greater by night than by day.

The land breeze is universally ackmowledged as being ]
| weaker than the sea breeze and Kimble (1946) gives mean values of |

' 1.0 m/sec for the tropics and Jackson (1954) 3.5 m/sec fér the Natal
coast. Paradoxicelly, the land breeze, both in summer and in winter
prevails for a longer period than the sea breeze. Table 4.1 shows
that the summer AT wvalue at Durban is negative for 14 hours; the
winter value for 17 hours. The duration of the sea breeze is usually
less than 10 hours while the land breeze prevails for about 13 hours
in summer and 16 hours in winter. This is in approximate agreement
with Kimble (1946) who gives average duration times at Batavia of 9

hours for the sea breeze and 14 hours for the land breeze.

While it is acknowledged that a critical negative land-sea
temperature gradient is necessary to initiate the land breeze, it is
not possible to state exactly what the value must be locelly. None-
theless, under ideal conditions AT increases during the night and
once staried land breeze velocities should undergo a corresponding
increase and reach maximum values at dawn. Mean winter wind speeds

in Table 4.1 show a slight tendency towards this condition. After



Table 4.1: Mean hourly wind speeds (U) in mph
and the mean hourly land-~sea {empera-
ture difference ( AT) in OC during
February and July at Durban (after
S.A. Weather Bureau, 1954, 1960;
Wellington, 1955)

February July

Tine U AT ¢} AT f
16 9.8 +1.2 802 +1,1 i
17 9.2 +0.6 7.5 0,1 3
18 8.8 0 6.4 -1.5
19 8.0 -0.5 5.3 -2.7
20 7.5 -0.9 4,9 -3.4
21 6.9 1.3 4.7 -3.9
22 6.3 -1.6 4.2 ~4.4 t
23 5.6 -1.9 4.1 -4.9
24 5.2 -2.2 4.1 -5.1
01 4.5 -2.4 3.9 -5.6
02 4.1 -2.6 4.1 -5.8
03 401 -2.9 4.2 -6.0
04 3.6 -3.1 4.1 -6.2
05 3.7 ~3.3 4.2 -6.5 i
06 3.7 -3.3 3.9 -6,5 :
07 3.7 -2,6 3.7 -6.5 l
08 5.2 0.7 3.7 -4.6 -
09 6.5 +0.3 4.2 -1.9 |
10 7.7 +1.0 5.0 +0.4 i

sunrise, surface heating reduces AT and the land breeze weakens.
Under fine winter weather conditions on the Natal coast a period
of stagnation with a duration as long as 90 minutes commonly

preceeds the onset of the sea breeze.

Although the sea breeze circulation cannot be adequately

described without recognition of the Coriolis parameter, the land
breeze is usually regarded as a purely antitriptic wind. Munn (1966)
points out that the air trajectories at night are rarely of suffi-
cient length to make the Coriolis force worth consideration while

‘relatively low velocities also reduce the effectiveness of this
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parameter.

4.3 Frequency of occurrence

The land breeze on the Natal coast is here defined as a
cool nocturnal wind with speeds not exceeding 4.5 m/seo at the
surface and with an offshore direction which ranges from 248o to
360°. North-west is the most common direction (Figs. 4.1 and 4.2)
but gradient winds frequently cause the land breeze to fluctuate
¥ithin the above limits. The stipulation that wind speeds must
not exceed 4.5 m/sec reduces the possibility of a north-westerly

Berg wind being mistaken for a land breeze.

Weather Bureau measurements at Louis Botha airport
(station 15) are unsuitable for freguency measuréments of the land
breeze since in fine weather thermal stability near the surface re-
sults in the suppression of turbulence so that wind speeds are
usually less than the 1.3 m/sec recording threshold of the Dynes
anemometer. Comparison of wind records from the Bluff signal station
(stetion 14) and Louis Botha airport shown in Fig. 4.3 clearly indi-
cate the infrequent penetration of the land breeze into the valley
between the Bluff and Berea ridges. Wind data was, therefore, ob-
tained from a Lamprecht anemometer which was set up at station 12

and meintained for 12 months from June 1967 to May 1968.

The frequency of land breezes per month is shown in Table
4,2, The highest frequencies occur in the winter months, the fre-
quency in July 1367 exceeding that.in January by a factor of 3.7.
Land breeze occurrences numbered 197 over the 12 month period of
which 38 per cent prevailed over the three winter months May, June
end July and only 14 per cent over November, December and January.
During the spring and autumn months 23 per cent prevailed in the

former and 25 per cent in the latter season.
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Table 4.2: Monthly frequencies (per cent) of land

breezes recorded from June 1967 to May
1968 at station 12
J J A S o) N D J F M A M

4+ 4 Depth

The stable stratification found over the land at night and

the lack of thermally induced turbulence ensures that

the land breeze

system is shallow. Both Kimble (1946), who takes examples from the

East Indies, and Wexler (1946) from the Black Sea, gi
depths of 500-600 ft. However, in a theoretical mode
Schmidt (1947) for equatorial regions, the depth of t
is placed at sbout 1,300 ft. Pre-dawn depth evaluati
carried out using the double theodolite method with b
ascend at a slow rate, indicate that in fine weather
of the land breeze lies approximately midway between
(Table 4.3),

ve observed

1 developed by

he 1and breeze
ons at Durban,
alloons set to
the mean depth
these two heights

Table 4.3: Examples of pre-dawn directions and depths
(£t) of the land breeze over Durban
Land Breeze Uppexr Wind
Date Direction Depth Direction
27.6.63 YN 700 SE
6.7.63 Ny 950 NNE
7.7.63 W 500 SV
8.7.63 \(§ 1000 NE
10.7.63 w 950 3
15.7.63% N 850 N
" 16.7.63 W 700 SE
17.7.63 W 600 SE

MEAN 781
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Fig. 4.4 t Time section to show depth (ft), velocities
(m/sec) and direction characteristics of the
land breeze and transition zone to the gra-
dient wind. Observations ocn 4-5.7.67 from
station 18
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The land breeze does not always deepen at a constant rate
and it is more commonly found that the upper level of this wind is
periodically depressed by turbulence in the gradient wind above.

For example, on 4-5 July 1967 (Fig. 4.4) the land breeze set in at
the surface at station 18 soon after 1800 but onshore gradient winds
persisted above 400 £t until 2030. Deepening of the land breeze

was accorpanied by initial backing of the upper gradient winds to
north and north-north-west which later veered to north-north-east
and north-east. With each change in gradient wind direction the
upper level of the north-north-west land breeze was temporarily
lowered. After being reduced to 350 ft at 0300 the depth of the
north-north-west land breeze increased to 850 ft by 0600 and maximum
offshore wind components were also recorded during this early morn-

ing period.

The ceiling of the land breeze is not always clearly de-
fined by a direction shear and Fig. 4.5 shows that a transition zone
between upper gradient winds and the land breeze may exist in which
veering with height is accompanied by reduced offshore wind compo-
nents. On other occasions a direction shear separating the land
breeze from upper gradient winds is often found to be lacking al-
together. For example, Fig. 4.6 shows north-west winds which extend
from the surface to above 4,000 ft. On this occasion the onset of
the land breeze was retarded by north-east gradient winds which blew
strongly during the.day in response to a steepening pressure gradient
ahead of an approaching depression. Consequently the offshore wind
backed slowly during the night to north-west by 0l00. By G500 the
influence of the approaching low on the land breeze is shown by
further backing to west-gsouth~west at the surfece end south-south-
west by 0830. In this case the upper north-west wind is probably a
gradient wind blowing in response to the isobaric pattern about an
approaching depression. However, Tyson (1966) has suggested that at
night these winds may receive an added component due to a2 mountain-

plain wind system. It is maintained that mountain winds originate in
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Fig. 4.6 ¢ Time section to show lack of direction shear
separating the land breeze from upper winds.
Observed on 26-27.7.67 from station 18
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Fig. 4.7 : Section to show the inland migration of the land
breeze on 16.6.67. Velocity isopleths in m/sec



deeply incised Drakensberg valleys by the combination of drainage
winds in individual valleys which deepen to above ridge level. The
integration of these local mountain winds with a regional mountain
to plain circulation takes place in response to the development of

a pressure gradieﬁt between the mountain and coasgstal areas. These
winds may deepen to 3,000 ft and blow for 3-4 hours after sunrise

in winter. If these winds can be recognised at the coast, the con-
ceptual framework of the nocturnal circulation along the Natal coast

would require revision.

4.5 Land breeze and mountain-plain wind interaction

Tyson (1966) has recognised mountain-plain winds at re-
cording stations situated between Cato Ridge and the Drokensberg
and suggestg that these winds penetrate to the coast as a regionzl
offshore wind. The lack of published literature concerning the
nature and characteristics of the land breeze on the Natal coast
made this a justifiable conclusion at the time. In addition his
hypothesis was strengthened by the observation of a one hour lag
between onset times of the mountain-plain wind at Cato Ridge which

is situated 27 miles inland and the land breeze at the coast.

Observations in the coastal area during the course of this

study show that in the early hours of the night the mountain-plain

s g e et EPASAML L By s

wind cannot be mistaken for the land breeze. Simultaneocus wind
measurements at 3 and at times 4 recording stations aligned normal
to the coast, show beyond reasonable doubt that the land breeze ?
circulation is initially independent of the mountain-plain wind. A

typical example shown in Fig. 4.7 indicates that an offshore compo-

nent of alr movement replaced onshore north-east winds between

1600-1800 on 16 June 1967 and that these winds had backed to north-

west by 2000. By 2200 the height of zero wind component had deepened

and northerly winds with an offshore component extended further inlend.
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Fig. 4.8 1 Land breeze - mountain-plein wind interaction on 1.7.68
in the Durban area. Velocity isopleths in m/sec



The problem of classifying the northerly wind is here apparent and

two possible explanations may be advanced:

(&) That it represents a transitional zone between
a north-west land breeze and & north-east

gradient wind above.
(b) That it is 2 mountain-plain wind.

In order to achieve greater understanding of the inter-
action between the land breeze end méuntain-plain wind, observation
stations were located further inland than in the previous example.
Once again the initial independence of the land breeze was esta-
blished and Fig. 4.9 shows the replacement of an east-north-east
sea breeze by a westerly land breeze over the coast and inland to
station 17 by 1900 on 1 July 1968. Although wind components were
offshore at station 19, the north-north-east wind direction suggests
that no mountain-plain wind had as yet reached this point. Between
1900 and 2100, however, cold air draining down the Mgeni valley
deepened until it ultimately extended to the level of the Kloof-
Hillcrest plateau region. By 2100 the necrth-west mountain wind had
enveloped the plateau area, deepened to 340 ft, and merged with the
land breeze. Similar results were obtained by Tyson (1966) who found
that the overflow of a mountain wind onto the Cato Ridge platean was

accompanied by a temperature drop at the surface and intensification

il e P s oy

end deepening of the nocturnal inversion. Although winds recorded
at station 19 were unaccompanied by lapse rate measurements, the
mountain-plain wind is distinguished from upper gradient winds by a
direction shear betweern north-west and northerly winds at 2100. By
2200 an approaching low had suppressed the land breeze near the
coast but the mountain~plain wind with maximum comﬁonent velocities

at about 2,500 ft prevailed above low-level south-westerly winds.

On occasions when north-east or north-north-east gradient
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Fig. 4.9 3 Sections to show the existence of mountein-plein winds
independent of the land breeze on 8.7.68. Velocity
isopleths in m/sec
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Fig. 4.10 : Mountain-plain wind - land breeze interaction on 10.7.68

between Durban and Cato Ridge. Velocity isopleths in m/sec



winds over the coast are strong, the land breeze is subdued and

the mountain-plain wind does not reach the coast as a recognisable
circulation. For instance on 8 July 1268 onshore gradient winds
persisted until 2100 at the coast despite the appearance over the
Kloof-Hillcrest plateau of a shallow north-west mountain-plain wingd
(Fig. 4.9). By 2200 this circulation had not advanced seaward and
the cool north-west air current was entrained into the stronger

north-north-east gradient wind instead.

The existence of a mountain-plain wind over the Kloof-
Hillcrest plateau is éxplained by the deepening during the night
of the stream of cold air drainage in the Mgeni River valley until
this air is able to overflow along the Hillcrest scarp region end
ultimately envelope the plateau. It has been mentioned that Tyson
(1966) has observed a similar characteristic at Cato Ridge but it
is interesting to note that the rate of deepening and, therefore,
the time of overflow at Cato Ridge (station 20) and Botha's Hill
(station 19) varies. Fig. 4.10 shows that on 10 July 1968 the
mountain —plain wind set in at Cato Ridge at 2100 while winds at
Botha's Hill were still approximately parallel to the coast, i.e.
north-north-east. On 12 July 1968, however, the mountain-plain
wind had appeared over the Kloof-Hillcrest plateau by 2000 and only
became recognisable at Cato Ridge by 2300 (Fig. 4.11).

Deepening of mountain-plain winds above plateau level may
lead to coalescense of these winds with the land breeze and ulti-
mately the development of a regional mountain wind system which ex-
tends to the coast. It becomes difficult at this point to ascertain
the degree to vwhich the land breeze retains its identity. Mean pro-
files of the lénd breeze - mountain-plain wind calculated from simul-
taneous balloon releases from stations 10, 17 and 19 (Fig. 4.12)
indicate a velocity maximum at 400 ft at station 10 which exceeds
that at station 17 by a factor of 1.85. This suggests that low-level

offshore wind speeds receive an added component over the coast from
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Fig. 4.11 : Mountain-plain wind - land breeze interaction on 12.7.68
between Durban and Cato Ridge. Velosity isopleths in m/sec
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the land breeze. Both profiles differ in form from that calculated
for station 19, the maximum offshore component in this case lying
at 900 ft. It is conceivable, therefore, that instead of immediate
coalescense of the two wind systems, the mountain-plain wind over-

tops the land breeze at the coast.

4.6 The effect of gradient winds

Although the usually strong and turbulent south-west
winds that follow at the rear of a depression may suppress the
development of a vigorous land breeze circulation, a week diurnal
variation of wind direction is usually perceptible. Fig. 4.13 shows
that on 5-6 July 1967 a west-south-west land breeze was able to pre-
vail throughout the night despite the presence of upper south-south-
vest winds. Where gredient winds parallel the coestline with low
pressure at sea, seaward frictional inflow may cause low-level off-
shore winds., Cool land air may thus be advected seawards to strengthen
the horizontal temperature gradient between land and sea and, there-
fore, the pressure gradient in the surface layers. This process
probably contributed an added component to the weak land breeze and

on this occesion strengthened the offshore wind below 1,000 ft.

An increese in gradient wind speeds may partially or totally
suppress the land breeze. For instance during the early part of the
night of 3-4 July 1967 a west-south-west land breeze prevailed be-
neath south-south-west gradient winds (Fig. 4.14). At 0200 the gra-
dient wind speed increased and veered to south-west and it is doubt-
ful whether the re-instated offshore wind was due to a reinvigorated
land breeze. The wezk cffshore wind component, the excessive height
of zero wind component under these conditions and the relatively
unchanged wind direction near the ground suggest that some other
mechanism, possibly frictional inflow tovards lower pressure at sea,

was responsible for the offshore component of air movement.
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4.7 Seaward penetration

The layer of seaward moving land-cooled air is made

up of drainage winds in river valleys and the land breeze strengthened
by a mountain-plain wind above. In fine weather the discontinnity
between the often smoke-laden land air and the cleaner sea gir is
clearly visible. Flights through this land-see air front at 100 ft
"above sea level are invariebly accompanied by turbulence. From
gircraft it is also evident that cool land air penetrates an estimated
5 miles seawaxrds although the overall drift of cool air may be locally
strengthened by air drainage from river valleys. Fig. 4.15 shows
westerly air movement near the mouth of the Mgeni River on 27 June
1963 veering to west-north-west further seaward. Winds draining from
the Mgeni valley provided the offshore wind below 200 ft in this re-
gion. This is shown by the mean velocity of 7.5 m/sec in this layer
which is in contrast to 4.5 m/sec for the mean velocity of the land
breeze above 200 ft. Low south-west gradient wind speeds of the order

of 1.9 m/sec were the result of a weak pressure gradient.

When wind directions over the sea are north-north-east
to north-east, the land air over the sea is moved southwards down the
coast. Since the air layer retains its stable characteristics until
well after sunrise, air movement within this layer is relatively non-
turbulent,

F O F N OF K X K ¥ X X

The seaward drift of a deep layer of land-cooled air pro-
vides an ideal vehicle for the transportation of atmospheric pollution
and this is visually evident on any fine winter morning. The ten-
dency for some of this pollution to be returned to the land by

weak sea breezes has already been noted. However, because of the




remarkable fetch and immense volume of zir transported by the
land breeze - mountain-plain wind, the potential for a pollution
problem over the coast with regionally based rather than local

pollution sources must be emphasised.

As with the sea breeze, the land breeze produces certain
climatic phenomena. In a later chepter the diurnal varistion of
rainfall at Durban is examined and an attempt is made to explain
the part played by the land breeze in contributing towards the high

frequency of occurrence of low iniensity rainfall,



CHAPTER 5

DRAINAGE WINDS

5.1 Theoretical modeis

Local thermally-induced air circulations are a common
feature in regions of dissected terrain and can be separated into
slope and valley wind systems. Both winds are best developed under

fine weather conditions when heating or cooling is at a maximum.

During periods of nocturmal cooling, slope winds are
directed downslope. Radiational cooling ﬁroduces a steep horizon-
tal temperature gradient between the air near the slope surface and
the air at the same level over the valley. The effect of the down-
slope bending of isotherms is to cause pressure surfaces to bend up-
slope and the air layer near the surface soon becomes strongly baro-
¢linic. A slope wind is generated by a solenoidal circuletion in
this layer causing internal heat energy to be converted to kinetic
energy. Tyson (1967b) points out that the energy exchange mechanism
in the case of downslope winds is complicated by the conversion of
geopotential energy (the product of gravitational attraction and
height) into kinetic energy as well. Thus downslope winds have two

components, one thermal and one gravitational.

Various attempts have been made to erect theoretical models
of slope wind behaviour. Wagner (1938) recognised a binary set of
circulation cells over a2 valley in which downslope winds at night
occur in association with a vertical current in the centre of the
valley. The form and extent of slope winds have also been examined
by Defant (1951) and Prandtl (1942) who assume heat flow normal to a
uniform slope over which a horizontal pressure gradient exists due to

horizontal temperature differences. The profile advanced by
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Prandtl (1942) is of the form

exp (7m/4)

U = Un 37 /4) sin(zT/H) exp { - (z7/H) | (5.1)

where U,,is the observed wind speed maximum, H is the depth of the

air stream and z is height.

A pressure gradient necessary to generate valley winds is
consequent upon temperature varistions in the valley. Wegner (1938)
noted that the diurnal temperature variation in selected Alpine
velleys up to the height of the ridge crest was more than twice as
lerge as variations within a similar iayer over the plain. This

is largely due to:

(1) The warming of a smaller mass of air within a valley
to that over the plain by radiational heeting over
the same horizontal area and at the same eltitude
over the two localities. ‘A V-shaped valley is
estimated to contain about half the amount of air
over the plain for the same area of insolation (Tyson,
1967a). Similarly the loss of heat by radiatiom at

night is applied to a smaller zir mass;

(2) Slope winds add heated slope air to the valley through
the circulation which descends over the valley centre.
Thus the temperature in the centre of the valley con-
tinuously increases during the day and decreases at

night when the circulation is reversed (Wagner, 1938).

The pressure gradient from velley to plain or vice versa thus
produced 1s steepest near the surface and decreases with height

to disappear near the ridge level.



The diurnal periodic fluctuation of topographically-
induced winds has also been described by Defant (1951). This
model requires that at night slope winds be initiated first followed
by mountain winds and finally mountain-plain winds. Deflection of
the slope winds occurs in a down-valley direction as these winds
merge with the mountain wind which, constrained by the form of the
valley, flows parallel to the axis of the valley. Down-valley winds
fill the entire valley and slowly despen to ridge level with a con-—
sequent reduction of slope wind effectiveness. The model, therefore,
requires two wind systems to maintain conditions in the valley; one
consists of flow parallel to the valley axis produced by pressure
gradient forces, the other is the slope wind with flows over the

ridge produced by thermal heating and cooling.

Gleeson (1953) has examined the beriodic valley wind as a
function of time and elevation in terms of the diurnal temperature
variations, valley floor slope, horizontal pressure gradient and
Coriolis force. Only the longitudinal profile of the valley was con-
sidered in the circulation equations and the heating and cooling in-
fluences of the valley sides were ignored. The maximum wind speed of
the valley wind occurs at some height above the surface. Above this
height velocities decreass as the differential heating and cooling of
the air by the ground becomes less effective. Gleeson also suggests
that a more realistic representation of the valley wind is possible
when the effect of the Coriolis force is considered than when it is

neglected.

The equationa of motion for a compressible fluid cooled at
the bottom by contact with a radiating surface of uniform slope and
large extent have been derived by Feagle (1950). This model is con-
cerned with mean flow within & cooled layer rather than with the form
of wind profiles. The mean drainége veloclity is expressed as a func-
tion of friction, sglope and the mean rate of cooling near the surface.

According to his dynamic model, so called because of inclusion of the




inertia term in the model, Feagle predicts that the mean velocity

in the layer undergoing cooling,
(2) is proportional to the net outgoing radiation,

(b) is inversely proportional to the thickness of the

layer which undergoes cooling,

(c) begins by varying periodicelly and gradually be-

comes constart,
(d) is inversely proportional to the slope of the ground.

The lack of & comprehensive model of topographically-induced
winds as functions of gll three space coordinates and velocity conpo-
nents of time, pressure, temperature and density, spurred Thyer and
Buettner (1962) to meke a numericel study of valley winds. The model
thus produced shows a system of slope winds, valley winds and anti-

valley winds, updrafts over the ridge and downdrafts over the valley.

Recognition of drainage winds on the Natal coast is compli-
cated by the overriding influence of the land breeze. Since most
river valleys are aligned normal to the coast line, and, therefore,
parallel the land breeze direction, it is often difficult to dis-
tinguish between these two circulations. Both winds occur under
conditions of thermal stability so that the vertical exchange of
momentum is suppressed and drainage wind velocities of the order
2-3 m/sec may not produce an easily recognisable wind shear at the
land breeze - drainasge wind boundary should it exist. Nevertheless,
observed vertical profiles suggest that in-the lcwer layers at

least, drainage winds may be independent of the land breeze.
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5.2 Onset '

Drainage winds in river valleys on the Natal coast fre-
quently set in before the land breeze. This is primarily due to
more rapid cooling in valleys than at ridge-top level since the
loss of heat by radiation is applied to a smaller air mass than
"that over a horizontal surface. The drainage wind sets in once
the pressure gradient in the valley reverses from up-valley to
down-valley. In the example shown in Fig. 5.1 westerly down-valley
flow at station 4 commenced 90 minutes before the south-westerly
gradient wind was replaced by a westerly land breeze. The onset is
normally sudden and occurs as a local front of cold air advances
down-valley. The passage of a front is a typical characteristfic of
these winds and Tyson (1967b), vorking in Natal, has recorded tem-
perature discontinuities of the order 3.0.— S.SOC. In contrast the
temperature drop at the mquth of the Umbilo and lMgeni River valleys
is seldom more than 200. The small temperature discontinuity pro-
duced by the down-valley advection of cold air at the coast is due
to the existence of a warm ocean which does not cool during the
night (as does a plain over land). Conseguently valley sir which is
heated above sea temperatures during the day does not cool appreciably

before an offshore temperature gradient-is established.

5.3 Damming and channelling

i

Cold air which issues from the mouth of the Umbilo and
Mhlatuzana River valleys moves across the alluvial flats at the head
of Natal Bay to dam against the western flank of the Bluff ridge.
However, stagnation of this air does not take place. Instead westerly
air drainsge at the valley mouths and over the elluvial flats at the
head of the bay becomes south-west and south-south-west as the cold
gir is channelled north-east between the Bluff and Berea ridges

(Fig. 5.2). The lack of a significant topographic gradient in this
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area means that south-westerly air movement is partly in response
to a pressure gradient set up between radiationally coocled alluvial
flats which are cooled further and to a greater depth by drainage
winds than the warmer air over Natal Bay and the city north of the

bayl. Drainage wind velocities vary between 1 and 2 m/sec.

The south-west drainage wind only sets in after a build-up
period over the alluvial flats at the head of the bay. A north-west
land breeze may, therefore, persist at the surface north of the
alluvial flats during the pre-onset periocd. Surface cooling over
the alluvial flats must proceed until a temperature and, therefore,
pressure gradient parallel to the ridges produces air motion which is
large enough to replace the land breege. The arrival of the drainage
. wind at 2030 at station 9 shown in Fig. 5.3 is a good estimate of the

onset time at this point under clear weather conditions.

Further damming of cold air takes place against the obstacles
presented by the multi-storied buildings which line the north-west
flank of Natal Bay. Some cold air moves over the city but the main

exist is via the narrow harbour mouth.

The volume of air transported by drainage winds in the Natal
Bay is calculated by the product of the cross-sectional area between
the ridges and the mean wind speed in the layer. By assuming that a

section across the Natal Bay (A-B in Fig. 2.1) is the upper side of a

Topographic channelling of cold near-surface air is not

common only to Durban but has also been observed at Richards
Bay where the topography is essentially similar to that

et Durban {Fig. 5.4). Belloon releases from station 22
revealed near-surface north-east drainage winds which paralleled
the 150-200 ft high sand dunes north of the lagoon mouth

(Fig. 5.5). Although not recorded by ballcoon traverses, it

is also likely that air drainage from the Mnlatuze River valley
at the head of the lagoon would initiate south-west air move-
ment parallel to the sand dunes south of the lagoon mouth.
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trapezium, the area may be calculasted by

A B
_(__tz_ﬁ (5.2)

where A and B are parallel sides, in this case the valley base and
& level above and 2 is the perpendicular distance between them,
taken here as 200 ft. Changes in the volume of air with variations

in mean wind speed are shown in Table 5.1.

Table 5.1: Volume (nf3 of air transported by drainage
winds of varying speed (m/sec) past the
section in PFig. 2.1

al

1.0 1.5 2.0

Vol 3.3 x 10° 4.9 x 10° 6.6 x 10°

The pattern of air movement described above rerained basi-
cally wichanged on 10 out of 13 days during June~July 1963 and there
is no reason to suppose thatl drainage winds do not occur nightly
uwnder fine weather conditions. On the 3 days during which this
pattern did not emerge a strong gradient wind had overcome the local

circulation.

>+4 Depth

The depth of the drainage wind in the Natal Bay area is
determined by a direction shear of 70—1000 between the drainage wind
and the land breeze above and during the winter of 1963 was found to
be approximately 2C0 ft. \/here no topographic barricrs exist to

divert drazinage winds, such as at the mouth of the Mgeni River valley,



the depth of this wind is less easy to determine as drainage wind

and land breeze directions are quasi-parsllel,

Cold air which flows down the ligeni River valley must
pass through the narrow Springfield Gap through the Berea ridge.
Schnelle (1956) has shown that where valleys narrow, air drainage
- is effectively impeded and damming occurs up-valley. That this
also occurs in the Springfield flats is recognised by the tendency
for near-surface air motion to stagnate. Fig. 5.6 shows that on
15-16 July 1968 at station 1, wind speeds 6 ft above the surface
decreased gradually throughout the night. In similer calm, clear
weather conditions on 9-10 July 1969, drainage wind speeds at
station 2, beyond the Springfield Gap, were found to increase
slightly with time. Gradually strengthening wind velocities, east
of the Springfield Gap may be in proportion- to deepening of the
cold air layer in the Springfield flats and to a strengthening
femperature and, therefore, pressure gradient between this area and

the sesa.

Air movement and depth characteristics of the drainage
wind in the Mgeni River valley are shown in Fig. 5.7. By 0200
drainage winds were well-established and little variation in the
height of the system can be recognised. The maximun offshore move-
ment occurred at a height approximately the depth of the Mgeni River
valley at the Springfield Gap and the profile of the drainage wind
afproximates to that predicted by Prandtl (1942) for a local wind
nt purely thermodynamic origin (Fig. 5.8). Although Tang (1960)
maintains that the Prandtl model does not hold for slopes of less
than 11° it arpears that the model is valid for gentler slopes in
the Natal Coast area under certain weather conditions. In addition
Tyson (1967b) has shown that mountain winds in the Natal midlands

which blow over slopes less than 11° also conform to the model.

The drainage wind does not normally show & finite upper

i
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Fig. 5.6 : Comparison of drainege wind speeds at 6 ft (m/sec) measured
on 15-16.7.68 at station 1 and 9-10.7.69 at station 2
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limit due to the presence of ofrfshore land breezes above. However,
if H is taken as the height of the mean minimum offshore wind
component on this occasion, and h is the height of the maximum
offshore wind component, h/H = 0.25. This is in contrast to the
mean ratio of 0.5 computed by Davidson (1961) in Vermont valleys
under clear sky conditibna but is in closer agreement with measure-

‘ments by Tyson (1967b) in Pietermaritzburg, Natal.

Although a low-level velocity maximum is a common feature
of air movement with an offshore component in the Mgeni River valley,
8 finite upper limit to the wind profile required by the Prandtl
model is usually only present when the upper.land breeze is suppressed
by a gradient wind with an onshore component. Fig. 5.9 shows that
even with the small offshore component provided by north-north-east
gradient winds the correlation between the observed mean wind pro-
file and the Prandtl model is poor (Fig. 5.10).

245 Surging

The tendency for cool downslope winds to exnibit surge
characteristics is well-known. Intermittency of slope winds has been _
described by Defant (1933), Scaetta (1935), Nitze (1936), Reiher
(1936) and Xiittner (1949). The last two authors were also concerned ;
with periodicity of the surges and their measurements revealed a g
period of epproximately 5 minutea. A longer period of 20 minutes hes .
been recorded by Heywood (1933).

Intermittency in mountain and valley winds has been noted
by Thyer and Buettner (1962) and Tyson (1968%). The latter author

describes surges in the mountain wind recorded between 2 ft and 20 ft

at Pietermaritzburg which varied between 45 and 75 minutes. Surges

2ob g et A o A il D o il

with a 20 minute fluctuation are also described in the Pietermaritz-

burg area, the maximum turbulent energy occurring at the 300, 400 and
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500 ft levels rather than near the surface.

Surges are also characteristic of drainage winds at the
coast and on 11 July 1969 & marked surge period of 50 minutes with
a8 lesser period of 80 minutes was recorded at 200 ft at station 2
in the Mgeni River valley (Fig. 5.11). Surging is clearly related
-only to the drainage wind and in this case disappesrs with increas-

ing height.

The cause of intermittent surges in the drainage wind is
not well understood. An attractive explanation is, however, ad-
vanced by Feagle (1950) who maintains that the cause of periodic
wind fluctuations lies in the compressibility and consequent
adiabatic heating of the atmosphere. As air accelerates downslope
under the influence of a thermally-induced pressure gradient, =2
point is reached when adiabatic heating exceeds radiational cooling.
This results in an oppositely directed pressure gradient which slows
air movement until radiational cooling again reverses the pressure

gradient. Thus 8 periodically varying velocity is produced.

5.6 The effect of gradient winds

Under strong north-east gradient wind conditions the
emplitude of the diurnal variation of wind direction is reduced and
components of air movement normal to the coast are weak. Instead
of the seaward movement at night of cool land air on & regional
gcale, localised tongues of cold air drain from river mouths and
their seaward penetration depends largely upon the strength of drain-
age winds as opposed to the gradient winds. These conditions wexre
found to prevail during the night of 30 June - 1 July 1963. Pressure
gradients steepened during this period as a depression aporoached
Durban and fresh north-east gradient winds persisted throughout the

night and suppressed the development of the land breeze. Fig. 5.12
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shows that despite the absence of a land breeze, westerly drainage
winds prevailed under the sheltered conditions provided by the !
Mgeni River valley. The cold a2ir which drained seawards from the

valley mouth is shown to entrain into the north-east gradient wind

over the sea and move back towards the land and over the city.

The suppressing effect of strong north-east or south-west
gradient winds is initially felt by the land breeze. If the sole-
noidal field between land and sea is not weakened beyond the
threshold required to initiate an offshore component of air move-
ment, & weak, shallow north-north-east or north offshore wind may
appear. However, in north-west ~ south-east valleys, which are
largely sheltered from the upper gradient winds, drainage winds may
still persist and even strengthen througnout the night. Fig. 5.13
shows that on 19-20 May 1967 at station 2, a northerly land breeze
prevailed below north-east gradient winds. Although drainage winds
set in at 1930, one hour after the onset of a weak offshore compo-
nent of air movement at the surface, they are clearly influenced by
the upper gradient winds and until 2330 the direction shear separat-
ing land breeze and drainege wind was small. However, as drainage
winds strengthened the influence of gradient winds became less

effective and backing to a parallel-valley direction was observed

near the surface.,

The occurrence of drainage winds under conditions not
usually conducive to the development of local circulations must be
attributed to the nature of the terrain and to the presence of a ;
warm sea. The deeply incised valleys along the Natal coast lose the !

sun fairly early in winter so that a lengthy period of cooling can

T T

be expected. If strong gradient winds prevail this process is slowed
by turbulent mixing of cool near-surface air with warmer air above.
Nevertheless, once the temperatures within the valley are lowered
below those beyond the valley mouth and over the sea, the pressure

gradient reverses and the onset of the drainage wind can ve expected.




Even so downward turbulent transfer of momentum from gradient winds
may 2ffect the direction characteristics of drainage winds particu-
larly beyond the valley mouth. The observed backing of this wind
with time is mainly due to:
1. Steepening of the down-valley pressure éradient as
falling temperatures in the valley increase the
temperature differential between valley and warm

sed.

2. Deepening of the layer of cold air in the valley
bvottom which becomes better able to resist the

downward momentum transfer of upper winds.

3. The cross-valley component of air movement induced
by upper northerly winds, blowing over a2 north-west -
south-east aligned valley should cause an accumula-—
tion of air on the southern wall of the valley and a
depletion of air on the northern wall. A cross-
valley pressure gradient would, therefore, be directed

towvards the northern wall.

5.7 Dissipation

The nature of the vertical structure of the wind field at
the time of reversal from mountain to valley wind seems to vary
from place to place. Defant (1951) and Thyer and Buettner (1562)
report initial ground level changes or simultaneous reverseals at
gll levels, while Hewson and Gill (1944), Ayer (1961) and Davidson
and Reo (1963) have observed dissipation of drainage winds from
ridge level downwards. Tyson (l967b)has observed both character-
igtics over Pictermaritzburg but maintains that ground level dissi-

paticns are the more ccmmon. However, little attention seems to
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have been directed towards the dissipation of drainage winds under

land breeze comditions.

The dissipation of the south-west drazinage wind in the
Natal Bay area was found to be unveried and was accompanied by the
progressive downward penetration of the north-west land breeze.
Lowering of the fop of the drainage wind varied with the relative
strength of the land breeze and drainage wind circulations. Foxr
instance, in Fig. 5.2 lowering at the rate of 20 ft/hr is consider-
ably slower then the rate of 78 ft/hr shown in Fig. 5.14.

Davidson and Rao (1963) have suggested that the decay of
the cold air stiream from above is due to initial heating of ridge-
tops and the response of the general wind to increased instability
et these levels by the descent of this wind into the valley. Since
most valleys along the Natal coast are zligned north-west to south-
east, initial heating of north facing slopes would produce a cross-
velley pressure gradient and Gleeson (1951) maintains that a com-
ponent of air movement would then be generated in the direction of
the wermest slope., Turbu}ence associated with this wind may be
responsible for the establishment of convective mixing on the upper
slopes of the valleys before the valley bottoms. More important,
however, is that the source of cold air from velley sides is shut
off by slope heating. Consequently, draining away of the cold air
layer in the valley bottom would be accompanied by a reduction in the

depth of the layer in the Natal Bay area.

¥ X K K K K K K K ¥+ ¥

The nocturnal chamnelling of cold air between the Bluff
and Berea ridge must be regarded as one of the most important aspects

of air movement in the area. The low wind speeds, the depth of the



wind systems and the stability of the air layer means that a
considerable volume of relatively non-~turbulent air is moved
towards the central business district from the south-west., Simi-
larly cool land air from the Mgeni River valley is shown to reach
the city after entrainment with north-east gradient winds. The
potential for the transport of atmospheric pollution by these

- winds towards the city should be viewed in a sexrious light by

planning authorities.
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PART III

THE EFFECT OF LOCAL CIRCULATIONS UPON
SELECTED CLIMATIC ELEMENTS



CHAPTER 6

THE DIURNAL VARIATION OF RAINFALL AT DURBAN

6.1 Introduction

The diurnal variation of rainfall must be one of the
least studied aspects of rainfall characteristics in South Africa
and to the author's knowledge no detailed research into the field
has been published in this country. An explanation of diurnal
variations of hourly rainfall frequency and mean hourly rainfall
amount can be a useful indicator of local atmospheric circulation
characteristics. The purpése of this chapter, therefore, is to
estimate the significance of land and sea breezes as factors in

the rainfall process.

A The records used in this study were obtained from an auto-
matic raingauge at Louis Botha airport (station 15) and cover a

10 year period from 1958 to 1967. These were supplemented by 5
daily raingeuges in the Durban area each with a similar 10 year
record. These gauges are aligned gpproximately normal to the coast
and inland as far as Bothas Hill. A 10 year rainfall record is too
short for useful climatological analysis and no such attempt 1s made.
Instead this study is concerned with the type and cause of rainfall
and for this purpose a relatively short record length is ﬁsually

adeguate.

Haurwitz and Austin (1944) maintain that in maritime areas
& high proportion of rainfall occurs at night. This characteristic
is also found at Durban. In this chapter the diurnal variation of
rainfall at Durban is analysed and it is shown that rainfall can be

pms e e

o' e S




127

attributed to undercutting of moist sea air by the land breeze,

cold front activity and nocturnal thunderstorms.

6.2 Theories of nocturnal rainfall

In low latitudes rainfall is largely controlied by diurnal
processes. In coastal areas it is the land and sea breeze regime
that governs the diurnal course of rainfall and cloudiness in un-
disturbed weather conditions. The actusl processes involved are
also considerably affected by locel topography so that explanatory
models that fit one arez may not suitably explsin the rainfall

characteristics of another.

Riehl (1954) shows that in undisturbed conditions at
Puerto Rico an orographic-convection cell pattern 2t the sea breeze
front produces cumulus development and showers inland from the coast
during the day while the coastal region remains clear and dry. As
the sea breeze weakens in the evening these clouds dissipate and
¢cloud development and showers now occur over the coast as cool land

air undercuts humid, warm air over the sea.

On the west coast of Malaya late night and early morning
summer rainfell is associated with the interaction between local and
meso-scale wind systems. Watts (1955) points out that line squalls
(locally called 'Sumatras') which seem to originate in convection
emong the Sumatran ranges before sunset, later travel eastward at
night. As a 'Sumatra' approaches the Malayan coast, uplift is ini-
tiated by a land breeze vhich undercuts conditionally unstable air
over the Malaccae Straits. Radiation from the top of cumulus clouds

may further increazse the instebility and convection.

The tendency for cool offshore winds to initiate rainfall,

particularly as thunderstorms, is also examined by Neumann (1951) who



shows that areas of increased nocturnal thunder sctivity correlate
vell with the frequency of offshore winds and the shape of the
coastline. Where coasts contain large embayments, the qQuasi-
radial convergence of cool air to undercut warmer sea air is

sufficient to initiate thunderstorms.

The rainfall process appears to be different for the east
coast of Malaya. Ramage (1964) discounts the effect of the land
breeze as part of the nocturnal summer rainfall mechanism and his
model is based instead upon movement of the sea breeze front. As
cumulus clouds deepen at the sea breeze {ront, the upper return
branch of the sea breeze combines with the gradient wind to cause
the upper portions of the convergence cloud to drift seawards and
produce showers at the coast. As the sea breeze weakens the con-
vergence zone, with associated rainfall, retreats towards the coast
and the evening rainfall mavimum occurs as this zone crosses the

coast.

In middle latitudes the diurnzl rainfall curve is complicated
by frontal discontinuities which may arrive 2t any time. Haurwitz
and Austin (1944) maintain, however, that nocturnal radiational cool-
ing of upper air, with little diurnal temperature change in the sur-
face layers, produces convective instability. Frontal weather would
also be affected by this process and it may be expected that frontal
precipitation would be greater at night than during the day.

Various other attempts have been made to explair high
nocturnal frequencies of rainfall occurrence and amount. Hewson
(1937) suggests that this phenomenon could be caused by instability
in the cloud layer which develops as a result of radiational cooling
of the top and radiational warming of the bottom layer of the cloud.
Means (1944) has criticised this idea and maintains instead that
radiational cooling of the top of the cloud layer would lead to the

development or intensification of a stable layer above the cloud top.
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This would tend to suppress vertical motion. According to Means
nocturnal reinfall, pearticularly from thunderstorms, could resul%t
from warm air advection in the lower layers of the atmosplrere.
The effect of this would be to reduce the stability of cooler 2ir

leyers above.

In the Hydrometeorological Report (1947) the suggestion
is made that higher relative humidites at night reduce evaporation
of falling precipitation. Bleeker and Andre (1951) point out,
hovever, that the rate of evaporation of precipitation elements is
not dependent on the relative humidity of the air but on the differ-
ence in vapour pressure over the precipitation element and the air.

This difference is unlikely to have & diurnal variation.

Dexter (1944) shows that warm front rainfall in the British
Isles occurs with a maximum in the latter part of the night. He
maintains that dvuring the day warm sector air becomes potentially
rmore unstable and that uplift along the warm front a2t night soon
releases the instebility. At night, hovwever, near surface warm sector
gir layers become more stable and during the day must be lifted to

greater altitudes up the warm front surface to release the instability.

It appears that diurnal rainfall characteristics elong coasiel
areas are better understood in the tropics than in the middle latitudes.
At Durban, situsted in the sub-tropics, no simple explanation of the
diurnal rainfall distribution can be edvanced since rainfall is pro-
duced by processes reminiscent of both the tropics end the mid-

latitudes.

6.3 Characteristics of the diurnal variation of rainfall

Rainfall at Durban is largely a summer phenomenon with a

3.65 times increase in rainfall amount from July, the driest month,



to February, the wettest month (Teble 6.1). Rain does, neverthe-
less, fall in winter and the months June-August account for 12.7
per cent of the annual rainfall. This is in contrast to the in-
terior of Natal where the division between the dry and wet seasons
is more marked. For instance, rainfall over a similar period at
Newcastle (27045'5; 29055’E) provides only 4.4 per cent of the

annual rainfall.

Table 6.1: 30 year (1921-50) rainfall normals for
Durban Point (after Climate of South
Africa, 2, 1950)

J F M A M J J A S 0 N D

119.6 157.5 144.5 84.6 79.3 55.4 43.2 49.0 67.8 100.6 126.5 131.6

The diurnal variation of mean hourly rainfall over Durban
from 1958 to 1967 shows a predominance of evening precipitation with
a maximum at 2100 (Fig. 6.1). Sixty-four per cent occurs between
1900-0600 and the remeinder between 0700-1800. Hour by hour the
pattern of high nocturnal precipitation is maintained throughout the
year although in winter this effect is much reduced (Fig. 6.2). It
is also apparent that the hourly frequency of occurrence of precipi-
tation closely follows the pattern described above (Fig. 6.3). That
there is a high correlation between rainfall amount and rainfall fre-

guency is self evident.

A B s v S gl T ST M ok VY L B

In order to establish characteristiecs of the duration and
period of precipitation, the frequencies with which a minimum of
0.1 mm rainfall was recorded between 0700-1800 and 1900-0600 were

examined and found to be significantly differentl. Table 6.2 shows

1 At the 0.001 level.
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airport, Durban, 1958-067
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that 89 per cenft of raindays included rainfall between 1200-0600.
On 47 per cent of the raindays, precipitation occurred during the
night but not during the day. This strongly suggests the exist-

ence of a precipitation process which is operative only at night.

Table 6.2: Frequency of raindays during specified
hours recorded at Louis Botha airport,
Durban, 1958-67%

0700-1800 1900-0600

Rain No Rain Rain No Rein
J 75 77 137 15
F €0 68 111 17
M 61 72 122 11
A 58 48 96 10
M 35 30 55 10
J 23 18 37 8
J 35 0 53 13-
A 29 30 49 10
S 52 54 99 7
0] 89 59 134 14
N 95 76 155 15
D 97 73 147 19
Total 709 635 1195 149
7 55 47 89 1

On 53 per cent of raindays, precipitation was recorded
between 0700-1800. However, on only 1l per cent of the raindays
did precipitation occur during the day but not during the night.
It would appear that precipitation beginning during the day is
likely to continue into the night, as is expected with the occurr-

ence of general rains.

1 If rain occurred throughout a day it was recorded in both

categories.



The examination of correlations of mean, median and
upper quartile rainfall figures for each hour at Durban indicates
a hiéher degree of positive skewness during the summer than the
winter months (Figs. 6.4 and 6.5). Hourly means are usually
higher than the corresponding median which in most cases is less
than 1.0 mm. In addition in 30 per cent of the summer and 12 per
cent of the winter cases, hourly means alsoc exceed the upper

quartile figure. ¥

By day snd by night, irrespective of the season, it is 3
apparent from Table 6.3 that much of Durban's rainfall occurs as
gentle showers which do not produce more than 1.0 mm/hr. Precipi-
tation less than 1.0 mm/hr accounts fqr 63.2 per cent of January
and 58.7 per cent of July rainfall. In both January and July the

major part of this low intensity rain occurs at night.

Table 6.3%: Percentage frequency of rainfall inten-
sities (mm/hr) between 0700-1800 and
1900-0600 in January and July at Louis
Botha airport, Durban, 1958-1967

Januvary July {

.}

0700-18600 1900-0600 0700-1800 1900-0600 '
0.1 - 1.0 20.3 42.9 22.2 36.5
1.1 - 2.5 8.3 11.0 7.5 14.7
2.6 - 5.0 2.7 T-1 5.6 4.9
5.1 - 10.0 1.7 2.5 l.8 3.0
10.1 - 15.0 1.0 0.9 1.5 14
15.1 - 2.0 0.0 0.8 0.4 0.4
20.1 - 25.0 0.1 0.5 0.0 0.4
> 25.1 0.1 0.1 0.0 0.0

Low intensity precipitation which is restricted to the day

or night is uwsually of short duration and differs both in frequency
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and intensity from more continuous rains. Table 6.4 shows that
hourly rainfall continuous by day or night over a 10-hour periodl,
has a low percentage frequency but high percentage contribution

to the totel monthly rainfall.

Table 6.4: Percentage frequency of occurrence and
percentage contribution to total monthly
rainfall of 10 hour continuous rainfall
atGLouis Botha airport, Durben, 1958-
1967

Amount Frequency

.

25.7
27.7
18.5
56.2
55.8
32.7
4).0
53.9
51.5
50.5
25.1
37.2
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No single factor can explain the diurnal rainfall charac-
teriastics at Durban. It may, however, he possible to classify three
separate rainfall types in terms of the processes responsible for
precipitation. The cause of high frequency occurrence of low
intensity rainfall at night may be explained by the undercutting
of moist sea air by the land breeze. Continuous rainfall of higher
‘intensity is caused by frontal depressions. Finally, high intensity

but short dvration rainfall which accompanies thunderstorm activity

An arbitrarily chosen period.
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is precipitated after sunset over Durban. It seems that Taese
storms are connected with a process involving diurnal verZzations
and the influence of the sea breeze in this connection is

suggested.

. 6.4 A model for low intensity nocturnal precipitation

over Durban

Sunset, following a relatively cloud-free day over the
Netal coast, is often accompanied by the development of low stratus
cloud f&llowed by light showers. This frequently occurs after the
pessage of a coastal low or weak frontal depression has lowered
atmospheric temperature and raised dewpoint temperature but failed
to initiate precipitation. Although these weather systems may not
themselves produce rain, they bring cooler, moister conditions
which raise the wet bulb temperature near the surface thus making

the labse rate potentizally unstable.

A Tapidly cooling lénd surface is a feature not easy to
reconcile with precipitation. The problem is clearly one of pro-
viding a mechanism by which moist air, which may contain consider-
gble numbers of large condensation nuclei, is lifted up to condense
into stratus cloud the droplets of which grow to precipitate 2-3
hours after condensation. Since a cool land breeze usually prevails
at night i1t is suggested that this wind provides the necessary up-

1ift by undercutting warmer air over the coastal margin.

A model which describes the air movement characteristics
responsible for nocturnal cloud and precipitation at the coast is
shown in Fig. 6.6. In (a) as moist air is advected over the land by
the sea breeze, and strengthened in most cases by onshore gradient
winds, condensation and cumulus cloud formation is initiated both

By slope convection over the Kloof plateau and by the inland
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vertical ascent normzlly associated with the sea breeze cell.
With the cessation of the sea breeze and the weakly organised
vertical motion in the sea breeze convergence zone, the cumulus
cloud degenerates into a stratus cover. With the onset of the
land breeze (in b) low stratus cloud begins to form over the coast
due to the undercutting (and hence uplift) of warmer sea air by
_the cool land air. The land breeze circulation, strengthened by
drainage winds in river valleys, deepens and migrates furthexr
inland with time (c). Concomitant with this is the formation of
cloud and the occurrence of light showers likewise migrating in-
land.

Highest rainfall has been shown to occur at 2100 at
Durban. Some mechanism is required to inhibit further precipita-
tion after this time, except pogsibly as sporadic showers spread
at intervals throughout the night. This is accomplished by the
mountain-plain wind which by 2100-2200 reaches the Kloof plateaun
and merges with or over-rides the land breeze at the coast (d).
A deep layer of cool, dry stable air now moves seaward. Little
condensation is likely to take place within the land breeze-mountain-
plain wind layer, and air forced to rise over the coast by the under-
cutting of this wind is likely to procduce only shallow non-precipi-

tating stratus.

The distribution of mean annual rainfall in the Durban-
Pinetown-Kloof area shows that the bhighest rainfall occurs seaward
of the Berea ridge crestline and over the Kloof platean (Pig. 6.7).
The rainfall distribution in the former area strengthens the case
for the model. Over the Klool plateau, however, it is difficult to
separate orographic from other influences in determining the cause

of rainfall.

The contention that nocturnal rainfall is associzted with

offshore winds is supported by Table 6.5. Over the six-month period
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Teble 6.5: Freguency of occurrence at Station 12,
of wind components normal to the coast
during periods of rainfell from July
to December 1967

Wind Components 0700 - 1800 1900 -~ 0600
Onshore 46 53
Offshore 29 127

examined, 70.6 per cent of reinfall was recorded at night and 49.8

per cent with offshore windsl.

6.5 Evening thunderstorms over Durban

' Thunderstorms on the Natal coast differ in frequency and
time of occurrence from those in the interior. There are approxi-
mately 100 days per annum with thunderstorms in the Drakensbherg area
decreasing to 20 to 30 on the coast (Climate of South Africa,1965).
These storms axe largely a summer phencmenon and tend to occur in
mid to lete afternoon in the interioxr of Watal. On the coast,

however, they occur most frequently during the evening (Jackson,
1966).

It is difficult to make a meaningful contribution to the
understanding of coastzl storms without reference first to storms in
the interior of Natal. The main problem of forecasting storms lies

in the recognition of the large-scale sitvations which are favourable

1 The two independent samples given in Table 6.5 are significantly

different at the 0.001l level.



for storm development. Severe storms in the interior of Natal

are usually associated with the passage of an upper level trough
eastﬁard across the country. Strong north-westerly gradient winds
which are generated on the eastern limb of the trough provide the
wind shear which Newton and Newton (1959), Dessens (1960) and
Ludlem {1963%) have recognised as a necessary condition for the

- development and maintenance of storms.

It may be expected that north-westerly air flow over the
Drakensberg would tend towards the formation of a lee depression
in southern Natal and East Griqualand. During January 1969 the
mean height of the 850 mb surface in Table 3.3, which shows lower

pressure at Kokstad then at Umtata, Estcourt or Cedara, supports

this contention. It has alsc been suggested that marine air brought

onshore by the sea breeze and gradient winds is drawn towards this
area of lower pressure. Thus a further necessary condition for the
development of storms may be fulfilled, namely the availability of

abundant moisture in the lowexr levels.

A field of large scale upward motion is most pronounced
in strongly baroclinic zones. Jackson (1966) maintains that with
the eastward movement of a trough and the barrier effect of the
Lesotho mountains, westerly to south-westerly winds advect cool air
around the southern edge of the mountain barrier. A zone of con-
vergence between warm moist north to north-east winds and cooler
wést to south-west winds forms with almost frontal characteristics.
The moisture front thus formed may be related to a similar front

which extends across the highveld (Taljaard, 1959).

Because of the lack of upper air soundings in the Natal
interior, instability characteristics of the prevailing air mass
cannot be defined. .It is nevertheless likely that during the first
half of the day an inversion separates moist marine type air from

drier subsiding air above the convergence zone. Fulks (1951)
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emphasises the importance of an iﬂversion during the production of
an unstable air mass since it prevents the penetration of convection
from the lower moist layer into the upper tropcsphere. Thus the
lower moist layer can be increased in warmth and moisture content.
If at the same time drying takes place in the upper troposphere, a
progressive increase in potential instability results. With the
introduction of some dynamic mechanism for the release of the in-

stability an explosive overturning takes place,

The mechzanism by which atmospheric instability in the
Natal interior is released is open to debate. Beebe and Bates
(1955) have shown that a stable layer may be eliminated through
persistent organised vertical motion. Superposition of upper-level
divergence over low-level convergence could satisfy this demand in
Natal where convergence towards a lee depression by north-east winds
or along a front separating north-east from south-west air flow, is
probzbly more than compensated by divergence along the eastern limbd
of an upper air trough. Surface heating causing buoyant air parcels
to rise to condensation level and beyond must also contribute to the

instability release mechanism.

Storms that build up along lines or in areas in the Natal
interior describe definite patterns of movement usually from west-
south-weat to east-north-east. It has been confirmed by radar ob-
servations at Durban that it is the afternocon thunderstorm develop-

ment in the Kokstad district some 110 miles to the south-west which

is most likely to move eastward and reach Durban by evening (Pig. 6.8;

personal communication, Durban Weather Bureau forecasting staff).
Jackson (1966) points out that the speed of movement of this storm
system, which may be made up of a series of developing cells, can be

as much as 9 m/sec.

It has been known for acme years that thunderstorms in the

northern hemisphere move systematically to the right of winds in the

g A - E
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middle and upper levels of the troposphere (Hoecker, 1957;

Fugita, 1958; Hamilton, 1958; Douglas and Hitschfeld, 1959;
Browﬁing end Donaldson, 1963). This characteristic has been
clearly defined by Newton and Katz (1958) who found that on
average convective storms moved about 25° to the right of and 7
knots slower than the mean wind in the 850-500 mb layer. In the
_southern hemisphere, Carte {1966) describes a similar character-
istio with the difference that storms move to the left of the mean
wind. This explains the tendency for storms in ﬁatal to move in

an east-north-east direction when upper winds ere westerly.

The explenation offered by Newton and Newton (1959) and

. Newton (1960) for this phenomenon is based on the existence of a
wind shear through the atmosphere layer. Vertical mixing of
momentum within the layer would produce an average in-cloud motion
indicated by dashes in Fig. 6.9. The motion of the ambient air
Telative to in-cloud air is into the left flank in lower levels and
away {rom that flank in upper levels. This favou:s growfh on the
left flank which when added to the tendency for existing cloud to
drift with the mean wind results in the deviaticn of the storm
motion to the left.

An explanation is now required as to why conditions, which
favour thundefstorm development in the Natal interior during the
afternoon, do not similarly affect the coast while in the evening
this position is reversed. Clearly the lack of a well-developed sea
breeze convergence zone along the coast during the day and the ab-
sence of any mechanism which could cause the release of instability
should it exist mitigates against daytime thunderstorms near the
coast particularly while a sea breeze prevails. It has heen suggested,
however, that the sea breeze near the coast and gradient and valley
winds further inland esre responsible for the penetration of marine
eir into the Natal interior. It is this eir which feeds into the

lower left flank of an eastward moving thunderstorm.
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As the inland directed circulation weakens during the
late afternoon, the convexrgence zone between near surface north-
easterly and south-westerly winds over the interior must withdraw
towards the coast. The eastward movement of thunderstorms is
probably coincident with this withdrawal. By sunset in sumer
this convergence zone nears the coast and thunderstorm activity

‘may be expected at any time in the early evening (Fig. 6.10).

The modsel can be tested against observations and syﬁoptic
charts for 9 January 1968 and autographic records for a typical
evening thunderstorm over Durban on that day are shown in Fig. 6.11
and 6.12. Lowest surface pressure east of the escarpment is shown
to occur in East Grigqualand and southern Natal. It is suggested
that a lee depression existed in that area caused by air flow zbout
2 shallow trough over South Africa which at 1400 produced 30 knot
north-westerly winds at 500 mbs and %0 knot north-westerly winds at
300 mbs over Durban. A shear zone separating onshore from offshore
winds advanced inland during the morning and by 1400 wind directions
‘at BEstcourt and Cedara were onshore east-north-east. South-westerly
winds were recorded at Xokstad at 1400 so that a convergence zone
must have separated these two winds. The thunderstorm which reached
Durban originated along this convergence zone and moved ‘to the left
of the upper winds in an east-north-east direction as shown by the
west=south-west direction of the downdraft. Although the downdraft
produced an immediate fall in temperature the pressure jump waited

upon the onset of high intensity rainfall,

* ¥ X X X X ¥ * X X *

While acknowledging that large-scale circulation patterns
are the dominant controls of precipitation patterns over any area,

it is important to recognise the inflwence of local circulations
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upon the meso-scale occurrence and distribution of rainfall.
These circulations have been shown to induce precipitation in
tropical latitudes but no attempts have been made to trace
similar chexracteristics in South Africa. However, this study
indicates that parallels do exist although some characteristics
common to the Natal coast do not seem to have been recognised

- elsewhere. In particular the effect of the mountain-plain wind

in suppressing precipitation should be noted in this respect.
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CHAPTER 7

WIND AS A FACTOR IN THE FORM OF DURBAR'S
HEAT ISLAND

1-1 Introduction

Local olimatic variations between a city environment
end its surroundings have been well documented. Howard (1833)
shoved the mean urban temperature of London to be in excess of
its surroundings and this characteristic has since been confirmed
by Chandler (1965). Renou (1862) compared temperatures within and
without Paris end found that urban temperatures had a higher minimum
and smaller diurnal range. Automobile traverses by Schmidt (1927),
Peppler (1929) and Riechel (1933) showed that the built-up areas
of Vienna, Karlsruhe and Berlin were warmer than surrounding rurasl
areas. Xore recently studies by Duckworth and Sandberg (1954),
Landsberg (1956), Mitchell (1961), Bormstein (1968) and Munn et al

(1969) have confirmed this climatic characteristic of cities.

Various explanations to account for the heat island have
been advanced. Howard maeintains that urban temperatures are raised
by self-heating due to industrial and domestic combustion. The
absorption and re-radiation of terrestrial radiation by atmospheric
pollution is considered by Kratzer (1956) as the prime reason for
large nocturnal urban temperature excesses. Munn (1966) points out
that the upward flux of terrestrial radiation is less in urban than
in rural areas, particularly where buildings are tall and narrow,
while back radiation is greater. Mitchell (1961) emphasises the
large heat capacity and conductivity of the urban fabric while
Bornstein (1968) has suggested that with reduced evaporation and
transpiration and, therefore, lowered humidities in cities, the
available solar radiation must go into heating the city streets,

buildings and air. Chandler (1965) maintains that by day upward
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turbulent transfer of heat will lower the urban temperature exceas,
at times below that of surrounding areas. However, Mitchell (1961)
visuélises buildings as barriers to the penetration of cool air
into the city.

Clearly the heat island effect is the net result of several
. competing physical processes each of which acting alone could produce
relatively lerge temperature contrasts between the city and its
surroundings. For instance, radiation exchanges in the eity are
complicated by the numerous vertical surfacés and by atmospheric
pollution, evaporating surfaces are reduced, thermal capacity and

heat storage capacity is high and the city is elso en emitter of heat
by combustion. In general, however, the mean temperature differential
between city and country is not large so that a tendency for cancella-
| tion of these processes obviously exists. Myrup (1969) suggests, for/
| instance, that a decrease in eveporation towards the city centre,
which should account for increased temperatures, is balanced by the
increasing size of buildings and this éﬁgﬁéhfs the diffusion of heat

_ upwards by mechanical turbulence. In a numerical model Myrup (1969)
shows that the most important parameters which determine the size of |
the heat island are the reduotion of eveporation in the city, the |
thermal properties of buildings and paving materials and wind speed.
During the day reduced evaporation is the most important parameter;

during the night the thermeal properties of the urban fabric.

Heat islands are more intense by pight than by day. Although
perhaps not 2 general rule, some cities such as Vienna, Bath and London
have been shown by Kraus (1945), Balchin and Pye (1949) and Chendler
(1965) respectively to have summer deytime temperatures which on
occasions are lower than surrounding areas. In contrast Duckworth and
Sandberg (1954) describe a nocturnszl temperature differential of the

o . . .
order 11,0 C on one occasion in San Francisco.

In some cases the thermal response of a built-up area may



¢
|

}be partly influenced by local circumstances. For instance, the
Lhigh albedo of near-white limestone, whicn is widely used for
buildﬁngs in Bath, is suggested by Balchin and Pye (1949) to con-
tribute towards a low urban temperature by dey. In general, how-
ever, city-country temperature differentials are variable from dzay
to day and appear-to be affected by particular weteorological con-
ditions. In an attempt to define the underlying causes of the
temperature difference between the urban heat island and the surr-
ounding rural areas, Sundborg {1950) developed for Upsala empirical
equations for day and night of the form

AT (day) 1.4° - 0.01C - 0.09T - 0.01T - 0.04e (7.1)

AT (night) 2.8° - 0.1C - 0.380 - 0.02T + 0.03e (7.2)

1l

where AT is the temperature differential in oG, C is cloudiness in
tenths, U is wind velocity in m/sec, T is femperature in °C and e is
vapour pressure in mbs. The equations show that by night the influence
of cloud upon AT increases by a factor of 10 and wind by a factor of
4, relative to day conditions. By day only the wind parazmetexr has sowme
modifying effect upon the undefined coustant which essentially repre-
sents all the static city influences such as heat conductivity and
radiative screening of built-up areas. 'Vith increasing wind speed the
temperature differential decreases. An expression of this form has
been calculated by Chandler (1965) for London and the general direction
of the above relationships have also been substantiated by Duckworth
and Sandberg (1954) for San Francisco.

Déring the day and the night the urban heat island is
usually characterised by an isotherm configuration which, assuming
low relief,?conforms to the shape of the city. The nature of this
cellular forﬁ may, however, show day to day changes particularly when
influenced bf winds which tend to displace the heat island in a down-
wind_direction (Munn et al, 1969). However, mean temperatures should

indicate any tendency for the heat island to be persistently displaced
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by the wind. Local circulations et Durban could produce such an
effect and this chapter is concerned with an examination of the

changing form of Durban's heat island and the development of an

empirical model to describe the mean spatial distribution of

temperature across the heat island.

7.2 The urban setting

The work zone shown in Fig. 7.l is located on alluvial
flats that surround the harbour at Durban and occupies land less
than 30 ft above sea level. From the point of view of the urban
temperature field, the unifying characteristics of the region are
the close proximity of buildings, which are bounded within a grid

network of macadamised streets, the high‘densigy_qg_gptor vehicle

traffic and the lack, with one exception, of large open racreational

space. Multi-storied apartments which line the seashore cause the

high residential density in that area.

The elluvial flats are backed by the Berea ridge, which
rises with a T degree slope tc an altitude exceeding 400 ft. The

decrease in residential density up the Berea ridge is accompanied by

a corresponding change in the urban fabric. The region of high resi-

dential density located along the lower slopes of the Berea ridge

consists of single-storied, olésely-spaced houses set in small pro-

perties in narrow macadamised streets. With increasing elevation up

the ridge, decreasing residentizl density coincides with larger

houses set in more spacious properties.

7.3 Land breeze - drainage wind modification of the
temperature field

The measurement of nocturnal temperatures in the Durban
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Fig. 7.2 : Isotherms (°C) of meen minimum
temperature, July 1968 in the
Durban srea

Fig. 7.3 : Isotherms (OC) c¢f mean minimum tempere-
ture in the Pinetown basin, July 1968



area was only undertgken in c¢lear settled winter weather, local
circulations being best developed under these conditions. An
isotherm map based on mean 0400-0500 temperatures recorded during
July 1968 is shovn iﬂ'fig. 7+.2. A two-cell urban heat island is
evident over the city, the eastern cell located in the high density
reaidential zone whioch flanks the seashore and the western cell
situated over the western edge of the central business district.
Temperatures in the work zome region are higher than other areas

on the low-lying alluvial flats but compare with the thermal belt
located along the Berea ridge. Predictably, lowest temperatures

are found in the river valleys.

Drainage winds from the Umbilo and Mhlatuzana River valleys
ere largely responsible for the low mean temperatures in the respsc-
tive valleys and over the alluvial flats at the head of the Natal
Bayl. Channelling of these winds between the Bluff snd Berea ridges
accounts for temperatures along the northern and western bayside which
are lower than are to be found within the two heat island cells. It
may alsc be éxpected that the drainage winds receive an added velocity
component in response to the temperature and, therefore, pressure
gradient between the alluvial flats to the south and the urban heat
island to the north of the bay. The characteristic of local winds to
be attracted towards urban heat islands has been noted by Pooler
(1963), Crow (1964) end Smith (1967).

The effect of topographically-induced winds upon temperature is
also clearly evident from 0400-0500 mean winter temperatures over
the Pinetown basin (Fig. 7.3). Low temperatures, usually with a
steep local temperature gradient, are restricted to the river
valleys located to the east of the basin where drainage winds are
likely to be well-developed. The temperature gradient within the
basin is shallow north of the built-up area but steeper in the
shallow south-draining valley south-west of this area. The urban
heat island is situated squarely over the business district and
there is no evidence of its displacement by the land breeze.
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The existence over the city of iwo separate heat island
cells is due to penetration of cool stable air into much of the
work-zone area. Consequently maximum urban temperatures are only
to be found west of the main stream of cold eir and in the sea
front zone where heat is trapped behind closely-spaced apartment
blocks. It is also conceivable that the higher temperatures evi-
"dent in the eastern heat island may be partly due to displacement
of heat generated within the business district by westerly to north-

westerly land breezes.

It has been shown that drainage winds from the Mgeni
River valley are entrained into north-easterly gradient winds over
the sea with the result that cool air is moved southwards. Tempera-
tures along the seashore and alluvial flats south of the lgeni River
mouth are lowered partly by this phenomenon and partly by radiational

cooling.

A tepperature inversion up-slope at night is an expected
phenomenon and in this case radiational cooling of the lower Berea
slopes is assisted by drainage winds. The well-developed thermal
belt that extends almost the length of the Berea ridge is partly due
to this phenomenon and partly due to lowering of temperatures along
the ridge crest by the cool land breeze. Althcugh the thermal belt
is located on the leeward side of the Berea ridge away from the direct
influence of the land breeze, nocturnal temperatures must also be kept

" bigh in this area by the urban fabric and by the well-developed
vegetation cover.

7-4 Sea breezes and the urban temperature field

The measurement of day temperatures over Durban were
wnderteken from 1230-1330, approximately at the time of maximum

surface temperature. To evaluate Durban's heat island in terms of



purely urban conditions, height effects vere eliminated by reducing
2ll mean maximum temperatures to sea level using the observed lapse
rate of O.4°C/1OO m that prevailed between %ﬁgmid;é;t_and'higbest -
stations., This lapse rate was determined by regression analysis of

temperature on heights based on data from 9 Veather Burean stations

in the area ranging in height above sea level from 23 ft to 2,292 f{t.

Pig. 7.4 is based on mean summer temperature traverses
under north-east sea breeze conditions. These breezes, strengthened

by gradient winds, blow strongly during the summer months. Table

7.1 shows the high frequency of the north-east sea breeze which blows

obliquely off the sea,

Table 7.1l: Percentage frequency of wind observations
from December to February at Dorban (efter
Vieather on the coasts of Southern Africa

1941)
Xnots N NE E SE S s w NW Calm
3 - 13 3 20 12 12 10 2 - - 4
14 - 27 - 5 1 - 10 10 - - -
28 - 40 - - - - - 1 - - -

It is apparent that an elongated heat island extends along
the foot of the Berea ridge with its centre situated west of the
central business district over a relatively flat area occupied by a
market, an extensive car park, wide streets and buildings which are
lower than those in the business district. This anomaly is due to
the displacement of the heat island by the sea breeze away from the
heat sources provided by the business district. The energy of the
sea breeze as it blows over the aerodynamically rough surface of the

central business district is reduced near the surface so that wind
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speeds in the heat island area are low. Turbulent diffusion of

accumlated heat is, therefore, also low.

Temperature gradients are relatively steep along the
seashore east of the work zone and aslong the foot of the Berea
ridge. The gradient is due in the former area to the presence of
" multi-storied apartments which block penetration of the sea breeze
into the work zone; in the latter area to variations in the charac-
texr of the residential setting. In general, however, reduced tem-

peratures are lowest along the seashore and crest of the Berea ridge.

7.5 Gradient wind modification of the temperature field

North-east sea breezes prevail in warm anticyclonic weather
conditions in which skies aze cloud-free and gradient winds, supple-
mented by the sea breeze, produce only moderate winds. However, with
“the passage of a depression and accompanying steep pressure gradients,
winds strengthen and veer to south-west, temperatures drop, a low
stratus cloud cover forms and precipitation may ocecur. It would not
be surprising, therefore, to find that under these weather conditions
surface temperatures over Durban would be generally lower than in the
sea breeze case. This is confirmed by Fig. 7.5. With south-west :f
winds the mean temperature over the work zone is lowered by 0.8 -~
1.0°C relative to the mean temperature under north-east sea breeze |
conditions.

It has been shown that during the day south-westerly winds
back to south and south-south-east in response to a séa breeze effect.
These winds are responsible for the displacement of ﬁeat provided by
the business disgstrict to a2 position north;west of this area. An
elongated heat island still extends along the foot of the Berea ridge
but with two centres of equal intensity located north-west of the

heat island shown in Fig. 7.4. Furthermore, frictional slowing of

i )i

ey

" T e



163

z—

re

MILE
o 1
[

KILOMETRE

Fig. 7.5 1 Isotherms (OC) of mean midday corrected
temperatures under southerly wind condi-
tions, Novexber-February 12969



16,

Mgeni River

NATAL 8AY

s

Fig. 7.6 1 Isotherms (°C) of mean midday corrected
temperatures, November-February 1969

[ e’

z—n

e !
Mila
e 1

Kilomevse

Fige 7.7 t Isotherms (°C) of mean midday corrected
temperatures, June 1969




164

surfece winds over the aerodynemically rough surface of the work
zone lowers wind speeds both in the business district and in the
lee of this regiony ise. Over the heat island. Eddy diffusion

of heat in this latter region is consequently low.

7.6 Comparison of mean summer and winter reduced temperature

Contrary to the findings of Balchin and Pye (1949) for
Bath where summer day temperatures were found to be less in the
city than without, mean midday temperatures over Durban show the
existence of a heat island in summer as well as in winter (Figs.
é.6 end 7.7). Because of the high frgquency of north-east sea
breezes in both seasons, the centre of the heat island is displaced
evay from the central business district and is located at the foot

of the Berea ridge.

Mean temperatures over Durban are éxpectedly lower in the
winter months and in addition the seasonal temperature range in-
creases with distance away from the coast (Table 7.2). This suggests
that an edditional component, namely distance from the sea, must be

considered as a factor in the urban energy balance at Durban.

Table 7.2: Seasonal range and mean extreme temperstures
(°C) along the easti-west section G-H through
the heat island

Berea crest (H) [Heat islend Seashore (G)

Summer 25.8 26.8 25.6
Vinter 21.0 22.4 21.8
Range 4.8 4.4 3.8




During winter sea breezes, weakened by reduced baroclinity,
exe less effective as a cooling agent on the coast and this is shovn
by a weak temperature gradient along the seashore relative to summer.
However, in this season the development of an urban heat island
would, in addition to normal production and retention of heat within
the city structure, be assisted by reduced mechanical turbulence due -
to low mean wind speeds and by increased counter-radiation from an
atmosphere that frequently remains polluted for much of the day. It
is surprising, therefore, to find in Table 7.3 that the mean winter
temperature differential between the heat island and the coast

differs from the mean summer value by a factor of 2.

Table 7.3: Mean seasonal temperature differentials, ZSTOC,
between the seashore, heat island and Berea
crest, along the section line G-E

Heat island - Berea crest Heat island - seashors
Summer 1.0 . ' 1.2
Winter 1.4 0.6

An explanation for the low winter AT value between the heat
island and the seashore must be sought in the energy balanc¢e charac-
teristics of the work zonme region. At noon the azimuth angle cof the
sun is 0° but the solar elevation varies from 84.60 at mid-summer to
55.60 at mid-winter. By midday in winter because of the low elevation
of the winter sun, the main streets,; which are aligned approximately
eagt-west, are still in deep shade with only the tops of tell north
facing buildings receiving ingolation. The street blocks are long,
from 600 ~ 1,000 ft and this reduces warming of the city by solar
heating of the narrow north-south aligned cross streets. In addition,
the increased winter air pollution concentration must reduce solar

energy reaching the ground (Sheppard,1958). In combination these
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factors serve to weaken the heat island in winter.

The value of AT between the heat island and the Berea
crest is higher in winter than in summer and is caused by lower
temperatures on the Berea ridge relative to summer menths. The
high temperature range on the ridge given in Table 7.2 shows this
- to be true. Once again the lack of solar heating in winter is
attributed to this phenomenon. At midday the low solar eleva-
tion mezns that many buildings on the south-east facing Berea

ridge are in shade or casting long shadows.

7.7 A spatial model of the urban heat island

As an alternative to describing day by day changes of the
urban temperature field, an empirical model of the spatial distribu-
tion of mean midday temperatures recorded in Durban during the summer
and winter of 1968-1969 is presented. To develop a quan%itative
model of the spatial variation of Durban's heat island, 12 equidistant
points were linearly extrapolated along the section lines given in
Fig. 7.8 and submitted to harmonic analysis (Conrad and Pollak, 18503
Brooks and Carruthers, 1953). The resulting equation describing the

temperature field is of the form given in Equation 2.2 so that

6
- - ) 2mkd
T = Ts + kgl a2z S1in (T + ¢k) (7‘3)

where Ts 1is the space mean temperature, az the amplitude of wave
number k with phase angle ¢z and where d =0,1... 11 measured in

units of 0.3 miles from the points of origin A,C,E,G and I on the
section lines of Fig. T.8.

The heat island can be precisely described by determining
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the amplitudes and phase angles of the temperature variations
elong the section lines cutting the heat island. Teble 7.4 shows
the sﬁatial variation of these parameters for mean summer and

winter reduced temperatures.

Table T.4: Spatial distribution of meen summer and
winter reduced temperature (°C) expressed
by Equation 7.3. Sk denotes cumulative
percentage contribution to the total

variance
Summer
Section Es al ¢l a_ ¢2 a, ¢3 Sl 52 S3
A-B 26.5 0.24 297 0.07 113 0.04 360 88 95 098
C-D 26.5 0.43 242 0.17 200 0.14 249 75 87T 95
E-F 26,2 0.56 255 0.08 139 0.06 304 94 96 97
G-H 26.2 0.45 281 1.10 65 0.08 323 20 95 ¢8
13 26.2 0.42 285 0.17 30 0.11 333 Bl 94 99
Mean 26.3 0.42 272 0.12 121 0.09 314 86 93 97
Wintexr
A-B 22,1 0.22 256 0.11 157 0.07 270 72 89 95
Cc-D 22.0 0.27 276 0.13 109 0©.06 303 76 84 88
E-F 21.9 0.39 283 0.16 57 0.06 326 80 94 96
G-H 21.8 0.47 304 0.18 49 0.15 O T4 85 93
I-J 21.8 0.47 313 0.18 7L 0.14 21 70 80 87

Mean 21.9 0.36 286 0.15 89 0.09 184 74 86 92

The degree to which a particular wave {its the observed
temperature variation through the heat island is given by the percen-
tage variance contribution of the wave to the total variance and is
expressed by Equation 2.7. The lowest percentiage varisnce contribu-
tion of each of the first three sine terms in Equation 7.3 to the
total variance about the space mean summer temperature is shown in
Table 7.4 to account for 75 per cent, 87 per cent and 97 per cent

of the total veriance; the highest percentage variance contribution
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accounts for 94 per cent, 96 per cent and 99 per cent of the totel
varience. The percentage variance contribution of the first three
gine terms about the space mean winter temperature is alsoc high and
the lowest variance contribution for each wave accounts for 70 per

cent, B0 per cent and 87 per cent of the total variance.

Phase angles for successive harmonics calculated along
each sectlion line do not vary greatly and amplitudes are approximate-
ly constant fractions of the space mean temperatures. Mean amplitudes
and phase angles may, therefore, be taken as representative of the

area covered. Mean values of 2)y 8, a,are respectively 1.6 per cent,

z
0.46 per cent and 0.34 per cent of the mean summer Ts and 1.6 per cent,

0.68 per cent and 0.41 per cent of the mean winter Ts. The expressions

T (Summer) = Ts + .016 Ts sin(kd + 272°) + .0046 Ts sin(2:d + 121°)
+ .0034 Ts sin(3kd + 314°) (7.4)
T (Winter) = Ts + .016 Ts sin(kd + 286°) + .0068 Ts sin(2kd + 89°)

+ 0041 Ts sin(3kd + 184°) (7.5)

where k = 30 degress for 4=0,1...11 describes, therefore, the mean
spatial temperature distribution for the two seasons.

Harmonic analysis provides a technique to ascertain the
degree to which a symmetrical heat island over & city can be adequately
described in a quantitetive sense. The close correspondence of the
mean spatial temperature wave over Durban to a single sine wave is
demonstrated by the model which also provides for the prediction, from
relatively few measuring points, of the spatial variation of tempera-

tures over the city. The extent of other influences such as winds

s o 1
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which persist from one quarter to produce a steep temperature
gradient at the edge of the built-up area are also reflected in
the amplitude of the succeeding harmonics and the contribution of

each wave to the total variance about the space mean temperature.

¥ ¥ ¥ ¥ X K H K K ¥ X

Although day by day isotherm patterns over Durban are
largely dependent upon the nature of the weather conditions and
upon the direction of gradient and local winds, the mean summer
and winter isotherm pattern describes a heat islend cell which
persists by day along the foot of the Berea ridge on the westward
side of the central business district. In plamning for climate and
human comfort the empirical model developed for determining space
mean temperatures over the city and across the heat island would be
particularly useful. Bowever, temperature alone is not a complete-
ly satisfactory measure for determining climatic comfort for man
end a model which defines the spatial variation of a climatic dis-~
comfort index is also desirable. This is exemined in more detail

in the following chapter.



CHAPTER 8 |

PHYSIO-CLIMATIC VARIATIONS IN THE DURBAN AREA

‘8.1 Introduction

The effect of atmospheric conditions on comfort and
health has been well documented. One of the earliest accounts
based on scientific enquiry came from Benjamin Franklin (1750)
who considered the cooling effect of evaporation on human skin.
Other empirical studies were made by Lining (1748), Eliis (1758),
Blagden (1775), Haldane (1904) end Leferre (1911). In addition
the association of c¢limatic conditions and human behaviour was
reported at length by Huntingdon (1939, 1945, l951i.

More recently workers in this field have attempted to
define a comfort zone for humans. This zone has been placed
between 32.2°C and 23.2°C by Bedford (1950) and 15.6°C and 24.4°C
with relative humidity at noon varying from 40 to 70 per cent by
Markham (1947). Brooks (1950) maintains that the comfort zone lies
between 14.4°C and 21.1°C in Britain, 20.6°C and 26.7°C in tne
United States and 23.3°C and 29.4°C in the tropics with relative

et e

humidity between 2 and 70 per cent. The comfort zone does not have
distinct boundaries: instead a sensation of thermal neutrality,

8light stress and discomfort shade into one another. The problem is

4
|
b
3

further complicated by individual physiological responses while

thermal requirements also vary with age and sex (Olgyay, 1962).

The problem of translating physical data about the atmos-
phere into physiologically useful indices has been discussed by
Landsberg (1960). Terjurg (1966) has attempted to fulfil this need

by the development of a physio-climatic classification. However,




detailed knowledge of the manner in which weather and climate

are related to human physiology clearly precede this development
and this problem hes been investigated by Lind (1964), Blum (1964),
Jankowiek (1964), Gold (1964) and Xreider (1964).

It has been shown that urban areas are generslly warmer
"than surrounding areas both by day and by night, the isotherm con-
figuration of the urban heat island normally conforming to the shape
of the built-up area. Both absolute and relative humidities are
usuzlly lower (Chandler, 1965; Kratzer, 1956) although studies in
Leicester by Chandler (1967) suggest that while relative humidity
responds to the thermsl effect of the heat island as well as to the
vapour content of the air, vapour pressure mz2y frequently be higher
within cities than without. In addition increased friction encount-
ered by winds over cities results in lowered mean wind speeds (Maurain,
1947). In hot climates theae conditions may combine to preoduce an
intolerable degree of discomfort yet, to the author's knowledge, no
attempts have been made to map physio-climatic variationé in urban

arease.

To whaet extent the urban environment contributes towards
illness and morbidity has been the object of considerable research
most of which has been directed towards the air pollution problem
(Prindle, 1964). However, Brezowsky (1964) empbasises the close
relationship that exists between temperature, wvapour pressure and
men and points out that a warm, humid environment, as well as being
responsible for discomfort, is also accompanied by an increase in
infections. Where cities are located in warm climates, the added
heat component derived from the high heat capacity of the urban
fabric may increase temperatures beyond the comfort threshold. The
tendency towards this condition is assisted by high absolute humi-

dities and low wind speeds.

Ventilation of built-up areas in hot climates is of
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paramount importance if thermal comfort is to be maintained. Not
only is air temperature lowered by turbulent diffusion of heat but
the éooling sensation, due to heat loss by convection and evapora-
tion from the skin, is increased. High absolute humidities may be
accompanied by a sense of depression which becomes noticeable when
vapour pressure exceeds 20 mbs; beyond this mark each additional
millibar of pressure can be countered with 0.59 m/sec wind speed
(Olgyay, 1963).

Numerous indices have been developed to measure heat
stress upon humans. In some, such as the Index of Physiological
Effect (Robinson et al, 1945), the Thermal Acceptance Ratio (Plummer
et al, 1945), the Predicted Four Hour Sweat Rate (Vyndham et al,
1952) and the Belding-Hatch Heat Stress Index (Belding and Hatch,
1955), many variables are involved, some of which require direct
measurement on the body. In others, such as the Effective Tempera-
ture Index (Houghton and Yaglou, 1923; Yaglou and Miller, 1925), the
Wet Bulb Globe Index (Yaglou, 1923) and the Temperaturs-Humidity
Index {Thom, 1959) an attempt is made to combine into a single value
the thermal effect of climatic elements such as temperature, humidity,
radiation and wind. These latter indices have been criticised by the
tendency towards a progressive reduction in accuracy at high stress
levels (Lind, 1964). However, they are simple to use and in areas
which experience environmental temperatures which are not excessive
can be of great value. The Effective Temperature Index is a Sensory
scale of warmth combining air temperature, humidity and air movement
in a2 single index. The Wet Bulb Globe Temperature Index is determined
from dry bulb, wet bulb and black globe temperatures. Air movement is
not measured since this is reflected by globe temperatures. The tem-
perature-Humidity Index, now used by the United States Weather Bureau
in several parts of the country as well as in its daily forecasts, is

most convenient to use being expressed by

THI = 0.4 (Td + Tw) + 15 (8.1)
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where Td is dry bulb temperature and Tw is wet bulb temperature

in degrees Fahrenheit.

The Temperature-Humidity Index requires only two
variables and is, therefore, suitable for the measurement of dry
bulb and wet bulb temperatures at a large number of stations.
Largely because of this it was used as the discomfort index, the
spatial variation of which is discussed in this chapter. Accord-
ing to Thom (1959) people feel discomfort as the index rises
above 70, with over half uncomfortable with the index over 75.
All are uncomfortable by the time the index number reaches 79,

some feeling discomfort acutely.

8.2 The spatial variation of temperature

It has been shown that both in summer and in winter an
elongated heat island extends along the foot of the Berea ridge
with its centre situated west of the central business district over
a relatively open areas occupied by a market, an extensive car park,
wide stireets and buildings which are lower than those in the busi-
ness district. It was suggested that this anomaly was dué to the
displacement of the heat island by the north-east sea breeze and by
south-south-east gradient ﬁinds awvay from the heat provided by the
business diatrict. In general mearn temperztures were found to be

lowest along the Berea crest and the seashore.

The distribution of mean temperatures uncorrected for
altitude are given in Figs. 8.1 and 8.2 and Berea crest temperatures
are shown to be lower than in Figs. 7.6 and 7.7. In terms of human
comfort, however, the occurrence of strenger winds along the ridge
crest and the seashore than in the built-up area is more important
than the altitude effect, a cooling sensation being enhanced by greater

evaporation from the skin. This is particulerly important during
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the summer months.

From the Berea crest to the Kloof plateau the land
rises approximately 1,400 ft, with an average gradient of 1 : 38.
A steady decrease of mean midday temperature with height is shown
in Fig. 8.3 and régression analysis of mean temperature, E oC,
'against distance inland in miles, d, yields an equation of the

form

T = 24.82 - 0.16 4 (8.2)

8.3 The spatial variation of vapour pressure

Spatial and temporal variations of vapour pressure over
Durban are largely controlled by diurnal, synoptic and seasonal
changes in temperature and air movement. The advection of warm,
moist air from sea to land by the north-east sea breeze is the main
diurnal control and Fig. 8.4 shows that, not unexpectedly, highest
mean midday vapour pressure occurs along the seashore with a steep
vapour pressure gradient over the alluvial flats south of the ligeni
River mouth. This area is largely used for recreation and is not
built over so that onshore penetration of moilst air is unimpeded.
The vapour pressure gradient is steep along the foot of the Berea
ridge but further ascent up the ridge produces surprisingly liftle
varigtion. This may be ascribed to the nature of the urban fabric
on the lower slopes of the Berea ridge, closely spaced houses set in
small properties being a characteristic of the area. Frictional
slowing of the wind and reduced eddy ciffusion inhibits mixing of air
in this area. However, with increasing elevation up the ridge and
more spaclous properties, turbulent diffusion meintains a normzl day-

time humidity lapse.

The vapour pressure gradient over the work zone region is
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steep along its eastern and western edge but gentle over the
central business district. Tall apartments that line the sea-
shore block penetration of moisture into the built-up area and
this accounts for the steep vapour pressure gradient along the
seashore. Moist air which does penetrate into the city is trapped
between buildings and because of lowered mean wind speeds over the
city mixing with drier air from above is reduced. The relatively
steep vapour pressure gradient along the western edge of the busi-
ness district marks the transition to better mixed, drier air over

the slopes of the Berea ridge.

Aftexr the passage of a low,winds veer to south and south-
south-east in response to a sea breeze effect. This explains the
high vapour pressure values slightly west of the central business
district (Fig. 8.5). Low wind speeds in the work zone region rela-
tive to the Berea ridge inhibit mixing of moist air trapped between
buildings and west of the business district the transition to drier

air along the Berea ridge is sharp.

A marked seasonal change in the spatial varietion of water
vapour over the city is shown by an increase in mean summer vapouxr
pressure values relative to winter by a factor of 1.85 in the busi-
ness district, 1.80 along the seashore and 1.88 along the Berea
crest (Figs. 8.6 and 8.7). This is primarily due to a higher water
vapour capacity of the warmer air, weakening of the influence of anti-
cyclones and associated near surface subsidence in this season and
strengthened onshore advection of moist air by the sea breeze. 1In
both seasons the orientation of high mean vapour pressure isolines
is east—wést over the work zone, evidence of trapping between build-
ings of mdist air advected into the area by southerly winds. North
of the wvork zone moist air advection by the north-east sea breeze is
responsiblé‘for vapour pressure isolines with an inland gradient that

parallel the coast.
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The difference in vapour pressure values between the
geafront and the Berea crest is approximately the same in both
seasons; 1.7 mb in summer and l.4 mb in winter. The gradient is
steepest over the alluvial flats north of the work zone region and
gentle with ascent up the Berea ridge. This phenomenon may be ex—
plained by the existence during the day of & humidity lapse which
is produced by vertical mixing of air by relatively strong turbulent
winds along the Berea ridge. Bowever, in the badly ventilated high
and medium density residential areas, moisture is trapped between
buildings and this reduces the mixing of moist air with drier air

above.

Local variations of vapour pressure are of interest. For
instance, the cell of relatively low vapour pressure on the eastexrn
side of the work zone in summer lies landwaxd of a 30 ft high sand
dune that parallels the seashore. The effect of the dun¢ in blocking

penetration of the north-east sea breeze is accentuated by malti-

storied apartﬁent blocks constructed z2long the crest of the dune.

Regression analysis of the decrease of mean vapour pressure,
e, along section line G-B (Fig. 7.8) results in expressions of the

form

(mbs) summer = 21.2 - 0.369 d (8.3)

ot

{mbs) winter = 10.9 - 0.387 & (8.4)

ol

where d is distance in miles. If is interesting to note that although
the value of the intercept varies between summer and winter, the slope

constant remains approximately the same.
The decrease of mean summer vapour pressure values from
the Berea crest to the Kloof plateau is less steep (Fig. 8.3), and

may be expressed by

e (mbs) = 21.0 - 0.18 d (8.5)

shgpgtarer - e ki B 8
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8.4 A spatial model of physio-climatic variations

The aim of the Temperature-Bumidity Index is to estimate
the impact on human comfort of combined temperature and humidity
during the summer months. This index was based on earlier esti-
mations of 'Effective Temperature'! which were developed to indicate
values of temperature, relative humidity and air movement that gave
the same degree of 'average comfort'. The Temperature-Humidity
Index is an empirically derived expression that agrees closely with
Effective Temperatures at extremes of temperature and humidity

(Field, 1964).

The spatial variation of the Temperature-Humidity Index,
THT, west of the city from the Berea crest to the Kloof plateau may
be describded by simple Tegression analysis of discomfort index on
distance in miles, d. The rasulting equation describing the varia-

tion is of the form

I = 7359 -0.14 4 (8.6)

Areas of high temperature in the Durban area are associated
with relatively high humidities and it is, therefore, not surprising
that maximum discomfort areas should correspond closely to the elon-
gated heat island which extends along the foot of the Berez ridge
(Fig. 8.8). The 75.0 discomfort index line, which determines the
point at which half the population feels heat discomfort, conforms
closely to the shape of the work zone region. Two cells with a dis-
comfort index more than 75.2 are located on the western side of this
region. A third area encompassed by a 75.0 discomfort index isoline
is locazted over the high density residential area at the foot of the
Berea ridge and north of the work zone region. As with the mean
summey temperature map, the mean gradient is relatively steep =zlong

the seashore east of the work zone and along the foot of the Berea
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ridge. Due largely to the cooling influence of the sea breeze,
areas of relative maximum comfort are located along the seashore

and crest of the Berea ridge.

By the use of harmonic analysis the spatial varistion of
the Temperature-Humidity Index over the city can be precisely des-
cribed by determining the amplitude and rhase angles along the
section lines cutting the cell of maximum discomfort index. Table

8.1 shows the spatial variation of these parameters.

Table B.l: Spatisl variation of mean summer Temperature-
Humidity Index. Sz denotes cumulative percen-
tage contribution to the total variance.

Section THI a, ¢1 a, ¢2 &8, ¢3 S, %2 Sa
A-B 75.3 0.32 234 0.13 123 0.02 224 82 96 97
C-D 75.2 0.35 265 0.07 126 0.02 269 89 93 03
E-F T4.9 0,58 284 0.15 79 0.06 326 92 98 99
G-H 74.9 0.56 302 0.16 57 0.12 351 84 9 94
1-J 74.9 0.56 312 0.26 53 0.13 7 789 94 98
Mean T75.0 0.47 279 0.15 88 0.07 235 85 94 96

The first three terms in Equation 2.2 are shown in Table 8.1
to account for more than 79 per cent, 90 percent and 93 per cent of the
variance sbout the space mean discomfort index. As in the case of the
heat island model, phzse angles for successive harmonics calculated
along each section line do not vary greatly and amplitudes are approxi-
mzte constant values of the space mean Temperature-Humidity Index.

Mean zmplitudes and phase angles may, therefore, be taken as represen-
tative of the area covered by the section lines. Mean values of
' 8,18 32 jare respectively 0.63 per cent, 0.2 per cent and 0.09 per cent

of the mean discomfort index and the expression
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THT = THI_ + .0063 THI_ sin(kd + 279°) +

+ .002 THI_ sin(2kd + 88%) + 0009 Eﬁfg sin(3kd + 235°)  (8.7)

where k = 330 for @=0,1,...,11 describes the mean spatial distribu-

tion of the index.

The empirical expression developed for the spatial varia-
tion of climatic discomfort is similar to that developed to describe
the heat island over Durban. The close correspondence of the mean
spatial Temperature-Humidity Index wave over Durban toc a single sine
wave is demonstrated by the model. The value of this model clearly
lies in the provision for the determination, fxrom relatively few
measuring points, of the spatial variation of a discomfort index over

the city.

* X ¥ X X ¥ ¥ * ¥ * ¥

During summer in sub-tropical latitudes, ventilation of
urban areas is essential in order to reduce the sensation of dis-
comfort which is induvced by combined high temperature and humidity.
The effect of poor ventilation upon climatic discomfort is clearly
shown by the relative difference between mean summer Temperature-
Humidity Index values in the area of closely-spaced housing along the
foot of the Berea ridge and the better ventilated Berea c¢rest and sea-
front. This pattern may well change with the implementation of planning
schemes. Bowever, the present distribution of mean summer Temperature-
Humidity Index values over Durban should be of interest to the archi-

tect and town planner.
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PART IV

CONCLUSIONS



CHAPTER 9

SUMMARY AND CONCLUSIONS

It has been shown that certain characteristics of
weather and climate along the Natal coast are intimately related
to local wind systfems. The main features of these c¢circulations
together with their influence upon selected climatic elements

are briefly summarised as follows:

A. Sea breezes

1. The sea breeze is a periodic and predictable wind of
thermodynamic origin which blows during the day and throughout

the year from sea to land. At first the circulation is asasociated
with a marked onshore component of air movement. However, this
component weaskens as sea breeze velocities increase and the cir-
culation grows horizontally with time. This takes place as the

wind backs in response to the Coriolis force to assume a direction

parallel to the coast. §
]

2. During summer months, increased surface heating ensures

2 higher fregquency of sea breezes than during winter months. The i

sum of north-north-east, north-east and east-north-east wind fre-

et g g e s

quencies per 500 for the 12 daytime hours at Durban (S.A. Veather

Bureau, 1960) increase in January relative to July by a factor of

1.5. Mean wind speeds for the same directions increase correspond-

ingly by a factor of 1l.14.

At & s

Do The onset of the sea breeze circulation takes place some |

2 hours earlier in summer than winter but maximum hourly wind
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velocities in both seasons occur gpproximately at the time of

meximum land-sea temperature difference.

4. The duretion of the sea breeze under fine weather con-
ditions is a function of surface heating, gradient wind direction
and speed. The onset of the sea breeze is seldom delayed by off-
shore graedient winds along the Natal coast and in summex onshore
winds appear over the coast by 0500 and prevail thereafter for
about 11 hours. In winter, however, the onset of the sea breeze
gwaits upon the breakdown of 2 deep nocturnal inversion. This
mist be accomplished by surface heating which is week in winter.
Starting at about 1100 the sea breeze usually prevails for about

7 hours in this season.

5. Normally gradient winds over the Natal coast blow with
an onshore component of air movement. Although sea breeze velo-
citiés are strengthened by this addition, the sea breeze circula-
tion as a whole is weakened. Advection of cool sea air with a
large inland fetch inhibits the rise in tepperature of the atmos-
phere over the land and consequently the development of a steep
horizontal temperature gradient within a thick layer of atmosphere.
Under these conditions the onset of the sea breeze can seldom be

identified by a sea breeze front.

6. Day to day variations in the depth of the sea breeze are
determined by a number of factors which include changes in lapse
rate, direction and speed of gradient winds and surface heating.
Despite these changes the level of zero wind component, which
separates onshore {rom offshore wind components, usually occurs
below 3,000 ft.

Te The wind profile is a useful indicator of the depth and
nean velocity characteristics of the sea breeze particularly where

onshore gradient winds are deep. Maximum onshore wind components



in the sea breeze occur below 1,000 £, usually between 6C0 -
800 ft.

8. Steepened pressure gradients ahead of a coastal low

or cold front cause strong north-east gradient winds. The sea
breeze circulation is weakened by the reduction of the land-sea
temperature gradient under these conditions and it becomes diffi- l

cult to separate the two wind components. {

g. Under post-frontal weather conditions strong, cool
south-west gradient winds tend to subdue the sea breeze circulation.
Despite adverse conditions for sea breeze development, a component
of this wind may frequently be recognised by backing of the wind to |
south-east during the day. This is followed by a retuxrn to south-
west at night.

10. Surging of sea breeze velocities is recognised. As sea
- breeze velocities increase the land-sea solencidal field may be
weakened by heat diffusion and cool air advection. The resulting

reduction of the sea breeze component of the onshore wind lowers
the mean wind speed. A decrease in heat diffusion allows the sole-
noidal field to strengthen and ithe return of the sea breeze to its

former strength occurs as a surge.

11. The periodicity of surges in the sea breeze varies with

A ol ke & s,

changes in gradient wind velocities and the land-sea temperature

gradient. Surges tend to be confined to the zone of maximum wind

velocity below 1,000 ft and were found to occur with periods

ranging from 60 - 120 minutes.

12. The sea breeze, strengthened by gradient winds, advances
inland as & shear line marked by a wind shift separating winds with
an onshore and offshore component of motion. It is recorded as

penetrating at least 40 miles inland and may extend even further.




13, Valley wind systems extend from the coast to the
Drakensberg escarpment during the day to produce east-south-east
to south-east winds over Natal. However, the observation in this
study of east-north-east and north-east winds in the 40 mile wide
coastal belt, suggests that onshore sea breezes, strengthened by
gradient winds, may overlie the valley wind system in this area.
VWhere deepening of the valley wind takes place to above ridge

level, the resultant wind may be easterly.

14. Maximum upward vertical motion associsted with the sea
breeze circulation is normally located at the convergence zone be-
tween onshore and offshore winds. However, the deep inlend pene-
tration of onshore gradient winds prevents the development of a
convergence zone of this form in the immediate coastal hinterland
and local deepening of the sea breeze over the Kloof plateau is
probably due to orographic convergence. The bank of cumulus clouds
that line the escarpment under these conditions bears testimony to

the presence of this vertical motion.

15. The location of the Natal coast in sub-tropical latitudes
places this region in a belt within which climate and weather is
characteristic of both tropical and middle latitudes. Surface heat-
ing in summer is more typical of tropical latitudes but increased

gradient wind speeds and Coriolis force is more characteristic of
middle latitudes.

B. Land breezes

1. In fine weather over the Natal coast the land breeze blows
from land to sea as g north-west wind with speeds less than 3.5 m/sec.

The Coriolis force is insignificant due to the low velocities and

small fetch of this wind.
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2. In both summer and winter the duration of the land breeze
" exceeds that of the sea breeze. This is caused by more effective
nocturnal cooling of the near-surface agir layer than daytime heat-
ing. At night, thermel stability in the lower atmospheric layer
inhibits turbulent mixing so that in cloudless weather, radiational
cooling takes place in relatively undisturbed conditions. Conse-
guently the maximum nocturnal land-sea temperature difference is
larger than daytime values by a factor of 3.25 in winter and 1.74
in summer. This results in a land breeze duration of 16 hours in

winter and 13 hours in summer.

3, The deeply dissected and wide ligeni River valley west of

the Kloof plateau is reduced to a comparatively narrow gorge north-
east of the plateau (Fig. 9.1). The onset of the mountain wind over
the plateau takes place as cold air accumulates upstream of the gorge,
deepens and finally overflows onto the plateau. With similar deve-
lopment in other valleys a mountain-plain wind develops, at first as

a shallow wind but deepening throughout the night.

4. The land breeze c¢irculation is shallow at first and re-
stricted to 2 narrow coastal belt. As the circulation grows with time,
the belt of offshore winds deepen and migrate inland ultimately to
surmount the Kloof plateau by 2100. Concomitant with this development
is the deepening to esbove ridge level of mountain winds in Natal river
valleys and the subsequent development of a mountain-plain wind blow-
ing towards the coast. Integration of the mountain-plain wind into

the land breeze takes place over the Kloof plateau (Fig. 9.2).

5. The pre-dawn winter depth of the land breeze over Durban
was found to be about 800 ft. This is in excess of most published

observations of the land breeze depth.

6. ¥hen land breeze and mountain-plain wind directions coincide,

the upper limit of the land breeze is difficult to define. Under

e R 2y
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Fig. 9.1: Relief arnd location map of the Hillcrest
scarp region
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these conditions the combined circulations may deepen during the

"night to above 3,000 ft.

T The seaward movement of the land breeze at first takes

place in a shellow layer which lefer deepens by addition of the
mountain-plain wind component. By sunrise a layer of c¢ool land air
may extend to the base of the subsidence inversion and penetrate

some 5 miles sgeawards. The discontinuity between the land and sea air
is frequently sharp and clearly visible due to accumulated atmos-

pheric pollution in the land air.

C. Drainage winds

1. The onset of drainage winds in coastal valleys takes place
at night when the thermally-induced pressure gradient reverses from
upvalley to downvalley. The arrival of the drainage wind is marked
by an ebrupt temperature drop sg a local front of cold air advances

downvalley.

2. The temperature change associated with the onset of drainage
winds is smallexr than recorded in the Natal midlands. On summer days
the mean maximum land-gsea temperature difference is only of the order
of 2.0°C. Since the diurnal temperature change over the sea is small,
land heated air is not required to cool as far as that in inland areas

before the temperature gradient is reversed in river valleys.

3. In the Durban area cold air, which drains from the mouth of
the Umbilo River valley; moves across the alluvial flats et the head
of Natal Bay, dams against the Bluff ridge and is then channelled
northwards between the Bluff and Berea ridges. Low velocity south-
west drainage winds in the Netal Bay area occur nightly in fine winter

weather.
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4, The mean depth of south-west drainage winds over Natal

Bay is epproximately 200 ft.

5. Where land breezes and drainage winds have the seme
direction, it becomes difficult to separate the land breeze com-
ponent from the drainage wind. Under these conditions the wind

" profile of the downvalley component of motion does not normally
show a finite upper limit. The maximum velocity of this component
is shown to occur at 200 ft in the Mgeni River valley arnd, by
comparison with drainage winds in the Natal Bay area, this suggests

some integration of drainage winds and land breezes.

6. Periodic surging seems to be a characteristic of low-
level air movements in the Mgeni River valley. A measured 50 minute
period at 200 ft falls within the time range for periodic surges in

the mountain wind over Pietermeritzburg.

7. Under strong gradient wind conditions, the development of
a land breeze circulation is.inhibited before the suppression of
drainage winds. On occasions cold air movement is restricted to
river valleys and the seaward penetration of this air depends upon

the relative strength of the drainage and gradient winds.

8. ¥esterly dreinage winds from the HMgeni River valley entrain
cold air into the gradient wind over the sea. When this latter wind
is north~east the valley air is returned to land and moves over the

Jurdban central business district.

S. After sunrise the source of cold air from valley sides is
shut off by slope heeting and accompanying convective mixing. Without
replacement of the cold air in the valley bottoms, the depth of the
dreinage wind in the Natal Bay area is progressively reduced. The
dissipation of the wind 1s usually accompanied by downward penetra-
tion of the north-west land breeze.



D. The influence of local winds upon selected
climatic elements in the Durban area

Nocturnal precipitation

1. Throughout the year the diurnal variation of rainfall
frequency and amount over Durban is higher by night than by day.
Both measures reach a peak at 2100 and decline sharply thereafter.
Precipitation is largely a summer pheromenon, however, and the
mean February rainfall amount exceeds the mean July amount by a
factor of 3,65.

2. The frequency distribution of hourly rainfall occurrence

between specified limits is positively skewed with 63.2 per cent

of January end 58,7 per cent of July rainfall occurrences produc-

ing precipitation less than 1.0 mm/hr. Much of this low intensity "
rainfall is precipitated at night, 42.9 per cent in January and

26,5 per cent in July.

3. On 47 per cent of raindays precipitation over the period

1958-67 was restricted to the night period alone. Eowever, when

rain does fall during the daytime it is most likely to continmue

into the night. On only 11 per cent of raindays was precipitation
restricted to the daytime period. The operation of two main rain- é

fall processes is thus suggested.

4. Low intensity but high frequency nocturnal rainfall occurs
most frequently in relatively unstable agir at the rear of coastal
depressions. By undercutting moist, unstable sea air the land
breeze acts as a trigger to release the instability and rainfall
results. This precipitation is inhibited after 2100 by the arrival

of mountain-plain winds over the c¢oas*t.

i {'._.'3!‘&‘-_5- =
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5. Reinfall which occurs through the day and night is the
product of frontal depressions and is not related to local circu-
lations.

6. A third rainfall process, less distinctive on rainfall
records because of its low frequency of oocurrence, is caused by
thunderstorms. These storms occur mainly after sunset during

summer.

T Rader observations show that thunderstorms which reach
Durban in the evening, originate during the early afternoon in the
Koketad area some 110 miles south-west of the city. The suitability
of this area as a breeding ground for storms is suggested by the
possible existence, under particular synoptic conditions, of a lee
depression in this area into which moist onshore winds converge from

the north-east.

8. It is suggested that thunderstorms are maintained at the
convergence zone between onshore and offshore winds over Natal. The
onshore component within 40 miles of the coast is meintained by sea
breezes as well as gradient winds so that the seaward movement of
storms must aweit upon the weakening of this 2one. This takes place
towards evening as the sea breeze circulation dies and the subsequent
movement of thunderstorms towards the coast is probably in phase with

the retreating convexrgence zone.

Temperature

g. Cold air which drains socuth-west in the Natal Bay dams

against tall buildings thet line its northern shore. Part of this
air flow is diverted towards the bay entrance while the remsinder
penetrates the work zone region from the south. Consequently the

mean winter nocturnal heat island is split into two cells one lying
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west of the main stream of cold eir and the other in the sea

front zone.

10. A thermal belt extends the length of the Berea ridge on
winter nights. This is primarily caused by lowering of ridge top
temperatures by the land breeze and along the base of the ridge

by radiational cooling and drainage winds.

11. By midday in summer, the mean position of the urban heat
island is displaced westward of the central business district by
the north-ezst sea breeze. Turbulent dissipation of the energy of
the sea breeze over the aerodynamically rough surface of the busi-
ness district, results in low wind speeds in the heat island area.
Consequently diffusion of accumulated and locally generated heat is

low.

12. ¥When winds blow south-east the mean position of the midday
summer heat island is displaced north-west of the centrsl business
district. Tall buildings that line the northern bayside are, however,
partly effective in blocking penetration of these winds into the city

and this is shown by a steep temperature gradient in this axea.

13. Mean middey temperstures in the Durban area show a heat
island situated on the western flank of the central business district
in btoth summer and winfer. This is in contrast to the expected
pattern in which the centre of the heat island coincides with the

centre of the city as in Johannesburg (Goldreich, 1969).

14. By midday under both north-east and south-west gradient
wind conditions, a sea breeze component causes onshore winds over
Durban. Strengthened onshore winds which advect cool sea air over
the city cause temperatures to be lowered most along the seashore

and Berea ridge crest.

e el Al Eaesbetal
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15. Both in summer and in winter the mean spatial tempera-
ture wave over Durban corresponds closelyrto 2 single sine wave.
This is largely due to the sea breeze which lowers temperature
along the seashore and ridgetop and displaces the mean midday

heat island to a position approximately midway between these aress.
This enables the spatial variation of mean tempersture across the
heat island to be described by a simple harmonic model. This model
also facilitates the prediction of the spatial variation of tempera-

ture over the city from relatively few measuring points.

Physio—climatic variations

16. In the summexr months, climatic discomfort in sub-tropical
regions i1s caused largely by combined high temperature and humidity.
Under these conditions the role of wind in the partial aileviation

of heat discomfort is important.

17. As with the spatial variation of temperature over the
city, vapour pressure varistions are also influenced by air movement
and the urban fabric. Under north-east sea breeze conditions,
highest summer midday vapour pressures are located over the seashore
and these values decrease inland. Along the foot of the Berea ridge
low wind speeds, induced by the physical nature of the high density
residential area, reduce the rate of mixing of air. Conseguently
the wvapour pressure gradient is steep in this region relative to

more elevated areas along the ridge.

18. Tall apartments that line the seashore east of the central
business gdistrict block moist air advec{ion over this region by the
sen breeze., Consequently mean midday summer vapour pressure is
slightly lower over the business district than north of the work

zone in less built-up aress.
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19. With south to south-east winds the zone of steep
vapour pressure gradient is located 2long the foot of the

Berea ridge north-west of Natal Bay.

20. A twofold increase in mean vapour pressure values
takes place between winter and summer with highest humidity in

the latter season.

21. Becanse of the association of high temperature with
relatively high humidity over Durban, maximum discomfort areas,
defined by the Temperature-Humidity-Index, correspond closely

to the elongated heat island that extends along the foot of the

Berea ridge.

22, The spatial variation of the Temperature-Humidity
Index over the city is precisely described by a simple harmonic
model. As with temperature, the mean spatial discomfort index

wave shows a high correspondence to a single sine wave.

The nature and characteristics of local wind systems on
the Natal coast which are described in this study also provide a
means of assessiﬁg the potential for the transport or dispersal of
.atmospheric pollution. While it is not the intention to examine
Durban's air pollution problem, it is perhaps appropriate to con-
clude by indicating briefly the manner in which the information in
this study may be used to show how polluted air can be transported

over the city and coast.

In fine winter weather, pollution emitted at night from
sources along the Natal coast is moved seawards by the land breeze-
mountain-plain wind. Pollution emitted from a single source underxr

these conditions stays visible for a considerable distance and can
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Fig. 9.3 1 The movement of atmospheric pollution from a single source
by local circulations end gradient winds on the Natal coast
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be used as an indicator of local circulation characteristics.

" Aircraft observations indicate that the north-west land breeze
veers to north or north-north-east over the sea at the land breeze-
gradient wind boundary. Consequently a plume at first carried sea-
ward by the land breeze-mountain-plain wind soon turns to parallel
the coast. Indifidual plumes which behave in this manner have been
visually traced by the use of aircrafi for over €0 miles (Fig. 9.3).
Veering of the gradient wind to eagst-north-east or the onset of a
weak sea breeze can return this pollution to the land many miles
downwind from its source. The existence of these winds end their
potential for the transport of atmospheric pollution should be re-
garded as a primary consideration for all planning along the Natal

coast.

Atmospheric stability during the winter months, the nature
of the topography and the characteristics of local topographiceally-
induced winds as well as land and sea breezes are major factors which
could produce a serious air pollution problem over Durban. At night
the upper level of the nocturnal radiation inversion is frequently
found to be associated with & low-lying subsidence inversion and
under these conditions turbulence in near surface winds is desmped out
and ventilation of the area between the Bluff and Berea ridges is

particularly poor.

Air drainage dowh the Umbilo and Mhlatuzana River valleys
and over the alluvial flats at the head of Natal Bay provides a
vehicle for the nocturnal transportation of polluted air from these
areas. Since this air is diverted to move between the Bluff =and
Bereca ridges below 200 ft, pollutants in the drainage wind may con-

tribute to the contamination of the air over the city: (Fig. 9.4).

Polluted air from the Springfield flats is initially moved
eastward by the drainage wind and its seesward penetration depends

upon the strength of the drainage winds relative to gradient winds

Ll e e A
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over the sea. Entrainment of the cool land air into e north-east
gradient wind may cause an advection of the polluted air over the
city. As the advection is slowly retarded by gentle convergence
with the south-west drainage wind from the opposite direction,
the situation is exacerbated. Consequent upon this condition, if
climate alone is considered, the Springfield flats is a highly

" unfavourable location for industrial development.

K K K K K K R KR X

VWhile it must be acknowledged that large-scale circula-
tion patterns are the dominant controls of weather and climate,
this study clearly shows that the influence of local &ir circula-
tions upon the mesoclimate of Durbesn should also be recognised.

The considerable effect of land and sea breezes upon mean urban

temperatures has been described. In addition these winds are shown

-to be closely associated with certain precipitation processes along
the Natal coast. Finally, the significence of local winds as a
means of transporting air pollution has been briefly mentioned. It
is 1o be hoped that future planning sglong the Natal coast will take

these features into consideration.
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