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ABSTRACT

Surface station, satellite and NCEP re-analysis data are used to examine the
evolution of two severe storms that occurred over the eastern coastal regions during
South Africa’s summer season 1998/99. The storms in November and December
were both accompanied by heavy rainfall in two widely separated locations. The
storm in December proved to be more severe as it resulted in flooding while tornadoes
were reported in the Umtata and Hogsback regions of the Eastern Cape. Both storms
appeared to result from interaction between a continental heat low, advection of warm
moist air around an anticyclone in the South-west Indian Ocean and an approaching
midlevel westerly trough. NCEP derived moisture flux diagrams and back trajectories
of air parcels constructed from ECMWF data suggest that the Agulhas Current region
was a major source of low level moisture for both storms. TRMM satellite imagery
captured heavy rainfall above the high sea surface temperatures of the Agulhas
Current. TRMM measurements of rainfall and latent heat in the atmosphere show
that the high sea surface temperatures of the Agulhas Current modified the mesoscale
env iment abo' the current. To what extent the :soscale environment above the
Agulhas Current modified the synoptic situations over land could be answered using

regional modeling and more frequent radiosonde data.
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1. INTRODUCTION

The dynamic nature of southern Africa’s surrounding oceans and atmosphere
reates an environment conducive to extreme weather. Since most of South Africa’s
opulation is living in precarious conditions, the consequences of such floods are often
devastating to both people and property [Bang 1988]. The oceanic influence on the
atmospheric circulation has been shown to affect the subcontinent’s weather [Lindesay and

iy 1991; Jury et al. 1990; Walker and Lindesay 1989; Reason 1998 and Reason and
Mulenga 1999]. The atmospheric conditions often result in heavy rainfall, which can lead
to flooding [Triegaardt et al. 1991]. This thesis is aimed at making a modest contribution
towards a deeper understanding of this oceanic influence on heavy rainfall events over

southern Africa.

OCEANIC SETTING

Located at the southern tip of the African continent, South Africa is bounded by
two distinct ocean current regimes: the Agulhas Current system along the east and south
coasts and the Benguela Current system along the west coast.  To the south of the
continent, the Southern Ocean is bordered by the Subtropical Convergence near 38°- 42° S
. igure 1.1).

The warm Agulhas Current, which forms the most intense western boundary

current of the southern hemisphere, completes the South Indian Ocean subtropical gyre as
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is here that a large part of the Agulhas Current turns anticyclonically and starts flowing
eastward near 18°- 20° E, 40° S. This results in a return current of Agulhas waters back
into the South-west Indian Ocean [Lutjeharms and van Ballegooyen 1988a]. Warm
Agulhas water can also extend considerable distances into the South-east Atlantic Ocean
via Agulhas Rings that are shed at the retroflection loop [Lutjeharms 1981a-b] or as
anomalous westward intrusions [Lutjecharms and van Ballegooyen 1988a]. The spatial
extent of this warm water zone south of Africa is highly variable depending on the
dynamics of the Agulhas Current system.

South of the subcontinent near 40°- 42° S, warm Agulhas waters encounter cold
Subantarctic water at the Subtropical Convergence, where sea surface temperature (SST)
gradients in excess of 10° C/100 km can result [Lutjeharms and Valentine 1984]. West of
southern Africa from 15° to 35° S, cold, wind-driven, upwelled waters border the coastline
and contribute to the waters in the northward flow of the Benguela Current system, the
eastern boundary current of the South Atlantic subtropical gyre.

The existence of pronounced SST variability within both the Agulhas and
Benguela Current systems was first demonstrated by Streten [1981]. Particular attention
has since been paid to the region south of the subcontinent, where the existence of large
interannual SST variability near 40° S and 20° E has been attributed to Agulhas Current
influences [Gillooly and Walker 1984]. Walker and Lindesay [1989] have studied the
relationship between SST anomalies surrounding Southern Africa and the development of
major rain-bearing weather systems. Extratropical cyclones which developed over positive
SST anomalies were considered. Their analysis suggests that early recognition of above

normal SSTs in key areas may facilitate predicting severe rain-bearing potential of low
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pressure systems. The retroflection region proved to be a key area where anomalously high
SSTs were ideal for cyclogenesis.

High SSTs in the South-west Indian Ocean have also been shown to contribute to
the intensity of cyclones responsible for flood producing rainfall [Lindesay and Jury 1991;
Jury et al. 1990]. These studies examined flood rains which occurred only when SSTs in
most of the South-west Indian Ocean were above normal during the month surrounding the
event. Atmospheric general circulation model studies (e. g. Reason 1998; Reason and
Mulenga 1999) support the idea that increased latent heat fluxes off warmer than average
areas in the South-west Indian Ocean contribute towards increased rainfall over eastern
South Africa.

The link between above normal SSTs and heavy rainfall events has therefore been
established in past research. The logical progression from here to a better understanding of
the role of the Agulhas Current in extreme rainfall events is to consider only those events
v ich occurred during times of high SSTs in the Agulhas Current region. This type of
consideration would most likely isolate those events influenced by the Agulhas Current.
At this point it is important to understand the characteristic rainfall patterns and
atmospheric conditions which govern southern Africa to compare with the anomalous

conditions during extreme events.

RAINFALL
Heavy rains and floods occur more regularly over South Africa than is generally
believed. These are often accompanied by the loss of life and extensive damage. Iiregular

variations in rainfall which lead to excessive rains and drought are of great concern to
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The Kwazulu-Natal province encompasses the north-east quadrant of South
Africa. This region receives the bulk of its annual rainfall during the summer months.
North-east South Africa experienced one of its wettest summers in recorded history
between the months December 1995 and January 1996 [De Coning et al. 1998]. The
Eastern Cape southern coast receives significant rainfall throughout the year [Keen and
Tyson 1973].

A generalized synoptic classification of significant summer rain-bearing
disturbances over South Africa has been developed by Harrison {1984]. Cloud bands
connecting a synoptic scale disturbance in the tropical easterlies with one in the mid-
latitudes south of South Africa (so-called tropical-temperate trough) have been shown to be
the major contributors to rainfall over the summer rainfall area of the country. Other
important rain bearing systems include tropical and subtropical cyclones. Cut-off lows are
another atmospheric system which account for many of the flood-producing rains observed
over South Africa. The Laingsburg floods of 1981 and the Natal flood disaster of 1987
both resulted from a cut-off low [Triegaardt et al. 1988; Estie 1981].

Cut-off lows are a more intense form of a westerly trough, with a cold core which
starts as a trough in the upper westerlies and deepens into a closed circulation extending
downward to the surface [Preston-Whyte and Tyson 1988). Cut-off lows are baroclinic
low pressure systems that have a pool cool of air overlaying the surface low. Cyclonic
vorticity in the air motion is apparent at all heights above the low pressure center. The
slope of the low pressure core is tilted towards the upper cold air. Thus it slopes usually to

the west with increasing height.



ATMOSPHERIC SETTING

Since most of the heavy rainfall events occur in the Kwazulu-Natal and Eastern
Cape province during the summer rainfall season, it is important to consider the mean
atmospheric setting during those months. Once the mean conditions are understood, then a
comparison with the atmospheric setting during extreme events can be made.

The main atmospheric features during summer shown in Figure 1.3a, are a
subtropical anticyclone at 30° S, 5° W in the Atlantic Ocean linked by a ridge a few
degrees south of the continent to the anticyclone at 35° S, 85° E in the Indian Ocean [Van
Heerden and Taljaard 1998]. There are easterly trade winds in the Indian Ocean between
the subtropical ridge and the Intertropical Convergence Zone (ITCZ). A north-east
monsoon current crosses the equator and spreads into East Africa and southward to the
ITCZ. South to south-east trades between the Atlantic Ocean anticyclone and the continent
recurve to become the south-west monsoon. The Interocean Convergence Zone (I0CZ)
confluence stretches along about 15° S from eastern Zambia to southern Angola. Easterly
trades over Zimbabwe and northern South Africa, recurve anticyclonically southward over
Botswana and Namibia. The westerly air flow over the extreme south-western plateau of
South Africa splits to become either southerly or westerly over the plateau.

Above the Atlantic Ocean, the core of the subtropical anticyclone is displaced in
winter only 3 degrees to 4 degrees northward and about 5 degrees westward from its
position in the summer season (Figure 1.3b). The pressure change is greater along the
coast than at the core, and the zonal pressure gradient weakens substantially as does the
southerly flow. The characteristic fresh south-easterlies over the south-west coast in

summer shifts to predominant north-westerlies in winter.
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amplitude upper trough is present over the west coast, divergent upper circulation
downwind of the trough causes large-scale upward motion and rainfall, provided the
surface circulation is favorable for the advection of moisture.

Heavy rainfall events studied in the past have shown similarities and differences
to the circulation features of the wet period mentioned above. De Coning et al. [1998]
have suggested that heavy rains in northern South Africa are influenced by the strong low-
level lifting provided as the northerly flow carries a moist tropical plume over the northern
slopes of the mountain escarpment. The mountain escarpment provides the upward motion
and the tropical air supplies the moisture. The mountain escarpment is a significant feature
in the topography of southern Africa (Figure 1.6).

Crimp and Mason (1999) have pointed out that adjustments in circulation patterns
as well as the timing and contribution of moisture from different source regions are
important in influencing the duration and intensity of extreme events. Their study has
identified the Indian Ocean to the east and south-east of South Africa as the moisture
source region for one extreme precipitation event. Lindesay and Jury (1991) have similarly
shown that an anticyclone over the South-west Indian Ocean and Mozambique Channel
contributed to the synoptic-scale forcing of flood-producing rainfall over central South
Africa. The ridging anticyclone in the South-west Indian Ocean provided the mechanism to
supply moisture from the east.

James and Anderson [1984] have shown that the transfer of water vapour to
tropical and midlatitude regions serves to enhance the rate of growth and intensity of
baroclinic systems. Two areas have been identified in their study as possible moisture

sources for rainfall over South Africa: the Indian Ocean with water vapour being advected
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2. PREVIOUS RESEARCH

Over the past few years increasing recognition has been given to the importance
of sea surface temperature (SST) changes in regulating the atmospheric circulation and
rainfall over southern Africa [Walker and Lindsay 1989; Reason and Mulenga 1999]. It
has been suggested that significant deviations in the general circulation from South Africa's
climatological patterns are generated by large-scale, persistent SST anomalies [Tennant
1996]. These features may therefore contribute to the incapacitating droughts and
devastating floods which plague the tropical and subtropical regions of southern Africa.

There have been many investigations on the effect of tropical SST anomalies on
the atmospheric circulation around the globe [Webster 1981; Rocha and Simmonds 1997;
Tyson et al. 1993; Fenessay and Shukla 1988]. Most global climate research [e. g.
Foreman 1990; Cattle and Gordon 1990] and air-sea interaction studies [Charnock and
Businger 1991; Webster and Lukas 1992] have tended toward treating the ocean and
atmosphere as a coupled system. A theory explaining the main mechanism involved in this
link between ocean and atmosphere was put forth by Wallace and Hobbs [1977]. The
enhancement of upward air motions in the region of a warm anomaly and thus an increase
in rainfall is attributed to the enhanced diabatic heating in the area of the anomaly, which
causes condensation and the subsequent release of latent heat. The result is a convergence
zone characterized by heavy precipitation. This mechanism is commonly referred to as

Conditional Instability of the Second Kind (CISK).
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Simulations conducted by Webster [1981] have shown that there was a different
climatic response to positive SST anomalies placed at different latitudes. The most
striking result was the diminishing magnitude of the total diabatic heating and vertical
velocity as the SST anomalies were placed progressively poleward. Webster has shown
that at the low latitudes there was a diabatic limit in response to the SST anomaly, whereas
at mid-latitudes there was an advective limit. This is because at mid-latitudes there is cold
air advection from the poles, whereas at low latitudes the air temperature is relatively
homogeneous.

For a positive SST anomaly, the vertical velocity develops in the vicinity of the
initial heating if the thermal advection above the sea surface is small. This means that at
higher latitudes, where cold air from the poles is rapidly advected across positive SST
anomalies, the initial upward motion which is tied to the anomaly forces the vertical
advection of this cold air. Webster [1981] has suggested that at mid-latitudes, only when
cold air advection is less (i. e. summer when air temperatures are higher) will a significant
climatic response arise in midlatitudes to positive SST anomalies. Therefore, in the mid-
latitude regions, summer is the season most likely to be affected by positive SST
anomalies.

The CISK mechanism depends on the air-sea interaction which takes place
immediately above the sea surface, i.e. within the region of the marine atmospheric
boundary layer (MABL). This region responds to surface forcings on the time scale on the
order of an hour or less [Stull 1988]. Investigations of the climatological response to air-
sea interaction near South Africa have been undertaken by a number of authors [Mey and

Walker 1990; Walker 1990; Jury and Levy 1993; Jury et al. 1993; Reason 1998; Reason
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and Mulenga 1999]. Air-sea interaction research has also emphasized the importance of
the small scale meteorological effects [Jury and Courtney 1991; Jury 1993; Jury 1994; Jury
and Walker 1988]. These studies have focused on the way in which the warm water of the
Agulhas Current affect South Africa's climate and weather.

The Agulhas Current is a dynamic system with different regions of the current
affecting the atmospheric circulation in different ways. The Agulhas Retroflection Region
(ARR) is distinctive in terms of its climatological impact as fluxes of heat of up to 200-225
W/m’ to the atmosphere have been observed to occur here throughout the year [Walker and
Mey 1988]. Meteorological observations from an aircraft survey in the ARR have shown
the MABL to be significantly modified due to a SST front of 6° C at the edge of the
Agulhas Current [Jury and Walker 1988]. Mey and Walker [1990] have calculated an
occasional oceanic heat loss of 828 W/m” over the ARR. Such a high flux may enhance
cyclogenesis in the region of frontal uplift. Mason et al. [1994] have used computer
simulations that suggest that as SSTs in the Agulhas Current region increase, the sea
surface temperature gradients strengthen which encourage cyclogenesis.

More recently, the first dedicated air-sea interaction research cruise, the Agulhas
Current Air Sea Exchange Experiment (ACASEX) of autumn 1995, gathered evidence of
significant latent heat fluxes in the area of the Agulhas Current [Rouault et al. 1995]. Most
of the measurements showed that the core of the Agulhas Current, about 80 km wide,
transferred about 5 times as much water vapour to the atmosphere as the surrounding water
[Rouault et al. 2000]. A maximum latent heat flux of up to 600 W/m® was measured during
the cruise. The marine boundary layer was found to be generally unstable above the

current, stable above the inshore cold water and near neutral offshore. For the westerly and
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easterly wind cases observed, the mean specific humidity and potential temperature of the
boundary layer increased significantly with a concomitant boundary layer deepening over
the current. In the presence of alongshore winds an atmospheric moisture and thermal front
developed over the inshore SST front [Lee-Thorp et al. 1998a]. Other high fluxes have
been measured above the current during various cruises made at different times of the year
[Rouault et al. 1998]. Modification of the atmosphere by the high Agulhas Current SST
has been observed through cloud lines aligned with the warm water edge [Lutjeharms et al.
1986, Lutjeharms and Rouault 2000]). During the ACASEX cruise [Lee-Thorp et al.
1998b] a transition in cumulus was observed above the Agulhas Current during a period of
anticyclonic ridging. Clear conditions over the shelf were replaced by active, coupled
cumuli above the current and partly cloudy conditions above the seaward border.

Many statistical links have been made between the locally high SSTs of the
Agulhas Current system and the summer climate of the subcontinent [Walker 1990; Jury et
al. 1993; Mason 1995; Reason and Mulenga 1999]. One such study focused on the
influence of the Agulhas Current on summer rainfall along the south-east coast of the
subcontinent [Jury et al. 1993]. Jury et al. have shown that strong correlation exists
between the adjacent coastal rainfall and SSTs as well as distance of the current core
offshore. Rainfall was found to decrease in a north-east/south-west gradient in conjunction
with a north-east/south-west decline of maximum SSTs within the core of the current.
These results indicate the influence of the proximity and temperature of the warm Agulhas
Current on the local rainfall. Jury et al. [1993] have proposed two potential mechanisms
which may produce alongshore variation in rainfall. These are, modification of onshore

moving air by surface heat fluxes and the interaction between transient weather systems
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and the embedded mesoscale circulation over the Agulhas Current.

South Africa is positioned within the subtropical belt of high pressure which
results in an arid to semi-arid climate with most moisture that contributes to precipitation
imported from source regions elsewhere [D'Abreton and Tyson 1996]. The moisture
content of the air plays an important role in determining the thermal stability of the
atmosphere and is a crucial factor in the precipitation process. The two major source
regions of moisture established thus far are the tropics (coming from the north) and the
Agulhas Current (coming from the east) [D'Abreton and Tyson 1995].

Atmospheric moisture studies in South Africa have been undertaken t
D'Abreton and Lindsay [1993] and D'Abreton and Tyson [1995]. Analyses conducted by
D'Abreton and Tyson [1995] have revealed that transport to the south-west from the
tropical Indian Ocean is the most important source for water vapour during a wet January
over South Africa.  Often during the wet mid-summer month of January, conditions are
characterized by enhanced northerly meridional flow, in contrast to dry conditions when
westerly zonal flow is the predominant circulation characteristic [D'Abreton and Lindsay
1993].

D'Abreton and Tyson [1996] have studied water vapour transport over the interior
regions of the country for rain days and no-rain days to determine the major moisture
contributor at the 700 hPa level. It has been show in previous research that the 700 hPa
level is the level of greatest importance for moisture transport during rain events over the
summer rainfall region of the South African plateau [D'Abreton and Tyson 1995].
Backward moisture trajectories in D'Abreton and Tyson's [1996] research have shown that

on rain days, moisture transport at 700 hPa is characterized by easterly-component flow
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from the tropical Indian Ocean north of Madagascar (Figure 2.1a). No-rain days are
characterized by a south-westerly moisture transport from the South Atlantic Ocean to the
south-west of Cape Town (Figure 2.1b). The average moisture content of the air parcels in

°l

o | a) Rain days

50°

0°

Figure 2.1. Mean trajectory fields for (a) rain days and (b) no-rain days in January over the Pretoria-
Witwatersrand-Vereeniging (PWV) region. Contours give percentage occurrence of trajectories and
heavy lines the maximum frequency pathway of trajectories. Large, bold numbers denote average times
of travel (d) from the PWV region. Italicized values give meridionally-averaged specific humidities
(g/kg) of mean air parcels at specific longitudes.

Figure 2.1b increases from 3 to 4 g/kg along the south-east coast to more than 8 g/kg at the

Witwatersrand. This increase may be explained by the passage of the air over the waters of

the Agulhas Current where the latent heat flux has been observed to be five times greater
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atmosphere and corresponds well with the warm core observed at 200 hPa in the
temperature diagram of Figure 5.7b.

The specific humidity at 1000 hPa (Figure 5.10a) shows more moisture available
in the Northern Province region associated with the southern extent of the Intertropical
Convergence Zone (ITCZ) than above the Agulhas Current. Values from 12 to 14 g/kg
occurred above the Agulhas Current while in the Northern Province they ranged from 14 to
22 g/kg. At 850 hPa moisture was slightly less but was still dominated by the same
regions. On 15 December at 700 hPa the tropical moisture was clearly the most significant
source in the atmosphere (Figure 5.10b). At 500 hPa the only significant moisture in the
atmosphere seems to be linked to the position of the trough indicating that rainfall may
have occurred at this level related to the storm. There was significant moisture to the south
of the country which was most likely related to the weak cold front undercutting warm air
as it approached the subcontinent on 13 and passed to the south on 14 December (Figure
5.5a-d).

Only considering the specific humidity diagrams, it appears that tropical moisture
was the major contributor to this storm. However, the moisture flux diagram Figure 5.11a
at the 1000 hPa level shows 140 g-m/kg-s of moisture advected into the storm region on 13
and 14 December (the moisture flux calculation neglects the effects of density changes
with moisture since the specific humidity rather than the relative humidity has been used to
calculate the flux). This moisture was most likely advected from above the Agulhas
Current by the easterly to northerly winds, which compose the trailing edge of the
anticyclone located in the South-west Indian Ocean (Figure 5.5a-b). It appears in Figure

5.11a that little tropical moisture was advected towards the storm region. The winds in the
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the surface layers (Figure 5.13a). East of 20° E, the pattern reverses and the moisture
moved south from both the northern extent of Agulhas Current water and the north-east
eastern coastal regions of South Africa and Mozambique. It is difficult to distinguish
whether this southward moving moisture came more from the tropics or from above
Agulhas Current water. From this data it is impossible to distinguish the relative input of
each individual source. The pattern remains the same on 14 December (Figure 5.13b) and
15 December (Figure 5.13c), however the boundary between the northward and southward
moisture flux shifted from 20° E on 13 to 25° E on 15 December. Since this boundary
shift represents a substantial increase of about 500 km in the fetch of the winds above the
Agulhas Current, it suggests that on 15 December the Agulhas Current moisture that was
advected from the south played a larger role than on the previous days (Figure 5.13c). On
16 December the wind shifted from east to south-west (Figure 5.11a) at the surface and the
low pressure cell over land moved eastward over the ocean (Figure 8a), which can be seen
in the latitudinal profile as a eastward shift to 30° E in northward moving moisture (Figure
5.13d).

The latitudinal and longitudinal cross sections discussed above, show horizontal
shear present in the north-south and east-west directions. Horizontal shear in the
atmosphere increases the vertical vorticity of the system and thus enhances upward motion.
These cross sections also show the presence of vertical shear. This change in direction of
the moisture flux with height in the atmosphere increases the horizontal vorticity which is
also favorable for atmospheric instability. As a result, it is not just the flux of moisture
from the Agulhas Current and tropical sources that contributes to the storm development

but also the horizontal and vertical shear in these fluxes that is significant.
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So far only the synoptic scale features have been discussed. Remembering the
key questions, it is clear that further data are required to answer them. NCEP specific
humidity data (Figure 5.10a-b) show that more moisture was available to this storm from
the tropical regions than from above the Agulhas Current. Moisture flux diagrams (Figure
5.11a-b) show that the most significant moisture advected into the storm region was at the
surface from above Agulhas Current. At the 700 hPa level less significant amounts of
moisture was advected towards the storm from the north. There were large amounts of
tropical moisture available at 700 hPa (Figure 5.10b), however the relatively weak winds
were unable to advect much of it into the storm region. To examine the tropical and
Agulhas Current moisture sources in greater detail, backward air parcel trajectories are

considered.

Trajectory Analysis

At the 900 hPa level, a 3 day backward air parcel trajec‘:tory ending at
Tygerhoek(34° 9° S, 19° 5° E) on 14 December, shows a pathway of air over the Agulhas
Current prior to the flooding there (Figure 5.14a). This trajectory through moist air at 900
hPa (or within the marine boundary layer) further suggests that the major moisture source
at the surface was the Agulhas Current system. At the 700 hPa level, the air parcels do not
come from the north as expected by looking at Figure 5.11b. This suggests that the
moisture available from the north at this level never reached the storm. At the 500 hPa
level, the trajectory shows that air was derived from the north-west of the country,
suggesting that it may be part of the descending branch of the westerly trough seen in

Figure 5.8b. The air at 200 hPa is also part of the westerly wave which is evidence of the
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Figure 5.14. BADC backward trajectories for air parcels at the (a) 900 hPa (¢), 700 hPa (+), 500 hPa (*)
and 200 hPa (o) 3 days prior to 14 December at 12:00 UTC and onginating from the Tygerhoek flood
location, (b) 900 hPa (¢), 700 hPa (+), 500 hPa (*)and 200 hPa (0) 3 days prior to 15 December at 12 UTC
originating from the East London heavy rainfall location, and (c) 850 hPa (), 700 hPa (+), 500 hPa (*)
and 200 hPa (o) 3 days prior to 15 December at 12:00 UTC originating midpoint between the tornado

locations.
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cold dry air advection aloft. These trajectories therefore suggest that air parcels over the
storm region traveled through a warm, moist surface layer at 900 hPa with an influx of
cold dry air between the 500 and 200 hPa level. Figure 5.14b shows backward air parcel
trajectories for 15 December for the heavy rainfall location of East London (33° S, 27° 5’
E). At the 850 hPa level, the air parcel pathway passes above the northern branch of
Agulhas Current. Trajectories at the 500 hPa and 200 hPa levels show a similar pattern to
Figure 5.14a for Tygerhoek and reflect the westerly trough motion.

Backward air parcel trajectories at 850 and 700 hPa for a location centered
midway between the two tornadoes (32° S, 28° E) on 15 December, shows the air to be
originating from the north (Figure 5.14c). Note that the terrain at this location lies just
below the 850 hPa level. Figure 5.14c suggests that the air arriving at the storm was
coming from the north to north-west at midlevels, consistent with Figure 5.14b. The
trajectories at 500 and 200 hPa show a similar pattern to that in Figure 5.14a, again
reflecting the approaching westerly trough. Similar to the trajectories for the other
locations and consistent with the moisture flux diagrams (Figure 5.11, 5.12 and 5.13), the
basic situation is one favorable to instability and convection, namely, warm moist air near

the surface with cold dry air aloft.

Regional Features

a. Radiosonde
Radiosonde stations are geographically sparse in South Africa and none exist

close to the tornado locations at Hogsback or Umtata. The most relevant station for the
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current purpose is the coastal station of Durban which lies about 250 km north-east of
Umtata. The Convective Available Potential Energy (CAPE) values at this station were
assessed to give further insight into the relative susceptibility of the atmosphere to deep
convection. The maximum CAPE of 2800 J occurred on 15 December at Durban as
revealed by the 12:00 UTC sounding (Figure 5.15). For this time, the satellite imagery
~igure 5.6f) shows a squall line passing through the Durban region. This CAPE value of
2841 J was due to the relatively humid air in the 1000-900 hPa interval and the subsequent
drop in the environmental temperature from 800 hPa and above. The temperature remained
high up to 700 hPa and dropped rapidly above this level. The presence of a low level
warm, moist layer overlain by a cold, dry layer of air is a profile highly conducive to
instability and is consistent with the air parcel trajectory for East I.ondon (Figure 5.14b).
Since radiosonde data in South Africa is sparse, only a rough picture of the
evolving atmospheric conditions can be derived. Tornadoes require at least 2000 J of
CAPE. Thus, the CAPE at Durban (2841 J) was sufficient for tornado formation.
Rasmussen et al. [2000] have shown that at baroclinic boundaries, the occurrence of
significant tornado formation (e.g. F2 or stronger on the Fujita Scale) almost always occurs
on the cool moist side (Figure 2.2) of a boundary. This research has furthermore shown
that storms that remained on the warm side of the boundary, despite substantial CAPE, did
not produce tornadoes. It is evident from the SAWB MSL charts that a baroclinic
boundary existed between the coastal and inland stations (Figure 5.5¢) close to the tornado
event. The inland stations were warm and dry at the surface whereas the coastal stations

were relatively cool and moist.
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It has been shown using radiosonde data that sufficient CAPE was available near
the tornado event (Figure 5.15). The SAWB has classified the tornado event as F2 [Van
Nickerk and Sampson 1999] on the Fujita Scale [Fujita 1973]. A baroclinic boundary
existed on 15 December and can be seen in Figure 5.5c. The weather station data from the
MSL charts shows a difference in temperature of up to 7° C across the boundary. The
moisture difference across the boundary was significant, ranging from dewpoint
temperature 22° C on the coast (cool moist region) to 18° C across the boundary on the hot
moist side and then dropping to 8° C in the country’s interior (warm dry region).

For conditions like those shown in Figure 5.5c, the wind profiles at the surface
were modified by the presence of the boundary so as to maximize the cyclonic vertical
vorticity within a narrow zone between the hot moist region and the cool moist region.
Using the equation 1.4:

The vertical vorticity was calculated using SAWB wind data as 7.0 x 10~ s-1. This value
would be of the same order of magnitude as for a tornado event studied by Rasmussen et
al. [2000] (9.5 x 10~4 s-1) had the data points in this study (100 km) been the same as
Rasumussen’s (10 km). This back of the envelope calculation demonstrates that baroclinic
boundaries can enhance the vertical vorticity and suggests that the tornado event in this
study may have been enhanced by such a boundary.

b. TRMM analysis

TRMM rain rate and latent heat data from above the Agulhas Current may yield
more insight into the role the regional environment above the Agulhas Current played in

the synoptic event CASE DECEMBER. The most intense surface rainfall events available
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from TRMM's passes over the Agulhas Current during CASE DECEMBER were selected,
and the atmospheric profiles of rain rate and latent heat release above these events were
analyzed. Three TRMM passes above the Agulhas Current on 15 December provide
useful data for this study (Figure 5.16). The combined PR and TMI product consistently
estimated a surface rain rate greater than the TMI derived surface rain rate. These
discrepancies are expected and commented on in Chapter 4.

TRMM derived SSTs give the weekly mean of SSTs surrounding the days of
CASE DECEMBER (Figure 5.2). The maximum surface rain rates occurred in all four
orbit passes between 25° - 26° E and 34° - 36° S. This corresponds geographically to
SSTs ranging from 22° - 23° C. It is important to note that the maximum rain rates at the
surface occurred in line with the tongue of warm Agulhas Current water. Comparing
surface rain rate plots and Figure 5.2 shows that the events do not extend into the cooler
water south of the tongue which suggests that these intense regional rain events may be
directly related to the high SSTs of the Agulhas Current. At 08:49 until 08:53 UTC,
TRMM passed above the Agulhas Current and provided the only imagery of heavy rainfail
available from both the PR and TMI swaths for CASE DECEMBER. This event was
approximately 45,000 km2 with a maximum surface rain rate of 28 mm/h according to
TMI and 94 mm/h according to combined TMI/PR (Figure 5.16). At 50 km increments
across the heavy rainfall event, longitudinal cross sections (as in Figure 5.17) of the
vertical rain rate were analyzed. Rainfall was found at a maximum vertical height of 9000
m (Figure 5.18). The bulk of precipitation in the atmosphere ranged from 1000 to 4000 m.
Most of the rain in the atmosphere occurred between 34.6° and 35° S which corresponds

well with the high SST region in Figure 5.2.
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an area which corresponds to the same area in which rain was falling in the atmosphere
according to TMI data (Figure 5.17). This supports the concept that the latent heat was
released during the condensation process and existed at high levels in the atmosphere.
Vertical profiles at longitudinal increments of 50 km were analyzed for all the
TRMM passes in Figure 5.16. Convective rainfall remained centered between 1000 and
m in the atmosphere. A corresponding latent heat release ranging from 50° to 150°
C/day also remained centered at this height. Latent heat released directly above the
Agulhas Current seems to correspond well with convective rain rates at the surface and in
the atmosphere. The surface air parcel trajectory (Figures 5.14a), shows the pathway of air
over the Agulhas Current through the location where the heavy rainfall events (Figure
5.16) occurred. The surface air parcel trajectory in Figure 5.14a did not pass through the
specific rainfall events shown in Figure 5.16 because these events happened on 15
December. However it seems possible that air parcels entrained in the South-west Indian
Ocean anticyclone may advect latent heat in the atmosphere above the Agulhas Current
over land. Since the current is close to shore and has been shown to influence the weather
over the eastern coastal regions in the past [Jury et al. 1993], it seems reasonable to suggest
that the latent heat released in the atmosphere above the current may enhance the synoptic

situa n over the eastern coastal regions.

CASE NOVEMBER
During November 1998, a heavy rainfall event occurred over the Western and
Eastern Cape on 19 November followed by heavy rains above the KwaZulu-Natal

Province on 20 November. The storm over land was accompanied by heavy rainfall over
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Figure 5.23. Synoptic chart of atmospheric pressure at mean sea level (a) for 17 November 1998, (b): for
18 November 1998, (c): for 19 November 1998, (d): for 20 November 1998, (e): for 21 November 1998
at 1400 SAST.
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changed into a more cyclonic pattern associated with a deep low pressure (Figure 5.24j-k).
This large mass of convective clouds remained centered along the edge of the subcontinent
which suggests that the system was blocked from the interior due to the mountain
escarpment. Heavy rainfall associated with this cloud cover occurred (Figure 5.24i-1) over
the Eastern and Western Cape on this date (Figure 5.20a). The surface trough on 20
resulted in heavy rainfall mainly over the KwaZulu-Natal province (Figure 5.23d and
Figure 5.20b). Meteosat imagery shows that by midday on 20 November, the cloud cover
had significantly decreased over land and the low pressure system moved over the Agulhas
Current (Figure 5.24m-p). By 21 November, heavy rainfall had ceased over most of the

country (Figure 5.23e).

NCEP Analysis

The National Center for Environmental Prediction (NCEP) temperature data
(Figure 5.25a) at the surface gives evidence of the heat low over the interior identified in
Figure 5.23. This thermal low is situated farther north than in CASE DECEMBER (Figure
5.7a) and is less developed as it does not have a closed isobar pattern. On 18, 19 and 20
November, the temperatures at 1000 hPa reached 34° C centered to the north over the
bordering country of Botswana. A temperature gradient of approximately 8° C existed
between 30° S and 45° S on 18 and 19 and weakened to 6° C on 20 November. This is
much weaker than the 16° C gradient calculated for CASE DECEMBER which suggests
the baroclinicity in this synoptic situation was less. The heat low is still present at 850 hPa
and the gradient has steepened as cold air has extended farther north. The 500 hPa level

depicts the westerly wave motion as a midlevel cold core trough traveling from west to
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Looking back at the difference between the specific humidity diagrams (Figure
5.10a-b) and moisture flux diagrams (Figure 5.11a-b) from CASE DECEMBER, it is
evident that although ample moisture existed in the tropics, without the wind as transport
little tropical moisture reached the storm region. In CASE NOVEMBER it seems a similar
situation occurred. At 1000 hPa, the anticyclone situated over the Indian Ocean resulted in
strong onshore winds over the east coast (Figure 5.29a). On 19 November a maximum
moisture flux of 180 g-m/kg-s moved westward from above the Agulhas Current into the
storm region. This continued on 20 November, and appears to be entrained by the cyclonic
motion of the wind over land. Also at 1000 hPa on 18, significant moisture flux from the
tropics (150 g'm/kg's) was advected around the surface heat low over the Northern Cape.
This moisture source dissipated on 19 and 20 November, the days corresponding to heavy
rainfall over the eastern coastal regions, most likely because the wind had weakened. At
850 hPa, significant moisture streamed down from the north on 18, 19 and 20 November in
the northerly air flow at this level.

The 700 hPa level was a significant level for moisture transport to this storm as
can scen in Figure 5.29b. A steady stream of air from the north on 18, 19 and 20
November supplied the storm region with moisture. At this point it is important to
highlight that the timing and duration of moisture sources are key factors in the production
of flood producing rains [Crimp and Mason 1999]. In both CASE NOVEMBER and
CASE DECEMBER, moisture at the surface was obtained from the Agulhas Current one
day before and during the heavy rainfall events according to the moisture flux diagrams
Figure 5.11a and 5.29a. At the 850 and 700 hPa level, only CASE NOVEMBER received

large amounts of moisture sourced from the tropics [Figure 5.11b and 5.29b]. This
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South Africa's interior as in CASE DECEMBER. This comparison shows that for CASE
NOVEMBER the vertical shear between westward and eastward flowing moisture
appeared to be more important than in CASE DECEMBER where the horizontal shear was
dominant.

At Longitude 30° E on 18 November (Figure 5.30a) shows a similar picture to at
25° E, however the center of the dome is not above the Agulhas Current south-east of the
country (38° S to 30° S), but rather the northern reaches of South Africa (30° S to 20° S).
The westward direction is still present at the surface which suggests that this moisture flux
was derived from the northern Agulhas Current water east of land. Vertical shear
associated with the eastward motion of moisture aloft was present at approximately the 750
hPa level.

On 19 November, the day of heavy rainfall above the Eastern Cape, a similar
structure to that seen in CASE DECEMBER developed (Figure 5.12b and Figure 5.30b).
A layer of minimum moisture content extended to the surface between 30° S and 28° S for
longitude 25° E and 30° E. The surface westward moving moisture was still dominant in
magnitude and had separated into two separate cells. From 40° S to 30° S the maximum
occurs at both 25° E and 30° E over the Agulhas Current and was headed toward the storm
center. This suggests that the Agulhas Current was the main source of moisture at the

surface. A layer of eastward moving air with significant amounts of moisture occurred at

the 700 hPa level.

A similar structure is evident for 20 November, the last day of heavy coastal rains

which occurred over the KwaZulu-Natal province (Figure 5.30c). Horizontal shear now
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30° E to 35° E was gone. This profile appears to be completely dominated in moisture
coming from the north even at the surface layers directly above the storm region. There is
still the cell of northward moving moisture at the surface from 5° to 20° E but this is much
farther to the west of the storm. This moisture may have been entrained by the storm on 19
November.

Figure 5.31a-d for CASE NOVEMBER is similar to Figure 5.13a-d for CASE
DECEMBER in that there is a boundary which exists at roughly 20° E between northward
and southward moving moisture. This boundary can be seen on 18, 19 and 20 November.
As was pointed out for CASE DECEMBER, it is difficult to know the exact source of
southward moving moisture as it may be coming from above the Agulhas Current as well
as from the tropics. As in CASE DECEMBER, the day after the storm the winds shifted at
the surface from due east to south-southwest (Figure 5.29a-b). This can be seen as an
eastward shift in northward moving moisture extending to 35° E for the cross section at
35° S (Figure 5.31d).

In CASE NOVEMBER, both vertical and horizontal shear were present. This
presence of horizontal and vertical shear enhances the vertical and horizontal vorticity
respectively. Both vertical and horizontal vorticity are favorable for creating instability
and thus convection and subsequent rainfall. Therefore, these flux diagrams show that
both moisture as well as shear were significant contributors to the development of CASE
NOVEMBER.

From comparing moisture profiles discussed above with the moisture flux
diagram Figure 5.29, it seems that the surface moisture source is from above the Agulhas

Current while at 700 hPa the moisture is of tropical origin. To distinguish whether the
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southward moving moisture in Figure 5.31c on 20 November (ranging from 25° E and 40°

E) is of tropical or Agulhas Current origin, backward air parcel trajectories are considered.

TRAJECTORY ANALYSIS

At the 950 hPa level on 19 November, a three day backward air parcel trajectory
ending at Swellendam (34° 2° S, 20° 27° E) shows moisture was streaming into the storm
center from directly above Agulhas Current water (Figure 5.32a). Figure 5.28a shows a
speci. : humidity of 12 to 14 g/kg above the Agulhas Current comparable to the specific
humidity value above the Agulhas Current in CASE DECEMBER (Figure 5.10a). At 900
hPa level on 20 November, the air parcel pathway came from the northern part of the
Agulhas Current before it arrived at Durban (29° 58 S, 30° 57° E) (Figure 5.32b). This
region of the Agulhas Current showed the highest temperatures in Figure 5.22. The
surface level seems to be dominated by moisture from the Agulhas Current on both 19 and
20 of November.

Figure 5.32a shows that at the 700 hPa on 19, air parcels came from south-west of
the continent before arriving into the storm region. This agrees well with Figure 5.31a-b
which shows a northward flux of moisture extending up to the 700 hPa level. It is
important to note that the magnitude of the flux at 700 hPa (20 g:m/kgs) is much less than
at the surface (80 g'-m/kg's). On 20 November at 700 hPa (Figure 5.32b), the air pathway
comes streaming down from the north. This agrees well with the NCEP moisture flux

Figure 5.29b.
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Figure 5.32. BADC backward trajectories for air parcels at the (a) 900 hPa (¢), 700 hPa (+), 500 hPa (*)
and 200 hPa (o) 3 days prior to 19 November at 12:00 UTC and originating from the Swellendam heavy
rainfall location, (b) 900 hPa (), 700 hPa (+), 500 hPa (*)and 200 hPa (o) 3 days prior to 20 November at
00:00 UTC originating from the Durban heavy rainfall location .

The 500 hPa level air parcel trajectory shows the air motion on 19 and 20
November may have been part of the descending branch of the westerly trough at this
height (Figure 5.32a-b). The air at the 500 level is cold and dry, which further supports
NCEP data which showed the cold dry air advection aloft at these heights in the
atmosphere (Figure 5.29b). Cold dry air aloft and warm moist air at the surface is an
atmospheric setting highly conducive to convection. At 200 hPa the air is clearly moving
faster than at the lower levels on both 19 and 20 November. The air at this height is

forming the descending branch of the westerly wave. That the upper air pattern at 200 hPa
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shows the storm to be overlain by the descending branch of the westerly wave is evidence

of surface convergence.

Regional Features

a. TRMM analysis
One TRMM pass on 19 and two on 20 November (Figure 5.33) provided useful

imagery for this study. As in CASE DECEMBER (Figure 5.16), TRMM located most of
the rainfall over the Agulhas Current. A maximum surface rainrate for the two days was
measured over the Agulhas Current late on 20 November. Figure 5.34 magnifies this
surface rain event and shows that the heaviest rain fell above 24° C water (Figure 5.22).
The rain rate in the atmosphere (Figure 5.35) for the cross section in Figure 5.34 shows
that the rain in the atmosphere stayed conﬁm;,d to the warm water region and remained
below 8000 m. Figure 5.36 shows that the high values of latent heat in the atmosphere are
also confined above the warm water.

As in CASE DECEMBER the maximum rain rates and latent heat release
occurred directly above the warm water and below 4000 m above the surface. CASE
DECEMBER was clearly more intense as the surface rain arca and the region of most
intense rainfall and latent heat release in the atmosphere were much larger (Figure 5.17,
5.18 and 5.19). Also as in CASE DECEMBER, the regional environment above the warm
Agulhas water was significantly different from that above the colder ambient water. This
comparison suggests that the atmosphere may be significantly modified by the Agulhas

Current SSTs in terms of rainfall and latent heat release.
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6. CONCLUSION

This section summarizes the most important results that best address the key

questions.

What was the relative contribution of Agulhas Current moisture to CASE
DECEMBER and CASE NOVEMBER?

To answer the first question moisture flux diagrams were considered. The
moisture flux at the surface into the storm region was shown to be 140 g-m/kg-s from
above the Agulhas Current one day prior to and during CASE DECEMBER. The tropics
contributed approximately 50 g-m/kgs at the 700 hPa level. Vertical cross sections of the
moisture flux have also shown that the Agulhas Current surface input into CASE
DECEMBER was approximately three times that which was coming in from the north at
higher levels. Similarly, CASE NOVEMBER showed a surface moisture flux of 180
g'm/kg's coming from above the Agulhas Current on 19 November. Roughly half this
amount was shown to be coming from the tropics in the upper levels. Both CASE
NOVEMBER and CASE DECEMBER therefore show that the maximum moisture flux
values were at the surface from above the Agulhas Current.

Backward air parcel trajectories have clearly demonstrated that the pathway of air

before arriving at CASE DECEMBER was from above the Agulhas Current at the surface
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on 14 and 15 December. At the 700 hPa level, in agreement with the moisture flux
diagrams, the air pathways were shown to be from the north on both days. CASE
NOVEMBER shows a very similar situation. Both surface air pathways arrived at CASE
NOVEMBER from above the Agulhas Current. The only difference to CASE
DECEMBER is that on 19 November the 700 hPa air came from south-west of the country
whereas on 20 the 700 hPa air came from the north.

Both the trajectory and the NCEP analysis therefore support the contention that
moisture at the surface level in both CASE NOVEMBER and CASE DECEMBER was
from above the Agulhas Current. Both cases shared a similar synoptic situation;
anticyclonic flow over the South-west Indian Ocean in conjunction with a midlevel trough
tracking above a surface heat low over the interior. This suggests that this is a synoptic
setting that might be conducive for flooding over the eastern regions of South Africa.

The analysis so far has utilized both NCEP and ECMWEF global model data sets.
It is important to recognize the limitation of the coarse resolution data from both NCEP
and ECMWE. Their 2.5° X 2.5° degree grids cannot take into account features such as
South Africa’s mountain escarpment and the Agulhas Current as well as a regional model
could. In future research it would be more appropriate to use a high-resolution regional

model to gain a more accurate representation of the atmospheric circulation.
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Dii the regional environment above the Agulhas Current have an effect
on the synoptic event’'s CASE DECEMBER and CASE NOVEMBER?

TRMM data above the Agulhas Current was utilized to answer the second key
question. Surface rain rate plots for both cases show that the heavy rainfall events
remained focused above the warm water tongue of Agulhas Current water. Significant
latent heat release and rain in the atmosphere was also observed only above the warm
water of the Agulhas Current. The bulk of precipitation in the atmosphere was found
between 1000 and 4000 meters, consistent with latent heat release in the atmosphere. This
consistent result found in all the TRMM images of surface and atmospheric rainfall
directly above the high SSTs of the Agulhas Current supports the contention that the high
SSTs of the Agulhas Current have a direct impact on the regional environment above the
Agulhas Current.

Whether the regional environment above the Agulhas Current indirectly affects
the synoptic situation over land remains unknown. To what extent the latent heat released
in the atmosphere above the Agulhas Current may enhance convection over land is
unanswerable with the data sources used in this study. Air parcel trajectories and NCEP
parameters from global climate model data are too coarse a representation to determine
whether this latent heat is transported to the storm over land. If more radiosonde data
became available, it would be useful to track the signature of the latent heat released above
the current in the atinosphere. This would shed more insight into the extent this latent heat
modifies the synoptic events over land.

Rain rate and latent heat data have never before been observed for heavy rainfall
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events above the Agulhas Current. Thus, there is no context within which these results
may be compared. In future research, many synoptic scale heavy rainfall events in
conjunction with regional rainfall events above the current need to be observed with
TRMM to put these values into perspective. It may also be useful to look at these

p¢ neters during times of light rainfall to compare the relative amounts.

Was the baroclinic boundary which existed between the Agulhas
Current and the inland plateau during CASE DECEMBER conducive to

tornado formation?

To answer this last question, observational data supplied by the South African
Weather Bureau was utilized. The baroclinic boundary, which existed between the hot, dry
inland plateau and the cool, moist coastal regions is shown in Figure 5.5c. The vertical
vorticity at the surface, across the baroclinic boundary was calculated as 7.0 X 107 s™ .
This is a value comparable to that found by Rasmussen et al. {2000] considering that this
calculation was made from data points 100 km apart which is 10 times farther apart than
the data points in Rasmussen’s research. This back of the envelope calculation
demonstrated that the baroclinic boundary which existed in South Africa during CASE
DECEMBER enhanced the vertical vorticity. Whether this enhancement was enough to
induce tornado formation cannot be concluded from this calculation. Many more
tornadoes which have formed along the eastern coastal regions need to be tracked and the

data needs to be much higher in resolution to properly address whether similar values of
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vertical vorticity are found.

This thesis began by emphasizing the link between South Africa’s climate and
weather and the surrounding ocean temperatures. Focus has since been given to the
Agulhas Current due to its close proximity to the eastern coastal regions, which commonly
experience heavy rainfall. —The results of both CASE DECEMBER and CASE
NOVEMBER have shown the Agulhas Current to be the dominant moisture source for
these two extreme events. The regional environment above the current has, for the first
time, been explored in terms of vertical rain rates and latent heat release. It is clear that
more research utilizing the TRMM products to understand the extent to which this latent

heat affects synoptic events over land should be the next step.
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