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Abstract

This thesis is an investigation of cut-off low pressure systems over South
Africa. These weather systems have been responsible for many of the
flooding disasters that have affected South Afnca particularly the coastai
regions, over recent decades. The thesis has two main objectives, namely, to
construct a 30-year climatology of cut-off lows over South Africa, and to
| further understanding of the evolution of the low-level flow that leads to these

sysfems producing extreme quantities of rainfall.

The 30-year climatology is based on cut-off lows that occur over subtropical
southern Africa and the surrounding oceans in the NCEP (National Center for
Environmental Predictidn) re-analysis 300 hPa geopotential height. The
frequency, seasonality, interannual variability, location, duration and size of
these systéms is investigatéd. It is found that on average, 11 such systems
occur over this region each yeaf, and are moét common in the austral
autumn, with a relative peak in numbers in the austral spring over southwest
South Africa. There is some indication of a relationship with ENSO (El Nifo |
Southern Oscillation), with mature phase La Nifia years being associated with
above average occurrences. In addition a relationship with the SAO (Semi-
Annual Oscillation) is proposed, with changes in the strength of the SAO
resulting in winter becoming the most common season for tiiese systems, and
- northeast South Africa becoming the most common location. Cut-off lows are
found to typically last 2-4 days over the region. The most common size is 800-

1200km in autumn/winter and 400-800km in spring/summer.
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- Two case studies of cut-off lows th’at resulted in extreme coastal rainfall are
examined. The first occurred in August 2002 and resulted in four times the
monthly climatological rainfall over 24 hours in East London, with a relatively
small cut-off low over the Western Cape embedded in a cold trough aloft. The
second case investigated is from March 2003, when a large, deep cut-off low
over the south coast resulted in extreme rainfall in the coastal regions and
more than nine times the monthly average fell in the town of Montagu in 24

hours resulting in flash flooding.

The cases were simulated using the limited area model, MM5. It is found that
in both cases, a strong onshore low-level jet (LLJ) forms as a result of a
steepening pressure gradient. Vigorbus convection is found to be associated
| with the right-hand (looking downstream) and leading edges of the LLJ. At the
leading edge, moist ascent is enhanced as the LLJ impinges on the coastal
topography. ’Back trajectories indicate that low-level air originated from
relaﬁvely high maritime latitudes to the south of South Africa, and that the
warm SST of the Agulhés Current may have contributed low-level moisture to

these events.

Sensitivity and factor separation studies done with MM5 show that warm SST
(sea surface ternperature) associated with the Aguthas Current influenced the
moisture availability. In the case of the East London event, the warm SST of
the Agulhas Current resulted in secondary cyclogensis, which strengthened
the LLJ. The topography of South Africa was found to play an important role

in enhancing moist ascent at the coast, as well as determining the location of
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the LLJA, and therefcre the ‘rainfall. Surface heat fluxes are shown to .be
important in generating low-level instability, whiéh leads to a trough extendi'n‘g
down the eastern seaboard of South Africa. The strong press‘u're gradient that
develops between this trough and a ridge of high pressure to the séuth of

South Africa Ieéds to the formation of the LLJ.

A conceptual model is proposed to describe the evolution of the low-level flow
during cut-off low events that result in extreme rainfall. This conceptual model
states that surface heat fluxes warm and destabilise the lower atmosphere,
leading to the extension of é trough down the eastern seaboard of South

Africa, and precipitation; at the same time the topography of South Africa
blocks onshore flow resultingy in a steep pressure gradient between a surface
ridgé to the south of South Africa and the aforementioned trough and the
formation of the LLJ; this LLJ advects moist air onto the coastal topography of

South Africa which enhances ascent.
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One of the chalienges’in iss’Uihg warnings of extréhe weather is the difficulty in
accurately predicting which areas will be worst affected. A bad forecast leads to a lack
of trust from the end user in future forecasts. For example, if a flood warning is issued
for a particular locale, but does not actually occur, the people of that area are not so
likely to take future warnings seriously. On the other hand, if no extreme weather is
predicted sufficiently long before it occurs, people do not have the time to take

- precautionary measures.

Cut-off lows are important syétems bringing extreme weather to South Africé. These
weather systems have been responsible for many of the flood disasters over South
Africa, which have led to loss of life and serious damage to homes and infrastructure
as a result of flash flooding and‘very high winds. In many cases, it has been difficult
for the South African Weather Service to accurately predict which areas will be worst
affected. However, an approaéhing cut-off low provides an indication that extreme

- weather may be on its way, and some general warnings may be issued.

Improving the understanding of cut-off lows over this region is therefore a priority. This
thesis aims to address certain issues that will contribute to an improved understanding
of these weather systems. An important aspect of any weather system is its
seasonality. Improving understanding therein will give an indication as to the time of
year such systems may be expected to oécur. In add;tion, the interannual variability
may give an insight into any long term cycles in the frequency of cut-off lows, or
perhaps more importantly an association with large 'scéle modes of the ~etmosphere,

which will aid prediction. This thesis attempts to address these issues by developing a
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30-year climatology of cut-off lows over subtropical southern Africa and the

surrounding ocean areas.

On top of this, an improved comprehension of the processes that occur resulting in
extreme rainfall during a cut-off low event is required. In particular, this will aid the
forecaster in determining the rainfall potential of a cut-off low system, and will also
assist in determining where the extreme rainfall will occur; Furthermore, an
“identification of the more important processes will point to areas that should be

improved in a forecast model for better forecasting of rainfall during cut-off low events.

In order to address the identification of important processeé, two recent cut-off low
events that were characterised by extreme rainfall are examined. These case studies
are from August 2002, when the Eastern Cape coastal city of East London received
more than 300mm of rain in 24 hours, almost four times the climatological average for
August; and March 2003, when the town of Montagu, in the Western Cape mountains
some 80km north of the coast, received 178mm of rain in 24 hours, compared to the
ciimatological average for March of just 17.5mm. These events differed in that the cut-
off low in the East London case was relatively small compared to that in the Montagu

case, yet both cases resulted in large amounts of rainfall.

Unfortunately, the observational network over southern Africa is relatively sparse, with
only four daily coastal radiosonde ascenté and relatively few in the interior of South
Africa. This lack of observations makes the study of these important weather systems
difficult. Options for diagnosing these systems include re—analysisv data, analysis data

from global forecasting models, or mesoscale modelling. The coastal topography of
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Sbuth Africa is relatively comiplex, which is.likely to have a modulating effect on
| passing weather systems. Moreover, the ocean around South Africa is characterised
by the warm Agulhas current, whilch'results in a .¢omplex mesoscalé structure of SST
with steep gradients, paréichlariy near to the coast. Since South Africa and the
surrounding ocean are rich in mesoscale detail, mesoscale modelling represents the
best choice for studying the complexities of weather systems, particularly those which

result in extreme weather over small areas.

An additional- advantage-of_mesoscale_modelling-is-that it_is possible_to evaluate the
contributions of particular mechanisms to the forcing of regional circulations through
model sensitivity studies. In essence, by including, excluding or altering the magnitude

oof particular mechanisms, their contribution to the system may be evaluated.

Therefore, for South African applications, mesoscale modelling represents the most
suitable choice for examining cut-off low pressure systems, and in particular the
forcing of the circulation and thermél evoiutioh near to the surface. In this thesis,
synoptic overviews of the aforementioned cut-off low events are presented using data
from the MRF' global model, and more detailed analyseé using the limited area
model, MM5?, are undertaken. In addition, the contrast between the two case studies
~represents a good test of MM5's ability to simulated different types of cut-off low

events.

It is hoped that the results of this thesis will enable forecasting of extreme rainfall

during cut-off low events to be improved. This thesis is separated into eight chapters.

' Medium Range Forecast model — see Chapter 3
2 PSU/NCAR Mesoscale Model, version 5 — see Chapter 3
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This introductory chaptér is Chapter 1. Chapter 2 presents a background of cut-off
fows and the processes that may be important in the So‘uth African context,
culminating ih a set of research objectives for this thesis. Chapter 3 describes the data
and methods used in the ‘tvhesis. Chapter 4 is devoted to developing a 30-year
climatology éf cut-off lo;ws over subtropical southern Africa. Chapters 5-7 concern the
case studies examined ih this thesis. Specifically, Chapter 5 contains a synoptic
overview of the case studies, and validation of the MM5 simulations. Chapter 6
discusses the MM5 simulations with a view to identifying reasons for the heavy
rainfall. In Chapter 7, the relative importance of various factors are evaluated through
sensitivity and factor separation studies. Finally, Chapter 8 details the conclusions of

this thesis.
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2.1. Introduction

This chapter presents a background to current knowledge of cut-off low pressure
systems, and their importance to extreme weather over South Africa. Their
characteristic development over South Africa is discussed and several prévious case
studies are mentioned. In addition, the forcing mechanisms unique to South Africa,
such as the very high latent heat fluxes associated with the warm Aguthas Current and
its retroﬂeétion in the South West Indian Ocean, are discussed, providing motivation
for the present study. In addition, the relationship between LLJs and extreme rainfall is
considered, as this thesis will show the importance of LLJs in cases of extreme rainfall

embedded within a cut-off low system over South Africa.

This chapter is divided into four sections following this introduction. Section 2.2 gives
an overview of current knowledge of cut~off low development and presenté some
discussion of previous cases in VSouth Africa. Section 2.3 presents a discussion of the
relationship between SST in the South West Indian Ocean and rainfall over ASouth
Africa. Section 2.4 discusses cases of severe rainfall associated with LLJs. Finally
section 2.5 summérises the chapter and describes the motivation for the present study

culminating in a set of research objectives.

2.2. Cut-off low pressure systems

The traditionally accepted process for the development of a cut-off low is described by
Palmén and Newton (1969), based on the earlier work of Palmén (1949), Palmén and
Nagler (1949), and Hsieh (1949), as “an upper low fbrms from a pre-éxisting cold
troﬁgh that is ultimately cut-off from its connection with the polar source region in the

ubper troposphere.” In addition, Palmén and Newton (1969) discuss the observed
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- structure of cut-off lows, such that they are characterised by raised isentropic surfaces
~below, and depressed isentropic surfaces above the cyclone centre. Furthermore,
these systems are characterised by a lowering:of the tropopause and strong jet
streaks extending around their perimeter. Theréfore, cut-off lows are identifiable by

closed geopotential height contours and cyclonic circulation in the upper troposphere;

Following a statistical study of cut-off lows in the Northern Hemisphere, Price and
Vaughan (1992) developed a classification of these systems depending on the nature
of the jet streak that leads to their formation, and classified them as ‘polar’,

‘subtropical’ and ‘polar vortex’. Polar type cut-off lows are formed as a result of

equatorward extensions of a polar jet and tend to become situated polewards of the
jet. Subtropical cut-off lows tend to be formed by equatorward extensions of a
suvbtropical jet, or where a split in a zonal polar jet causes a weak equatorward branch.
The polai‘ vortéx type cut-off Iéw forms from an extension of the polar vortex itself, and
tend not to be advected away from the main polar vortex. Since South Africa is
situatéd in the Southern Hemisphere subtropics, this thesis concerns cut-off lows of

the subtropical type classification.

- Kleinschmidt (19505,b) was the first to suggest that cut-off lows form as a result of an
’i.ntrusion of polar stratospheric high potential vorticity air into the upper troposphere.
 This has led many researchers to investigate these systems from a potential vorticity
‘perspective. Hoskins et al. (1985) vprovide an excellent summary to the details of
thinking within' the potential vorticity framework and the invertibility principle for
potential vorticity. The invertibility principle enables the wind and temperature

distribution of the étmosphere to be determined from a knowledge of the potential

10
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vorticity distribution. The advantages of the potential vorticity approach have allowed

more detailed investigations of cut-off low pressure systems to be undertaken.

Bell and Key'ser (1993) inﬁfestigated the interchanges between shear and curvature
potential vorticity that lead to the detachment of a potential \forticity anomaly in the
upper troposphere from what they term as the st'ratosph‘eric'reservoir polewards of the
cut-off low over the United States. These a.uthors suggest that in the formation phase
 of a cut-off low, the conversion from shear to curvature potential vorticity is maximised
in the left exit region of a jet upstream of the trough axis, and the conversion from
curvature to shear potential vorticity is maximised on the cyclonic shear side of a jet
downstream of the trough axis. This leads to a relatively symmetric distribution of the
cyclonic shear and cycl.or.xic curvature maxima, resulting in a symmetric total potential

vorticity anomaly in the troposphere, and therefore a cut-off low.

In a case study of a cut-off low over the easfern United States, Bell and Bosart (1993)
showed that the advection of potenﬁal vorticity above 500 hPa in a northwesterly flow
from the stratospheric reservoir, in combination with an intensifying jet streak in a long
wave diffluent trdugh led to the formation of the cut-off low. Van Delden and Neggers
(2003) suggest that unstable isentropic downgliding, whereby air parcels with
baroclinic instability are advected downwards on sloping isentropic surfaces, is a

necessary condition for cyclonic flow to develop in the upper troposphere.
Therefore, a set of theoretical ideas exist for the formation of cut-off lows in the upper

troposphere. In the South African context, Taljaard (1985) investigated ten years of

cut-off lows that existed over the area bounded by ’2(}"’-38"8 latitude and lines drawn

11
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approximately 5° longitude off the west and east coasts of the continent. The study
was conducted for the years 1973-1982 in order to develop an “empirical” model for
the formation of cut-off lows over this region, shown in Fig. 2.1 and described briefly

below.

On day 1, a long-wave trough exists between Gough and Marion Islands.
The upper wind at Gough Island is southwesterly, and at Marion Island is
northwesterly; A cold front is located approximately half to three quarters of
the distance from Gough Island to Cape Town. Warming is observed in the
upper layers at Gough Island, and soon thereafter the surface wind veers to

northwesterly and pressure starts falling.

On day 2, upper winds at Gough Island veer to northwesterly, leading to the
formation of an ‘S-shaped’ wave, and warming continues. At Marion Island,
the upper wind remains northwesterly, but surface pressure begins to fall

ahead of the approaching cold front.

On day 3, northwesterly flow of warm air continues at Gough Island, while
at Cape Town the wind backs rapidly to southe}*fy after the passage of the
coolest air. After the passage of the cold front at Marion Island, temperature
there decreases and the wind begins to back. The wave in the upper air
increases in amplitude and decreases in wavelength as warm air has been
advected far to the southeast of Gough Island and recurves northwards

towards Cape Town in a southerly flow.

12
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Days 4 and 5 are the mat&re phase of the cut—éff low. At this time a warm
ridge exists south of Cape Town, cutting off cold air to its northeast leading
to the formation of the cut-off low. A broad northwesterly flow exists in the
upper air over the plateau of South Africa, and at the surface warmxmoist
»air flows southwards ahead of a surface low, which is typically situated wéll

to the east of the upper low.

On days 6 and 7, a second cold front passes Gough Island followed by
. ——backing .. winds_—aloft _weakening..the .warm .high —ahead of i, and re-
establishing normal westerly flow. The cut-off low gathers speed and moves

off towards the Indian Ocean as it weakens.

This “empirical” model was based on more than 100 cut-off low occurrences, and is
based on the most typical set éf circumstances. However, the model predomiriantly
relates to the evolution of the circulation' in the upper air, and little emphasis is placed
on the evolution of the flow near to the surface. In such baroclinic systems, it is likely
that the circulatioh in low-levels of the troposphere is equally as important. It is
therefore the aim of this thesis to determine é conceptual model of the development of
the flow near to the surface for cut-off low pressure systems that result in extreme

rainfall. In addition, the dynamical forcing of the evolution of the flow will be evaluated.

Taljaard (1985) also found that, on average, 11 cut-off lows occur over the South
African region each year, most commonly. in the spring and autumn months, and
approximately one in five of these systems resuits in flood producing rainfall, mostly

over the south and east coastal regions of South Africa.

13
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There have been several well documented cases of flood producing cut-off lows over
- South Africa, which are briefly described here. In September 1968, more than 500 mm
of rain fell over the city of Port Elizabeth in 24 hours due to a cut-off low over the
southwest of South Africa (Haywood and van deﬁ Berg 1968), and a similar amount of
rainfall was recorded over East London in August 1970 when a cut-off low was

situated over central South Africa (Haywood and van den Berg 1970).

Additionally, in January 1981, a cut-off low off the west coast of South Africa led to
flooding in the semi-desert town of Laingsburg some 150 km inland of the south coast
(Estié 1981). Here, it was noted that a strengthening of the pressure gradient at the
surface led*to strong onshore flow of moist air into the system, and additionally, that

the steep topography of the region was associated with heavy precipitation.

In September 1987, severe flooding affected the coastal areas of the KwaZulu Natal
province when a ,cut-o.ff low tracking east over the Northern Cape and Northwest
Province led to accumulated rainfall in excess of 900mm over three days (Triegaardt
et al. 1987). A strong positive correlation was found between the strength of the
onshore flow and the rain rate. Furthermore, Tennant and van Heerden (1994),
simulated this event using a GCM to investigate the response of the model to an SST
increase in the South West Indian ocean, and to the topography of South Africa. They
found that the topography of South Africa was important in generating the extreme
quantities of precipitation observed, and the rate at which the cut-off low aloft travelled
across the country. However, they were unable to identify any meaningful response to

increased SST.

14
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More recently, in August 2002, moré than 300 mm of rain fell over East London in 24
'hours (compared to the monthiy average for AugUst of ?'Smm), when a cut-off was
situated over the western interior; of South Africa: and in March 2003, a cut-off fow
Atracking east along the south coast of South Africa led to flash fiooding in the town of
Montagu, some 80 km north of the coast, where close to 200 mm of rain was recorded
over 24 hours compared to the climatological average for March of just 19.5mm.

These latter examples are the subject of the present study.

—--This_section .has_shown .that considerable_research_has gone. into_developing an
understanding of the processes that lead to the formation of a cut-off low in the upper
air, and that over South Africa, these systems have been responsible for rainfall of
flood producing quantities, mostly over southern and eastern coastal regions, and the
adjaceht interior of-the country. A relationship between the rainfall, strong onshore
flow and steep topography has been noted for theée systems (Estié 1981; Triegaardt

et al. 1988; Tennant and van Heerden 1994)

2.3. Air-sea interactions in the South African region

ThevSST to the south and east of South Africa is anomalou‘sly warm for its latitude.
This is due to the presence of the Agulhaé Current, which. advects warm water
polewards along the eastern seaboard of South Africa and along the south coast
following the continental sheif (Stramma and Lutjeharms 1997). Between 16°-20°E,
the Agu!has current refroﬂects (turns back on itself) and flows back towards the South
Indian Ocean as the Agulhas Return Current (Lutjeharms and van Ballegooyen 1988).
Steep SST gradients exist between the warm waters of the Agulthas Current and cold

upwelled water on its inshore side (Darbyshire 1964; Schumann et al. 1982;

15
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Lutjeharms et al. 1989; Lutieharms et al. 2000). These steep SST gradients have
naturally led researchers to investigate the atmospheric response to forcing from the

ocean in this region.

Lutjeharms et al. (1986) noted persistent cloudlin_es over the Agulhas Current,
particularly on the Ivandward edge of the current, where the SST gradient is steeper. In
addition, Jury and Walker (1988) and Mey et al. (1990), provide evidence of the
modification of the marine atmospheric boundary layer (MABL) over the Agulhas
Current retroflection region from aircraft and shipboard measurements during the
summer season (late February 1987). Surface latent heat and sensible heat -
measurements showed an increase of more than double over the Agulhas Current
compared to surrounding waters. Furthermore, over the course of three weeks, it was
fouund that the average surface latent heat flux over the Agulhas Current was 20%
greater than the climatological value, with a méximum heat loss of 828 W.m?
measured during strong wind conditions. In addition, it was found that a éecondary
sea-breeze like circulation existed across the SST front, and that the boundary layer
was conducive to localised cyclogenesis with strong vertical shear in the zonal wind

leading to enhanced baroclinicity.

Further research has been conducted over the Agulhas Current in the winter season
(June 1989), when a SST front existed with a 7°C temperature difference over 10km
(Jury and Courtney 1991; Jury 1993). A fivefold increése in the latent heat flux was
observed on the warm side of the front. In addition, turbulent updrafts and downdrafts

in excess of 1 m.s™" were measured in the MABL above the Agulhas Current leading
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the authors to conclude that turbulent mixing in the MABL was achieved through

convective eddies.

in Aprit 1995, the ACASEX (Agulhas Current Air-Sea Exchange) cruise was
undertaken to investigate air-sea interactions over the Agulhas Current south of Port
Alfred (Rouault et al. 1995), a region which has been shown to exhibit particularly
steep SST gradients (Lutjeharms et al. 2000). Lee-Thorpe et al. (1998) showed that
the region over the Agulhas Current exhibited higher CAPE (Convective Available
Potential Energy) than over the surrounding ocean. in addition, the MABL over the
Agulhas Current was found to be unstable, contrasting with a stable MABL on both the

seaward and !andward sides of the current.

Lee-Thorp et al. (1999) present further results from the ACASEX cruise during
onshore wind conditions. Surface latent heat flux estimates showed an approximate
doubling from the seaward side to over the current, and a six times decrease over the
shelf. In addition, an increase of approximately 25% in low-level atmospheric moisture
was observed over the Agulhas Current, cornpared to the seaward side, coupled with
a deepening of the high humidity humid mixed layer. A residual high humidity layer
extending over the shelf was also evident. During along-current wind conditions on the
same cruise (Rouault et al. 2000), a similarly large fivefold increase in the latent heat
flux was observed befween the continental shelf and the Agulhas Current leading to a
transétion in the stability of the MABL. The authors estimate that there is an increase in
MABL height of approximately 40m.°C™" SST, and an increase in moisture content of

approximately 0.35g.kg”.°C" SST over the SST front.
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Considering the above observations of boundary layer modification over the‘Aguihas
Current, it seems logical to expect the increased latent heat fluxes over the current to
have some Vimpact on rainfall over the adjacent coast, particularly /in the strong
onshore flow typical in cut-off low situations where rainfall of flood producing quantities
is observed (Estié 1981; Taljaard 1985; Triegaardt et al. 1988). Indeed, through a
statistical analysis of summer rainfall at stations along the east coast of South Africa
(Jury et al. 1993), it has been shown that a significant correlation between summer
rainfall there and shelf width exists, i.e. the distance to the inshore edge of the
Agulhas Current, with a shorter shelf width being associated with increased rainfall.
-_'Ij;é;e;t‘;’t‘r;;r;sr,—‘hy;’:;;t“r']é—s—i;e:t;a;, duri;é;)ﬁsvhougé‘»;iﬁr;cﬂiﬁghrw—ciwit—ic‘);s, hi‘g’h.latent heat flux

due to the warm SST of the Agulhas Current leads to increased moisture being

advected onto the land and therefore increased rainfall.

Furthermore, many studies have been undertaken in order to establish the relationship
“between SST in the Agulhas Current region of the South West Indian Ocean and
rainfall over South Africa. Walker (1990) was one of the first to identify a correlation
between summer rainfall over South Africa and SST variability in the South West
Indian Ocean. For non-ENSO seasons, it was found that warm (cold) events in the
South West Indian Ocean were strongly correlated with increased (decreased) rainfall
over the South African interior. The proposed mechanism for increased rainfall due to
warm SST in the South West Indian Ocean is that these events are accompanied by
strong easterly wind forcing and warmer moister airmasses around southern Africa
increasing low-level moisture convergence over the interior. Additionally, an altering of
laten{ heat flux distributions by the warm SST anomalies was proposed to enhance

baroclinicity and increase instability of the lower troposphere favouring cyclogenesis.
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Mason (1995) expanded‘ on the v&ork of Walker (1990) 'to identify principal componeﬁts
of SST variability in the South Indian and South Atlantic Oceans, and related these
principal components to rainfali over South Africa. The South West Indian Ocean,
including the Agulhas Current and the Mozambique Channel was found to be the
second principal component (PC2) explaining 13% of the SST variability. Similar to
Walker (1990), warm events in PC2 were associated with increased summer rainfall
over South Africa. SST variability in this part of the ocean was further éxamined byk
VReason and Mulenga (1999) who ran an ensemble of integrations of a GCM with a
warm anomaly imposed on the SST field roughly coinciding with the location of PC2
~ from Mason (1995). These expériments showed an increase in rainfall over the
eastern part of South Africa and southern Africa, which the authors attributed to
changes in moisture convergehce and shifts in the local Walker-type circulation

brought about by the imposed SST anomaly.

Further GCM experiments have been undertaken to assess the influence of SST in
the Aguthas Current region on the surrounding atmosphere. Reason (1998) imposed
an idealized warm anomaly on the monthly climatological SST, to simulate typical
warm episodes in the South Atlantic / South Indian Oceans, roughly coinciding with
the Agulhas Retroflection region, and repeated the simulation with a cold anomaly
there. Changes in the model atmosphere were not 'revers'ed for the opposite
anomalies, indicating that the atmospheric response to. SST anomalies in thié
“subtropical ocean region are, like many other areas, non-linear. The warm anomaly
affected rain.fall over much of southern Africa from intraseasonal - through to
intérarmual timescales. Over the south coast, it was proposed that these changes

were due to increased evaporation from the ocean, whereas over the interior, changes
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in low-level moisture convergence and a shift in the local Walker-type circulation were
suggested as mechanisms that led to the summer rainfall anomalies in the model. The
cold anomaly led to similar changes in rainfall, but only on intra- to interannual

timescales.

In order to assess the influence of the presence of the Agulhas Current on regional
atmospheric circulation patterns, ‘Reason (2001) pérformed an ensemble of GCM
experiments with the steep SST gradients smoothed over the South West Indian
Ocean, effectively removing the Agulhas Current from the forcing. The model results
showed a reduction in rainfall over southern Africa which was attributed to an
anticyclonic anomaly over the ocean to the south of South Africa, with reduced
cyclone density in the South East Atlantic region approaching South Africa, and
cyCIone tracks shifted to the south compared with the climatology. These results
provide further evidence for the mechanisms suggested by Walker (1990) and Mason
(1995), such that the warm SST of the Agulhas Current leads to high surface fluxes,
low-level instability and enhanced baroclinicity, which lead to the increased rainfall
observed during warm epiéodes. Ih addition, Reason (2001) states that the model
response is stronger in winter, when there is a greater temperature difference between

the atmosphere and the warm Agulhas Current.

The above studies were based on the influence of the warm SST of the Agulhas
Current on seasonal and longer timescales. They show that warm episodes lead to
increased rainfall over southern Africa due to enhanced moisture convergence, higher

latent heat fluxes, reduced stability and increased baroclinicity. However, the influence
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of the Aguthas Current on individual weather systems has been less thoroughly

researched.

Using SST data and syn'optic and upper air charts, Walker and Lindesay (1989)
suggested that the anomaloUsly warm SST of the Agulhas Current may have played a
role in supplying moisture to two extratropical cyclones in February and March 1988,

due to easterly onshore flow from the warm anomaly into the rainfall region.

. .—Using a regional .atmospheric. model (RAMS),. Crimp .et.al. .(1998) investigated the
atmospheric response to SST anomalies for a tropical temperate trough event, a
weather system that contributes a large proportion of the summer rainfall over
southern Africa (Preston-Whyte and Tyson 1988). They found that a warm SST
anomaly in the southern Agulhas region led to increased surface heat ﬂuxes, and
therefore low-level instability, promoting the formation of westerly troughs favourable

for tropical temperate trough formation.

Crimp and Mason (1999) used a similar regional model to simulate a heavy -
precipitation event in February 1996. Through a back trajectory analysis, they were -
able to show that low-level moisture was advected from the South West Indian Ocean

to the south and southeast of South Africa where the Agulhas Current is situated.
Through an examination of NCEP reanalysis data, and back trajectories from

ECMWF, Rouault et al. (2002) showed that the Agulhas Current region was the

source of low-level moisture for an extreme precipitation event in December 1998.
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These authors argued that large onshore moisture flux from this région suggests that

the low-level moisture was predominantly due to evaporation from the ocean there.

This section has presented evidence that the warm SST in the South West Indian
Ocean due tb the presence 6f the Agulhas Current may have a sizeable influence on
atmospheric circulations and rainfall over the southern African region. However, there
is little evidence thét the influence of the SST there has been thoroughly investigated
for individual weather systems, and in particular those in which strong onshore flow

over the Agulhas Current is a typical characteristic.

2.4. Low-level jets

The present study will show that the formation of an onshore low-level jet® (LLJ) is an
important feature of extreme coastal rainfall in a cut-off low synoptic environment
There are many documented evxamp!es of LLJ development across the globe. The
formation vof an LLJ, within an upper air environment exhibiting cut-off low
characteristics, impinging on the coastal topography of France / ltaly / Spain, and with
a large fetch over the Mediterranean Sea has led to several flash flooding episodes
(e.g. Binder and Rossa 1995; Buzzi et al. 1995; Fehiman et al. 2000; Romero et al.
2000). In these cases the LLJ was responsible for the advection of moist air into the
rainfall region, where topographically forced ascent at its leading edge enhanced
convection.

In addition, LLJs are important for heavy rainfall episodes in Taiwan (e.g. Chen and
Yu 1988), eastern China (e.g. Chen et al. 1998) and Japan (e.g. Davidson et al. 1998)

regions during the rainy Mei—}Yu or Baiu season (early June-mid July). In these cases,

? For the purposes of this study, the LLJ is defined as a maximum in the low-level horizontal wind.
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heavy precipitation tend's to forrh on the left-hand side of the LLJ looking downstreém
(Matsuomo 1972, 1973; Ninomiya and Akiyama 1974). The formation of the LLJ has
often been attributed to the Coriolis deflection of ageostrophic motion in the lower
branch of a secondary mesoscale convective circulation through a mass—.mOmentum
adjustment process driven by diabatic heating (Chen 1982). Numericaf modelling
studies have shown that the LLJ forms as a result of an increasing pressure gradient
due to the‘deepening of a lee cyclone and vertical motions.a‘ssociated with an uppef
level shortwave trough (Chen et al. 1997; Davidson et al. 1998). In addition, positive
._feedbacks.due to latent release from.convection have. been.shown to intensify the LLJ
(Y.-L. Chen et al. 1997; C. Chen'et al. 1998; Davidson et al. 1998; S.-J. Chen et al.
1998; Yeh and Chen 2002). In their MM5 numerical modelling experiments, Yeh and
Chen (2002) showed that the topography of Taiwan is important for enhancing

offshore convergence associated with the LLJV.

Further investigations of the mechanisms leading to the formation of a LLJ have been
carried out in the United States, where a number of LLJ type phenomena occur. Over
the Great F’Iains; a nocturnal LLJ forms, which hasl been attributed to inertial
oscillation of the ageostrophic wind as, at sunset, the flow becomes decoupled from
the surface frictional stress (Blackadar 1957). Furthermore, diurnal heating and
cooling over sloping terrain has been shown to lead to an acceleration of the
ageostrophic wind (Holton 1967; Peagle and Rasch 1973; Zeaman 1979; McNider and

Pielke 1981).

In the coastal zone, enhanced low-level baroclinicity, due to cold upwelling creating

large land-sea temperature contrasts, has been a mechanism shown to result in LLJ
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- formation (Dickinson and Neuman 1982; Mizzi and Pielke 1984; Doyle and Warner
- 1991). Doyle and Warner (1993a) found that a LLJ that formed parallel to the Carolina
coast in the Genesis of Atlantic Lows Experiment (Dirks et al. 1988) was sensitive to
SST distribution there. This SST distribution influenced the coastal baroclinfc zone and
therefore the intensity and exact location of‘the LLJ. Strong latent and sensible
heating of the boundary layer ‘due to the warm Gulf. Stream was found by Doyle and
Warner (1993b) to enhance the coastal baroclinic zone, and therefore the LLJ throughv
increased pressure gradient forcing. In addition, Doyle (1997) showed that blocking
dué to steep coastal topography enhanced the strength of an alongshore LLJ off the

California coast by as much as 45%.

A forcing of LLJs due to mass ad}ustfnent processes associated with upper level jet
stfeaks has also been suggested. Uccellini (1980) found that mass adjustments in the
exit region of upper level jet streaks resulted in the formation of LLJs over the Great
Plains. Furthermore, Uccellini and Johnson (1979) and Uccei!fni et al. (1987) have
shown that transverse circulations in upper-level jet streaks led toAa mass adjustment
process resulting in the development of a LLJ, as downward transport of momentum

from the upper level jet accelerates the flow at low-levels.

Therefore, several mechanisms have been proposed in the literature which may lead
to the formation and intensification of a LLJ. These mechanisms may be summarised
’as:
e Coriolis deflection of ageostrophic motion in the lower branch of a secondary
convective circulation;

e Mass momentum adjustments driven by diabatic heating due to convection;
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» Inertial oscillation of the ageostrophic ﬂpw within thé boundary layer;

e Thermal wind due to nocturnal heating and cooling over sloping ‘terrain;

» Enhanced baroclinicity due to strong air-sea temperature contrasts leading to
increased pressure grad}ient forcing;

® Topographic blocking of onshore ﬂow;‘

e Transverse circulations in upper-level jet streaks leading to mass adjustment

processes.

Cut-off low pressure systems are‘chéracterised by‘upper-level jet streaks, suggesting
that the mass adjustment processes proposed by Ucéellini and co-workers (1979,.‘
1980, 1987) may be responsible for the LLJ in these cases. In addition, the coastal
regién of South Africa is similar to the Carolina coast of the United States in that the
SST there is characterised by a warm western boundary current. Therefore, enhanced
baroclinicity dﬁe to strong air-sea temperature contrasts may also be important fo-rvLLJ

formation in South African cut-off low evénts.

2.5. Summary and research objectives

Cut-off low preésure systems are an impbrtant weather system for South Africa since
_they have been shown to be the synoptic system associated with many flooding
episodes that have led to substantial loss of life and damage to infrastructure. The
processes leading to the formation of these systems is fairly well understood, and their
characteristic development over South Africa has been investigated. Hdwe\)er, no
é!imaté!ogy for these systems currently exists for the South African region. Taljaard
(1985) admits that the 10 years of data he investigated is not sufficiently long to draw

any conclusions with regard to the frequency and variability of these systems‘, A
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climatology of cut-off lows over South Africa would not only be of benefit to
meteorologists. but also to those interestedv in the exchange of ozone and other
reactive species between the stratosphere and the troposphere, which may have an
effect on the radiative forcing of the global climafe (Ramaswamy et al. 1992). Indeed,
it has been shown that cut-off lows are an important system for stratosphere-
troposphere exchange over South Africa (Barsby and Diab 1995). The above
discussion therefore provides motivation for the 'ﬁrstAresearch objective of the present
study:
To derive a climatology of cut-off low presvsure systems over the

southern African region and to investigate their frequency, variability

and relationships with large scale modes in the Southern Hemisphere.

vln. cut-off low cases over South Africa that have led to flood producing rainfall,
researchers héve noted the presence of strong onshore flow into the region of highest
rainfall. The ocean to the south and east of South Africa is characterised by warm SST
due to fhe presence of the Agulhas Current. It has been shown that the MABL is
destabilised by the warm SST of the Agulhas Current, and that variability of the SST in
this region is related to rainfall over South Africa. However, few studies exist that
investigate the influence the Agulhas Current may exert on weather systems involving
extreme rainfall. Moreover, no attempt has been made to qoantify the role of the
Agulhas Current during the onshore flow conditions observed during cut-off low events
‘with extreme coastal rainfall. Therefore, the second research objective of the present

study is:
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To investigate the influence of the Agulhas Current, and the
associated mesoscale SST patterns, on extreme coastal rainfall

events due to cut-off low pressure systems over South Africa.

Finally, the strong onshore wind in flood producing cut-off lows over South Africa
suggests the presence of an onshore LLJ. These jets have been shown to form due to
a number of mechanisms in different parts of the world. However, in the South African
context, where steep coastal topography and SST are likely to exert some influence
on the low-level flow, the mecharisms leading to the formation of LLJs has not been
investigated. This gives rise to the final research objective:

To determine the relationship between an onshore LLJ and coastal

rainfall in cut-off low situations, and to investigate the mechanisms

responsible for the formation of the LLJ in these situations.

The following chapter details the data and methods used in the present study to

address the above research objectives.
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Figure 2.1 — Most common sequence of circulation patterns in the upper air in the
Gough Island (GO) —~ Cape Town (CT) — Marion Island (MA) triangle during the
development, maturity and decay of cut-off lows. Taken from Taljaard (1985).
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3;1. Introduction

.in the previous chapter, the research objectives of the present study were identified.
These objectives involve the investigation of phenomena occurring on climatological
timescales as well as individual weather systems. Such wide-ranging objectives
therefore require very different data and analysis techniques in order that the relevant
processes may be propery examined. This chapter details the data used in the

present study, and the techniques employed to analyse these data.

The first two_sections .of this_chapter_following this.introduction describe the data used
in this study. Section 3.2 describes the NCEP re-analysis data, and secﬁon 3.3
describes the data drawn from the MRF model. Following this, the tropopause
mapping technique, which helps to idéntify cQt-oﬁ low pressure systems, is explained

in section 3.4.

From section 3.5 onwards, the chapter is dedicated to explaining the limited area
model used in simulating the case studies (section 3.5), the techniques employed to
analyse the model output (section 3.6), and sensitivity tests undertaken with the model

(section 3.7).

3.2. NCEP re-analysis data

Recent efforts by the National Centers for Environmental Prediction (NCEP), together
with the National Center for Atmospheric Research (NCAR), based in the United
States of America, have led to a global analysis dataset covering the period from 1948
to the present day (Kalnay et al. 1996). These data contain all parameters that are
contained in the equations of motion governing atmospheric circulations. In addition,
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some data derived from these fields are also available. The data are available at a
resolution of 2.5° x 2.5% in the horizontal at all standard pressure levels from 1000- to

10-hPa, and at a tempora! resolution of six hours.

The data assimilation téchniqué has been essentially constant throughout the period,
leading to a near homogenous dataset for global climate applications. However, for
Southern Hemisphere applications, certain caveats must be borne in mind. The
Southern Hemisphere is dominated by the Southern Ocean, and therefore
observations, particularly of the upper air, that are assimilated into the re-analysis data
are relatively sparse. After 1978, satellite observations were introduced into the data
assimilation routines. While this introduction of satellite data may lead to some
discontinuities in the re-analysis fields, these are likely to be less pronounced over the

fand where observations already existed (Tennant 2004).

. 3.3. The MRF model

The Medium Range Forecast (MRF) model, developed by NCEP, is a global forecast
model with 1°x1° resolution in the horizontal (Kanamitsu 1989; Kanamitsu et al. 1991;
Kalnay et al. 1990). It is initiélised daily at 0000 UTC and 1200 UTC using data
objectively analysed onto the model grid from the global observation network. These
initialisation fields are utilised to examine the synoptic environment of the case studies
of the present study, and to provide initial and boundary conditions for the simulations
using a iimiteé area model. The MRF model was chosen due to ‘the high spatial

resolution and easy availability of the data.
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3;4. Tropopause maps

| In examining processes in the upper air, such as cut-off lows, the invertibility principle
for poténtial vorticity (see Chapter‘Z) provides. a useful framework. Hoskins et al.
| (1985) demonstrate the usefulness of isentropic potential vorticity maps in the analysis
of midlatitude weather systems. Since potential vorticity is conserved on isentropic
surfaces, the movement of particular systems in the upper air, as well as diabatic
effects, can be easily identified. However, this requires an examination of potential

vorticity on several isentropic surfaces.

Morgan and Nielsen-Gammon (1998) showed that, for an efficient description of the
flowv phenomena in the upper troposphere and lower stratosphere, an analysis of the
potential temperature along the dynamic tropopause is sufficient. The dynamic
tropopause is often defined as a constant potential vorticity surface equal to 1.5 PVU*
(or -1.5 PVU in the Southern Hemisphere). Since potential vorticity is conservative on
constant isentropic surfaces, it follows that the reverse association, such that potential

temperature is conserved on a constant potential vorticity surface, is true.

The technique used to construct the tropopause map in the present study is the
contour superposition technique (Bell and Bosart 1993; Morgan and Nielsen Gammon
1998), a description of which follows. Firstly, pressure level data is linearly interpolated
onto isentropic surfaces. Secondly, the Ertel potential vorticity, Q, is calculated on

isentropic surfaces, which with the hydrostatic approximation is defined by:

Q=g£’i-
o

$1PVU=1.0x% 10 ms" Kkg'
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In the above expression, g represents the acceleration due to gravity; o the
component of ébsolute vorticity normal to an isentropic surface, and ¢ =-dp/d8 is the
péeudo-density, inversely proportional to the static stability. The final stage of the
process is to take contours of the Ertel potential vorticity equal to that defined as the
dynamic trof)opause (i.e. -1.5 PVU), and superpose them onto a new map, labelling
them as the isentropic surface from which they were taken. In this way a single map of

potential temperature on a constant potential vorticity surface may be constructed.

3.5. MM5
MMS5 is the fifth generation of the Pennsylvania State University / National Center for
Atmospheric Research (PSU/NCAR) mesoscale model. The version used in the
present study is Version 3 (Grell et al. 1994). It is a limited area, non-hydrostatic,
terrain-following sigma co-ordinate model designed to simulai:e mesoscale and
regional scale atmospheric circdations. The model was chosen as it is freely available
and has a large community of users. In addition, it has been shown to be an effective
tool for diagnosing extreme rainfall cases in the Northern Hemisphere, fn, for example
USA (e.g. Colle and Mass 2000), Europe (e.g. Romero et al. 2000), and East Asia
(e.g. Yeh and Chen 2002). However, little evidence exists that it has been widely
applied to Southern Hemisphere extreme weather events. The present study therefore
provides an opportunity to assess the usefulness of MMS5 for South African extreme

weather applications.
The model has both one and two-way nesting capabilities. For the purposes of the
present study, the model was run with 27km resolution in the horizontal, with 10-

minute resolution topography taken from the United States Geological Survey
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(USGS), which is available for download as part of the MM5 suite of programs. For
simulation in which nested grids are used, the horizontal resolution of the intermediate
grid is 9km, using 2-minute resolution USGS topography, and the fine grid uses 3km

resolution in the horizontal, and 30-second topography from USGS.

Many options exist for the parameterisation of sub-gridscale processes in MM5. In
order to méintain consistency, the same parameterisations were chosen for both of
the case studies. For all grids, 40 o-levels were used in the vertical, with increased
vertical resolution in‘ the lowest kilometre (approximately 18 o-levels) of the

®

troposphere in order that boundary layer processes are adequately resolved.

Initial and boundary conditions were constructed by horizontal interpolation of global
analyses of atmospheric variables and soil moisture and temperature from the 1°x-1°
resolution MRF model onto the MM5 grid, which were then vertically interpolated to
- the model o-levels. Initial imbalances of the interp&ated fields were reduced by
removing the vertical integral of the horizontal divergence at each grid point through
an iterative process (Grell et al. 1994). Boundary conditions from the MRF model were
imposed every twelve hours (higher temporal resolution data are not available from
the MRF model) for the outer grid, with a linear temporal interpolation between each
MRF model time. The next four grid-points are relaxed towards the boundary values
with a relaxation constant that decreases linearly away from the boundary. For the
nested grids, boundary conditions were applied from the respective. mother grids at
each time step with two-way nesting applied to ensufe that output from the higher

resolution grids are fed back into the mother grids.
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For the optimum simulations to be achieved, various tests were carried out (although
not reported here) of different combinations of parameterisations for the case studies.
In order to maintain consistency, the same parameterisations were used for each of

the case studies in the final analysis. These are detailed below.

Planetary boundary layer physics were parameterised using the MRF scheme (Hong
and Pan 1996). Surface temperature and moisture over land were calculated using the
Noah land-surface model (Chen and Dudhia 2001a,b), which takes account of soil
properties at depths up to 4m below the surface. The calculation of longwave and
shortwave radiative‘ effects on atmospheric temperature tendencies and surface fluxes
included the effects of cloud cover. Moist convection was parameterised using the
method of Grell (1993), whereby cloud properties are calculated using a single non-
entraining updraft that detrains only at the cloud top, and a downdraft that begins at
the level which has minimum moist static energy. For the 3km grid, this
parameterisation was switched off to prevent conflict between explicitly resolved
convection at this resolution and the parameterisation scheme. The explicit
microphysics parameterization (Reisner et al. 1998), which uses predictive equations
for cloud water and rain water below the _freezing level and cloud ice and snow above
_the freezing level was employed. The effects of evaporation, condensation, hydrostatic
water loading, melting, freezing, deposition, sublimation and supercooled liquid water

were all included in this scheme.
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3.6. Diagnosing the model output
Some of the techniques used in the diagnosis of the model output are detailed below.
Some other techniques were also used, but are elaborated on in the relevant chapters

of this thesis.’

3.6.1. Identification of convection

One of the most important mesoscale processes contributing to events characterised
by extreme regional rainfall, and in some casés flash-flooding, is deep moist
convection (Doswell et al. 1996). For deep moist convection to occur, three criteria
must be present, namely, upward motion, low-level moisture and instability. A useful
diagnosis parameter here is integrated low-level moisture flux convergence, F,,, since
it parameterises the first two criteria (i.e. upward motion in the presence of low-level

moisture) (Barnes and Newton 19886). Itis defined as
d)
F, = j:V.(qV)—p.
¢ g

In the above expression, ¢ is the specific humidity, p, is 1000 hPa, and V is the

horizontal wind.

in moist environments, equivalent potential temperature, 8, is the important
parameter governing the stability of the atmosphere. Therefore an indication of
| instability can be gained by taking the difference in 6. between the 1000 hPa and 500

hPa levels of the troposphere.

3.6.2. Orographic effects
In order to examine issues regarding the influence of mesoscale topography on the

low-level flow impinging on it, two dimensionless parameters are important, namely
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the Froude, Fr, and Rossby, Ro, numbers. Fr gives an indication of the preference of
the flow to go over (Fr>1) or around (Fr<1) the topographic barrier (Smith 1979).
However, it has been shown that some degree of blocking is likely for Fr<5 (Baines
1979; Smolarkiewicz and Rotunno 1990). Triib and Davies {(1995) found that as Ro
decreases, the flow response to the topographic barrier changes from vertically
propagating gravity waveé {Ro>1), to a leeward train of near inertial waves (Ro~1), to
a state dominated by the adjustment process associated with scale contraction
(Ro<1). In the case of blocked flow, the Burger number (B=RofFr) becomes important -
as it gives an indication of the timescales for which blocking will continue
(Pierrehumbert and Wyman 1985). The expressions used to calculate Ro and Fr are

shown below.

Fr= R0=-g-.

v
Nh
in the above expressions, U is the incident wind speed, N is the Brunt-Véiséla

frequency, which is a measure of buoyancy in the atmosphere, % is the height of the
topographic barrier, L is its half width, and fis the Coriolis parameter. In this case N is

calculated from

a8
N?= éi_}
(6’ 0z

where g is the acceleration due to gravity, 4 is the potential temperature and 0 6/9z is

the vertical gradient of potential temperature.
3.7. Sensitivity tests

Most of the sensitivity tests are detailed in Chapter 7. However, here an overview of

the SST datasets used and a description of the factor separation technique are given.
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3.7.1. Sea Surface Temperature

For the main part, the SST used in the simulations is taken from the NAVOCEONO
(Naval Oceanographic Office, USA). This SST prodtjct is derived from the NOAA
,(Natihonal Océanié and Atmospheric Administration)—PoIarv Orbiting Advéhced Very
High Resolution Radiometer (AVHRR) multi-channel sea surface -temperature
(MCSST) algorithm. Improved cloud detection algorithms applied by NAVOCEANO
yield an inéreased number of retrievals compared to other MCSST datasets. The data
are interpolated to an 18km grid and are available as weekly averages. Therefore the
. —-resolution.is high enough that the mesoscale details.of the SST in the Agulhas Current
region are included, and the impréved cloud detection algorithm allows more SST data
to be available in areas such as over the Agulhas Current, where cloud is common

(Lutjeharms et al. 1986).

For the lower resolution SST Adata, the data are taken from the NCEP Reynolds
- Optimally Interpolated (Ol) SST dataset (Reynolds ané Smith 1994). These data have
a resolution of 1° Iatitude-longitﬁde, and are derived from in-situ observations and the
NOAA AVHRR saiellite. The lower horizontal resolution of these data means that the
warm core of the Agulhas Current and the steep mesoscale SST gradients are not

well resolved (Rouault et al. 2003).

3.7.2. Factor separation

In sensitivity experiments in‘numerical modelling, the impact of one factor may be
easily obtained by analysing the difference of simulations including that factor, and
sinﬁulations exduding that factor. However, when more than one factor is to be

considered, the evaluation of the influences of these factors is not so straight forward
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due to non-linearities of the processes involved. In order to isolate the effects of these
“interacting processes, the factor separation of Stein and Alpert (1993) is used. These
authors found that for investigatiens involving nl.factors, 2" simulations are required.
Therefore, for investigations, such as the present study, in which an evaluation of two

factors is required, four simulations are necessary.

Theee four simulations are denoted fy, in which neither of the factors are included; fi,
in which factor 1 is included, but not factor 2; f;, in which factor 2 is included, but not
factor 1; and fi2, in which both factors 1 and 2 are included. The individual contribution
of factors 1 and 2 denoted by f1* an‘d f.* respectively, are given by:

fi*=f -1

fo* = — o,
and the combined contribution of factors 1 and 2, denoted by f1,*, is given by:

fio* =fio—(f1 +f2) + fo

3.8. Summary
This chapter has provided details of the datasets, models and some of the analysis
techniques used in this study. The following chapters use these data and techniques

in order to address the research objectives set out in Chapter 2.

40



Andrew Singleton: PhD Thesis : - Chapter 4

Chapter 4

A 30-year climatology of cut-off low
pressure systems over subtropical
southern Africa
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4;1 . Introduction

‘This chapter presents a 30-year climatology (1973-2002) of cut-off low pressure
systems identified from 300 hPa geopotential heighf data for subtropical southern
Africa. The area under invéstigation is the box bounded by 10-40°E longitude and 20—
40°S latitude. The climatology was derived from 300 hPa reanalysis fields from NCEP
(Chapter 3 Kalnay et al. 1996). Features of cut-off lows examined herein include their
" frequency, seasonality, interannual variability, geographical distribution, latitudinal
width and duration. Possible relationships with large scale modes in the Southern
Hemisphere are also investigated. This climatology represents a re-visiting of the 10
years of data examined by Taljaard (1985) using the more reliable NCEP re-analysis

data, and an extension of the period to 30 years starting from the same year (1973).

Fo!lowihg this introduction, the chapter is divided into three main parts. Section 4.2
describes the methods used to identify cut-off lows, their size, duration and
geographical distribution. Section 4.3 provides an analysis of these systems in terms
of the methods described in section 4.2, and Section 4.4 concludes the chapter with a

summary of the main findings.

4.2. Methodology

The cut-off lows were subjectively identified by a closed geopotential height contour
_lasting for more than 24 hours at the 300 hPa level within the southern African region
bounded_ by 10-40°E longitude and 20-40°S !atitude..CIosed geopotential height

~ contours that were not fully within this domain for at least 24 hours were discarded.
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Over the period 1973-1982, a small number of the cut-off lows identified by‘ Taljaard
(1985) did not appear in the NCEP reanalysis data. In such cases, the geopotential
height and winds at all standard pressure levels from 600-100 hPa were examined.
However, in all these cases there appeared to be no evidence of cut-off lows in the
NCEP data, although cbld troughs were present. Additionally, a small number of cut-
off lows were present in the NCEP reanalysis data that were not identified by Taljaard
(1985), but were included in the construction of the present climatoiogy. These
discrepancies are likely a result of differences between the datasets used, although
unfortunately it was not possible to access the raw data used by Taljaard (1985) to

investigate further.

The duration of a cut-off low was defined as the time for which at least one closed
geopotential height contour was within the area as described above. To analyse the
duration of these systems, they were split into three categories, namely, those lasting

1-2 days over this region, those lasting 2-4 days and those existing >4 days.

The geographical location of a cut-off low was defined by separating the southern
African domain into four regions, A in the southwest, B in the southeast, C in the
northwest and D in the northeast (Fig. 4.1). A cut-off low was defined as being in a
particular region by the location of its centre. These regions were divided in such a
way as to minimise the number of systems that appeared in more than one region. In
cases where a system tracked over more than one region, it was counted once for

each region in which it was present.
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The size of the cut-off was defined as the latitudinal width of the outer closed
geopotential height contour of the system at 300 hPa. The cut-off lows were then split
into four width categories, namely, 100-400 km, 400-800 km, 800-1200 km and

>1200 km.

4.3. Analysis

4.3.1. Frequency and variability

A total of 323 cut-off lows were identified at 300 hPa over the‘ASO-year 1973-2002
period-(Appendix.A),resulting-in an_annual_average of around. 11.systems, consistent
with Taljaard (1985). The monthl} frequency of cut-off lows aggregated over these 30
years is shown in Fig. 4.2. It is clear that April is the most common month for cut-off
lows over subtropical southern Africa, accounting for 51 of these systems. March, May
and June also show high occurrences, while cut-off lows are least common in
December and January. This ?s consistent with the findings of Taljaard (1985) for
1973-1982. There also appears to be evidence of a semi-annual cycle with relative
peaks in April and October. This suggests a possible association with the semi-annual
oscillation (SAQ),( which is prominent in the Southern HemESphére 'atmospheric
circulation and rainfall between 35° and 65°S. Between these latitudes, the SAQ is
evident as sea-level pressure and geopotential height maxima during the spring and
autumn, and minima in early winter and summer (van Loon 1967; van Loon and
Rogers 1984; van Loon et al. 1993). Given that one of the characteristics of cut—off
lows over southern Africa is a strong ridge of high pressure over _the ocean to the
south of South Africa, a strengthening of this ridge, or a shift in the longwave ridges
and troughs due to the SAC may provide a mechanism for cyclonic systems becoming

cut-off over this region.
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Fig. 4.3 shows the annual frequency of cut-off lows over South Africa for the 30—year‘
period 1973-2002. There appears to be no obvious trend in the number of these
systems over this period. However, there is cdn_siderable interannual variability in the
number of systems from year to year with noteworthy peaks and trbughs. For
example, in 1974 and 1983 there were 15 cut-off lows over southern Africa, while in

1991, 1998 and 1999 fewer than five cut-off lows occurred over the region.

Such interannual variability prompted an investigation of associations of cut-off lows
with large scale interannual modes that are known to influence the climate of the
region such as ENSO. ENSO is known to project strongly over the southern African
and South Atlantic regions, particularly in JAS (July, Auguét, September) of the onset
year, and JFM (January, February, March) of the mature phase year (Lindesay 1988;
Réason et al. 2000; Colberg et al. 2004). Fig. 4.3 shows that five of the seven strong
mature phase La Nifia years in the 30-year period (Table 4.1) correspond to above
average frequehcies (i.e. more than 11) of cut-off lows over southern Africa (1974,
1989, 1996, 2000, 2001). Only one of these years experienced a well below average
cut-off low frequency (1999). The reverse El Nifio association is not so robust, with
.only two years (1992, 1998) of the five strong El Nifio mature phase years (Table 4.1)
well below the average frequency. However, 1973 and 1987 experienced average

numbers, and only 1983 was above average.

El Nifio La Nifa
1973 1974
1983 1976
1987 1989
1992 1996
1998 1999
2000
2001

Table 4.1 — Strong mature phase years of ENSO

46



Andrew Singleton: PhD Thesis Chapter 4

Fvurther investigation of the variability of these systems Was undertaken by dividing the
voccurrences of cut-off lows into seasons, name‘ly, summer (Décember, January,
February - DJF); autumn (March, Apﬁt, May - MAMY); winter (June, July, August - JJ'A);
and spring (September, October, November - SON). For the DJF season (Fig. 4.4a),
only 2-3 cut-off lows occurred in most years, with 5 in 1975 and 6 in 1990. In 1980,
1991, 1994 and 2002, ho cut-off lows occurred over vsubtropical southern Africa in this
season. As previously mentioned, cut;off lows are most abundant over this region in
April, with March and May also experiencing high occurrences (Fig. 4.2). The
—frequency. distribution_for. the. MAM..season_(Fig.. 4.4b). shows that.3-7 _cut-off lows
occurred in this season, and suggests that maxima occurred on an approximately 7-8
year cycle, with minima on an approximately 6-year cycle. Of the seven mature phase
La Nifia seasons, five experienced ébove average numbers. F}or the JJA season (Fig.
4 Ac), tﬁere was considerable interannual variability in the frequency of cut-off lows,
with 6 systems in 1983, and 7 in 1986, while there were none in 1976, 1990 and 1998.
Additionally, all the La Nifia onset years (1973, 1975, 1988, 1995, 1998, 1999, 2000)
experienced below average numbers in this season. There was little interannual
variability for the SON season (Fig. 4.4d), with many years experiencing three cut-off
lows in this season. Significant peaks occurred in 2000 and 2301 when there were five

cut-off lows in SON.

.Although there seems to be an ENSO signal in the ahnual mean frequencies, there
appears to be less evidence of an ENSO association in the seasonal frequencies, with’
no robust signal in the DJF frequency for mature phase years. However, there is some
suggestion of a La Nifia signal in the JJA frequency for onset years, and MAM for

mature phase years. The frequency distributions fdr the JFM and JAS seasons were
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also examined (not shown) for better comparison with the documented seasons of the
projection of ENSO over the southern African and South Atlantic regions (Lindesay
1988; Reason et al. 2000; Colberg et al. 2004), but the results were similar to DJF and

JJA.

The relative peaks in cut-off low frequencies noted in April and October indicate a
potential relationship between cut-off low frequency and‘ the SAO on annual
timescales, possibly through alterations in the strength of-the subtropical ridge. It -
seems logical, therefore, that interannual variability in the sea-level pressure and
geopotential height maxima in mid-latitudes due to changes in the strength of the -
SAOQ, or shifts in the zonal wavenumber 3 pattern will affect the tendency for cold

troughs becoming cut-off equatorwards of these pressure maxima.

It has been shown that there wés a weakening of the SAO after 1979 (van Loon et al.
- 1993; Hurrell and van Loon 1994; van Loon and Tourpali 1995; Chen and Yen 1997;
Meehl et al. 1998). This weakening was most prominent in the winter—spring half of
the annual cycle over the mid-latitudes where the sea-level pressure maximum
disappeared. These changes occurred mostly over the Southern Ocean between 40°
and 60°S and were possibly related to shifts in the zonal wavenumber 3 patterh (vah
Loon et al. 1993). Through an examination of winter (JJA) circulation variability, Chen

and Yen (1997) were able to show that an enhancement of zonal wavenumber 3 after
1980 led to s'éa—level pressure decreases over the three ocean sectprs between 60°

and 70°S and increases in the sea-level pressure of the subtropical ridges.
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At the same time as the documented weakening of the SAO during the 1980’s, cut-off
| low frequencies were average or above average e\/ery year in this decade (Fig. 4.3).
Furthermore, there was a considerable increase in cut-off low frequencies in JJA at
this time (Fig. 4.4c¢). Additibnally, there was a considerable and sustained increasé in
the number of cut-off lows in the SON season after 1979 (Fig. 4d). The timing of these
changes in cut-off low frequencies therefore appears to suggest an association with
the weakening of the SAO, which was most pronounced in the winter-spring seasons.
Further evidence for a relationship between cut-off lows over subtropical southern -

Africa is presented in section 4.3.3.

4.3.2. Duration

The duration of cut-off lows for each season is shown in Fig. 4.5. For all seasons, the
distribution is broadly similar, with more than 50% of cut-off lows lasting only 1-2
days, and less than 10% lasting for more than four days. This is consistent with the
findings of Price and Vaughan (1992), who found that at sub-tropical latitudes, cut-off
lows tend to be relatively short-lived. In the MAM season, when the majority of cut-off
lows occur over South Africa (Fig. 4.2), the number of cut-off lows lasting 2-4 days is
closer to those lasting 1-2 days than in other seasons. However, it is also evident that
in MAM there is a lower frequency of cut-off lows lasting for more than four days than

in other seasons.

4.3.3. Regional distribution
The seasonal distribution of cut-off locations ovef subtropical southern Africa is shown
in Fig. 4.6 (see Fig. 4.1 for regions). Region A is the preferred location for occurrences

of cut-off lows over subtropical southern Africa with more than 35% in over this
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southwestern r‘egion in él; seasons. However, the relative frequency between the other
regions changes from season to season. For example, in MAM, region B (southeast)
is the second most common location, whereas in JJA and SON, region D (northeast)
is the second most common location. Additionally, while SON shows the highest
frequency ofytcut—off lows in region A, it haé the lowest frequency in region B indicating
that the southernmost regions do not necessarily have the highest frequency of
events. A closer examination of the SON and MAM seasons (not shown) reveals that
in MAM about 20% of the cut-off lows appearing in region A had tracked across to
region B, whereas in SON only about 5% of the cut-off lows appearing in region A
tracked across to region B. This suggests that in the MAM season, there is a stronger -
preference for cut-off lows to track east along the south coast compared to other
seasons. The seasonal differences in the frequency of cut-off lows in the different
regions described above may reflect shifts in the African sector of the zonal

wavenumber 3 or 4 pattern of ridges and troughs in the Southern Hemisphere.

It was suggested in section 4.3.1 that the weakening of the SAO after 1979 and
associated enhancement of the subtropical ridge, through a shift in the zonal
wavenumber 3 patterﬁ, may have been associated with the average or above average
frequency of cut-off lows over South Africa throughout the 1980's. Van Loon and
Tourpali (1995) showed that the weakening of the SAO was accompanied by an
increase in the geopotential height gradient along 55°S at 500 hPa between 70° and
10°W in the Southwest Atlantic, suggestive of increased equatorward meridional flow
in this region and therefore an increase in meridionally extensive trough development.
In an attempt to investigate ény relationship the weakening of the SAC may have had

with the location of cut-off lows over southern Africa, time series of cut-off low
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frequencies were constchted forv each region (Fig. 4.7). Regions A and B (Fig. 4.73-5)
do not appear to display any coherent change in frequencies after 1980, although
there is some evidence of a decrease in the number of systems in regions A and B
after 1981 and 1983 respectively. Region D, however, shows a dramatic }increase in
the number of cut-off lows after 1982, which decreases again towards the end of the
1980's (Fig. 4.7d). Region C (Fig. 4.7¢c) shows a smaller increase after 1983, again

with a decrease towards the end of the 1980s.

Region A B C D TOTAL
73-82 :

DJF 8 2 7 4 21
MAM 20 14 5 11 45
JJA 10 2 5 5 C 22
SON 13 5 4 2 22
TOTAL 51 23 21 22 110
83-92 ’
DJF 5 5 1 4 15
MAM - 9 7 10 5 - 30
JJA 12 7 4 17 37
SON 12 3 4 10 26
TOTAL 38 22 19 36 108
93-02 :

DJF 7 3 4 3 14
MAM 23 14 8 10 41
JJA 8 9 1 5 24
SON 12 4 8 8 26
TOTAL 51 30 19 25 105

Table 4.2 — Number of cut-off lows over Southern Africa in each season by the region in which they
occur. Note that the right hand column is the total number of cut-off lows over the whole area, rather
than the sum for each region, since some systems were present over more than one region.

The variability in the regional distribution of cut-off lows from decade to decade was
investigated by splitting the climatology into three distind ten-year portions (1973~
1982, 1983-1992 and 1993-2002) based on Fig. 4.3. Table 4.2 shows the number of
cut-off lows per season for these decades. For 19731982 and for 1993-2002, the

southwestern region A was by far the most common region for cut-off low
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occurrences. However, during the period 1983-1992, approximately 30% fewer cut-off
- lows were present over region A and close to 50% more over the northeastern region
D. The decrease in the number of cut-off lows over region A was most pronounced in
the MAM season, with 50% fewer systems, while region D expeﬁenced an
approximately threefold increase in the JJA season. Additionally, for the 18831992
decade, the most common season for cut-off lows over the entire domain was JJA
compared to MAM for the other two decades in the climatology. There was little
appreciable change in the total number of systems over the northwestern region C
between the decades, although many more were observed over this region in 1983—
1992 and 1993-2002 in the MAM season than during 1973-1982. Region B
(southeast) shows no major changes in the number of systems from 1973-1982 to

1983-1992, while there was a substantial increase in 1993-2002.

. In order to investigate mechanisms potentially driving the changes in the regional and
seasonal distribution from between decades, differences in the 500 hPa geopotential
heights for the Southem Hemisphere between the decades were examined. On
climatological timescales, the Southern Hemisphere shows an equivalent barotropic
troposphere and thus changes in the 500 hPa geopotential height are reflected at
cher isobaric levels within the troposphere and i'n the sea-level pressure (Szeredi and

Karoly 1987; Karoly 1995)

Fig. 4.8a shows the mean 500_hPa geopotential height difference between the 1983~
1992 and the 1973-1982 periods, which roughly corresponds to the period when the
SAO went from stronger to weaker conditions. During this period, there was a large

pressure decrease to the south and southwest of South Africa and a pressure
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iﬁcréaSe between 35°-60°S to the southeast of South Africa. This dipolar pattern in
‘pressure change in the South African region suggests an increase in the number of
troughs approaching from the west,A where pressufe was decreased. The positioh of
the pressure increase to the southeast of South Africa may have influenced thése
troughs becoming cut-off more to the east in region D‘compar*ed to the more common
region A for the previous décadé, since it would tend to encourage large meridional
displacements in the flow over eastern South Africa, and a strong contrast in the

relatively tropical flow over eastern South Africa. and the relatively polar flow over

- western. South Africa. ..

A comparison of 1983-1992 with 1993-2002 (Fig. 4.8b) indicéted that there was little
change in the 500 hPa geopétential height distribution around South Africa, except for
a small increase to the south and southeast of South Africa between 45° and 60°S.
This pattern suggests a strengthening in the westward extent of the anticyclone south
of South Africa andv may have influenced regfon A becoming the more favoured region
for cut-off lows (Table 4.2). Over the hemisphere as a whole, a Southern Annular
Mode pattern (Kidson 1988) is apparent with a superimposed wave 3 structure in the

midlatitudes.

Seasonal changes in 500 hPa geopotential height between the 1973-1982 and 1983-
1992 decades are presented in Fig. 4.9. As has been discussed, the largest changes
in cuf-oﬁ low frequencies over this time period occurred in the MAM and JJA seasons.
For the MAM season (Fig. 4.9b), there was a large decrease in geopotential height |
over the South Atlantic between 35°%60°S. The relatively zonal orientation of this

decrease suggests that there was an increase in the zonal flow to the west of South
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Africa. Thus, equatorWards meridional flow into the midlatitudes was likely decreased,
reducing the likelihood of meridionally pronounced troughs forming, which is reflected
in the reduction of the number of cut-off lows in this season from 45 in MAM of 1973-
1982 to 30 in MAM of 1983-1992 (Table 4.2). In JJA, when there were 15 more cut-off
lows during 5983—1992 than for 1973-1982 (Table 4.2), there was a reduction in the
geopotential height south of South Africa (Fig. 4.9¢c). This area of geopotential height
decrease extended to high latitudes, which suggests tha_t there was an increase in the
meridional flow, favouring the formation of meridionally extensive troughs and the
potential for cut-off low formation. The increased geopotential height to the east of
South Africa may have helped to promote the cutting-off process, while tﬁe location of
the geopotential height decrease to the southeast of South Africa may have enhanced
the likelihood of cut-off low formation over the northeast of South Africa as reflected in
the large increase of cut-off lows in northeastern region D (Table 4.2). Additionally, the
area to the west of South Africa showed increased barocliﬁicity in JJA as the lower
- troposphere warmed by 1.5°C and mid-levels became cooler by 0.5°C (not shown),

suggesting greater numbers of baroclinic systems.

For the SON season, when there was also an increase in the number of.cut-off
lows in 1983-1892 compared to 1973-1982, particu!arly in northeastern région
D (Table 4.2), there was a decrease in the geopotential height to the southwest
of South Africa extending to 70°S (Fig. 4.9d). This reduction in geopotential
height suggests an increase in the meridional flow to the west of Sputh Africa,
- and thus t'he formation of troughs in fhat region. Additionaﬂy, there was a large

increase in the geopotential height to the southeast of South Africa, which may
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have favoured the cutting off process in region D, hence the increase in cut-off

lows over that region (Table 4.2).

In the DJF season, there was a slight reduction in the total number of systems
between 1973-1982 and 1983-1992 (Table 4.2), but the relatfonship to changes
in geopotehtial héight appears to be less robust. The change to the séuth of
South Africa (Fig. 4.9a) was similar to that in the SON season (Fig. 4.90), with a
reduction in geopotential height to the southwest extending to high latitudes and
an incré,ése ‘t.o the southeast. 'Asndiscusse'd for th:e SON .season, one would
expect such a change in geopotential height to result in more cut-off lpws, but
for DJF the opposite is true. In the DJF season, however, the increase in
geopotential height southeast of South Africa did not extend so far to the north,
or to the soﬁth, and the magnitude was much less than in SON, which may
have resultéd in a weaker mechanism forcing troughs to become cut-off over
South Africa. Additionally, Fig. 4.2 has shown that DJF is the season when the
fewest cut-off lows formed, and therefore the seasonal signal likely obscures
any relationship with the Southern Hemisphere geopotehtial height anomalies

shown in Fig. 4.9a.

4.3.4.. Latitudinal width
The seasonal distribution of cut-off lows by latitudinal width is shown in Fig.
4.10. In the DJF season, the majority (about 36%) of cut-off lows have a

latitudinal extent of 400 — 800 km, with 31% extending 800-1200 km, and 25%
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bAeing greater than 1200 km. Approximately 7.5% of cut-off lows in this season

fell into the smallest category, with a latitudinal size of 100—-400 km.

in the MAM season, when cut-off lows were most common over the 30-year
climatology, the majority of cut-off lows (around 35%) had a latitudinal size of
800-1200 km. The 400-800 km and the greater than 1200 km categories each
accounted for 30% of cut-off lows. Only 5% of cut-off lows fell into the 100-400

km category for this season.

Similar to the MAM season, the majority of cut-off lows (about 36%) in JJA had
a latitudinal width of 800—1200 km. However, unlike the MAM season, a similar
number of cut-off lows fell into the 400-800 km category, which accounted for
34% of the systems in the JJA season, as the 800—1200 km category.
Accordingly, the number of systems larger than 1200 km in latitudinal size
(25%) was much less in JJA compared MAM. Similar to MAM, only 5% of

systems had a latitudinal size of 100—400 km.

in the SON season, there was a roughly equal distribution of systems between
the 400-800 km (29%), 800-1200 km (29%), and greater than 1200 km (28%)
categories. There was alsé awmuch larger proportion of small cut-off lows in
'SON compared to the other seasons, with the 100400 km category accounting

for 13% of the total for the season.
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The interannual tendency in the average size of cut-off lows is presented in Fig.
4.11. It is clear from Fig. 4.11 that there was a fendency for the average size of
cut-off lows to increase over subtropical southern Africa between 1984 and

1997. After 1997, the average decreased.

4.4. Summary

The purpose of this chapter was to develop a 30-year (1973-2002) climatology
of cut-off low pressure systems over the subtropical southern Africa region from
NCEP reanalysis data. The findings are consistent with a previous 10-year
study, covering the period 1973-1982 (Taljaard 1985), with an average of
approximately 11 cut-off lows per year and relative maxima in spring and

autumn.

The interannual variability of cut-off lows over this region suggests that there
may be some relationship between the frequency of cut-off lows and ENSO.
Mature phase La Nifa years were assoc;iated with ‘increased occurrencés of
cut-off lows over subtropical sodthern Africa and, to some extent, the reverse

was true for mature phase El Nifio years.

in the 1980's, each year experienced an average or above average number of
occurrences of cut-off lows, and there was a shift from MAM to JJA for the most
favoured season for cut-off low occurrences over the region of the present

study. Additionally, there was a change in the most common location for cut-off
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lows from the southwest of the region to the northeast. This time period
coincides with a weakening of thé SAO, which has been shown to manifest
itself in a strengthening of the subtropical ridge in winter due to a shift in zonal
wavenumber 3 (Chen and Yen 1997). This strengthening of the éubtropical
ridge over, and to the east of South Africa, accompanied by a decrease in
geopotential height over the South Atlantic, resulting in increased meridional
flow, led to the increased number of cut-off lows ’in JJA. In MAM, however,
there was an increase in the strength of the zonal ﬂox& to the west of South
Africa creating less favourable conditions for troughs‘to extend equatomards,
and therefore fewer cut-off lows over the subtropical southern Africa region.
These results suggest that there may be a strong relationship between the
location and seasonality of cut-off lows over subtropical southern Africa, the

SAQ and zonal wavenumber 3.

Additionally, the latitudinal width and duration of cut-off lows has been
discussed. In the MAM and JJA seasons, the majority of cut-off lows have a
latitudinal width of 800-1200km, whereas in the SON and DJF seasons, smaller
systems less than 800km in width account for a larger proportion of the total
number of cut-off lows. From the mid-1980s, there was an increase in. the
average size of cut-off lows, which continued until the Iate» 1990's. For all
seasons, cut-off lows tended to be fairly short-lived at 1-2 days, which has been

shown to be typical at subtropical latitudes (P’rice and Vaughan ,1992)' The
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highest frequency of cut-off lows lasting for 2-4 days occurred in MAM, whereas

those systems existing >4 days were most common in JJA.

This chapter has therefore established a climatology for cut-off l_on pressure
systems over the subtropical séuthem Africa regioh, and probosed mechanisms
for their interannual variability and changes in the most common seasons for
occurrences over particular regions. Given that a high proportion of South
Africa’s flood disasters result from cut-off lows (Alexander ‘2000), better
understanding of their seasoriaiity and interannual variability should be a high
priority. The following chapters present two case studies of cut-off lows that led
to extreme quantities of rainfall over coastal regions of South Africa. In
particular, the forcing mechanisms on the evolution of the low-level flow within
the cut-off low environment are investigated using a mesoscale numerical

model, with a view to establishing reasons for the extreme rainfall observed.
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Figure 4.1 — Map of the domain covered by the cut-off low climatology divided into

regions A, B, C, and D.
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Figure 4.3 — Frequency distribution of cut-off lows per year from 1973 — 2002. The solid
horizontal line shows the mean, and the dashed lines one standard deviation either side
of the mean.
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Figure 4.6 — Frequency distribution of the number of cut-off lows in regions A, B, C
and D duration categories (as percentage of cut-off lows in each season) for the

period 1973 — 2002.
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Figure 4.8 — Difference in the 500 hPa geopotential height: (a) 1983-1992 minus
1973-1982 and (b} 1993-2002 minus 1983-1992. Contour interval is 5m and solid
(dashed) contours represent an increase (decrease).
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Figure 4.9 - Difference in the 500 hPa gebpotentiai height: 1983-1992 minus 1973-
1982; (a) DJF, (b) MAM, (c} JJA and (d) SON. Contour interval 5m, and solid
(dashed) contours represent an increase (decrease).
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Figure 4.11 — Average size of cut-off lows from 1973 to 2002 (thin line), with a 5-year
running mean (thick line). The solid horizontal line shows the long-term mean size, and
the dashed lines show one standard deviation either side of the long-term mean.
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51 Introduction

The objective of this chapter is twofold. Firstly,v an overview of the twot:ase studies is
presented. The quantity and location of the extreme rainfall for each of the case
studies is discussed, and thé evolution of the respective synoptic environments from
the MRF model analyses is examined. Mechanisms which may have contﬁbuted to
the extreme rainfall are identified. The second objective is to assess the ab‘ility of the
mesoscalehumerical model to simulate these events. Comparisons with observed
precipitation, surface obseNations, MRF model analyses and satellite observations

_ .aremade..__. S e N e

The chapter is set out as follows. In section 5.2, the East London case study is
discussed in terms of the rainfall and synoptic evolution, and similary in section 5.3
for the Montagu case study. Section 5.4 comprises a discussion of the validation of
the MM5 output for the East‘London case study, with section 5.5 comprising the
"same for the Montagu case study. Section 5.6 concludes the chapter with a

discussion of the similarities and differences between the two case studies.

5.2. The East London case: observations and synoptic overview

This event occurred in August 2002 and affected the coastal region of the Eastern
Cape province. At least three lives were lost and there was considerable damage to
homes, roads, bridges and infrastructure. Many storm drains were destroyed, and
around 3000 people were left homeless due to flooding. The harbour at East London,
which is of great.importance to Soufh Africa industry, was forced to close as water

levels became too high to operate safely.
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5.2.1. Observed precipitation

Figure 5.1a presents an objective analysis (Cressman 1959) of the observed rainfall
over the Eastern Cape for the 24-hour period to 0800 LST 16 August 2002. (Note
that LST = UTC + 2 hours). It is noted that caution should be observed in assuming
that the spatial precipitation pattern is well resolved over this area since there are
very few rainfall measuring étations, particularly near to the coast that can be
included in the objective analysis. However, the spatial filtering implied by the
analysis provides a slightly smoothed field which may be better suited to comparison
with model results. ____ o
Heavy precipitation was mainly égnﬁned to the coastal region of the Eastern Cape of
South Africa on 15-16 August, with a maximum at East London where 317 mm was
measured at the SAWS recording station over the 24-hour period to 0600 UTC 16
August. This compares fo the climatological average there for August of 78mm. Other
precipitation peaks were observed at stations to the west of this, with 84mm at
Grahamstown, and 81mm at Uitenhage, and there was little inland penetration of the
rainfall {(observed precipitation for all stations is included in Table B1, Appendix B at
ihe end of this thesis). The maximum intensity of the precipitation occurred at the
East London station between 2200 UTC 15 August and 0200 UTC 16 August, with a
maximum rain rate of 84 mm.h-1 between 2300 UTC 15 August and 0000 UTC 16

August.
There appears to be little relationship between the individual rainfall peaks and

topography in this region since the slope of the coastal topography here is relatively

gentle, although it may be argued that the inland precipitation peaks are related to

76



Andrew Singleton. PhD Thesis Chapter 5

the more complex topography theré. However, it is possible that these precipitation

| peaks are an artefact of the paucity of available data in this region.

Rainfall over the ocean measured by the TMI sensor on the TRMM satellite showed
an area of heavy precipitation to the southeast of the Eastern Cape coast centred at
37°E, 34°S, and a zonal band of precipitation just south of the Eastern Cape between

25°-35°S (Fig. 5.1b).

5.2.2. Synoptic evolution

A description of the synoptic structure and evolution of this case study follows, based

mainly on analyses from the MRF model initialisation fields at 12-hour intervals.

The synoptic situation at 0000 UTC 15 August precedes the period of most intense
precipitation over East London by 24 hours. The MRF model 500 hPa geopotential
height, temperature and wind are shown in Fig. 5.2, with the corresponding fields ét
925 hPa shown in Fig. 5.3. A cyclone centred at approximately 31°S, 20°E and
embedded in a cold trough with a north-northwestward orientation, existed at 500
hPa over the west of South Africa, and a cold pool was preéent just to the south of
the closed geopotenﬁal contour (Fig. 5.2a). An additional cold pool was also present
over the ocean at 46°S, 22°E. A strong northwesterly jet flowing toward the South
‘West Indian Ocean existed on the eastern side of the trough, while a warm ridge was

present over Madagascar.

The lbw—ievel flow at this time was characterised by a ridge of high pressure over the

ocean to the south of South Africa (Fig. 5.3a), a typical situation near the sun‘éce
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during cut-off low events over South Africa (Taljaard 1985). Southeasterly onshéré
flow advected cold air from relatively high latitudes onto the Eastern Cape coast.
Ahead of the ridge, an easterly trough advected warm, moist tropical air down the
eastern seaboard of South Africa. Scatterometer surface winds derived from
measurements from the .QuiKSCAT satellite show that the air being advected onto the
Eastern C‘ape coast near to this time (~ 0500 UTC) originated from latitudes
po!ewards of 45°S (Fig. 5.4a). As a result, a strong southwest — northeast air mass -
contrast existed in the lower levels of the atmosphere over the Eastern Cape coastal

region.

The synoptic situation at 1200 UTC 15 August, at which time light precipitation had
begun over coastal regions of the Eastern Cape, was similar to that seen twelve
hours previously. The cyclone at 500 hPa had moved slightly to the east and was
centred at approximately 31°S, 22.5°E, with strengthened cyclonic flow, while the
northwester{y jet streak continued to exist on the eastern side of the trough (Fig.
5.2b). However, at this time, the cyclone did not appear to have any closed
temperature contours associated with it as one would expect for a cut-off low. An
inspection of the 700 hPa temperature distribution (not shown) revealed closed
temperature contours around a cold pool approximately co-located with the cyclone
at 500 hPa, suggesting that the centre of the cut-off low had penetrated lower into the

troposphere.
At 1200 UTC 15 August (Fig. 5.3b), the near-surface ridge over the ocean had

extended farther to the east, while the trough ahead of the ridge had extended over

the ocean to the east of South Africa and farther to the south. As a result, the
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‘s{rength of the onshore flow increaéed and led to the formation of an onshore LLJ
‘impinging onto the coast at approximately 25.5-27°E. The flow in the vicinity of the
entrance region of the LLJ had béoome more easterly suggesting that warmer,
moister, lower latitude air than twelve hours previously was being advected onto the
Eastern Cape coast by the LLJ, which is also confirmed by the QuikSCAT wind
measurements near to this time (~1450 UTC) (Fig. 5.4b). However, it is unfortunate
that at this time, some areas of interest for this event were obscured by the swathe of

the satellite.

Twelve hours later, at 0000 UTC 16 August, during the period of most intense rainfall
over East London, the gradient of the trough at 500 hPa had‘steepened towards its
base to the northwest and at the head to the southeast. A closed geopotential height
contour remained near 32°S, 24°E with a cold pool to its southwest (Fig. 5.2c¢).
Towards the apex of the trough, a second cold pool had developed off the coast of
Namibia, while the northwesterly jet streak céntinued to exist on the eastern side of
the trough. At low-levels (Fig. 5.30);' the warm near surface trough to the east of
South Africa extended farther to the south compared to twelve hours before, and the
high pressure ridged farther to the east enhancing the preésure gradient over the
ocean to the east of the Eastern Cape coast. As a result, the strength of the onshore
LLJ increased further and remained at approximately the same location as twelve
hours earlier (Fig. 5.3b). Towards the entrance region of the LLJ, the flow was
northeasterly, suggesting that warmer, moiéter, subtropical air was being advected by
the LLJ onto the Eastern Cape coast. Near this time (~0440 UTC), the QuikSCAT
surface winds show that there was a considerable narrowing of the LLJ (Fig. .5.4c),

and confirm the northeasterly flow into the LLJ. Additionally, the flow entering the
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southern flank of the LLJ from the southeast did not originate from as far to the south

compared to the previous measurement time (Fig. 5.4b).

Infrared images from the Meteosat satellite at the time of the heavy precipitation
(0000 UTC 16 August) (Fig. 5.5) show a large area of cloud over the Eastern Cape
coast, which extended to fhe east and appeéred to be approximately co-located with
the LLJ in Fig. 5.4c, indicating a possible association between the LLJ and the
generation of cloud and precipitation in this regioh. A radiosonde ascent from Port
Elizabeth at this time showed the atmosphere to be characterised by a deep layer of
nearly saturated air, with evidence of the trépbpause at 300 hPa (Fig. 5.6), above

which the atmosphere was much less moist.

At 1200 UTC 16 August, the rainfall rate had reduced substantially over the Eastern
Cape and the zonal extent of the trough at 500 hPa had contracted. A second closed
- geopotential height contour had formed towards the apex of the trough near 26°S,
16°E (Fig. 5.2d) associated with the cold pool that had existed there since 12 hours
earlier. A cold pool remained over the Western Cape at 33°S, 20°E, with a closed
geopotential height contour to its north at 30°S, 22°E. However, there was no
evidence of closed cyclonic flow in the wind field there at this time. Near the surface,
there was a weakening of the ridge of high pressure over the ocean to the south of
the country, and the surface trough had moved to the east. The resulting pressure’
gradient weakened and led to weaker onshore flow and the disappearance of the LLJ
(Fig. 4d). Shortly after this time (~ 1430 UTC), the surface winds derived from
QuikSCAT show that the LLJ‘ had moved to the east and no loﬁger impinged onto the

land (Fig. 5.4d). Although the swathe of the satellite obscured part of the region,
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there was evidence of a depression at the surface over the ocean centred at
approximately 35°E, 34°S, which appeared to provide the forcing for the LLJ on its

western side.

Given that the cyclone that existed at 500 hPa was not accompanied by closed
temperature contours around a cold pool at the same level at all times (e.g. 1200
UTC 15 August), as one would expect for a cut-off low, plus the observation that a
secondary cut-off low appeared to develop as the trough extended to the northwest,
an investigation of the systemn in terms of potential vorticity was undertaken in an
attempt to clarify its evolution. For this purpose, dynamic tropopause maps of
potential temperature were constructed. This was achieved by calculating the Ertel
potential vorticity on isentropic surfaces and using the contour superposition method
to construct the tropopause map. Briefly, the contour superposition method entails
superposing the contour for the PV value defined as the dynamic tropopause from
each isentropic surface onto a single map. On the new map, contours are labelled as
the isentrope of the surface from which they came. Here, the dynamic tropopause is
defined as the -1.5 PVU surface. This technique is discussed in detail by Morgan and
Nielsen-Gammon (1998). Since PV is conserved on isentropic surfaces (Hoskins et
al. 1985), it follows that potential temperature will be conserved on a constant PV
surface, and thus pools of cold potential temperature at the dynamic tropopause
reflect a PV anomaly in the troposphere due to a lowering of the dynamic tropopause

(Morgan and Nielsen Gammon 1998).

At 0000 UTC 15 August, when a cut-off low was apparent in the geopotential height

and temperature fields at 500 hPa over the west of South Africa (Fig. 5.2a), a cold
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and temperature fields at 500 hPa over the west of South Africa (Fig. 5.2a), a cold
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300K pool existed at the dynamic tropopause over the west coast of South Africa /
Narmibia, where there was also a small tropopause fold as the 300K pool crossed the
320K contour (Fig. 5.7a). By 1200 UTC 15 August, this cold pool at the fropopause
had moved to the east and become located with the steep eastern flank of the
dynamic tropopause (Fig. 5.7b), while at the same time the cut-off low in the 500 hPa
geopotential height had moved a smaller distance eastwards, and the cold pool was
situated lower in the troposphere at 700 hPa. At 0000 UTC 16 August, it appeared
that the cold pool on the dynamic tropopause had split into two, with a 310K pool
situated over the south coast of South Africa and a second 310K pool over the ocean
to the west of Namibia (Fig. 5.7¢). These two cold pools on the dynamic tropopause
were reflected in both the geopotential height and temperature fields at 500 hPa (Fig.
3c). At 1200 UTC 16 August, a small cold pool remained on the dynamic tropopause
over the Western Cape, while the northern cold pool became a narrow cold filament
on the dynamic tropopause (Fig. 5.7d). At the same time, a large cold pool remained
over the Western Cape at 500 hPa, while the cut-off low at the northern end of the

trough appeared to strengthen.

The above discussion suggests that it is likely that the cut-off low observed in the
geopotential height and temperature fields at 500 hPa was associated with an
intrusion of high PV stratospheric air into the troposphere, while the formation of a
second cut-off low appeared to be a result of a splitting of the PV anomaly in the
troposphere into two separate anomalies. Additionally, the strengthening of the cut-
off low that developed towards the apex of the trough on 16 August appeared to be

related to the PV anomaly in the troposphere becoming a narrow filament.
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5.2.3. Summary

This event was characterised by extreme rainfall over the coastal region of the
Eastern Cape. East London received more than 300mm of rain over a 24-hour
period, with the rain rate peaking at 84mm.h™", compared to the August climatological
average of 78mm. The synoptic situation was characterised by the development of a
cut-off low pressure system aloft over the Western Cape due to an intrusion of cold
stratospheric air into the troposphere. In the lower troposphere, an LLJ developed
due to a strong ridge of high pressure over the ocean to the south of South Africa
and a trough to the east of the country creating a steep pressure gradient. This LLJ
comprised warm moist tropical air from the northeast, which mixed with cooler drier
air from the south, which was advected onto the coast of South Africa in the vicinity of
East London. This strong air mass contrast was likely to have contributed to local

instability and the heavy rainfall observed.

5.3. The Montagu case: observations and synoptic overview

This event occurred in March 2003 and affected the Western Cape coast and the
adjoining hinterland. The town of Montagu, some 80km inland, was worst affected as
the river there burst its banks leading to severe flooding. Several lives were lost in
separate incidents due to high winds at the coast. There was alsc considerable
damage to roads and property and a large amount of livestock was lost. This event
received particular attention as the issued warnings were not sufficient for the

appropriate precautionary action to be taken.
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5.3.1. Observed precipitation

Over a ten day period from 21-31 March 2003, the south coast and adjoining
hinterland received between 100mm and 200mm of rain (Fig. 5.8a), more than 200%
of the climatological average for the whole month. The bulk of this rainfall occurred
between 23-25 March, with the Heidelberg raingauge in the Western Cape recording
101mm of rainfall in the 24 hours to 0800 LST on 24 March alone, with a band of
high rainfall extending inland from this station. Flash flooding affected the town of
Montagu where 178mm of rain fell in the same 24-hour period (compared to the

average for March of 19.5mm).

The 24-hour observed rainfall total objectively analysed (Cressman 1959) at 0600
UTC 24 March 2003 is shown in Fig. 5.8b. Over this region, rainfall measuring
stations are less sparse than the in Eastern Cape, where the East London case study
was centred. On this day, rain was heaviest near to the coast at 22.5°E, 34°S and
inland at Montagu (See Table C1, Appendix C, at the back of this thesis for individual
rainfall station data. The rainfall derived from the TMI sensor on the TRMM satellite
shows that this rainfall at the coast extended over the ocean to the south of the

Western Cape (Fig. 5.8¢)

The coast of the Western Cape and the adjoining hinterland is characterised by steep
topography, suggesting that observed peaks in the rainfall may have been influenced
by topographic processes. However, the inland region in particular has a relatively
sparse network of rainfall measuring stations and so some caution is needed in

attributing extreme rainfall to the topography at this stage.
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5.3.2. Synoptic evolution

The sequence of satellite images over the night of 23-24 March (Fig. 5.9), shows a
circular area of cloud over the southwest of South Africa, indicative of cyclonic
circulation, and a band of frontal cloud over the east of the country. This ‘comma’
type cloud formation is typical of well developed, highly baroclinic disturbances in the
midlatitude Southern Hemisphere westerlies (Preston-Whyte and Tyson 1988). As
the region of circular cloud appeared to weaken, a band of cloud persisted to the
south of the Western Cape, suggestive of continued convection in this region.

Data taken from the MRF model analysis fields at twelve hour intervals show the
evolution of this system as it developed from a cold trough at 500 hPa into a severe
cut-off low system (Fig. 5.10). At 0000 UTC 23 March, there was a cold trough
oriented equatorwards towards the northwest, with its apex to the west of South
Africa (Fig. 5.10a). A jet streak was apparent on the western side and around the
apex of the trough, which was an equatorward extension of the subtropical jet, a
scenario typical for the formation of a subtropical type cut-off low (Price and Vaughan
1992). The near surface flow at this time was characterised by a LLJ off the
southwest coast of South Africa, with a steep temperature gradient across the land
and high pressure ridging in from the northwest over the ocean to the south of the
country (Fig. 5.11a). This ridge of near surface high pressure extending to the south
of South Africa is a characteristic typical for cut-off lows in this region and aids the
advection of warm, moist tropical air into the system from the northeast (Taljaard
1985). Surface winds derived from QuikSCAT around this time (~ 0600 UTC) show
that strong southeasterly winds existed over the ocean to the south of South Africa,

which were advecting air from higher latitudes towards the Western Cape coast (Fig
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5.12a). Additionally, there was some evidence of alongshore westerly flow off the

south coast of South Africa, indicative of topographic blocking of the onshore flow.

By 1200 UTC 23 March, a steep temperature gradient had developed at 500 hPa to
the south of the Western Cape (Fig. 5.10b) indicative of the cold, relatively high
latitude air in the trough becoming cut-off from its source region, and a closed
contour had formed in the geopotential height. Near the surface, the axis of the ridge
of high pressure to the south of South Africa had moved slightly to the north, while a
tongue of cool air extended from the ocean over the Western Cape (Fig. 5.11b). Note
that average daytime temperatures for this region in March are of the order 25-32°C
whereas Fig. 5.11b shows much a cooler air temperature of 11°C at 925 hPa and
observed maximum surface temperatures were record lows at several stations (e.g.
Beaufort West had a maximum temperature of 17°C, compared to the previous
lowest recorded daytime maximum there of 18.5°C). The winds derived from
QuikSCAT near to this time (~ 1600 UTC) show continued southeasterly flow from

high latitudes that becomes westerly at the coast (Fig. 5.12b).

At 0000 UTC 24 March, the nearest available MRF data to the time of the most
intense rainfall, the 500 hPa analysis showed closed contours in the geopotential
height, indicative of a cyclonic vortex, with a jet streak extending around its flanks
and a relatively steep temperature gradient to the cold air at its centre (Fig. 5.10c).
Near the surface, a depression had formed over the south coast of South Africa,
below the cut-off low at 500 hPa. On the western side of this low, there was an
onshore LLJ with wind speeds in excess of 24 m.s™', and a well developed cold front

to the east (Fig. 5.11c), as seen in the satellite imagery (Fig. 5.9). The LLJ appeared
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to extend up to at least the 500 hPa level (Fig. 5.10c), and to be advecting warm air
of lower latitude origin out over the ocean and back onto the Western Cape coast
near the surface. Close to this time (~ 0600 UTC), the QuikSCAT derived surface
wind shows very strong southerly wind over the ocean to the south of the Western
Cape coast (Fig. 5.12¢). The wind speed maximum was located just off the coast
near 20°E, 35°S. The QuikSCAT winds suggest that the air being advected onto the
coast originated from latitudes around 45°S. At this time there was little evidence of
the surface depression in the QuikSCAT winds, although part of the ocean in this

region was obscured by the swathe of the satellite.

The nearest available upper air observations were from Cape Town, and the
sounding taken there at 0000 UTC 24 March (Fig. 5.13) exhibited the signature of the
LLJ, and the jet streak near 500 hPa, with a layer of stable air capping the moist air at
around 800 hPa. The static lapse rate at low levels, taken from the difference in
temperature from the MRF model between the 1000 hPa and 800 hPa levels at this
time, reveals an area of steep static lapse rate, indicative of low-level instability, over
the ocean areas to the west and south of South Africa (Fig. 5.14). Over the Western
Cape, the low-level lapse rate was generally between 6 K.km™ and 7 Kkm™, with
some areas in excess of 7 K.km™ in the west, suggesting that convection may have
occurred to return the stratification of the lower troposphere towards that of a moist

adiabat (typically around 6.5 K.km™).
By 1200 UTC 24 March, the jet streak on the western flank of the cut-off low had

weakened and the temperature and geopotential height gradients on its southern

side had become less steep (Fig. 5.10d). However, the jet streak on the eastern flank
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of the cut-off low remained. The depression near the surface had weakened
considerably, but the onshore LLJ persisted on its western flank, with a tongue of
warm air extending onto the landmass to its east, while the ridge of high pressure to
the south had weakened (Fig. 5.11d). During 25 March, when the intensity of the
rainfall had reduced considerably, the cut-off low moved to the east with the jet
streaks on its flanks weakening (Fig. 5.10e-f), and the LLJ disappeared as the
surface pressure filled (Fig. 5e-f). Near to this time (~1600 UTC), the QuikSCAT
surface winds (Fig. 5.12d) showed that the LLJ was slightly weaker than at the
previous measurement time (Fig. 5.12c), with the onshore flow coming from latitudes

around 45°S.

A clarification of the upper air evolution from a PV perspective follows. Tropopause
maps were constructed using the same contour superposition method as in the East
London case. At 0000 UTC 23 March, when a cold trough existed over the west of
South Africa at 500 hPa (Fig. 5.10a), there was an equatorward extension of high PV
air in the troposphere over the same region (Fig. 5.15a). At this time, the tropopause
was steep on its western side indicative of a strong upper level jet streak there
(Hoskins et al. 1985; Morgan and Nielsen-Gammon 1998). At 1200 UTC, a steep
temperature gradient had developed (Fig. 5.10b), perhaps in response to the 310K
contour on the dynamic tropopause becoming more zonal (Fig. 5.15b). There was a
steepening of the tropopause at the northern edge of the trough near to 20°E, 28°S
indicative of an increase in the wind speed there. It is also evident that at this time,
the high PV aloft was passing over a baroclinic zone near the surface over the
Western Cape (Fig. 5.11b). This is a typical situation for surface cyclogenesis

(Hoskins et al. 1985), and it is therefore likely that the PV anomaly in the upper

88



Andrew Singleton. PhD Thesis Chapter 5

troposphere in association with a baroclinic zone near the surface led to the

development of the surface depression.

By 0000 UTC 24 March, a severe, cold-cored cut-off low had developed at 500 hPa
(Fig. 5.10c) as a resul‘t of the high PV air in the troposphere becoming cut-off from its
high latitude source region (Fig. 5.15¢). The PV anomaly in the troposphere included
a narrow filament of 310K air towards the eastern side of the trough where the
dynamic tropopause had become steeper. At 1200 UTC 24 March, the cut-off low at
500 hPa had moved to the east (Fig. 5.10d), and this was reflected in an eastward
movement of the cold air on the dynamic tropopause (5.15d). Additionally, the
gradient on the eastern flank of the trough had weakened as the 310K contour was
located farther to the west of the eastern flank of the trough. Over the following 24
hours, as the cut-off low continued to track east (Fig. 5.10e-f), the PV anomaly in the
troposphere moved to the east (Fig. 5.15e-f). By this time, the 310K contour had
disappeared, indicative of a slight warming of the dynamic tropopause, likely as a

result of latent heat release due to convection (Hoskins et al. 19885).

5.3.3. Summary

This event was characterised by heavy rainfall over the Western Cape south coast
and the adjacent hinterland. The town of Montagu received nearly 200mm over a 24-
hour period and suffered severe flash-flooding. The synoptic environment was
characterised by a severe cut-off low pressure system aloft, which formed as a result
of high PV air in the troposphere becoming cut-off from its high latitude source
region. The cut-off low aloft was reflected in a depression at the surface, where a

strong onshore LLJ developed on its western flank, with wind speeds in excess of 25
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m.s”. This LLJ appeared to be advecting moist maritime air onto the south coast of

the Western Cape.

5.4. The East London case: model validation

For this case study, MM5 was initialised at 0000 UTC 14 August 2002 with the
initialisation fields from the MRF model at this time. A 27km horizontal resolution grid
with 142 x 112 grid points, centred at 36°S, 26°E, and 40 o-levels in the vertical was
used. Topography was taken from the 5-minute resolution USGS dataset. In addition,
nested grids with horizontal resolutions of 9km and 3km were tested, and are
discussed later in this chapter. The parameterisations that deal with sub-gridscale
processes are described in Chapter 3. A timestep of 40 seconds was used and
output from the model was saved every hour. Subsequently, the saved output was

vertically interpolated from the model o-levels onto standard pressure levels.

The precipitation field in MM5 for the 24 hours to 0700 UTC 16 August (Fig. 5.16a)
corresponds to the observed rainfall plot in Fig. 5.1a. While comparison here may be
flawed due to the relative paucity of rainfall stations in this region and observations
over the ocean are only inferred from two satellite passes, it gives some indication of
how well the model performed in simulating the rainfall for this case study.
Unfortunately, MM5 was unable to capture the observed extreme rainfall maximum of
317mm over East London (33°S, 27.5°E), simulating a precipitation maximum of
190mm just off the south coast of the Eastern Cape at 34°S, 26°E. However, the
timing of the most intense precipitation in MM5 compared well with that observed at
East London, suggesting that the precipitation maximum in the model corresponds to

the maximum observed at East London. Over the ocean, MM5 simulated a zonal
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band of precipitation to the east of the Eastern Cape, which is approximately co-
located with the cloud observed in the Meteosat infra-red image at 0000 UTC 16
August (Fig. 5.5), and was also reflected in rainfall derived from TMI sensor on the

TRMM satellite (Fig. 5.1b).

Therefore MM5 had some difficulty in correctly locating the precipitation, particularly
over the coast. The maximum was also underestimated, which is a flaw often
associated with mesoscale models. However, the overall structure of the precipitation
field in MM5 appeared to be in agreement with the location of thick cloud in the infra-

red satellite imagery.

For validation of the large scale flow, MM5 fields were compared with the MRF
analyses at 0000 UTC 16 August 2002, since this was the time at which precipitation
was most intense (see Fig. B1, Appendix B, for other times). A comparison of the
large scale flow at 925 hPa at this time from MMS5 (Fig. 5.16b) with the MRF analysis
at this time (Fig. 5.3c) shows that MM5 was unable to accurately resolve the position
of the onshore LLJ. MM5 shows the LLJ impinging on the Eastern Cape coast at
approximately 150 km to the west of that suggested by the MRF model analysis at
this time. However, many other aspects of the large scale flow were adequately
resolved in MM5, suggesting that its main difficulty was in correctly simulating the
mesoscale processes contributing to the event around the area of the extreme
precipitation near East London. MM5 suggests that a meso-beta scale low pressure
system formed off the Eastern Cape coast with cyclonic circulation over the coast
between 26°-27.5°E. There is some evidence of a cyclonic flow at this time in the

MRF model analysis on the northern flank of the LLJ over the Eastern Cape coast
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(i.e. weak offshore flow at 33°S, 29°E in Fig. 5.3c), although this is farther to the east
compared with MMS5, consistent with the erroneous location of the precipitation
maximum and the LLJ in the MM5 simulation. Further experiments were undertaken
with different parameterisations for boundary layer processes and sub-gridscale
convection, but the combination of parameterisations described in Chapter 3

appeared to produce the results that were most comparable with the MRF analyses.

The model was re-run with two nested grids centred over East London using two-way
nesting at 9km and 3km resolution. For these higher resolution grids, topography was
taken from the 2-minute and 30-second resolution USGS datasets respectively. The
results from the three grids are hereafter referred to as EL1, EL2 and EL3 for the
27km, 9km and 3km grids respectively. Since two-way nesting was used, the outer
27km resolution grid, EL1, was affected by the inner grids, EL2 and EL3, over East
London. In EL1 (Fig. 5.17a), the precipitation maximum was moved inshore and
approximately 0.4° to the east compared to the run with the single 27km grid (Fig
5.16a). However, the quantity of this maximum was reduced from 190mm to 130mm.
The inland penetration of the precipitation was forecast farther to the east, and
appeared to be associated with the topography. It is difficult to confirm whether this
topographic precipitation was real or an artefact of the model, since rainfall
measuring stations were particularly sparse over the Eastern Cape interior. In EL2
(Fig. 5.17b), the overall structure of the simulated precipitation was similar to that in
EL1 (Fig. 5.17a), but the quantity of the precipitation maximum was increased to
178mm. A second maximum was forecast to the west of this, which may correspond

to the peak observed at Bathurst (Fig. 5.1a). In EL3 (Fig. 5.17¢), the overall structure
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of the precipitation was largely the same as that in EL2 (Fig. 5.17b), but the

precipitation maximum was increased to 234mm.

At 500 hPa (Fig. B2Appendix B), the simulation with the single 27km grid compared
very favourably with the MRF model analysis suggesting that inaccuracies were due
to problems in adequately simulating processes in the lower troposphere. While the
single 27km grid simulation had some difficulties in accurately simulating the location
of the precipitation maxima and the LLJ, little advantage was gained by increasing
the grid resolution at great computational expense. Therefore, it was decided that an
analysis of this event from the single 27km grid simulation would be adequate.
However, the higher resolution grids are able to provide some extra validation of the

MM5 simulation by comparison with station data time series.

Eight automatic weather stations exist in the area covered by EL3: Queenstown
(26.88°E, 31.92°S); Fort Beaufort (26.63°E, 32.78°S); Bisho (27.28°E, 32.90°S); East
London (27.83°E, 33.03°S); Grahamstown (26.50°E, 33.28°S); Port Alfred (26.88°E,
33.60°S); Uitenhage (25.43°E, 33.70°S) and Port Elizabeth (25.52°E, 33.98°S). Time
series from EL3 of surface temperature and pressure were constructed by bi-linearly
interpolating to the station locations from the four surrounding grid points. These time

series were compared with observations at these stations (Fig. 5.18).

There appeared to be a bias at all stations in simulating too cool a temperature
overnight on 14-15 August, and too warm a temperature during the day on 15 August
(Fig. 5.18). This suggests that EL3 was not producing enough cloud at this time

leading to excessive outgoing longwave radiation overnight, and too much incoming
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shortwave radiation during the day. At East London {Fig. 5.18d), the daytime
temperature was too warm in EL3 by up to 7°C, suggesting that the hypothesis of a
lack of cloud there in the simulation appears to be confirmed in that more than
300mm of precipitation was observed there, but in EL3 there was no precipitation
simulated at East London. The same argument can also be assumed to be valid at
Uitenhage, since precipitation was also greatly underestimated in EL3 there. For the
other stations, however, this argument is not so robust, but it seems logical to
assume that too cold a night-time temperature followed by too warm a daytime
temperature is related to an underestimation of the amount of cloud produced by the

simulation. (Cloud cover from the model is shown in Fig. B3, Appendix B cf Fig. 5.5)

The time series of surface pressure (Fig. 5.19}) indicate that the low pressure that
developed over the Eastern Cape coast in the simulation (Fig. 5.16b) was sustained
for too long in the simulation. There was an overestimation in the magnitude of the
pressure decrease at Port Alfred, which is consistent with the LLJ and rainfall being
simulated too far to the west. However, the lack of pressure decrease in EL3 at Port
Elizabeth and Uitenhage indicates that the base of the trough that extended down the
eastern seaboard of South Africa (Fig. 5.3) did not extend far enough to the west in

the simulation.

To summarise, MM5 was able to simulate the large scale flow for this event, but had
some difficulty in accurately simulating the mesoscale aspects near the surface near
to the location of the most intense rainfall. The precipitation maximum and the LLJ
were simulated to be approximately 150km to the west in the MM5 simulation

compared the position suggested by the MRF model analyses. Increasing the

94



Andrew Singleton. PhD Thesis Chapter 5

horizontal grid resolution to 3km reduced the discrepancy in the location of these
features by approximately 40km. Additionally, comparison of surface parameters
from the 3km grid with station observations suggest that MM5 did not generate

sufficient cloud in the simulation.

Given that little improvement was achieved by increasing the grid resolution, it was
decided that the analysis of this event presented in Chapters 6 and 7 could be based
on the simulation with a single 27km grid. This is especially relevant to the sensitivity
studies presented in Chapter 7, where it was felt that the minor improvements in the
simulation achieved by increasing the grid resolution were not sufficient to warrant
the massive increase in computational expense and storage a suite of high resolution

sensitivity experiments would require.

5.5. The Montagu case: model validation

For this case study, MM5 was initialised at 0000 UTC 22 March 2003 with the
initialisation fields from the MRF model at this time. A 27km horizontal resolution grid
with 122 x 122 grid points, centred at 36°S, 26°E, and 40 o-levels in the vertical was
used. Topography was taken from the 5-minute resolution USGS dataset. The
parameterisations that deal with sub-gridscale processes are described in Chapter 3.
As with the East London case, a timestep of 40 seconds was utilised and output from
the model was saved every hour, and this saved output was then vertically

interpolated from the model o-levels onto standard pressure levels.

The MM5 simulated precipitation for the 24-hour period to 0600 UTC 24 March 2003

is shown in Fig. 5.20, which corresponds to the observed precipitation field for this
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event in Fig. 5.8b. The simulated precipitation compares reasonably well with the
observed, with a maximum of 100mm over the south coast 6f the Western Cape.
However, this maximum was located at 21.5°E, 34°S, approximately 100 km to the
west of the observed maximum (22.5°E, 34°S). Additionally, the rainfall maximum
observed at Montagu was not simulated by MM5. South of the precipitation maximum
over land, the rainfall extended over the ocean, which compares well with the band of
rainfall from TRMM (Fig. 5.8c). MM5 also simulated an area of lighter rainfall over the
ocean off the Eastern Cape coast, which also compares favourably with the TRMM

rainfall.

The large scale flow was validated against the MRF model analyses at 0000 UTC 24
March 2003. This time corresponds with the closest available MRF model analysis to
the time of the most intense precipitation over the coastal regions of the Western
Cape (~ 0400 UTC 24 March). A comparison of the large-scale flow from MM5 at 500
hPa (Fig. 5.21a) with the MRF model analysis (Fig. 5.11c) at 0000 UTC 24 March
(see Fig. C1, Appendix C, for other times) shows that MM5 was able to simulate most
aspects of the large scale flow with a fair degree of accuracy. However, the cut-off
low simulated in MM5 (Fig. 5.21a) appeared to be less severe than that suggested by
the MRF model (Fig. 5.10c), with less steep gradients in geopotential height and
temperature on its southern side (see Fig. C2, Appendix C for other times). For
example, in the MM5 simulation, a temperature gradient of 6K existed from the centre
of the system to the last closed contour, whereas the corresponding difference in the
MRF model was 10K. Similarly, a geopotential height difference of 100m existed from
the centre of the cut-off low to the southernmost closed contour in the MM5

simulation compared to 200m for the MRF model at this time. This weaker gradient in
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geopotential height from the MM5S simulation is due to the cut-off low not being so
deep at its centre, with a central geopotential height of 5550m compared to 5500m in
the MRF model. Although the temperature of the cold core was 252K in both the
MRF model and the MM5 simulation, the cold core was situated farther to the north,
at approximately 32°S in the MM5 simulation, compared to approximately 34°S in the

MRF model.

Radiosonde observations from Cape Town at this time had a 500 hPa temperature of
256K (Fig. 5.13), compared with 257K for the MRF model (Fig. 5.10¢) and 258K for
the MM5 simulation (Fig. 5.21a), while the radiosonde from Port Elizabeth (not
shown) observed a temperature of 251K at 500 hPa, compared to approximately
252K from the MRF model (Fig. 5.10c) and approximately 255K from the MM5
simulation. These differences suggest that the MM5 simulation had some difficulty in
properly calculating the position of the cold core of the cut-off low, which observations
and the MRF model suggest was around the Port Elizabeth area, while it was more
successful in calculating the temperature around its extremities at Cape Town. A
possible reason for the superior accuracy in the MRF temperature field is the
assimilation of these upper air observations into these analyses. Experimentation
was undertaken with upper observations objectively analysed into the initialisation of
the MM5 simulation, but the relative paucity of these observations in this region
meant that no appreciable improvement in the accuracy of the simulation was

achieved.
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Near the surface, MM5 simulated the position of the depression over the south coast
and the LLJ impinging onto the coast on its western flank quite accurately at 0000
UTC 24 March (Fig. 5.21b), but the central geopotential height of the depression at
925 hPa of 690m was not as deep as the 630m suggested by the MRF model. The
maximum wind speed in the LLJ at 925 hPa was also slightly lower in the MM5
simulation at 25 m.s™', compared to 27 m.s” from the MRF model and QuikSCAT

surface winds, probably due to slightly weaker pressure gradient forcing in MMS.

Similar to the East London case, the model was re-run with two nested grids, centred
over the area of most intense precipitation over the land, with 9km and 3km
horizontal resolution and 2-minute and 30-second resolution topography respectively.
Again, two-way nesting was utilised so the processes simulated in the higher
resolution grids were fed back into the lower resolution outer grids. The outputs of
these grids, shown in Fig. 5.22, are hereafter referred to as M1, M2, and M3 for the
27km, 9km, and 3km resolution grids respectively. The main effect of running the
model with nested grids was a narrowing of the band of rainfall extending onto the
land and an increase in the amount of precipitation produced. Indeed, the
precipitation was overestimated in M3. Additionally, this band of precipitation was

moved approximately 50km to the east.

At 500 hPa (not shown), the effect of increasing the model resolution was minimal,
indicating that the model was only sensitive to increased horizontal resolution near to
the surface. Since one of the aims of this study was to perform various sensitivity
tests with MM5, it was decided that the huge increase in computational expense and

data storage requirements of increasing the model resolution was not justified for
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only a small improvement in the simulation. Therefore, the analyses presented in
Chapters 6 and 7 are based on simulations with a single 27km horizontal resolution

grid.

However, the output of M3 is useful in validating the simulation against weather
station observations since errors associated with the interpolation of model data to
the station locations will be small. Nine weather stations exist in M3: Beaufort West
(22.55°E, 33.32°S); Knysna (23.05°E, 34.05°S); George (22.45°E, 33.97°S);
_Ladismith (21.21°E; 33.48°S); Laingsburg (20.62°E, 32.90°S); Plettenberg Bay
(23.32°E, 34.08°S); Riviersonderend (19.9°E, 34.15°S); Stilbaai (21.42°E, 34.37°S)
and Struisbaai (20.07°E, 34.8°S). Time series of 2m temperature and surface
pressure from M3 were constructed by bi-linearly interpoiating to these locations and

comparing with the corresponding observations.

Overall, the output from M3 compared reasonably well with the observed time series
of 2m temperature at all stations (Fig. 5.23), although errors are more obvious at the
coastal stations of George, Knysna and Plettenberg Bay, where M3 simulated a peak
in temperature at around 0600 LST (0400 UTC) on 24 March. This is the time at
which precipitation was most intense at these stations. As previously discussed, the
simulated precipitation was located slightly to the west of the observed suggesting
that these temperature peaks in M3 were related to a lack of cloud at these locations

at the appropriate time (cloud cover from M3 is shown in Fig. C3, Appendix C).

At most stations, there was a sizeable fall in the surface pressure at around 0000

LST of up to 15hPa (Fig. 5.24). This was due to the development of the depression at
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the surface (Fig. 5.11¢c) at this time. M3 was able to simulate the timing of this
pressure decrease reasonably well at stations in the eastern part of the domain
(Beaufort West, George, Knysna, Plettenberg Bay), but approximately two hours after
the observed time. Additionally, at these stations, the magnitude of the decrease was
not so pronounced in M3 as the observations suggest. This confirms the difficulty
MM5 had in accurately simulating the severity of the surface depression (Fig. 5.21b).
At the stations in the western portion of M3 (Ladismith, Laingsburg, Stilbaai,
Struisbaai), M3 did not simulate the fall in surface pressure that was observed. This
suggests that the surface depression did not extend so far to the west in M3 as in
reality. At Riviersonderend, which is located very near to the western boundary of
M3, the simulation of surface pressure was not so accurate, with M3 suggesting
continually increasing pressure from 0000 UTC 23 March. This may be due to
inaccuracies towards the boundary of M3 as the boundary conditions are applied

from MZ.

In summary, MM5 was reasonably successful in simulating this event. However,
there was an apparent weakness in simulating the location and quantity of the most
intense rainfall and the depth of the surface depression. There was an improvement
in the location of precipitation when the horizontal resolution was increased to 3km,
but there was also an overestimation of the quantity. Comparison with station data
from the 3km resolution grid suggests that MM5 was able to accurately simulate the
temperature trend during this event, but the magnitude of the pressure decrease due
to the development of a surface depression was underestimated. Additionally, the

westward extent of this depression was also underestimated by MM5.
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5.6. Discussion and summary

This chapter described the synoptic evolution and the ability of the MM5 model to
simulate two cut-off low events over South Africa in August 2002 and March 2003.
These months are fairly typical times of year for cut-off lows to occur over subtropical

southern Africa (see Chapter 4).

The August 2002 event, referred to as the East London case, featured a small cut-off
that developed in a deep trough over the Western Cape province of South Africa,
followed by the development of a second cut-off low within the same trough, with the
second cut-off low located over the coast of Namibia. These locations correspond to
regions A and C in the climatology discussed in Chapter 4. In addition, this system
was in the 400-800km size and 2-4 days duration category. An analysis from a
potential vorticity perspective suggests that a single cut-off low split into two separate
systems. More than 300mm of rain fell in 24 hours over the city of East London on
the Eastern Cape coast. The low-level flow was characterised by a ridge of high
pressure over the ocean to the south of South Africa, and a trough over the ocean to
the east of southern Africa. A LLJ formed where there was a strong pressure gradient
between the ridge and the trough, and advected air rapidly onto the coast where the
rainfall was intense. The trough to the east of South Africa advected air from tropical
latitudes in the LLJ, and the ridge was responsible for advecting cooler air from

higher latitudes into the LLJ.

The qualitative validation and assessment of this event shows that MM5 was able to

simulate this event reasonably well, but had some difficulty in simulating the location

and quantity of the heaviest precipitation, and the location of the LLJ. However, it
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was able to simulate the salient features of the event allowing a more detailed

analysis (Chapters 6 and 7) to be undertaken.

In contrast, the event in March 2003, referred to as the Montagu case, featured a
deep cut-off low aloft, which extended down to the surface where a deep depression
formed. The cut-off low aloft developed over the Western Cape and subsequently
tracked east over the south coast of South Africa. This is an example of a cut-off low
over region A that tracked across to region B (see Chapter 4). Additionally, following
the categories in Chapter 4, the size of this cut-off low was >1200km and the duration
was 2-4 days. Heavy rainfall fell over the south coastal region of the Western Cape
leading to flash flooding in the town of Montagu, some 50km inland. The low-level
flow was characterised by a LLJ that formed on the western side of the surface
depression and advected air onto the Western Cape coast. A ridge extended
eastwards to the south of the depression and advected high latitude air into the LLJ,
and a trough ahead of the surface depression advected warmer moister tropical air

into the LLJ.

The present study is concerned with case studies in which there was a cut-off low
aloft, and the formation of an onshore LLJ which advected air towards the regions of
heaviest rain over land. However, in the East London case, the cut-off low was
considerably smaller and less severe than in the Montagu case, and there was little
evidence of surface cyclogenesis in the East London case. Additionally, in the East
London case, the onshore LLJ formed below offshore flow aloft, whereas in the
Montagu case the flow above the onshore LLJ was in the same direction throughout

the atmosphere. The quantity of rainfall observed in the East London case was
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greater in the East London case compared to the Montagu case, which may have
been due to the onshore LLJ having a much larger fetch over high latent heat fluxes
from the surface due to the warm SST of the Agulhas Current. This is investigated

further in Chapter 7.

In both cases, MM5 was able to simulate the salient features of the event, but it had
difficulty in simulating the location and quantity of the heavy precipitation. Increasing
the horizontal resolution in both cases only led to small improvements in the
simulations. Therefore, for both cases, the analysis of the MMS simulations in the

following chapter is based on the single 27km grid runs.
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Figure 5.1 - (a) Objectively analysed observed rainfall from SAWS stations for the
24-hour period to 0700 UTC 16 August 2002.Contour interval is 20mm, starting at 20mm;
(b) Rainfall from TRMM and mean surface winds from QuikSCAT for 15-16 August 2002.
A colour scale is given for the rainfall, and a vector scale for the surface winds.
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Figure 5.2 — 500 hPa geopotential height (solid contours, interval 30m), temperature
(dashed contours, interval 2K), wind vectors (with a vector scale given to the bottom right of
each panel in m.s™), and wind speed greater than 30m.s™' (shading), from MRF model
analyses at 12 hour intervals from (a) 0000 UTC 15 August to (d) 1200 UTC 16 August 2002
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Figure 5.4 — Surface wind speed derived from QuikSCAT scatterometer
measurements for (a) 15 August 2002 morning pass; (b) 15 August 2002
evening pass; (c) 16 August 2002 morning pass; (d) 16 August 2002 evening
pass. A colour scale for wind speed in m.s™ is given below each panel
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Figure 5.5. — Meteosat infrared image for 0000 UTC 16 August 2002.
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Figure 5.6 - Radiosonde ascent from Port Elizabeth at 0000 UTC 16 August.
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Figure 5.7 — Potential temperature superimposed onto the dynamic tropopause, defined as the -
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Figure 5.8 - (a) 10-day rainfall for the period 21-31 March 2003 from SAWS,
with a colour scale given in the bottom right of the panel. (b) Objectively
analysed rainfall from SAWS for the 24-hour period to 0600 UTC 24 March
2003. (c) Rainfall from TRMM and mean surface winds from QuikSCAT for
23-24 March 2003. A colour scale for rainfall and a vector scale for surface
winds are given below the panel.
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Figure 5.9 - Meteosat infrared images on (a) 23 March 2003 at 2100 UTC, and on 24
March 2003 at (b) 0700, (c) 1000, (d) 1300, (e) 1600, (f) 1800 and (g) 2100 UTC.
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Figure 5.14 — Low level environmental lapse rate, taken as the temperature
difference between the 1000- and 800-hPa levels from the MRF model
analysis at 0000 UTC 24 March 2003.
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Figure 5.15 — Potential temperature superimposed onto the dynamic tropopause, defined as the
-1.5 PVU surface, from the MRF -model analyses at 12 hour intervals from (a) 0000 UTC 23
March to (f) 1200 UTC 25-March 2003. Contour interval is 10K.
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Figure 5.17 — 24-hour rainfall for the 24-hour period to 0700 UTC 16 August 2002 from the
MM5 simulation of the East London case with three grids; (a) from the 27km resolution grid,
(b) from the 9km resolution nested grid, (c) from the 3km resolution nested grid. For each of
the panels the contour interval is 20mm.
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Figure 5.18 — Time series of 2m temperature at various weather stations for the East
London case. The solid line is from the 3km grid of the MM5 simulation, and the dashed
line is the observed temperature. Station names are given above each panel and
locations are given in the text.
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Figure 5.20 — MMS5 simulated rainfall for the 24-hour,period‘to 0600 UTC 24
March 2003 for the Montagu case. Contour interval is 20mm.
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Figure 5.21 — (a) 500 hPa geopotential height (solid contours, interval 30m),
temperature (dashed contours, interval 2K) and wind speed greater than 30
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D1 rain D2 rain

Figure 5.22 — 24-hour rainfall for the 24-hour period to 0600 UTC 24 March 2003 from the
MMS5 simulation of the Montagu case with three grids; (a) from the 27km resolution grid,
(b) from the Skm resolution nested grid, (c) from the 3km resolution nested grid. For each
of the panels the contour interval is 20mm.
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Figure 5.23 — Time series of 2m temperature at various weather stations for the
Montagu case. The solid line is from the 3km grid of the MM5 simulation, and the
dashed line is the obsérved temperature. Station names are given above each panel
and locations are given in thetext.
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Figure 5.24 — As in Fig. 5.23, except for surface pressure.
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Chapter 6

Diagnostics of the MM5 simulations
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6.1. Introduction

This chapter presents analyses and diagnostics of the MM5 simulations of the East
London and Montagu cases. The objective here is to identify mechanisms that led to
the extreme amounts of precipitation observed during these events. Particular
emphasis is placed on the development of the low-level flow and its interaction with

the coastal topography.

As discussed in Chapter 5, a major feature of both of these cases was the
development of an._onshore LLJ, offshore of the location of the most intense
precipitation. The analyses presented in this chapter will show the importance of the
LLJ in the development of the convective environment. Convection is identified by
locating areas in which the three ingredients necessary for convection, namely, low-
level moisture, ascent and instability (Chapter 3; Doswell et al. 1996) are present.
The interaction of the LLJ with the differing topography of the two cases is
investigated. Additicnally, the origin of air parcels arriving at the location of the most

intense precipitation is investigated.

In addition to this introduction, this chapter comprises three main sections. Section
6.2 comprises a full analysis of the East London case, and section 6.3 contains a
similar analysis for the Montagu case. Section 6.4 concludes the chapter by

summarising the main findings.

6.2. The East London case

A brief summary of the synoptic environment of this event, described in detail in the

previous chapter, follows. This event was characterised by a cold trough in the upper
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atmosphere with a southeast-northwest orientation. A cut-off low pressure system
developed within this trough over the Western Cape, while strong upper level jets
existed on the western and eastern flanks of the trough. At the surface, a ridge of
high pressure was present over the ocean to the south of South Africa with a trough
over the ocean to the east of South Africa. An onshore LLJ developed due to the

steep pressure gradient between the ridge and the trough.

6.2.1. Development of the convective environment

Here 0000 UTC 16 August 2002 has been chosen as the reference time for
investigation since this is the time at which the heaviest rainfall was falling in both the
observations and in MM5. Fig. 6.1 shows the large scale flow at this reference time.
One of the most striking aspects of the large scale flow in MM5 was the formation of
a meso-beta scale low pressure system off the coast of the Eastern Cape with
cyclonic circulation over the coast at 26°-27.5°E. This feature did not appear to be
present in the MRF analysis at this time (Fig. 5.3c), although there was some
evidence of a cyclonic flow on the northern flank of the LLJ over the Eastern Cape
coast (i.e. weak offshore flow at 33°S, 29°E in Fig. 5.3c). This suggests that the
approximately 100km resolution of the MRF model was not sufficiently high to
capture this feature, which was simulated in the 27km resolution MM5 simulation.
This meso-beta scale low contributed to the strengthening of the LLJ in MM5 as it led
to an increase in the pressure gradient there. The low-level wind showed a strong
onshore component of southeasterly flow in the region of the LLJ, with strong wind
shear on the cyclonic side (i.e. the right-hand side looking downstream, where

pressure is lower) of the LLJ. Flow entering the LLJ consisted of air from north of
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28°S, due to the trough east of South Africa, and air from south of 40°S being

advected into the LLJ by the ridge to the south of South Africa.

In order to assess the influence of the pressure gradient on the LLJ, the pressure
gradient force, PGF, was calculated following

PGF%:—g-ai PGch:—g%,
x dy

o

where the subscripts x and y denote the force in the x and y directions; g is the
acceleration due to gravity; and z is the geopotential height. The calculation was
performed in the region of the maximum wind speed of the LLJ and averaged over a
5 x 5 grid-point box in order to remove transitory waves. The time series of pressure
gradient force (Fig. 6.2) shows an increasing y component from 1500 UTC 15 August
to a maximum around 0000 UTC 16 August, when the wind speed of the LLJ was at
a maximum. The x component had a maximum around 1800 UTC 15 August, and
was at a minimum around 0000 UTC 16 August, suggesting a much more easterly
component to the flow in the LLJ at this time. In addition, the low-level wind was
found to be primarily geostrophic (not shown), suggesting that the pressure gradient

was the main forcing mechanism.

Strong low tevel water vapour flux convergence was apparent at the leading edge of
the LLJ where it impinged on the Eastern Cape coast (Fig. 6.3a). An additional area
of low-level water vapour flux convergence was present on the cyclonic side of the
LLJ extending eastwards from 29°E, 35.5°S. The ascent of moist air at the leading
edge of the LLJ was due to the flow of the onshore LLJ impinging on a westerly flow
ahead of it, which may have been as a result of the topography there, which is

considered further in section 6.2.2. The convergence zone over the ocean was
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related to the northwesterly flow due to the meso-beta scale low pressure system,
and southeasterly flow being advected by the ridge interacting with the onshore flow

of the LLJ.

The development of the convergence of the surface wind is shown in Fig. 6.4. There
was initially, at 1400 UTC 15 August, a zonal band of convergence over the ocean
between 23°34°E at a latitude of 35°S, as a result of southeasterly flow coming into
contact with easterly flow there (Fig. 6.4a-c). Additionally, convergence was strong
where the meso-beta scale low led to flow being circulated into the LLJ. From 2000
uTC 15}}August onwards (Fig. 6.4d), the convergence began to break down into
several individual zones, and strengthened at the leading edge of the LLJ. By 0000
UTC 16 August, the convergence of the surface wind at the leading edge of the LLJ
was at its highest, with a value of 40 x 10° s™ (Fig. 6.4f). From 0200 UTC 16 August
(Fig. 6.4g), the convergence at the leading edge of the LLJ weakened, but also
spread to form a zonal band along the coast, which moved slowly to the north as time
progressed (Fig. 6.4h-1). By 1200 UTC 16 August (Fig. 6.41), the convergence of the
surface wind had lessened considerably, and was confined to a weak band along the

south coast of South Africa between 24°-28°E.

An examination of the convective instability at the reference time (0000 UTC 16
August) (Fig. 6.3b), inferred by the difference in equivalent potential temperature (i.e.
the potential temperature of an air parcel if it was brought to full saturation) between
the 1000- and 500-hPa levels', shows that the stratification was convectively

unstable over the LLJ and on its cyclonic side. This convectively unstable

]
Beg00 — Bespo
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stratification just penetrated onto the land in the MM5 simulation slightly to the south
of East London. With the ascent of moist air, indicated by zones of low-level water
vapour flux convergence (Fig. 6.3a), occurring in a convectively unstable

environment, air parcels were able to become buoyant resulting in convection.

The convective instability was a result of warm air extending down the east coast of
South Africa towards the rainfall region (Fig. 6.3c), which led to a narrow tongue of
high Be (equivalent potential temperature) air extending towards the coast between
26 — 30°E (Fig. 6.3d), approximately co-located with a tongue of low-level moisture
(Fig. 6.3e). It therefore appears that the trough over the eastern seaboard of South
Africa was responsible for advecting warm, moist air towards the location of heavy
rainfall. This warm moist air was advected by the LLJ in a narrow band onto the coast
of the Eastern Cape where it underwent vigorous ascent. Additionally, there were
large values of surface latent heat fluxes (500 — 600 W.m?) from the ocean in the
region of the LLJ (Fig. 6.3f), which indicates that the warm SST due to the Agulhas
Current may have contributed to the low-level moisture supplying the rainfall, which is

investigated further in section 6.2.3 and in Chapter 7.

A cross section along the axis of the LLJ where it impinged on the coast shows that
there was strong ascent near the south coast, which appeared to form the upward
branch of a convective cell with a weaker descending branch to the southeast (Fig.
6.5a), as well as farther offshore (not shown). An inspection of a time series of cross
sections (not shown) showed that this cell was initially located over the ocean and
approached the coast from the southeast. As it reached the south coast, the

ascending arm was strengthened considerably, with upward velocities close to 50
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cm.s” (Fig. 6.5b), which is rather large for a simulation with this spatial resolution.
This result suggests that the coastal topography played a role in enhancing the

ascending branch of the convective cell, and this is discussed further in section 6.2.2.

The potential vorticity cross section shows a considerably lowering of the tropopause,
as a result of the deep trough aloft, towards the northwest of the cross-section above
the interior plateau of South Africa, and a plume of high potential vorticity air from the
coastal mountain peak up to the tropopause (Fig. 6.5¢). Since potential vorticity is
conserved in adiabatic conditions (Hoskins et al. 1985), the generation of potential
vorticity in the lower troposphere suggests that some diabatic process was taking
place. In this convective environment, it is logical to assume that latent heat release
due to condensation is responsible for the generation of potential vorticity in the lower
troposphere, and comparison with Figs. 6.5a,b shows that this plume of potential
vorticity is approximately co-located with the vigorous ascent. As shown by the
relative humidity cross-section (Fig. 6.5d), the ascent took place in an almost fully
saturated environment. Additionally, the lowering of the tropopause over the interior
plateau is confirmed by a lowering of the region of low relative humidity air, indicative

of stratospheric origins.

6.2.2. Interaction of the LLJ with topography

Here the interaction of the LLJ with the coastal topography of the Eastern Cape is
considered at the reference time (0000 UTC 16 August). Fig. 6.4b clearly shows that,
at this time, there was a plume of ascent just ahead of a topographic barrier. This

peak is located approximately 70km inland and has a height of 1200m in MM5. The
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ascent was most vigorous at around 750- and 600-hPa on the upstream side of the

topographic barrier.

The influence the topography had on the LLJ impinging on it may be estimated in
terms of the non-dimensional numbers, the Froude number, Fr, and the Rossby
number, Ro (see Chapter 3 for a definition of these numbers). In this instance, the
variables used to estimate Fr were as follows: h ~ 1200m, U ~ 16m.s'1 and N ~
0.007, vielding a value of Fr = 1.9. This value suggests that the flow will tend towards
the ‘flow over' regime, and therefore upslope flow, which is likely to enhance the
ascent of moist air as the LLJ impinges on the slope. Additionally, since Fr < 5, itis
also likely that there would have been a degree of blocking (Baines 1979;
Smolarkiewicz and Rotunno 1990). For the Rossby number calculation, the mountain
half width, L ~ 40km, and at this latitude f ~ 0.000073 s™, giving a value of Ro = 5.5.
This value, Ro >> 1, suggests the development of vertically propagating gravity
waves on the upstream side of the mountain (Trib and Davies 1995), potentially

resulting in increased cloud formation.

The above result suggests that as the LLJ impinged on this steep topography, the
flow was sufficiently strong, and the stratification unstable enough, for upslope flow to
occur. This upslope flow would have enhanced the convective ascent, which was
already taking place at the leading edge of the LLJ before it impinged on the

topography, resulting in the extreme rainfall rates observed at this time.
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6.2.3. Air parcel back trajectories

The air parcels considered here are those that arrived at the location of the most
intense precipitation in MMS5 at the surface, 900- and 500-hPa levels. The location of
most intense precipitation, taken from Fig 5.16a, was 26.8°E, 34°S. The trajectories
were calculated from the model winds using a 600 second time step, and a release

time of 0000 UTC 16 August.

Fig. 6.6 shows the trajectories for the air parcels arriving at the surface, 900- and
500-hPa levels, labelied A, B and C respectively. Parcel A had its origins to the south
and at the model initialisation at 0000 UTC 14 August was at a height of 700 hPa
(Fig. 6.7a). This suggests that the trajectory of this parcel was initially controlled by
winds associated with the trough. Along its trajectory, the pressure of the parcel
increased (Fig. 6.7a) indicating that it was in sinking air. As it sank below
approximately the 850 hPa level, the relative humidity of the parcel increased

considerably as it entered the moist low-level air.

Air parcel B appeared to have its trajectory governed by the ridge over the ocean to
the south of South Africa (Fig. 6.6 cf Fig. 6.1). It was initially in sinking air (Fig. 6.7b)
and then as it began to traverse a region of high latent heat flux (Fig. 6.6) it began to
ascend to close to 700 hPa, before sinking again as it approached the land. For most
of its trajectory, this parcel was in high relative humidity air. This result suggests that
the region of high latent heat flux was associated with ascending air, suggesting that
convection was taking place there over the relatively high SST of the Agulhas
Current. This is consistent with the findings of Lutjeharms et al. (1986); Jury and

Walker (1988); Jury and Courtney (1991); Jury (1993); Rouault et al (2003), who
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have suggested that there is an increase in convection over the warm SST of the
Agulhas Current. As air parcel B sank, it is likely that its trajectory was being

influenced by the descending branch of a convective cell.

Air parcel C was clearly being advected by the jet streak of the trough that was
present in the upper air (Fig. 6.6 cf Fig. 5.2¢). For the initial part of its trajectory, it
was in dry subsiding air (Fig. 6.7c), until it became part of the northwesterly jet at 500
hPa, when its humidity remained mostly constant. As it moved towards the area of
extreme rainfall, its. relative humidity_increased as it entered the moist convective

column.

The above analysis suggests that, for this event, low-level flow originated over the
ocean to the south of South Africa, and was advected towards the continent by the
enhanced wind due to the ridge. There appeared to be vigorous ascent associated
with a region of high latent heat flux over the ocean just off the south coast of the

Eastern Cape.

6.2.4. Summary

The MM5 simulation allowed an examination of the development of the convective
system during this cut-off low event, and identified factors, such as the meso-beta
scale surface low, that were not so apparent in the MRF analyses or observations.
However, it is possible to have confidence in the simulation since MM5 was able to
capture the salient, large scale features. The analysis of the MM5 simulation showed
that convection developed on the right-hand, looking downstream, and leading edges

of the LLJ, which back trajectories showed was advecting air from high latitudes to
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the south of the rainfall region. The Froude and Rossby numbers greater than one
suggest that the coastal topography enhanced the ascent of moist air at the leading

edge of the LLJ.

6.3. The Montagu Case

Observations from this event suggest that precipitation was at its most intense
between 0200 and 0800 UTC 24 March, and in the model it was heaviest at around
0400 UTC 24 March. Hence 0400 UTC 24 March was chosen as the representative
time to further examine the factors contributing to the convective development of the

system.

6.3.1. Development of the convective environment

At the representative time, a large area of low pressure extended over the ocean to
the south and east of South Africa (with two mesoscale lows embedded within it, one
near 32°, 28°S, and one near the rainfall region around 23°E, 34°S), which resulted in
the flow of warm air (emanating from the southern Mozambique / subtropical
Southwest Indian Ocean region) south over the Agulhas Current system, and then
northwest towards the rainfall region in the Western Cape (Fig. 6.8). Over the south
coast, the relatively steep pressure gradient on the west side of the depression
provided forcing for the strong onshore LLJ, which impinged on the topography of the
south coast. Animation sequences of the flow pattern showed that the time at which
the LLJ began to impinge on the coast to be simultaneous with the onset of
precipitation over land, and as the LLJ continued to impinge on the south coast, with

wind speeds in excess of 20 m.s", heavy precipitation continued to fall over this area.
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A calculation of the pressure gradient force, using the method described for the East
London case, shows that there was a considerable increase in the x component of
the pressure gradient force from 2100 UTC 23 March to a maximum at 0100 UTC 24
March 2003 (Fig. 6.9). Since the flow was predominantly southerly in the LLJ, the y

component of the force was almost an order of magnitude smaller.

At the reference time (0400 UTC 24 March), a distinct band of low-level water vapour
flux convergence was apparent on the cyclonic side of the LLJ (Fig. 6.10a) where
there was strong horizontal wind shear. This band of convergence was due to the

cyclonic flow of the surface depression mixing with the onshore flow of the LLJ.

The development of surface wind convergence at two hour intervals on 23-24 March
(Fig. 6.11) shows that convergence was initially strong with several zonal bands
existing over the ocean south of the Western Cape before developing into a linear
area of convection on 24 March extending northwestwards across the Aguthas
Current to the coast where the convergence intensified. This pattern persisted in the
simulation for approximately twelve hours suggesting that conditions favourable for
heavy rainfall remained in the same area for an extended period, thus leading to the

high rainfall totals observed on 23-24 March.

An examination of the convective instability at 0400 UTC 24 March showed that the
ascent of moist air (Fig. 6.10a) at low levels was taking place in a convectively
unstable environment (Fig. 6.10b). This instability was particularly strong over the
ocean around 23°E, 37°S, but was relatively weak over the coastal region of the
Western Cape. The near surface potential temperature at this time (Fig. 6.10c)

showed a tongue of warm air extending over the ocean from the east with cooler air
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on its onshore side. The warm tongue extended towards the coast on the eastern
side of the LLJ. The equivalent potential temperature (Fig. 6.10d), and the mixing
ratio (Fig. 6.10e) at 925 hPa showed that this tongue of warm air was also relatively
moist. Therefore the band of low-level water vapour flux convergence on the cyclonic
side of the LLJ can be attributed to the mixing of warm moist easterly flow originating
from tropical latitudes with cooler, drier onshore flow from the southeast. Additionally,
both the flow from the east and that from the southeast passed over regions of high
latent heat flux from the ocean, particularly over the Agulhas retroflection region
where fluxes greater than 700 W.m™ occurred, with strong gradients to the north of

this maximum (Fig. 6.10f).

An additional feature of Fig. 6.8 is the mesoscale depression over the ocean to the
southeast of South Africa near 37°S, 30°E. Unfortunately, validation of this feature is
difficult since it does not exist in the coarser resolution MRF model (Fig. 5.11c) and
there is a lack of sufficient observations over the ocean. However, an inspection of
scatterometer winds derived from the QuikSCAT satellite (Fig. 5.4c) revealed that a
signature of this feature was indeed apparent. This depression was maintained for
more than twelve hours in the simulation and may have helped to accelerate the
southerly flow of warm air coming from the east of South Africa towards the Western

Cape.

A vertical cross-section through the axis of the LLJ at the representative time (Fig.
6.12a) reveals that there was considerable ascent as the onshore LLJ impinged on
the coastal topography (Fig. 6.12a). A plume of vertical motion apparent up to the
mid-levels of the troposphere (Fig. 6.12b), with ascent close to 100 cm.s” was
embedded in a layer of high relative humidity air that extended to the edge of the

escarpment (Fig. 6.12d). Time sequences of this cross section showed that this
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plume of vertical ascent remained rooted to the topography for several hours while
the precipitation was at its most intense, suggesting that the topography here was
important in aiding the ascent of moist air and thus convection. Additionally, the cross
section of PV (Fig. 6.12c) shows two downward intrusions of high PV air into the
troposphere. This is consistent with the tropopause map constructed from the MRF
analyses at 0000 UTC 24 March (Fig. 5.15¢), which showed that the PV anomaly in
the troposphere was horseshoe shaped with higher anomalies over the ocean to the
south of the Western Cape, and over the Northern Cape. There was also a plume of
high PV rooted to the mountain peak at this time implying latent heat release due to

condensation.

6.3.2. Interaction of the LLJ with topography

An investigation of the interaction of the LLJ with the coastal topography for the
present case study follows. As in the East London case (section 6.2.2), the flow
regime is investigated in terms of the non-dimensional numbers, Fr and Ro. In this
instance, U=25.87m.s”, N=0.0075s™, and h=915m, giving a value of Fr=3.77, a value
considerably greater than one, indicating that there was a tendency for the flow to go
over rather than around the topography. Furthermore, this value of Fr>>1 indicates
that there was strong upslope flow, which would have promoted ascent at the
topoegraphic barrier (Smith 1979). However, since Fr<5, there was still the potential
for some degree of blocking (Baines 1979), and hence the ascent was confined to

the upstream side of the mountain.
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Additionally, in this instance, where the mountain half width is approximately 30km,
the LLJ led to a value Ro=11.8. This value of Ro>>1 implies that the impingement of
the LLJ on the coastal topography resulted in high amplitude vertically propagating

gravity waves (Trib and Davies 1995).

6.3.3. Air parcel back trajectories

This section presents an analysis of air parcel back trajectories for air parcels arriving
in the region of the most intense precipitation in the MM5 simulation (21.6°E, 34.0°S
in Fig. 5.20a). Trajectories arriving at this location at A, the surface; B, 850- and C,
500-hPa were calculated from the model winds using a 600 second time step and a

release time equal to the representative time (0400 UTC 24 March).

Fig. 6.13 shows that air parcels arriving at various heights (the surface, 850 hPa and
500 hPa) at this location all had their origins to the south, with their trajectories
traversing an area of surface latent heat flux in excess of 700W.m™ to the south of
the Western Cape, suggesting that the ocean here, in the region of the southern

Agulhas Current, could have been an important source of moisture.

Closer examination of each of the trajectories in terms of the height (pressure) and
the moisture content (relative humidity) of the parcels is presented in Fig. 6.14.
Parcel A had its origins over the ocean to the south of the Western Cape, and was
advected onto the coast by the LLJ near to the ocean surface in relatively moist air
(Fig. 6.14a). When this air parcel arrived at the coast it underwent rapid ascent as it

encountered the coastal topography, and its humidity increased.
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Similarly, parcel B was a‘dvected onto the coast topography by the LLJ (Fig. 6.14). Its
origins were similar to the location parcel A originated in, but was higher above the
surface. It was advected towards the coast in a fully saturated layer (Fig. 6.14b),
which is clearly seen in the cross section (Fig. 6.12d). The parcel then ascended into
the dry layer above 800 hPa, and was advected towards the coast within this layer,

where it entered moister air.

Parcel C was initially part of the northwesterly jet which was present at 500 hPa (Fig.
5.11) and extended down to approximately the 700 hPa level, before it descended
towards the surface and was advected towards the land in the LLJ (Fig. 6.13, 6.14¢).
As the parcel underwent rapid descent it passed through a dry layer into moister air
near the surface. The trajectory of this parcel here suggests that there may have
been some momentum fransfer between the upper northwesterdy and low-level
southerly jets. As parcel C approached the coastal topography, it underwent rapid

ascent as part of the vertical ascent of moist air where convection occurred.

Examination of the boundary layer height (not shown), calculated in the boundary
layer parameterization scheme of MM5, compared with the height of the air parcel
trajectories showed that the air parcels arriving at the surface, 850 hPa and 500 hPa
were all within the boundary layer when they passed over the area of highest latent
heat fluxes. This suggests that not only was the ocean here likely to have added
moisture to the passing air parcels, but there was also considerable ascent after
passing over this area with air parcels ending up as high as 500 hPa when they

reached the region of most intense convective activity.
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6.3.4. Summary

The MM3 simulation of this case suggests that the LLJ formed as a result of a rapidly
increasing pressure gradient force. Similar to the East London case, convection was
apparent at the leading and right-hand edges of the LLJ, which back trajectories
suggest was advected air from relatively high latitudes onto the south coast of the
Western Cape. These air parcels passed over an area of high latent heat fluxes from
the surface in the boundary layer, and ascended as they impinged on the coastal

topography.

6.4. Summary

This chapter investigated the processes that led to the most intense rainfall over the
land in the two case studies examined in this thesis. There are a number of distinct
similarities between the two systems. Firstly, an onshore LLJ formed as a result of
increasing pressure gradient force. In the Montagu case the LLJ was southerly,
whereas in the East London case it was more easterly. Due to the change in
orientation of the coastiine between these locations, the LLJ was approximately

perpendicular to the coastal topography in both cases, aiding uplift.

Secondly, important regions of convection were associated with the leading and
cyclonic edges of the LLJ. At the leading edge of the LLJ, ascent was enhanced as
the strong onshore winds impinged on the coastal topography. However, in the East
London case, the LLJ was not as strong as in the Montagu case leading to a value of
Fr closer to one and less vigorous ascent, but in terms of the scaling parameter, the
Burger number, B, calculated from Ro / Fr, the two situations are very similar. In the

Montagu case B=3.1, and in the East London case B=2.9. This suggests that in both
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cases, the degree to which rotational effects dominated over stratification in the flow
was approximately the same. In the Montagu case, ascent was evident as the LLJ
impinged on the coastal topography for an extended length of time, whereas in the
East London case, ascent was present at the leading edge of the LLJ before it began
to impinge on the topography. However, in this case ascent appeared to be greatly
enhanced when the LLJ began to interact directly with the topography just inland of

the coast.

Additionally, both cases appeared to show similarities in terms of the source of low-
level warm moist air. A tongue of low-level warm moist air was seen to extend over
the ocean from the east towards the regions of convection. This warm moist air was
likely to have played a part in destabilising the atmosphere allowing air parcels to
become buoyant leading to severe convection. In both cases, a narrow tongue of this
warm moist air penetrated a small distance onto the coast on the cyclonic side of the
LLJ. The cyclonic side of the LLJ can thus be thought of as a mesoscale front
between the cold air being advected by the surface ridge to the south of South Africa,
and the warm moist tropical air being advected by the surface trough down the
eastern seaboard of South Africa. The warm low-level air also appears to be
associated with the warm SST of the Agulhas Current, which is evident from colder
air on the inshore side of the warm tongue, approximately co-located with regions of

cold upwelling in the SST distribution.

The origin of air parcels arriving at the point of most intense precipitation appeared to

be from relatively high latitudes in both cases. This was especially the case for air

parcels arriving at levels below 850 hPa. This appears to confirm the suggestion of
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Taljaard (1985) that the low-level flow in cut-off low events is characterised by cold
air from high latitudes ‘undercutting’ warm moist air from the tropics, leading to an
environment favourable for deep moist convection to occur. In the Montagu case,
there was evidence to suggest that the LLJ may have been enhanced due to
momentum transfer from the upper level jet, as the trajectory of one of the air parceis
showed that it descended from a northwesterly flow around 700 hPa towards the

surface where it became part of the southeasterly flow into the onshore LLJ.

The analyses of these case studies therefore suggest a number of important factors
which may have influenced the flow at low-levels. The increasing pressure gradient
force led to an increase in the low-level wind speed and the formation of a LLJ. The
topography appears to play an important role in enhancing the ascent of moist air
and therefore the severity of convection. Additionally, the mesoscale front that is
associated with the cyclonic side of the LLJ promotes convection. On the warm side
of this front, the warm SST of the Agulhas Current and its retroflection zone may
have been responsible for warming the low-levels of the atmosphere and thus
helping to destabilise the stratification. Furthermore, air parcels passed over regions
of high latent heat flux from the ocean, associated with the warm SST of the Agulhas
Current, suggesting that this might be an important moisture source in cut-off low
events. These factors are investigated in more detail in the following chapter through

sensitivity experiments with the MMS simulations.
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Figure 6.1 — 925 hPa geopotential height (solid contours, interval 30m), wind
vectors, with a scale given to the bottom right of the panel, and wind speed
greater than 15 m.s™ (shading) at 0000 UTC 16 August 2002 from the MM5
simulation of the East London case.
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Figure 6.2 — Pressure gradient force over the region of maximum wind speed in the
LLJ for the East London case. Green closed circles indicate the x-component and
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Figure 6.3 — Output from the MM5 simulation at 0000 UTC 16 August 2002.
(a) 1000-850 hPa water vapour flux convergence, contour interval 1 g.m?.s™,
with wind speed greater than 15 m.s™ shaded; (b) Convective instability taken
as the difference in equivalent potential temperature between 1000- and 500-
hPa, contour interval 5K; (c) 1000 hPa potential temperature, contour interval
1K; (d) 1000 hPa equivalent potential temperature, contour interval 2K; (e)
1000 hPa mixing ratio, contour interval 1 g.kg™"; (f) surface latent heat flux,
contour interval 50 W.m™2.
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Figure 6.4 — Convergence of the surface wind (solid contours, interval 10 x
10°s™, from 10 x 10”s™ and shading from 5 x 10°s™) and surface wind
vectors (a scale is given to the bottom right of each panel) from the MM5
simulation of the East London case at 2-hour intervals from 1400 UTC 15
August to 1200 UTC 16 August.
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panels are labelled for trajectories A, B and C. Solid line is pressure (hPa) and the

dashed line is relative humidity (%).
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Figure 6.8 — 925 hPa geopotential height (solid contours, interval 30m), wind
vectors, with a scale given to the bottom right of the panel, and wind speed
greater than 20 m.s™ at 0400 UTC 24 March 2003 from the MM5 simulation of
the Montagu case.
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Figure 6.9 — Pressure gradient force averaged over the region of maximum wind
speed of the LLJ for the Montagu case. Open circles |nd|cate the x-component and
green closed circles the y-component.
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Figure 6.10 — Output from the MM5 simulation at 0400 UTC 24 March 2003.
(a) 1000-850 hPa water vapour flux convergence, contour interval 1 g.m?.s™,
with wind speed greater than 15 m.s™ shaded; (b) Convective instability taken
as the difference in equivalent potential temperature between 1000- and 500-
hPa, contour interval 5K; (c) 1000 hPa potential temperature, contour interval
1K; (d) 1000 hPa equivalent potential temperature, contour interval 2K; (e)
1000 hPa mixing ratio, contour interval 1 g.kg™; (f) surface latent heat flux,
contour interval 50 W.m™.
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Figure 6.11 — Convergence of the surface wind (so
to 1600 UTC 24 March 2003.
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Figure 6.12 - Cross sections AB through from CNTRL at 0000 UTC 16 August
2002. (a) Wind vectors in the plane of the cross-section; (b) vertical velocity
(contour interval 20 cm.s -1); (c) potential vorticity (contour interval 1 PVU); (d)
relative humidity (contour interval 20%).
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Figure 6.13- Backward trajectories from the MM5 simulation of the
Montagu casefor air parcels arriving at A, the surface; B, 850-; and C, 500
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Contours show the surface latent heat flux at an interval of 100 W.m-2 and
shading > 400 W.m-2. Trajectory width is proportional to the height of the air
parcel (wider = higher).
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Figure 6.14 — Backward trajectory diagnostics for the trajectories shown in Fig. 6.11.
The panels are labelled for trajectories A, B and C. Solid line is pressure (hPa) and the
dashed line is relative humidity (%).
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Chapter 7

Sensitivity studies and factor
separation
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7.1. Introduction

In the previous chapter, the processes contributing to the extreme precipitation totals
of the cut-off low case studies considered in this thesis were identified. It was found
that at the leading and right-hand edges of an onshore LLJ, there was ascent of
moist air in convectively unstable stratification. At the leading edge, the topography
further promoted the ascent where the LLJ impinged on it. On the right-hand side of
the LLJ, convection occurred due to a mesoscale front between warm moist air
originating from tropical latitudes and cool maritime air from higher latitudes to the
south of South Africa. It was hypothesised that the warm low-level flow from the east

was contributed to by the presence of the warm SST of the Agulhas Current.

In this chapter, sensitivity studies are undertaken in order to quantify the influences of
topography, SST and surface heat fluxes on these weather events. Two suites of
experiments were carried out for each case study. The first suite of experiments
individually considers the effects of the mesoscale structure of the SST distribution,
the presence of the Agulhas Current, the entire topography of South Africa, the
topography where the LLJ impinges on the coast, and the surface heat fluxes. This
was achieved by conducting the same simulations as discussed in the previous two
chapters, but with one of the above factors removed. The second suite of
experiments considers not only the individual contributions, but also the interactions
between surface heat fluxes and the topography of South Africa. This was done

using the factor separation method of Stein and Alpert (1993) described in Chapter 3.

The results of these experiments should not only help to quantify the contribution of

particular factors (and / or their interactions with other factors) to these extreme
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precipitation events, but may also help to identify possible reasons for the

deficiencies in the model simulations described in chapter 5.

This chapter is divided into three main sections following this introduction. In section
7.2, the individual sensitivity studies are discussed for each of the case studies.
Section 7.3 includes the factor separation experiments for both of the case studies.

The findings of this chapter are summarised in section 7.4.

7.2. Sensitivity studies

A brief description of the sensitivity studies follows. Note that the full physics
simulations described in chapters 5 and 6 represent the control experiments and
shall hereafter be referred to as CNTRL. Two experiments were constructed to
investigate the effects of SST on these events. In the first experiment, SST from the
Optimal Interpolation Sea Surface Temperature (OISST) dataset, which has a
resolution of 1° x 1° was used. This represents an approximately fivefold decrease in
SST resolution compared to the full physics experiments of the previous two
chapters, resulting in a loss of mesoscale detail in the SST distribution. In particular
the steep gradients on the inshore side of the Agulhas Current, between its core and

coastal upwelling, are reduced. This experiment is referred to as LRSST.

In the second SST experiment, the warm core of the Agulhas Current was removed
by setting the SST within the current to a constant value, subjectively chosen as the
contour that best represents the outer border of the Agulhas Current. This leads to
reductions in the SST of up to 5°C over the warmest part of the Agulhas Current. This

experiment is referred to as NOAGL.
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Two sensitivity experiments were undertaken to investigate the role played by
topography in the model for this event. In the first of the topography experiments, the
height of the topography near to the coast was reduced prior to initialisation, by
defining the topography as hlexp{l(x — x0)° + (v — yo)°J/rg} — 1], where h is the
topographic height in CNTRL, and X, and yp are the co-ordinates of the centre of the
Gaussian. This Gaussian was chosen to be centred at approximately the location at
which the LLJ impinged on the coast in CNTRL. The radius of influence, ry, was
chosen to be 500 km. In this way, part of the topography near to the coast is reduced
without introducing any arlificial steep gradients. This experiment is referred to as

NOCOAST.

In the second topography experiment, the entire topography within the model grid
was set to zero prior to initialisation. In this way, the pre-conditioning of the
atmosphere due to the topography can be investigated. While there will be some
signature of the topography in the initial and boundary conditions, it was considered
that the initialisation times of the experiments were sufficiently earlier than the times
of interest for the model simulation sufficiently to adjust to the lack of topography. The

experiment with zero topography is referred to as NOTOP.

In the final sensitivity experiment, the effects of surface heat fluxes were considered.
This is a sensitivity test built into the MM5 code, and is done by setting the surface
heat fluxes to zero in the boundary layer parameterisation scheme. This experiment

is referred to as NOFLX.
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7.2.1. The East London case

In this case, the effects of the surface parameters were investigated at the reference
time, 0000 UTC 16 August 2002, used in Chapter 6. Precipitation is for the 24-hour
period to 0600 UTC 16 August 2002. For comparison of these sensitivity experiments
with the CNTRL experiment, see the corresponding plots in Fig. 5.16a, for rainfall;

Fig. 6.1, for the large scale flow; and Fig. 6.2, for the low-level diagnostics.

7.2.1.1. The effect of mesoscale SST patterns

The difference between the SST in LRSST and the 18km resolution NAVOCEANO
SST in CNTRL is shown in Fig. 7.1a. LRSST does not include the cold upwelling
south of Port Elizabeth seen in CNTRL and the core of the Agulhas Currentis up to 2

K cooler. Furthermore, the upwelling near the Agulhas Bank is up to 1.5K weaker.

The precipitation pattern from the LRSST experiment (Fig. 7.2a) was broadly similar
to that from CNTRL. The main differences are that the main precipitation maximum
was further to the southeast of the coast in LRSST and was considerably less at 143
mm, with less inland penetration of rainfall. Farther to the west, between 23°-25°E,
the precipitation was increased in LRSST and penetrated further inland (Fig. 7.2c).
These differences in the precipitation pattern are reflected in the large scale flow for
LRSST (Fig. 7.2b), with the meso-beta scale low pressure system being situated
approximately 1° to the east, and smaller in its spatial extent, compared with CNTRL.
As a result, the LLJ was located a similar distance to the east, with less inland
penetration of the onshore flow. Farther to the west, where the rainfall was greater in

LRSST, there was little appreciable difference in the large scale flow (Fig. 7.2d)

168



Andrew Singleton: PhD Thesis Chapter 7

The low-level water vapour flux convergence at the leading edge of the LLJ in LRSST
(Fig. 7.3a,g9) was much weaker than in CNTRL at this time, with its maximum slightly
to the south of the coast. However, the area of maximum convective instability in
LRSST (Fig. 7.3b,h) was located closer to the coast than in CNTRL. This occurred
because the tongue of warm air, which was considerably narrower and up to 2K
cooler in LRSST (Fig. 7.3c,i), was closer to the land and farther to the east compared
with CNTRL, due to the cooler SST in LRSST in this region. Additionally, the tongue
of high B, air (Fig. 7.3d) and the associated high mixing ratio (Fig. 7.3e) was similarly
located farther to the east in LRSST compared with CNTRL, and was cooler and less
moist (Fig. 7.3j,k). As a result of the cooler SST, surface latent heat fluxes in this
region (400 — 500 W.m?) were also as much as 250 W.m? lower in LRSST (Fig.

7.31,l) compared with CNTRL.

It therefore seems that the mesoscale structure of the SST to the south of the
Eastern Cape coast, where there are large differences between the high resolution
NAVOCEANO and the lower resolution OISST datasets, is important in determining
the location of the LLJ. The warmer core of the Agulhas Current seen in the
NAVOCEANO SST field extends farther to the west compared with the
corresponding OISST SST field. However, the cooler SST to the south of Port
Elizabeth in the CNTRL experiment appears to have had less impact on the event in
this region. However, this may account for the smaller amount of precipitation

simulated in CNTRL between 23°E — 25°E compared to LRSST.
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7.2.1.2. The effect of the Agulhas Current

In the NOAGL experiment, the warm Agulhas Current present in the NAVOCEANO
data used in CNTRL was removed by setting SST > 291 K south of 33°S and north of
38°S to 291 K. Some linear smoothing of the SST north of 33°S was applied to
prevent unrealistic temperature gradients. This resulted in the SST anomaly shown in
Fig. 7.1b, with a cold anomaly of up to 4K over the core of the Aguthas Current. In
this experiment, the quantity of precipitation simulated (Fig. 7.4a,c) differed greatly
from the CNTRL experiment (Fig. 5.16a), especially near to the coast, where only
around 20 mm was simulated in NOAGL. However, the broad spatial extent of the
precipitation field was similar in NOAGL and CNTRL. Correspondingly, the large
scale flow at the reference time (0000 UTC 16 August) was characterised by much
weaker onshore flow, with the LLJ not reaching the coast (Fig. 7.4b,d). Furthermore,
there was no evidence of the meso-beta scale low in NOAGL (Fig. 7.4b) and thus the

pressure gradient forcing near to the coast was much weaker.

As in CNTRL, areas of low-level water vapour flux convergence in NOAGL were
associated with the cyclonic and leading edges of the LLJ (Fig. 7.5a). Since the LLJ
did not impinge on the coast in NOAGL, the moist ascent there was removed (Fig.
7.5a,g). However, a larger portion of the ocean to the south of the Eastern Cape
displayed convective instability in NOAGL (Fig. 7.5b,h), albeit slightly weaker than in
CNTRL. The cooler SST in NOAGL led to the low-level temperature (Fig. 7.5¢) being
cooler than in CNTRL (Fig. 6.2c¢,i), with no evidence of a warm tongue. There was
some evidence of a tongue of relatively high 8. air in NOAGL (Fig. 7.5d), which
appeared to be approximately co-located with the LLJ in this experiment (Fig. 7.5a).

However, the maximum ternperature of 310 K was 6K cooler than this high 8. tongue
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in CNTRL (Fig. 7.5j). This high 6. tongue in NOAGL did not, however, appear to be
reflected in a tongue of low-level moisture (Fig. 7.5e,k). As a result of the cooler SST,
the surface latent heat flux in NOAGL (Fig. 7.5f,]) was much less than that simulated
in CNTRL, suggesting less evaporation from the ocean and reduced low-level

moisture supplied to the system.

The significantly reduced quantity of rainfall generated in NOAGL was due to the LLJ
not impinging on the coast. The much cooler air at low-levels did not provide
sufficient heating of the boundary layer for the formation of the meso-beta scale low;
this factor combined with the lower latent heat flux not adding sufficient low-level
moisture to the evolving weather system meant that the conditions for deep moist

convection to occur were not satisfied.

7.2.1.3. The effect of coastal topography

In NOCOAST, there was little generation of precipitation around the coastline where
the topography was reduced (Fig. 7.6a,c). The removal of the coastal topography led
to a complex response of the flow in this region, probably due to the introduction of
unrealistic topographic gradients. The meso-beta scale low associated with the LLJ
was situated over the ocean centred at approximately 35°S, 29°E with the onshore
portion of the LLJ on its western side, while a second meso-beta scale low was
generated over the land centred near 33.5°S, 25°E (Fig. 7.6b,d). This led to a
secondary onshore LLJ, which impinged on the coast at 34°S, 23.5°E, where there
was some low-level water vapour flux convergence, and the moist ascent associated
with the topography in CNTRL was reduced to zero (Fig. 7.7a,g). Associated with the

second mesoscale low and LLJ was an area of convectively unstable stratification
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(Fig. 7.7b,h) penetrating onto the land. The low-level potential temperature had a
narrow tongue of warm air extending westwards over the ocean south of Port
Elizabeth and a warm pool extending onto the land in the vicinity of the secondary
LLJ (Fig. 7.7c,i). There was a more noticeable tongue of high 8. air (Fig. 7.7d,j) and
low-level moisture (Fig. 7.7e,k) here as the secondary LLJ advected warm moist air
onto the land. In response to the secondary LLJ, surface latent heat flux was

increased by up to 150 W.m™ next to the coast between 22°-25°E (Fig. 7.7f)

It is difficult to draw any concrete conclusions from the NOCOAST experiment since
a secondary meso-beta scale low and LLJ formed as a result of the unrealistic
topographic gradients in this experiment. However, one may tentatively suggest that
that the coastal topography here had an influence in the location of the LLJ as it

trapped the meso-beta scale low in its position over the coast in CNTRL.

7.2.1.4. The effect of South African topography

In the NOTOP experiment, the precipitation pattern over the ocean was spatially
similar to that in CNTRL, but shifted to the west (Fig. 7.8a,c). However, towards the
coast, there was no major peak in the simulated precipitation, which in this case was
concentrated between 22°-25°E, with a maximum around 23.5°E. The large scale
flow was characterised by the LLJ covering a much larger spatial area extending all
the way up western South Africa towards Namibia (Fig. 7.8b,d). The meso-beta scale
low was located over the land and to the west compared with CNTRL, as a result of
the low-level trough which was located off the east coast of South Africa in CNTRL
being situated over the whole of eastern South Africa in NOTOP. This would suggest

that the 2.5 km — 3 km high topography of the Drakensberg and Maloti mountain
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ranges over eastern South Africa and Lesotho was responsible for maintaining the
position of this trough off the east coast of South Africa, and thus having an influence

on the location of the meso-beta scale low and the LLJ.

The low-level water vapour flux convergence in NOTOP was clearly associated with
the cyclonic circulation of the meso-beta scale low converging with the onshore flow
of the LLJ just to the south of Port Elizabeth (Fig. 7.9a). At the coast, the topographic
ascent in CNTRL was reduced to zero in NOTOP (Fig. 7.9g). Convectively unstable
stratification was mostly concentrated over the ocean (Fig. 7.9b) slightly to the south
of the main area of convective instability in CNTRL. In addition, the stratification over
land became more stable west of 25°E (Fig. 7.9h). Although warm moist air was
apparent at low-levels in NOTOP (Figs. 7.9c-e,i-k), it did not form into a narrow
tongue penetrating onto the coast as seen in CNTRL (Figs. 6.2c-e), and a wide
tongue of moist air, not seen in CNTRL, extended over the land from the north in
NOTOP (Figs. 7.9d,e,j,k). The maximum surface latent heat flux in NOTOP (Fig. 7.9f)
was as high (500 — 600 W.m™) as in CNTRL, but was located to the west in NOTOP
(Fig. 7.91) and appeared to be mostly associated with the high wind speeds of the

LLJ.

7.2.1.5. The effect of surface heat fluxes

With the surface heat fluxes switched off, the NOFLX experiment resulted in very little
precipitation over the entire model grid (Fig. 7.10a,c) for the 24-hour period to 0600
UTC 16 August. The large scale flow was characterised by a broadening of the ridge
over the ocean to the south of South Africa, and there was little evidence of the

surface trough extending down the eastern seaboard of South Africa (Fig. 7.10b,d).

173




Andrew Singleton: PhD Thesis Chapter 7

As a result, there was no formation of an onshore LLJ due to the absence of a

sufficient pressure gradient.

The non-formation of the LLJ in the NOFLX experimented resulted in a lack of a
forcing mechanism for the ascent of moist air over the ocean to the south of the
Eastern Cape (Fig. 7.11a,g). Additionally, the fact that in this experiment, the surface
ridge pushed farther to the north than in CNTRL, and the easterly trough did not
extend to the south meant that the stratification remained stable over the region (Fig.
7.11 bh) as there was not sufficient warming qf the lower atmosphere. In fact, a c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>