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Abstract

The impacts of the Benguela Nino on southern African rainfall and circulation are
investigated using an atmospheric general circulation model. The model used is the United
Kingdom Met Office Hadley Centre Atmospheric General Circulation Model version 3 and
experiments using idealizations of observed regional and remote SST anomalies during
various Benguela Nino events were performed. It is found that SST forcing in tropical
South East Atlantic induces a regional baroclinic response and that a Benguela Nino is
capable of forcing anomalous wet conditions over western Angola on its own, via changes
to uplift and evaporation over the SST forcing. It is also capable of forcing anomalous
rainfall much further inland when the intensity is increased.

An experiment with the tropical South East Atlantic SST anomaly shifted slightly
further north produced a larger circulation and rainfall response in the model. Addi-
tional experiments with various SST anomalies in the South West Indian Ocean/central
equatorial Pacific combined with those in the South East Atlantic were performed. These
experiments are motivated by the fact that equatorial Pacific/South Indian Ocean SST
anomalies of varying signs often occur at the same time as the Benguela Nino Events. The
results suggest that depending on its sign, magnitude and location, SST forcing from the
South West Indian Ocean may augment or oppose the southern African rainfall anomalies
occurring during a Benguela Nino event to varying degree.

The experiment with cooling in the central equatorial Pacific combined with warming
in the South East Atlantic produced similar rainfall anomalies over southern Africa with
the experiment with the forcing only in the Pacific. Different near-surface circulation
anomalies are produced over the South West Indian Ocean. These results suggest that

the La Nina signal tends to dominate the Benguela Nino signal over southern Africa



and vice versa over the southwest subtropical Indian Ocean when these events occur

simultaneously.

vi



Contents

Acknowledgments . . . . . ... iv
Abstract . . . . . . \%
List of Tables . . . . . . . . . . . X
List of Figures . . . . . . . . . . xi
1 Introduction . . . . . . . . . . .. 1
2 Literature Review . . . . . . . . . . .. ... 6
2.1 Introduction . . . . . . .. .. 6
2.2 Heat-lows . . . . . . . . e 8
2.3 Tropical-Temperate Troughs or Tropical-Extratropical Cloudbands . . . . . 9
2.4 Tropical Atlantic Ocean and Southern African Rainfall . . . . . . . . . .. 11
2.5 Modes of SST Variability in the Tropical Atlantic . . . . . . .. .. .. .. 18
2.5.1 Equatorial Atlantic Oscillation or Zonal Gradient Mode . . . . . . . 19

2.5.2  Meridional Gradient Mode . . . . . . . ... .. ... ... ... .. 21

2.5.3 Benguela Ninos . . . . . . . . ... oo 22

2.6 SUMMATY . . . . . 24

3 Methodology and Data . . . . . ... ... ... ... ... ... ..... 26
3.1 Imtroduction . . . . . . . .. L 26
3.2 Model Dynamics and Parameterisation Schemes . . . . . .. .. ... ... 28
3.3 Data . . . . . . 33

vil



3.3.1 [Initial and boundary conditions . . . . . . . .. .. ... ... 33

3.3.2 Observations . . . . . . .. .. 35
3.3.3 Modeldata . . .. .. ... 38
3.4 Experimental design . . . . .. ... Lo 38
3.5 Model configuration and method . . . . . . .. .. ... ... . 43
3.6 Summary . ... ... 45
Model Validation . . . . . . .. .. ..o 46
4.1 Introduction . . . . . . . .. 46
4.2  Global zonally averaged statistics and spatial distributions . . . . . . . .. A7
421 Zonal means . . . . . .. ..o 48
4.2.2  Mean vertical structure of zonal wind . . . . . .. .. ... ... .. 51

4.2.3 Seasonal precipitation, sea level pressure, geopotential height and

4.3 Regional maps. . . . . . . ... 56

4.3.1 Precipitation, sea level pressure, temperature and outgoing long-

wave radiation . . . .. ... oL Lo 58

4.3.2 Zonally averaged zonal moisture flux, vorticity and wind . . . . . . 61

4.4 Summary and Conclusion . . . . . . . . .. ... 66
Sensitivity to Atlantic Ocean SST . . . . . . .. .. ... ... .. .... 69
5.1 Introduction . . . . . . .. .. 69
5.2 Sensitivity to Benguela Nino SST: Experiment 3 . . . . . . . . . .. .. .. 70
5.3 Sensitivity to a strong Benguela Nino: Experiment 2 . . . . . . .. .. .. 74
5.4 Sensitivity to location of Benguela SST anomaly: Experiment 6 . . . . . . 78
5.5 Summary and Conclusion . . . . . .. ... ... 80
Sensitivity to Indian Ocean SST . . . . . .. .. ... ... ... ..... 83
6.1 Introduction . . . . . . . . ... 83
6.2 Sensitivity to Negative SST Anomalies : Experiment 4 . . . . . .. .. .. 84
6.3 Sensitivity to Positive SST anomalies: Experiments 5, 9 and 10 . . . . . . 87

viil



6.4 Summary and Conclusion . . . . . . . . .. ... 93

7 Potential Influence of La Nina: Experiments 7and 8 . . . . . . . . .. 95
7.1 Introduction . . . . . . . . . . 95
7.2 Possible Influence of La Nina . . . . . . ... ... ... ... ....... 96
7.3 Summary and Conclusion . . . . . .. . ... ... . 101

8 Summary and Conclusion . . . . .. ... .. ... ... ... ... ... 103

Appendix A . . . 125

Appendix B . . . . . . 126

1X



List of Tables

3.1 Thesis Experiments . . . . . . . .. ..o



List of Figures

1.1

2.1

2.2

2.3

24

3.1

4.1

Composite SST anomaly of the 1984, 1986, 1995 and 2001 Benguala Ninos.

Anomalies greater than 0.5°C are shaded. . . . . . . ... ... ... ... 3

Precipitation (CMAP) and SST (OISST) climatology; (a) Precipitation
annual cycle averaged over southern Africa (12°E-40°E; 35°S-0°), (b) SST
annual cycle averaged over tropical Atlantic (60°W-15°E; 30°S-30°N), (c)
FebruaryApril climatological precipitaiton over southern Africa, (d) February-
April climatological SST over tropical Atlantic Ocean. . . . . . . . . . . .. 13
FMA sea surface temperature (left column, IOSST) and precipitation (right
column, CMAP) anomalies during 1984, 1986, 1995 and 2001 southeast
Atlantic warm events. . . . . . ... oL 15
850 hPa FMA moisture flux (vectors) and convergence (shaded) climatol-

0gy (1074 -2003). . o o o v 17
850 hPa moisture flux anomalies (vectors) and moisture convergence (shaded)

for 1984, 1986, 1995 and 2001 southeast Atlantic warm events (NCEP). . . 18
Idealized SST anomaly patterns for idealized exeriments . . . .. . .. .. 40

HadAM3 and NCEP/NCAR reanalysis FMA zonal means: (a) precipita-
tion, (b) sea level pressure, (c) 850 hPa specific humidity, (d) 850 hPa
moisture flux, (e) 200 hPa wind, (f) 500 hPa geopotential height. Precipi-

tation is from CMAP and units are shown on the Y-axis. . . . . . . . . .. 50

x1



4.2

4.3

4.4

4.5

4.6

4.7

FMA climatological vertical structure of zonal wind (m/s): (a) HadAM
GCM, (b) NCEP-NCAR Reanalysis, (c) Difference between model and
reanalysis. Stippled regions indicate statistically significant differences at
90% significant level. . . . . . . .. ...
FMA climatological precipitation (mm/day, left panel) and sea level pres-
sure (hPa, right panel): (a), (b) HadAM3, (c) CMAP, (d)NCEP-NCAR
reanalysis. (e), (f) The difference between model and reanalysis. Stippled
regions indicate statistically significant differences at 90% significant level.
Vectors and magnitude of FMA climatological wind field at 850 hPa (left
panel) and 200 hPa (right panel) m/s: (a), (b) HadAM3 and (c), (d)NCEP-
NCAR reanalysis. (e), (f) The difference between model and reanalysis.
The magnitudes are shaded and stippled regions indicate statistically sig-
nificant differences at 90% significant level. . . . . . . . .. ... ... ...
FMA climatological zonal geopotential height anomaly (m) at 200 hPa for
the southern hemisphere:(a) HadAM3, (b) NCEP-NCAR reanalysis. (c)
difference between model and reanalysis. Stippled regions indicate statis-
tically significant differences at 90% significant level . . . . . . . . . . . ..
FMA precipitation (in mm/day, left panel) and SLP (in mb, right panel)
climatology over southern Africa: (a), (b) HadAM3, (c) CMAP, (d) NCEP-
NCAR reanalysis. (e), (f) differences between model and reanalysis. Stip-

pled regions indicate statistically significant differences at 90% significant

FMA climatological 850 hPa temperature (in °C, left panel) and outgoing
longwave radiation (in Wm™2, right panel): (a), (b) HadAMS3; (c), (d)
NCEP-NCAR reanalysis. (e), (f) differences between model and reanal-
ysis. Stippled regions indicate statistically significant differences at 90%

significant level . . . . . ...

x1i

o4



4.8 FMA climatological of zonal moisture flux zonally averaged between -40°W
and 80°E: (a) HadAM3, (b) NCEP-NCAR reanalysis, (c) differences be-
tween model and reanalysis. Stippled regions indicate statistically signifi-
cant differences at 90% significant level . . . . . . . . ... ... ... ...

4.9 FMA climatology of vorticity at 850 hPa (left panel) and 200 hPa (right
panel): (a), (b) HadAM3; (c), (d) NCEP-NCAR reanalysis. (e), (f) differ-
ences between model and reanalysis. Stippled regions indicate statistically
significant differences at 90% significant level . . . . . . . . . ... ... ..

4.10 FMA wind climatology for NCEP-NCAR reanalysis (blue vectors) and
HadAM3 (red vectors) at: (a) 850 hPa, (b) 200 hPa. Arrow size is shown.

4.11 FMA Moisture flux climatology for NCEP-NCAR reanalysis (blue vectors)
and HadAM3 (red vectors) at 850 hPa. Arrow size is shown. . . . . . . ..

5.1 Experiment 3 anomalies: (a) precipitation at 0.5 mm/day contour interval,
(b) sea level pressure at 20 Pa contour interval, (c) 500 hPa geopotential
height at 1m contour interval, (d) 500 hPa omega at 0.5 x 1072 contour
interval, (e) 850 hPa Moisture flux the vector size is shown, (f) 850 hPa
Moisture divergence at 0.5 x 10~8 contour interval. Stippled regions denote
statistically significant differences at 90%. . . . . . . .. .. ... .. ...

5.2 Same as 5.1 except for Experiment 2. . . . . . . .. ...

5.3 Same as 5.3 except for Experiment 6. . . . . . . ...

6.1 Experiment 4 anomalies for, (a) Rainfall with contour interval of 0.5 mm/day,
(b) 500 hPa Omega, (c) 850 hPa Moisture flux and d 850 hPa Moisture
divergence. . . . . . . . L

6.2 Same as Figure 6.1, but for Experiment 5. . . . . . . . ... ... ... ..

6.3 Same as Figure 6.1, but for Experiment 9. . . . . . . . ... ... ... ..

6.4 Same as Figure 6.1, but for Experiment 10. . . . . . . . . . . ... ... ..

xiil

67

68



7.1 Experiment 7 anomalies: (a) Rainfall 0.5 mm/day contour interval, (b)
Omega 500 hPa, (c) Moisture flux 850 hPa, (d) 850 hPa Moisture diver-

gence. Stippled regions indicate statistically significant differences at 90%

7.2 Same as Figure 7.1 but for Experiment 8. . . . . . . ... .. ... ... ..

A.1 SST anomalies in the central equatorial Pacific Ocean. The box represents
the region of cool SST anomalies used to force HadAM3 (8°S-8°N, 175°E-
135°W) o

B.1 Surface Latent heat flux anomalies for Experiments 2 - 10. Stippled regions
indicate statistically significant anomalies at 90% confidence level. . . . . .

B.1 continued . . . . . . . ..

B.2 Sea Level Pressure anomalies for Experiment2 4,5,7-10 . . . . . . . .. ..

B.3 Same as Figure B.2, but for geopotential height . . . . . . . ... ... ..

Xiv

126



Chapter 1

Introduction

There is increasing interest in the sea surface temperature (SST) variability of the South
Atlantic Ocean (e.g. Garzoli et al., 1996, Florenchie et al., 2003, Hickey and Weaver,
2004, Colberg et al., 2004, Haarsma et al., 2005, Colberg and Reason, 2006). These
studies mainly focus on the dynamics associated with the observed variability rather than
consider the climate impacts on the neighbouring landmasses. Thus, rather less research
has been done on the possible links between variability of SST in the South Atlantic
Ocean and the climate of neighbouring southern Africa and the possible mechanisms.

Although there is some evidence of links between SST variability in the South Atlantic
Ocean and southern African rainfall (e.g. Hirst and Hastenrath, 1983, Reason et al., 2002,
Rouault et al., 2003, Reason and Jagadheesha, 2005a), the associated mechanisms are
not well understood. Motivated by the occurrence of extreme climatic events in the
Angola region, about 25 years ago Hirst and Hastenrath (1983) sought to investigate the
general causes of these events. They endeavoured to explain mechanisms of large scale
atmosphere-hydrosphere interaction in the tropical Atlantic. With the exception of the
work of Shannon et al. (1986), this topic was then rather neglected until recently.

The main region of interest in this study is the Angola Benguela Frontal (ABF) zone in
the southeast Atlantic Ocean where anomalously warm SSTs have been observed to occur
on occasion, and based on the work of Hirst and Hastenrath (1983), Shannon et al. (1986),
and Rouault et al. (2003), are thought to influence rainfall over neighbouring Angola and

Namibia. This frontal zone separates warm tropical Angola Current waters (SST exceeds



28°C in late summer) from the cool Benguela Current upwelled waters off Namibia (SST
less than 20°C). Shannon et al. (1986) have termed large warm events 'Benguela Ninos’
because of their apparent similarities with El Nifio events. To date, not much evidence
has been shown of a link between Benguela Ninos and ENSO (Enfield and Mayer, 1997,
Latif and Barnett, 1995) and certainly these phenomena do not typically occur in unison
(Florenchie et al., 2003, Reason et al., 2006). Moreover, Benguela Ninos are less intense
and less frequent than El Nifios (Shannon et al., 1986) and typically occur in late austral
summer, February-April. Recent examples of Benguela Ninos occurred in 1984, 1986 and
1995 and 2001 (Florenchie et al., 2003, Rouault et al., 2003). The composite anomaly
plot for these events is shown in Figure 1.1. The centre and magnitude of maximum SST
anomalies varies among these events, from about 15°S to about 17°S and from about 2°C
to about 4°C respectively.

Hirst and Hastenrath (1983), Nicholson and Entekhabi (1987) and Rouault et al.
(2003) have observed that anomalous atmospheric conditions occur over areas of anoma-
lously warm SST in the southeast tropical Atlantic and may be linked with above average
rainfall along the coast of Angola and Namibia and sometimes also inland areas of South-
ern Africa, e.g. Zambia. However, it is not clear as how influential a Benguela Nino is on
the rainfall further inland.

During Benguela Nino events, for example 1995 and 2001, cooling or warming may
also occur in the Indian and/or Pacific Oceans. It has long been recognised that ENSO
and SST variability in the Indian Ocean influence rainfall variability in many parts of
southern Africa (e.g. Mason and Jury, 1997, Reason and Mulenga, 1999, Reason et al.,
2000). Therefore much research on southern African Climate variability has concentrated
on influence from ENSO and the Indian Ocean because it is believed that they exert more
influence over southern Africa than the Atlantic Ocean. For example, Lindesay et al.
(1986), Nicholson and Entekhabi (1986), Ropelewski and Halpert (1987, 1989) suggest
that severe droughts (floods) over southern Africa are associated with El Nino (La Nina)
events. Some wet summers over southeastern Africa are associated with locally forced

warm sea surface temperature (SST) in the South Indian Ocean (Behera and Yamagata,
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Figure 1.1: Composite SST anomaly of the 1984, 1986, 1995 and 2001 Benguala Ninos.
Anomalies greater than 0.5°C are shaded.
2001, Reason, 2001). However, little work has been done on the influence of the Atlantic
Ocean on southern African climate. The Benguela Nino is the most prominent example
of variability in the South East Atlantic Ocean and therefore, the objective in this thesis
is to investigate the impacts of Benguela Nifio on rainfall over southern Africa.
To help achieve the above objective, this research will try to address the following

questions:

1. What is the effect of warm SST anomaly intensity in the southeast Atlantic Ocean,

when there is neither warming nor cooling in the Indian Ocean?

2. What is the rainfall and circulation response over southern Africa when there are
warm or cool SST anomalies in the southwest Indian Ocean in addition to a Benguela

Nino event?



3. How does the location of anomalous warming of SST in the tropical southeast At-

lantic influence the atmospheric response over southern Africa?

4. What is the rainfall and circulation response over southern Africa when there is a

La Nina event in the Pacific occurring at the same time as a Benguela Nino?

The main tool used in this investigation is the United Kingdom Met Office (UKMO)
Hadley Centre Atmospheric Model version 3 (HadAM3) general circulation model. Grid-
point atmospheric general circulation models (AGCMs) numerically solve fundamental or
primitive equations describing the conservation of mass, energy, momentum and moisture
for each atmospheric gridbox while taking into account the transfer of those quantities
between gridboxes. Like in many other grid-point AGCMs, the SST field is used to
force HadAMS3 at the surface. Thus one can prescribe desired SST patterns at the sur-
face boundary. In this thesis, the model is forced with various prescribed idealised SST
anomalies in the southeast tropical Atlantic, southwest subtropical Indian and central
equatorial Pacific Oceans.

Having stated the objective, the overview of the structure of this thesis is as follows:

Chapter 2 gives a review of the existing literature on some of the rain-bearing systems
over southern Africa and the possible influence of the Atlantic Ocean on southern African
rainfall.

Chapter 3 provides a brief description of HadAM3’s dynamics and parameterisation
schemes. This chapter also a description of the data used in this thesis. A description
of the design of a set of experiments with the model is also given in this chapter. These
experiments help to address the questions above.

Chapter 4 presents results on the models ability in simulating the observed climate.
The model is validated using NCEP/NCAR reanalyses.

It is important to understand the performance of climate models in the current climate
where validation is possible. Any strengths and weaknesses of the models need to be
understood before they are used on climate change scenarios runs, for example. Although

this study may be important to climate change studies, it excludes anthropogenic impacts



on climate change. It focuses on atmospheric response to SST forcing in the Angola-
Benguela-Front region and other SST forcing.

Chapter 5 presents results from experiments which involve forcing HadAM3 with
idealised warm SST anomalies only in the southeast tropical Atlantic Ocean. Results in
this chapter try to address the first and third questions.

Chapter 6 presents results from experiments in which the model is forced with ide-
alised SST anomalies in the southeast tropical Atlantic Ocean and the southwest subtrop-
ical Indian Ocean (SWIO). This chapter addresses the second question.

Chapter 7 presents results from experiments in which the model is forced with ide-
alised SST anomalies in the southeast tropical Atlantic and the central equatorial Pacific
Oceans. Therefore this chapter addresses the fourth question.

Chapter 8 summaries the findings of this thesis and concludes the thesis.



Chapter 2

Literature Review

2.1 Introduction

Southern Africa is prone to pronounced flood and drought events and climate variability
on a range of time scales. Some of the variability, floods and droughts is thought to be
forced remotely via El Nino Southern Oscillation (ENSO) (e.g. Nicholson and Entekhabi,
1986, Lindesay, 1988, Nicholson and Kim, 1997, Reason et al., 2000) and the surround-
ing Indian and Atlantic Oceans (e.g. Hirst and Hastenrath, 1983, Walker, 1990, Mason,
1995, Rocha and Simmonds, 1997a, Reason and Mulenga, 1999, Behera and Yamagata,
2001, Reason, 2001, 2002, Nicholson, 2003). However, much research on southern African
climate variability has concentrated on influence from ENSO and the Indian Ocean, be-
cause it is believed that they exert more influence over southern Africa than the Atlantic
Ocean. For example, Lindesay et al. (1986), Nicholson and Entekhabi (1986), Ropelewski
and Halpert (1987, 1989) suggest that severe droughts over southern Africa are associated
with ENSO and wet summers over southeastern Africa are associated with locally forced
warm sea surface temperature (SST) in the Indian Ocean (Behera and Yamagata, 2001,
Reason, 2001). However, little work has been done on the influence of the Atlantic Ocean
on southern African climate. A review is given in Reason et al. (2006). The objective of
this chapter is to review the existing literature on some rain-bearing systems over southen

Africa and the possible influence of the Atlantic Ocean on southern African rainfall.



Although the ENSO phenomenon in the Pacific has profound impact on global weather
patterns, not all anomalous patterns are linked to it and it has become increasingly
clear that other modes of climate variation besides ENSO can have significant influence
on regional climate (Chang et al., 1998). Among them is a variation of SST in the
tropical Atlantic Ocean. Following the pioneering work of Hirst and Hastenrath (1983)
and Lough (1986), more recent research has indicated the importance of South Atlantic
Ocean variability for southern African climate (e.g. Fauchereau et al., 2003, Rouault et al.,
2003, Florenchie et al., 2004, Hermes and Reason, 2005, Reason and Jagadheesha, 2005a).
Sea surface temperature variations in the tropical Atlantic and atmospheric circulation
variations over this region could influence atmospheric dynamics, moisture supply and
hence rainfall over Africa. Fauchereau et al. (2003) suggest that atmospheric anomalies
over southern Africa are related to SST variations in subtropical Atlantic in addition to
Indian Ocean. For example, SST variations in the tropical Atlantic Ocean have been found
to influence late summer (February-March-April) rainfall over coastal regions of southwest
Africa and further inland (Hirst and Hastenrath, 1983, Rouault et al., 2003, Florenchie
et al., 2004). Other regions influenced by SST variations in the tropical Atlantic include
Northeast Brazil (Enfield, 1996, Harzallah et al., 1996), the Sahel region (Folland et al.,
1986) and coastal West Africa (Reason and Rouault, 2006).

Variation in the surrounding and remote oceans alone is not sufficient to understand
climate variability over southern Africa, the effect of local atmospheric and land processes
may also contribute to observed climate variations over southern Africa. For example,
meridional and zonal convergence of moist air over the subcontinent, within the Inter-
tropical and South Indian convergence zones respectively may influence the spatial distri-
bution and magnitude of rainfall anomalies over Southern Africa (Cook, 2000). Variations
in synoptic features, such as heat or thermal troughs, have also been linked to rainfall
variability over Southern Africa (Mulenga, 1998). Harrison (1986) suggests that year to
year fluctuations in rainfall over Africa are determined by circulation regimes that al-
ter the preferred location of tropical convection and the Intertropical convergence zone

(ITCZ). These local continental processes and variations in the surrounding oceans may



interact with one another in a complex way and thus produce observed climate variations

over southern Africa.

2.2 Heat-lows

Heat lows or troughs are shallow disturbances and are a prominent climatological feature
of many arid land areas of the world in low latitudes (Récz and Smith, 1999). These
features tend to form during daytime in warmer months when insolation is at its peak,
particularly during summer and may be thought of as low-level maxima in cyclonic relative
vorticity, which are linked to horizontal gradients of diabatic heating. Heat lows have been
observed over south-western and northern Africa (Ramage, 1971), West Pakistan and
northern India (Joshi and Desai, 1985), Saudi Arabia (Bitan and Sa’aroni, 1992), Australia
(Leighton and Deslandes, 1991), Spain (Portela and Castro, 1996) and southwestern USA
and Mexico (Rowson and Colucci, 1992). These disturbances are usually confined below
700 hPa and are characterised by a convergent cyclonic circulation at low levels and a
divergent anticyclonic circulation aloft. Their horizontal scale ranges from 500 to 2500
km. After studying heat lows over Saudi Arabia, Blake et al. (1983) suggested that
ascending motion over heat lows occur below 800 hPa and during the morning. Contrary
to this finding, Hart (1990), who investigated vertical-velocity profiles over heat lows over
northern Australia, concluded that a deeper layer of ascending occurs in the evening.
Recent studies on the dynamics of heat lows (e.g. Racz and Smith, 1999, Reichmann
and Smith, 2003) attribute this difference to orography. Reichmann and Smith (2003)
suggest that orography may induce a broad-scale circulation, a circulation in which sea
breezes and other flows such as anabatic and katabatic winds contribute. Anabatic winds
reinforce low-level convergence, therefore one expects strengthened relative-vorticity over
a plateau rather than a flat land. Also, low-level wind maxima tend to be weaker over
flat land than over the plateau (Reichmann and Smith, 2003). The presence of orography
leads to a deeper mixed layer and higher wind speeds and the top of the mixed layer is
higher over the plateau than over the plain. Reichmann and Smith (2003) propose that

heat lows may occur mostly over regions of elevated terrain. The behaviour of heat lows



or troughs may also be influenced by the presence of a large-scale flow and the persistence
of this flow (Récz and Smith, 1999).

A heat low observed over southern Angola and northern Namibia during about Oc-
toberMarch is locally known as the Angola-low. Mulenga (1998) identified this heat-low
as an inland low level pressure wind vortex at 850 hPa and associated it with high sur-
face temperatures. Harrison (1986), Makarau (1995), Rocha and Simmonds (1997b) and
Reason and Jagadheesha (2005a) suggest that variations in seasonal rainfall over south-
ern Africa may be related to this inland low and may therefore contribute to interannual
variability of summer rainfall. The position of the inland low is critical in determining
wet areas as it modulates the convergence of moist air over the subcontinent. A well-
developed surface low over Angola and western Zambia linked to mid-latitude westerly
waves passing south of Africa, results in tropical extra-tropical cloud bands extending to
the southeast and heavy rains over Zambia, Botswana and South Africa (Mulenga, 1998).
Sometimes, the combination of the Angola-low and cyclones over Mozambique results in
diffluent flow over Zambia, Zimbabwe, Botswana, and Malawi. This situation usually re-
sults in drought conditions. The Angola-low may influence the Benguela upwelling system
and may therefore be related to the warm and cool events over the southeast Atlantic
Ocean. Further south, heat lows may also form over southern Namibia and the western

interior of South Africa.

2.3 Tropical-Temperate Troughs or Tropical-Extratropical

Cloudbands

Most of southern Africa is affected by tropical and mid-latitude weather systems and
their interactions. Interactions between tropical and mid-latitude (temperate) weather
systems form an intriguing element of the general circulation (Washington and Todd,
1999). During most of the year, circulation over the southern region (south of 25°S) is
dominated by extra tropical weather systems such as westerly waves, cut-off lows and

cold fronts (Dyson and van Heerden, 2002). During summer, tropical weather systems,



in the form of tropical cyclones, tropical lows and easterly waves migrate southwards and
interact with midlatitude weather systems. A linkage involving a tropical disturbance such
as an easterly wave or a tropical low (e.g. Angola-low) and a subtropical low or temperate
westerly wave results in a feature commonly referred to as the tropical-temperate trough
(TTT, Harangozo and Harrison, 1983, Crimp et al., 1997). Over southern Africa, a TTT is
an elongated trough extending in a northwest-southeast direction across the subcontinent
and the southwest Indian Ocean and is identified from satellite imagery as long cloud
bands that extend over both continental southern Africa and the southwest Indian Ocean
(Todd and Washington, 1999). Circulation within a TTT is characterised by surface
convection and upper air divergence, which result in ideal conditions for strong vertical
uplift and the formation of the cloud bands (Crimp et al., 1997). The cloud bands form
eastward of upper air, semi-stationary long waves, which may be orographically forced or
thermally forced in the atmosphere. Crimp et al. (1997) reports that systems like cut-
off lows, may occur simultaneously with TTTs, often enhancing convection and rainfall
production. A combination of such two systems can produce heavy rainfall and flooding.
Variability in southern African rainfall during January to March is caused primar-
ily by changes in the position, frequency and strength of TTTs and these systems have
been identified as greater contributors of rainfall over the region than any other summer
rainfall-producing systems (Crimp et al., 1997). Tropical lows, subtropical troughs and
westerly waves in the region have been found to be associated with wet conditions. This
finding suggests a link between TTT frequency and higher rainfall. Crimp et al. (1997)
have found that TTTs form most frequently over southern Africa during January when
the Inter-Tropical Convergence Zone (ITCZ) is furthest south. This circulation allows for
a more regular interaction between midlatitude westerly waves and the region of tropical
convergence. The dissipation of cloud bands occurs with the eastward or westward move-
ment of the TTT and/or the eastward or westward extension of the ridge of high pressure
south of South Africa so that the link with the cold front to the south breaks down.
Jury and Lindesay (1991) have associated major flood events in the interior of southern

Africa with TTTs. A westerly trough over the western subcontinent at the 500 and 700
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hPa levels and a tropical low over northern Namibia/Botswana have been observed to
occur during wet periods. During wet summers, tropical lows are found to be situated
over the western-central interior and relatively far south (20°S) but over the eastern
subcontinent and further north (15°S) during dry months (Crimp et al., 1997).

Crimp et al. (1997) linked the formation, strength and position of the TTTs to global
scale circulations like the Hadley and Walker circulations. They suggested that a strength-
ened Hadley circulation is associated with more frequent TTT formation and a wet sum-
mer over southern Africa. The shifting of the Walker circulation during an El Nino event
and the associated eastward shift of the regions of convection is associated with the TTT
forming more frequently to the east of the subcontinent (Crimp et al., 1997).

Cloud bands facilitate the poleward distribution of mass, momentum and energy from
the tropics to the mid-latitude (Crimp et al., 1997, Todd et al., 2004).Transport over
southern Africa of latent heat, water vapour and kinetic energy occurs primarily with the
TTTs situated along the leading edge of the upper trough. This location is important
for the maintenance of the Hadley circulation over the subcontinent. Todd et al. (2004)
indicates that TTT events facilitate a substantial water vapour flux from the tropics into
the mid-latitudes and are major regions of moisture convergence. Crimp et al. (1998) has
indicated that the strength of TTTs may be sensitive to SST south of South Africa. This
work suggests that SST variability in the neighbouring Indian and Atlantic Oceans may

influence TTT location and intensity.

2.4 Tropical Atlantic Ocean and Southern African

Rainfall

Since southern Africa is a relatively narrow landmass that ends in the subtropics, its cli-
mate may be influenced by variations in atmosphere-ocean interaction in the neighbouring
tropical Atlantic Ocean basin as well as that over the Indian Ocean. For example, Bi-
asutti et al. (2004) suggested that the atmospheric response to changes in tropical and

subtropical SST is advected inland and forces changes in sea-level pressure and low-level
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convergence across a large part of tropical Africa. Observational (e.g. Hirst and Hasten-
rath, 1983, Nicholson and Entekhabi, 1987, Rouault et al., 2003) and numerical model
(e.g. Reason and Jagadheesha, 2005b) studies suggest that warm SST in the southeast
Atlantic are associated with above average rainfall over southern Africa, the western half
in particular (Jury, 1996). On the other hand, Rautenbach and Jury (1997) suggested
that southeast tropical Atlantic cold events may also significantly enhance late summer
rainfall over southern Africa.

Climatologically, SSTs in the southern tropical Atlantic are highest, over 28°C, during
February and occur in the region between 10°S and 5°N (Figure 2.1a) and may therefore
influence southern African rainfall, in particular, during this period — the Optimum In-
terpolated SST dataset (Reynolds et al., 2002) is used in this literature review, for details
see chapter 3. During this season, the equatorial winds are weakest and the thermocline
is deepest in the east (Xie and Carton, 2004). While the peak rain season over southern
Africa is from December to February (DJF) Figure 2.1b recent severe floods (e.g. Mozam-
bique floods in 2001) and droughts (e.g. Zambia during 2005) have occurred during the
FMA season. During this season, northern Angola, Zambia and Mozambique, southern
Tanzania and Congo-Brazzaville, Madagascar, Gabon and Equatorial Guinea receive rain-
fall well over 5 mm/day (Figure 2.1d, Climate Prediction Centre (CPC) Merged Analysis
Precipitation (CMAP) dataset (Xie and Arkin, 1996) is used in this literature review, see
chapter 3 for details).

The various studies cited above highlight the modification of regional moisture fluxes
and convergence, via temperature and pressure gradients, as a possible mechanism linking
southeast Atlantic warm events and southern African rainfall. Rouault et al. (2003)
suggested that rainfall over western Angola/Namibia is greatest for those SST events
(Figure 2.2) for which the local circulation anomalies act to strengthen the climatological
westwards flux of Indian Ocean sourced moisture. Note that the western Indian Ocean is
the major source of moisture for austral summer rainfall over southern Africa (Figure 2.3).

The above circulation accompanied with an anticyclonic flow over the warmest SST, which
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Figure 2.1: Precipitation (CMAP) and SST (OISST) climatology; (a) Precipitation annual
cycle averaged over southern Africa (12°E-40°E; 35°S-0°), (b) SST annual cycle
averaged over tropical Atlantic (60°W-15°E; 30°S-30°N), (c) FebruaryApril clima-
tological precipitaiton over southern Africa, (d) February-April climatological SST
over tropical Atlantic Ocean.

may weaken the mean southeasterly moisture flux away from Africa over the SE Atlantic

may result in anomalous rainfall over western Angola/Namibia (Rouault et al., 2003).

Figure 2.2 shows four observed warm events in the south east Atlantic Ocean (Benguela

Ninos) during late austral summer (left column) and their associated rainfall anomalies

(right column). SST anomalies as high as 3°C off the Angola/Namibia coast are observed

in the 1995 event. The expression of the SST anomalies of this event and that during

1984 is stronger than for the 1986 and 2001 events. However, the latter events show

stronger rainfall anomalies over the northern (1986 event) and southern (2001 event)
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regions of southern Africa and all events show substantially positive rainfall anomalies
over the coastal northern Angolan border. Hirst and Hastenrath (1983) suggest that SST
variations in the eastern tropical South Atlantic accounts for about 36% of the rainfall
variability along the Angolan coast. During some events, above average rainfall is observed
over inland regions of southern Africa (Rouault et al., 2003).

Figure 2.4 shows 850 hPa moisture flux (vectors) and moisture convergence (shaded)
anomalies for these events. Moisture flux and moisture convergence variables are derived
from the U-, V-wind components and specific humidity of the National Centre for Environ-
mental Prediction/National Centre for Atmospheric Research (NCEP/NCAR) Reanalysis
dataset (Kalnay et al., 1996), see chapter 3 for details. Plots in this figure are discussed
together with Figure 2.3, which shows the February to April 850 hPa mean moisture flux
and convergence. As mentioned above, the western Indian Ocean is the primary source
of moisture for austral summer rainfall over the subcontinent. The South Atlantic Ocean
is a secondary moisture source for subtropical southern Africa and mainly advects a rel-
atively cool and dry air mass over western Namibia and South Africa from the Benguela
current region. This South Atlantic air mass may converge in summer in the heat low
and the TTT region with a warm moister air mass from the western Indian Ocean over
the interior of southern Africa (Figure 2.3). From about 22°S to about 8°S on the west
coast, moisture flux is offshore but somewhat alongshore north of 6°S. Warm and moist
air from the primary western Indian and the secondary tropical Atlantic Ocean converge
over Angola. Rouault et al. (2003) suggest that warm events in the southeast Atlantic
Ocean can only act as a local perturbation to moisture flux from the tropical Atlantic
Ocean.

Strengthened moisture flux over Angola, Zambia and southern Congo-DR and mois-
ture convergence over the northern coast of Angola characterise the warm events of 1984
(Figure 2.4a) and 1986 (Figure 2.4b). These events are also characterised by a relatively
weak moisture convergence southeast of the Angola-low region. However, the moisture
flux is weaker (stronger) than average over the southwest Indian Ocean during the 1986

(1984) event and the moisture flux anomaly is onshore (offshore) over the Angola/Namibia
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Figure 2.2: FMA sea surface temperature (left column, IOSST) and precipitation (right col-
umn, CMAP) anomalies during 1984, 1986, 1995 and 2001 southeast Atlantic warm
events.
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coast during 1986 (1984). These circulation anomalies suggest that the 1984 event was
associated with more moisture over the eastern subcontinent than the 1986 event. How-
ever, Figure 2.2 indicates wet conditions over central Africa during the 1986 event and
dry conditions during 1984. A cyclonic moisture flux anomaly and moisture convergence
over Angola, Botswana, Namibia and Zambia, characterise the 1995 and 2001 events.
However, the offshore anomaly over the Namibian coast is weaker in the 2001 event than
in the 1995 and the former is characterised by a strong northwesterly anomaly extend-
ing from the equatorial region to the cyclonic anomaly over southern Angola. Also, the
anomaly circulation pattern in the tropical southern Indian Ocean and southwest Indian
was roughly opposite for the two events. Figures 2.4c and 2.4d indicate increased (re-
duced) moisture advection over southeastern Africa from the tropical southwest Indian
during the 2001 (1995) event and reduced (increased) moisture advection over eastern
Southern Africa from tropical southern Indian Ocean. The relatively wet (dry) conditions
over eastern Southern Africa during 2001 (1995) may be because tropical air masses are
moister than subtropical air masses. The cyclonic moisture flux anomaly over Angola,
Botswana, Namibia and Zambia suggests a stronger thermal low or trough during these
events. Of the four events, the 1986 event shows weak moisture flux anomalies over Angola
and the 2001 event shows weak moisture flux from the southwest Indian Ocean. However,
these two events show anomalously wet condition over southern Africa and warm SST
anomalies in southwest Indian Ocean. This observation suggests that conditions in the
Indian Ocean may modulate the effect of these warm events.

The influence of SST variability in the South Atlantic Ocean on southern African
climate is not limited to the summer season. Reason and Jagadheesha (2005b) have
identified a pattern of SST anomalies occurring in winter (May to September) in this
region and associate it with winter rainfall anomalies over the southwestern region of
South Africa. This pattern is characterised by warm SST anomalies in the southwest and
southeast Atlantic and cool anomalies in the central South Atlantic Ocean during wet
winters. Changes to subtropical jet position and strength, low-level relative vorticity, and

convergence of moisture and latent heat flux are associated with this pattern. Robertson
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Figure 2.3: 850 hPa FMA moisture flux (vectors) and convergence (shaded) climatology (1974
- 2003).

et al. (2003) have done numerical model experiments in which their model was forced

with the leading SST modes in the tropical Atlantic austral winter and spring. These

experiments showed little or no precipitation changes over southern Africa. There was

however more precipitation over the ocean than over the neighbouring continents in the

model simulation.

Given the above evidence, it can be argued that the relationship between the size of the
SST anomaly during warm events in the southeast Atlantic Ocean and the corresponding
rainfall anomaly over southern Africa is nonlinear. This result suggests that rainfall
anomalies during southeast Atlantic warm events may be modulated by other regional
signals. An important regional pattern is the existence of a dipole like SST anomaly in the
South Indian Ocean which is well known to influence southern African rainfall (Behera
and Yamagata, 2001, Reason, 2001, 2002). Observations suggest that 1984 and 1995 were
characterized by a negative phase SST dipole in the South Indian Ocean (unfavourable for
southern African rainfall) and 1986 and 2001 by a positive phase SST dipole (favourable

for southern African rainfall). These preliminary results therefore indicate that a better
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Figure 2.4: 850 hPa moisture flux anomalies (vectors) and moisture convergence (shaded) for
1984, 1986, 1995 and 2001 southeast Atlantic warm events (NCEP).
understanding of the impact of the southeast Atlantic warm events on southern African
rainfall is required together with the potential modulation by South Indian Ocean SST
and this is the focus of this thesis. Therefore, not all warm events in the southeast
Atlantic produce above normal rainfall over southern Africa, but may modulate rainfall
over coastal Angola by controlling regional atmospheric moisture and stability (Hirst and

Hastenrath, 1983).

2.5 Modes of SST Variability in the Tropical Atlantic

Unlike the tropical Pacific which displays SST anomalies on a variety of time scales - the
dominant ENSO timescale, quasi-biennial, near annual and decadal time scales (Wu and
Kirtman, 2005) - low frequency variability in the tropical Atlantic is complex and hard to
observe due to the weakness of this signal compared to the dominant seasonal one (Dom-
menget and Latif, 2000, Arnault et al., 2004). The tropical Atlantic region is characterised

by a fairly regular annual cycle around which there are climatically significant interannual
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and decadal timescale variations (Servain et al., 1998). Also, this region is not dominated
by any single mode of climate variability, like the tropical Pacific Ocean; rather, this re-
gion is subject to multiple competing influences of comparable importance (Sutton et al.,
2000) and can experience significant anomalous perturbations. Two modes of variability
have been found to be dominant over the tropical Atlantic Ocean; an equatorial Atlantic
oscillation or zonal mode, which can be viewed as the Atlantic analogue of the equatorial
Pacific, but much less vigorous (Latif and Grotzner, 2000) and a off-equatorial variability
characterised by an anomalous cross-equatorial SST gradient (Haarsma et al., 2005), the
Atlantic meridional gradient mode (Servain, 1991, Huang and Shukla, 1997). Another
mode of variability observed in the tropical Atlantic region is characterised by warmer
than usual SST off the southwest coast of Africa, the Benguela Nifo (Shannon et al.,
1986). This mode tends to merge with the zonal mode as the leading mode of variability
in an EOF analysis of SST in the South Atlantic (Colberg and Reason, 2006). Studies
(e.g. Tourre et al., 1999, Sutton et al., 2000, Colberg et al., 2004, Huang, 2004) suggest
that SST variability in the Atlantic Ocean is also affected by ENSO. The question whether
the Benguela Nino, and the zonal and meridional modes are locally forced or remotely
forced by ENSOQO, is still under debate. However, the general expectation is that exter-
nal variability (i.e. strong ocean-atmosphere coupling) is important in the tropics. The
frequency and amplitude of these deviations from the climatology have socio-economic
ramifications and can be quite severe, particularly for countries that border the Atlantic
at both ends of the basin (Busalacchi, 1998). The following sections discuss some of the

modes of SST variability in the Atlantic Ocean.

2.5.1 Equatorial Atlantic Oscillation or Zonal Gradient Mode

The equatorial Atlantic is a region of strong SST variability (Latif and Grétzner, 2000).
Houghton and Tourre (1992) performed a Principal Component Analysis (PCA) of monthly
SST anomalies over the tropical region and two dominant modes account for about 70%
of the variability. The first mode accounts for about 38.7% of the variability (Houghton

and Tourre, 1992) and is tightly focused on the equator (Zebiak, 1993). The second mode
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accounts for 31.2% of the variability (Houghton and Tourre, 1992). Detailed discussion
of the second mode is deferred until the next section. The first mode is identified as
the Equatorial Atlantic Oscillation or Zonal gradient mode and is characterised by SST
anomalies of the same sign across the equatorial Atlantic region, similar to the ENSO
mode in the Pacific (Lough, 1986). Houghton and Tourre (1992) and Zebiak (1993) have
estimated its period to be about four years and Busalacchi (1998) suggest that this mode
varies on seasonal to interannual time scales. However, using time series analysis of an
equatorial Atlantic SST index (ATL-3), computed from an area average of anomalous SST
over the region of strongest equatorial variability (3°N - 3°S and 20°W - 0°), Latif and
Grotzner (2000) have shown that a quasi-biennial oscillation is the dominant interannual
variability mode in the equatorial Atlantic SSTs. They further suggest that this mode
is stable and consistent with observations and results obtained from statistical methods.
It is however, debatable that this mode is the southern component of the second mode,
the meridional gradient mode, which is dipolar in nature. The equatorial Atlantic oscil-
lation pattern is correlated with rainfall variations in the Sahel region (Lamb 1978 cited
in Zebiak, 1993) and Gulf of Guinea coastal region (Wagner and da Silva, 1994).
Dommenget and Latif (2000) suggested that the same physical mechanism that pro-
duces the ENSO mode in the Pacific can also produce an ENSO-like mode in the Atlantic
except that it may be weaker in the Atlantic because of different basin geometry. During
its warm phase, trade winds in the western equatorial Atlantic are weak and SST near
the equator is unusually high, especially in the east. During its cold phase, trade winds in
the western equatorial Atlantic are strong and SST near the equator is anomalously low.
The onset of an equatorial cold or warm event can occur rapidly on time scales of weeks
to months, involving the excitation and propagation of wind-forced equatorial Kelvin and
Rossby waves. The climatic impacts of equatorial warm events include increased rainfall
in the Gulf of Guinea and disruption of the marine ecosystem in the Benguela current
region (Busalacchi, 1998). The eastern equatorial tongue or zonal gradient mode, as this
mode of variability is often referred to, is open to the South Atlantic but isolated from

the North Atlantic by West Africa and thus the subtropical anticyclone over the South
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Atlantic directly influences this mode of variability through the southeast trade winds
(Robertson et al., 2003). However, the impact of this mode of variability on southern

African climate is less well understood.

2.5.2 Meridional Gradient Mode

The Atlantic dipole or meridional gradient mode is characterised by a north-south inter-
hemispheric gradient in SST anomalies, i.e., anomalies of opposite sign in each hemisphere
evolving on decadal time scales. This mode of variability comes out as the second mode
in the S-EOF (EOF in spatial domain) analysis of SST in the tropical Atlantic (Houghton
and Tourre, 1992) and as the first mode in the T-EOF (EOF in temporal domain, Palas-
tanga et al., 2002). The occurrence of these antisymmetric SST anomalies is not always
simultaneous and there is considerable debate regarding whether the northern and south-
ern components are dynamically related in the form of a coupled mode (Busalacchi, 1998).

The northern hemisphere component of the dipole could be linked to the North At-
lantic Oscillation (NAO) (Sutton et al., 2000). Penland and Matrosova (1998) argue that
such a dipole might dominate the anomalous tropical Atlantic SST signal if the tropical
Atlantic SST anomalies were primarily associated with atmospheric conditions related to
Pacific conditions. Although a dipole structure in SST anomalies in the tropical Atlantic
does sometimes appear, along with its influence on precipitation, the question exists as to
whether this pattern arises purely through chance or whether it has a dynamical origin.
Studies (e.g. Kim and Schneider, 2003, Huang, 2004, Huang and Shukla, 2005, Haarsma
et al., 2005) have associated changes in trade winds in the tropical Atlantic with SST
anomalies. Therefore this pattern may be related to tradewind change on either sides of
the equator. In spite of the debate, changes in the meridional gradient in SST are highly
correlated with the north-south translation of the ITCZ and its influence on continental
precipitation over South America and Africa. Like the zonal gradient mode, the possible

influence of the meridional gradient mode on southern Africa is less well understood.
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2.5.3 Benguela Ninos

The Southeast Atlantic Ocean near southern Africa is a unique and highly dynamic envi-
ronment, comprising the subtropical cool Benguela current and the tropical warm Angola
current (Hardman-Mountford et al., 2003, Kim et al., 2002). The Angola-Benguela front
(ABF), the convergence between warm tropical and cool subtropical waters, is a promi-
nent feature in this region (Kim et al., 2002) and is located near 16°S - 19°S (Meeuwis and
Lutjeharms, 1990, Shannon and Nelson, 1996, Colberg and Reason, 2006), i.e. the north-
ern region of the Benguela upwelling system. Meeuwis and Lutjeharms (1990) suggested
that the location of this front varies with the season.

Extreme warm SSTs have been observed in the area of the ABF and Shannon et al.
(1986) have termed these warm events Benguela Ninos because of their apparent sim-
ilarities with El Nino events. To date, not much evidence has been shown of a link
between Benguela Ninos and ENSO (Enfield and Mayer, 1997, Latif and Barnett, 1995)
and certainly these phenomena do not typically occur in unison (Florenchie et al., 2003).
Moreover, Benguela Ninos are less intense and less frequent than El Ninos (Shannon et al.,
1986). While Benguela Ninos are less frequent, minor warm and cool events occur regu-
larly along the coasts of Angola and Namibia (Florenchie et al., 2004). As yet, no clear
and completely objective classification for Benguela Ninos has been identified. However,
a strong warm event in the southeast Atlantic with a clear link through the thermocline
to the equatorial Atlantic Ocean and with devastating environmental impacts and signifi-
cant increase in rainfall over the adjacent land masses is generally classified as a Benguela
Nino. Strong cold events are referred to as Benguela Ninas. Of the three dominant modes
of variability in the tropical Atlantic Ocean, Benguela Ninos and Ninas are the most
important for southern Africa.

Benguela Ninos and warm events in the southeast Atlantic are mainly limited to the
ABF at the surface, but beneath the surface they extend northeast along the thermocline
to the equator (Florenchie et al., 2003) and across the equatorial Atlantic towards Brazil.
Typically the southern extent of the SST anomaly varies between 20°S to as far as 25°S

(Currie et al., 2002). Nonetheless, the location of the SST anomalies associated with
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these events is always apparent over 10°-20°S, 8°E to the coast of south-western Africa
and can be as high as 4°C because this where the thermocline shoals towards the southwest
Atlantic.

What causes these warm events? From year to year, there is a poleward intrusion of
warm water from the Angolan current into the northern Benguela upwelling system (Boyer
et al., 2000, Florenchie et al., 2003), but during a Benguela Nino, the ABF is displaced
south, causing the advection of warm equatorial water as far as 25°S (Shannon et al.,
1986). This tends to happen during the late austral summer period (FMA) (Currie et al.,
2002, Rouault et al., 2003). Blanke et al. (2002) suggest that changes in strength and
direction of alongshore winds may result in anomalously warm or cold temperatures along
the coast. Furthermore, Jury (1996) suggest that warm events in the southeast Atlantic
may be as result of reduced local trade winds. On the other hand, studies with an ocean
general circulation model (e.g. Florenchie et al., 2003, 2004) suggest that temperature
anomalies in the southeast are a result of a Kelvin wave-like disturbance propagating on
the thermocline across the equatorial Atlantic Ocean, brought about by the modification
of trade winds in this region. Other studies have suggested that these events could be
linked to a relaxation of zonal wind stress in the western equatorial Atlantic (Delecluse
et al., 1994) and a change of between 25 to 50% in the average windstress for this region
may be responsible for creating the required thermocline displacement (Florenchie et al.,
2003). Therefore, Benguela Ninos and other warm events are thought to be a result of
remote atmospheric anomalous conditions in the western tropical Atlantic (Boyer et al.,
2000).

As mentioned above, warm events tend to occur during the late austral summer period
and a number of these events have occurred since the early 20" century. They occurred
in 1934, 1949 1963, 1984, 1986, 1995 and 2001 (Shannon et al., 1986, Florenchie et al.,
2003, Rouault et al., 2003) of which the 1984 and 1995 events were notable for their ex-
ceptional intensity and persistence at the sea surface and are recent examples of Benguela
Ninos. Observational studies (e.g Hirst and Hastenrath, 1983, Nicholson and Entekhabi,

1987, Rouault et al., 2003) have shown that anomalous atmospheric conditions occur over
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areas of anomalous SST and may be linked with above normal rainfall along the coast
of Angola and Namibia and sometimes also inland areas of Southern Africa, e.g. Zam-
bia. However, rainfall anomalies during some events appear to depend on the intensity of
the regional moisture convergence and atmospheric circulation anomalies (Rouault et al.,
2003). Though little has been done to understand the possible links between SST anoma-
lies in the tropical Atlantic Ocean and southern African rainfall, warm events appear to
have great impact on late austral summer rainfall. Therefore, a better understanding of
these warm events is necessary for assessing impacts on regional rainfall and agriculture
and for improving seasonal forecasting in the region (Rouault et al., 2003).

This chapter has reviewed specific systems linked to rainfall production over southern
Africa. However, the focus of this thesis is on Benguela Ninos because the atmospheric
anomalies associated with these systems and their impact on southern African rainfall are
not well known. Until recently, little work has been on these systems since the work of

Hirst and Hastenrath (1983).

2.6 Summary

Despite a great deal of research relating rainfall variability over southern Africa to ENSO
and the Indian Ocean, extreme rainfall seasons in southern Africa still need to be better
understood. This situation results from the fact that climate variability over southern
Africa is complex with a multitude of forcing factors that interact with each other (Rea-
son et al., 2006). It is therefore important to also investigate possible contributions of
the Atlantic Ocean to climate variability over southern Africa. Observational studies
(e.g. Hirst and Hastenrath, 1983, Rouault et al., 2003, Reason and Jagadheesha, 2005a)
have shown that the SST in the South Atlantic Ocean may influence rainfall variability
over southern Africa. However, the Atlantic Ocean exhibits several modes of variabil-
ity, identified through observational and statistical methods, of comparable importance,
although not all of them have been observed to have influence on southern Africa cli-
mate variability. Benguela Nifios have been observed to influence late austral summer

rainfall over coastal regions of Angola and Namibia and sometimes over inland regions
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of South Africa. Preliminary results indicate that a nonlinear relationship may exist be-
tween Benguela Nino intensity and southern African rainfall and that SST in the Indian
Ocean and other land-based processes during these events may modulate their impact on
southern Africa. Therefore, this thesis investigates the impacts of the Benguela Nino on
rainfall over southern Africa. In order to carry out this investigation, experiments with a

numerical model are conducted and this is discussed in the next chapter.
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Chapter 3

Methodology and Data

3.1 Introduction

Atmospheric general circulation models (AGCMs) have proven useful in many applica-
tions, particularly in weather and climate studies. These include weather and climate
prediction, sensitivity /perturbation and simulation studies. AGCMs numerically solve
fundamental or primitive equations describing the conservation of mass, energy, momen-
tum and moisture for each atmospheric gridbox while taking into account the transfer of
those quantities between gridboxes (Goddard Institute for Space Studies - GISS, 1999).
General circulation models also consider, often in parameterized form, the physical pro-
cesses within the boxes including sources and sinks of these quantities. AGCMs are either
grid-point or spectral models.

Though knowledge of the model type does not have an obvious application to the
interpretation of model output, there are many important reasons for knowing the type of
model (University Corporation for Atmospheric Research - UCAR, 1999). For example,
grid-point and spectral models differ in the way the primitive equations are solved, how
data are represented and the type and scale weather features that can be resolved. Just
as the model-type names imply, grid-point models represent data as discrete, fixed, grid
points, whereas spectral models use continuous wave functions. AGCMs have histori-

cally been spectral because the wave functions and spherical harmonics in the spectral
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formulation operate over a spherical domain, a good match for AGCMs. With the in-
crease in computer resources, AGCMs are increasingly becoming grid-point (University
Corporation for Atmospheric Research - UCAR, 1999).

In chapter two, it has been suggested that the relationship between Benguela Nino
warm events in the southeast Atlantic and austral late summer rainfall over southern
Africa is not linear and that the Indian Ocean SST may modulate their impact. This
chapter presents an outline of experiments designed to attempt to answer the questions
posed in chapter one. The main tool used for this purpose is the atmosphere compo-
nent of the United Kingdom Met Office (UKMO) Hadley Centre Coupled Model version
3 (HadCM3), the Hadley Centre Atmospheric Model version 3 (HadAM3) general cir-
culation model, forced with different prescribed SST patterns. We acknowledge the im-
portance of coupling between the ocean and the atmosphere and the feedbacks involved,
however, the focus in this thesis is on the processes hence the use of the atmospheric
component only.

HadAMS3 is a grid-point model and has been used in various African studies, for
example, in investigating intraseasonal (Tennant, 2003) or interannual (Reason and Ja-
gadheesha, 2005a,b) varibility, and in sensitivity studies (Washington and Preston, 2006)
as well as for operational seasonal forecasting. Previous studies with this model (e.g.
Reason et al., 2003, Reason and Jagadheesha, 2005a,b, Washington and Preston, 2006)
indicate that HadAMS3 correctly simulates a unimodal annual cycle with maximum rain-
fall in the austral summer (October - March) over subtropical southern Africa and winter
rainfall over southern South Africa. These authors indicate that the model does overesti-
mate summer rainfall and this is most pronounced in the early summer season (October
to December) with positive bias continuing into the late summer months (January to
March).

Reason and Jagadheesha (2005a) also observed that the model is less successful with
magnitudes of winter rainfall over the southwestern Cape region of South Africa for certain
years between 1985 and 2000. Despite the model’s shortcomings in simulating rainfall

magnitudes correctly, it has some skill in capturing the observed interannual tendency in
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rainfall over southern Africa (Reason and Jagadheesha, 2005a,b, Washington and Preston,
2006) for both the small winter rainfall dominated southwestern region and the summer
rainfall region that exists over most of southern Africa. Given these strengths of the model,
it seems appropriate to apply it to investigate the sensitivity of the regional atmosphere
to idealized SST patterns. The following sections present a brief description of the model
and the design of the experiments. A detailed evaluation of this model, its biases and the

main parameterizations of the sub-grid-scale physics are provided in Pope et al. (2000).

3.2 Model Dynamics and Parameterisation Schemes

The HadAM3 model is the atmospheric component of the Hadley Centre Coupled Model
version 3 (HadCM3), a coupled atmosphere-ocean general circulation model (AOGCM)
also known as the Unified Model (UM, Pope et al., 2000), developed at the Hadley Centre
in the United Kingdom (UK) and used at UKMO. Coupling between the atmosphere
and the ocean is not considered in this thesis, therefore no feedbacks are not taken into
account. HadAMa3 is a hydrostatic, grid point model using an Arakawa B grid and hybrid
vertical co-ordinates. It uses an Eulerian advection scheme and has a horizontal resolution
of 3.75° x 2.5° in longitude x latitude, which gives it 96 x 73 grid points and about 416 km
and 277 km longitudinal and latitudinal grid distance respectively. There are 19 levels in
the vertical and 30 minutes timestep. The levels are spaced unevenly in the vertical to give
the optimum resolution in terms of pressure in the upper troposphere and stratosphere,
and near the surface (Lean and Rowntree, 1997).

The model uses a prognostic cloud scheme, which diagnoses cloud ice, cloud water
and cloud amount from the primary model variables gy (total moisture or water content,
Senior and Mitchell, 1993, Pope et al., 2000) and 0, (liquid water potential temperature,
Deardroff, 1976, Pope et al., 2000). The scheme produces realistic cloud distributions and
the predicted cloud water content verifies well against microwave radiometer data in all

regions except the mid latitudes of the summer hemisphere (Smith, 1990). Here,

qr =q+qc (3.1)
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where ¢ and g¢ are the specific humidity and cloud water content respecitively.

0, =0— [%é]ql (3.2)

where 6 is the potential temperature, ¢; the liquid water specific humidity, L the latent
heat of vaporization, and ¢, the specific heat at constant pressure.

The model’s precipitation scheme uses the above cloud scheme together with the evap-
oration of precipitation scheme. The evaporation scheme uses different evaporation coef-
ficients for ice (A?) and water (AY) (Gregory, 1995). The evaporation coefficient for ice
is,

AS(T,p) = (—5.2 x 107°T% + 2.5332 x 10757 — 2.9111 x 10—4)17?5 (3.3)
and for water is,
AY(T,p) = (2.008 x 107972 — 1.385 x 1077 + 2.424 x 104)17?5 (3.4)
where T'(K) and p(Pa) are the temperature and pressure respectively. The model
includes a prognostic ice microphysics large-scale precipitation scheme which uses variables
representing vapour, liquid, ice and rain. This scheme is referred to as the mixed-phase
scheme (MPS) or mixed-phase precipiation scheme (MPP). This scheme is used in all the
experiments in this thesis.

Moist and dry convection are modelled using the mass-flux penetrative scheme, which
uses a bulk cloud model to represent an ensemble of convective clouds and aims to rep-
resent shallow, deep and midlevel convection (Gregory and Rowntree, 1990). Convective
downdrafts are also incorporated in this scheme. The bulk cloud model is derived by
summation over an ensemble of convective clouds with differing characteristics. For a

cloud [ within the ensemble the equation governing cloud mass flux (M) is,

Jo

= (Er — Nr— D) (3.5)
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where

M = cloud mass flux

E = entrainment rate

N = mixing detrainment rate
D = forced detrainment rate

and summing over all cloud types lead to equation for the bulk cloud model:

OMp
Jo

= (E—N-D) (3.6)

where

E=>)E
i

N=> N
I

D=> D,

The grlavity wave drag (GWD) parameterization aims to represent the transport of
momentum by unresolved gravity waves. Currently, only the impact of those gravity waves
forced by orography is represented (Webster, 1998). There are three GWD schemes to
choose from in the UM. The first scheme is what might be described as the classical first
generation GWD scheme. This scheme assumes the surface stress is orientated in the same
direction as the low level wind and is proportional to the sub-grid orographic standard
deviation. The parameterization assumes that linear hydrostatic waves are generated and
so the stress is deposited according to a simple saturation hypothesis. This scheme exerts
most of the drag in the lower stratosphere (Webster, 1998).

The surface stress calculation for the second scheme is identical to that of the first.
This scheme has a different stress deposition algorithm; the stress is linearly deposited
between the surface and the top of the atmosphere, unless a critical level is encountered
in which case all the remaining stress is deposited in the current level. This scheme,
therefore, exerts a uniform drag through the full depth of the atmosphere.

The most widely used GWD scheme is the third version. This scheme builds on the

first scheme and accounts for the anisotropy of the sub-grid orography in the calculation

30



of the surface stress (Webster, 1998). The model uses this anisotropic gravity-wave-
drag parameterization scheme which represents high drag states modeled on hydraulic
jump, flow blocking and internal-wave-reflection theory, including trapped lee-waves. The
scheme represents the breaking of waves over mountains better (Gregory and Shutts, 1998)
than previously.

Because of the earths surface interaction with the lowest part of the atmosphere, the
bottom kilometer one or two of the atmosphere (the boundary layer) is often turbulent.
Turbulent motions within the boundary layer are important because they transport mo-
mentum, moisture, heat, aerosol and pollutants mainly in the vertical. However, AGCMs
are not able to resolve these motions adequately and therefore, turbulent motions are
parameterized. The boundary layer scheme (version 3A or 6A) in the HadAM3 model
is in two parts; the surface exchange scheme and the boundary layer turbulent mixing
scheme (Smith, 1998). The surface exchange scheme determines the turbulent transport
of surface variables and atmospheric variables at the bottom model level to/from the
atmosphere. This scheme uses surface exchange coefficients, which are functions of the
stability of the surface layer and quantities such as the surface roughness and wetness.
Version 3A uses the bulk Richardson number of the surface layer as its stability parameter
whereas version 6A uses the Monin-Obukhov length (Smith, 1998).

The boundary layer turbulent mixing scheme determines the turbulent transports
above the surface layer. Version 3A uses the vertical profile of the locally determined
Richardson number to determine the top of the turbulent boundary layer. This version
also has the option of rapid mixing of scalar quantities from the surface throughout the
boundary layer in unstable conditions. Stable boundary layers are determined from local
Richardson number (Smith, 1998).

The 6A version classifies the boundary layer into six types:
I. Stable boundary layer
II. Boundary layer with stratocumulus over a stable surface layer

ITI. Well mixed boundary layer
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IV. Boundary layer in a decoupled stratocumulus layer not over cumulus
V. Boundary layer with a decoupled stratocumulus over cumulus
VI. Cumulus capped boundary layer

In this version, the depths of the mixing layers are determined by testing the buoyancy
of plumes rising from the surface or descending from cloud top. When a cumulus capped
boundary layer is diagnosed the surface-based turbulent mixing is not applied above the
lifting condensatioin level (Smith, 1998).

Edwards and Slingo (1996) have developed a radiation scheme designed to be flexible
that it could be used in a wide range of applications. This scheme is based on the two-
stream equations in both the long-wave and short-wave spectral regions. This implies
that the processes that are important in both spectral regions, such as the overlapping of
partially cloudy layers, are treated consistently. The two-stream equations are valid only
for monochromatic radiation therefore the irradiance within a particular spectral band is
calculated by performing a number of quasi-monochromatic calculations (Edwards and
Slingo, 1996). Using F'* and S to denote the upward and downward diffuse irradiances

and solar irradiance respectively, the two-stream equations may be written:

dF*
? :Oé1F+ —OKQF_ —Q+ (37)
dF~
—_— = CJ./QF+ - T+ Q_ (38)
dr
and
s S
= (3.9)

where 7 is the optical depth measured downwards from the top of the atmosphere, Q*
are source terms and a; and «y are coefficients defined in terms of the diffusivity factor

D, which lies between 1.5 and 2. py is the cosine of the zenith angle (uo > 0).
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This scheme has six shortwave bands and eight longwave bands. With increase in
atmospheric aerosol concentrations and their importance in the atmospheric radiation
budget, the scheme includes the effects of background aerosols, CFC11, CFC12, CHy,
COgq, HyO, N,O, O, and Ogs. Ice crystals and water droplets are treated separately in the
scheme (Pope et al., 2000).

The model uses an ozone climatology based on recent satellite measurements in the
stratosphere and a limited set of ground based measurements in the troposphere. This
climatology represents a realistic prescribed ozone distribution for GCMs and can be
used as a reference for validation of GCM that treat ozone as prognostic variable (Li and
Shine, 1995). As the climatology was constructed from different sources, the cubic spline
interpolation scheme was used to interpolate the data onto the adopted grid.

The Meteorological Office surface exchange scheme (MOSES) is used for HadAM3’s
land surface scheme. MOSES includes a representation of the freezing and melting of
soil moisture leading to better simulations of surface temperatures (Pope et al., 2000).
In addition to calculating water and energy fluxes, MOSES also calculates vegetation to
atmosphere fluxes of COs incorporating the direct physiological effect of atmospheric CO,

concentrations of both photosynthesis and stomatal conductance (Cox et al., 1999).

3.3 Data

3.3.1 [Initial and boundary conditions

In order to start an AGCM simulation, it is necessary to supply the model with initial
conditions and boundary conditions that define the initial state of all factors in the model
that affect model calculations. An initial atmospheric state is prescribed at the start
together with boundary conditions such as SST, vegetation and usage, soil moisture etc.
Boundary conditions must be as realistic as possible and appropriate for the type of
simulation planned. One of the most important boundary conditions is the SST data,
since SST directly affects the moisture and energy fluxes at the ocean surface. The

OISSTv2 data set, produced at the National Oceanic and Atmospheric Administration
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(NOAA) was used to force the model. The same data set is used to identify Benguela
Ninos in chapter 2. This data set is produced using both in situ and satellite data and
is interpolated on 1° latitude/longitude grid (Reynolds et al., 2002). The in situ data
are determined from observations from ships and buoys with the former depending on
shipping traffic and is most dense in the midlatitude Northern Hemisphere. The ship
data are very sparse in the midlatitude South Pacific east of the 180° meridian and in the
tropical Pacific east of 160°E (Reynolds and Smith, 1994). The buoy data are designed
to fill in some areas with little ship data and to monitor ENSO and this process has
been most successful in the tropical Pacific compared to other areas such as the tropical
Atlantic that have almost no buoys SST observations. Buoy observations are typically
made by thermistor or hull contact sensor at an average depth of 0.5m compared to the
1 m and deeper measurements from ships. The random error from buoy observations is
better (less then 0.5°C) than ship error (Reynolds et al., 2002).

The satellite observations are obtained from the Advanced Very High Resolution Ra-
diometer (AVHRR) on the U.S NOAA polar orbiting satellite. The SST satellite retrieval
algorithms are tuned by regression against quality controlled drifting buoy data using
the multichannel SST technique of McClain et al., (1985) and Walton (1988) (cited in
Reynolds and Smith, 1994). Note that the tuning is usually done when a new satellite be-
comes operational; November 1981 is used in this case, or when verification with the buoy
data shows increasing errors. This procedure is done to eliminate cloud contamination in
the data as the AVHRR cannot see the surface in cloud-covered regions. The in situ and
satellite SST are then blended with ice sea data from the U.S National Meteorological
Centre (NMC, later NCEP) using technique developed at the UKMO. This technique
eliminates any high-latitude satellite biases and extends the analysis to the ice edge. This
data set is widely distributed and used by researchers around the world.

Owing to HadAM3’s coarser resolution than the OISST data set, OISST data is de-
graded by interpolating it to the model grid of 3.75° longitude by 2.5° latitude using
bilinear interpolation. This method basically performs linear interpolation first in one

direction, and then in the other direction; the order does not matter.
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As mentioned above, an initial state of the atmosphere needs to be prescribed at the
start of a model run. This atmospheric initial state is prescribed by initial condition
data. In general, different data sets can be used for initial condition data in AGCMs. In
HadAMa3, initial data must be in the form of a dump file, but depending where the data
originate and how they are generated, there is no general method of creating such a file
(Robinson and Clark, 1998). Information related to boundary conditions and climatolog-
ical values are contained in an ancillary file. However, ancillary files are only necessary
in the absence of dump files or when model reconfiguration is necessary. Dump files or
initial dumps, as they are sometimes referred, are data files containing initial conditions
at particular dates from previously run experiments or simulations. In this thesis initial

dumps from previously run experiments are used for the models initial condition data.

3.3.2 Observations

The NCEP/NCAR dataset is a product of a project undertaken by NCEP (formerly
NMC) and NCAR in 1991 to produce a 40-year (1957-1996) record of global analyses
of atmospheric fields in support of the needs of the research and climate monitoring
communities (Kalnay et al., 1996). This project involved the recovery of land surface,
ship, raobs (rawinsonde observations), pibal (pilot balloon), aircraft, satellite, and other
data; quality controlling and assimilating these data. The NCEP/NCAR 40-yr reanalysis
uses a frozen state-of-the-art global analysis/forecast and data assimilation system and a
database as complete as possible. The data assimilation system uses past data, from 1957
to the present and uses the same horizontal resolution of about 210 km with 28 vertical
levels as the NCEP global spectral model. The database is enhanced with many sources
of observations provided by different countries and organizations (Kalnay et al., 1996).
Complex and optimal interpolation quality control (CQC and OIQC, respectively)
methods are used to quality control rawinsonde heights and temperatures and all data
respectively. CQC first computes residuals from several independent checks (i.e., it com-
putes the difference between an observation and the expected value for that observation

from each check). The residuals are used together with the decision making algorithm
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(DMA) to accept, reject or correct data. OIQC detects and withhold from the assimilation
data containing gross errors generated by instrumental, human, or communication-related
mistakes that may occur during the process of making or transmitting observations. It
also withholds observations with large errors of representativeness that are accurate but
whose measurements represent spatial and temporal scales impossible to resolve properly
in the analysis-forecast system (Kalnay et al., 1996).

The reanalysis gridded fields have been classified into four classes, depending on the
relative influence of the observational data and the model on the gridded variable. An
A indicates that the analysis variable is strongly influenced by observed data, and hence
it is the most reliable class (e.g., upper-air temperature and wind). The designation B
indicates that, although there are observational data that directly affect the value of the
variable, the model also has a strong influence on the analysis value (e.g., specific humidity
and surface temperature). The letter C indicates that there are no observations directly
affecting the variable, so that it is derived solely from the model fields forced by the data
assimilation to remain close to the atmosphere (e.g., clouds, precipitation and surface
fluxes). Finally the letter D represents a field that is obtained from climatological values
and does not depend on the model (e.g., plant resistance and land-sea mask) (Kalnay
et al., 1996).

Although the reanalysis should be a research quality dataset suitable for many uses,
including weather and short-term climate research, it should be used with caution as the
different outputs are not uniformly reliable (Kalnay et al., 1996). For example, fields in
class B are not as equally influenced by observations as those in class A. Those in A
are generally well defined by the observations and, given the statistical interpolation of
observations and first guess, provide and estimate of the state of the atmosphere better
than would be obtained using observations alone. Those in B are partially defined by the
observations but are also strongly influenced by the model characteristics (Kalnay et al.,
1996).

CMAP global monthly precipitation has been constructed on a 2.5° latitude-longitude

grid by merging several kinds of information sources with different characteristics. The
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sources are mainly from gauge observations, satellite estimates and output from a numer-
ical model (Xie and Arkin, 1997). Gauge observations are gauge-based analysis from the
Global Precipitation Climatology Center (GPCC) and the Global Historical Climatology
Network (GHCN) of the Carbon Dioxide Information Center (CDIC) of U.S. Department
of Energy (DOE) and the Climate Anomaly Monitoring System (CAMS) of the Climate
Prediction Center (CPC) of National Oceanic and Atmospheric Administration (NOAA).
The GPCC analysis is constructed by interpolating quality-controlled observations from
over 6700 stations globally using the spherical version of the Shepard scheme (Xie and
Arkin, 1997). The GHCN/CAMS gauge-based data is constructed by interpolating sta-
tion observations of monthly precipitation for over 6000 gauges using the same algorithm
as used by the GPCC.

The quality of gauge-based analysis depends primarily on the gauge network density
and random error decreases with increasing gauge network density (Xie and Arkin, 1997).
Significant bias exists over grid boxes without gauges because values over these areas
are determined by interpolating observations over the surrounding areas. GPCC and
GHCN/CAMS analyses do not cover the oceans, therefore observations from over 100
gauges located on atolls and small islands are used over oceanic areas. However, these
atoll gauges are mainly located in the western Pacific Ocean (Xie and Arkin, 1997).

Estimates inferred from satellite observations include the infrared (IR)-based Geo-
stationary Operational Environmental Satellite (GOES) Precipitation Index (GPI), the
Outgoing Longwave Radiation (OLR)-based Precipitation Index (OPI), the Microwave
Sounding Unit (MSU)-based Spencer, the Special Sensor Microwave/Imager (SSM/I)-
scattering-based NOAA/NESDIS (National Environmental Satellite, Data, and Informa-
tion Services), and the SSM/I-emission-based Chang (Xie and Arkin, 1997). Satellite
estimates are available from 60°N to 60°S. Though satellite observations are used to re-
trieve precipitation information over many parts of the globe, the estimates made from
satellite observations contain non-negligible random errors and bias because inadequate

sampling and imperfect algorithms (Xie and Arkin, 1997).
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Since none of the above data sources is able to monitor precipitation with reasonable
quality over mid- and high-latitude oceanic areas, precipitation distributions produced
by numerical models are included to ensure full global coverage of precipitation (Xie and
Arkin, 1997). The model-produced precipitation data used in the CMAP dataset is that
from the NCEP/NCAR reanalysis, which is defined by assimilating quality-controlled
observations from all possible sources.

To produce the CMAP dataset, gauge observations, satellite estimates and numerical
model predictions are merged and this is done in two steps. In the first step, the satellite
estimates and the model predictions are combined linearly through the maximum likeli-
hood estimation method, in which the weighting coefficients are inversely proportional to
the error variance for the individual data source. This mode helps to reduce random errors
in the dataset. However, the bias in the individual datasets remains in the combination,
therefore the output from the first step is blended with the gauge observations to remove
that bias. The gauge data is used to define the amplitude of the finial precipitation field
and the first-step-output is used to define the distribution (Xie and Arkin, 1997). There-
fore the CMAP dataset contains precipitation distributions with full global coverage and

improved quality.

3.3.3 Model data

For model validation purposes in chapter 4, the data used in Reason and Jagadheesha
(2005a,b) for the climatology is used in this thesis. This data was contructed by forcing the
HadAM3 model with a 10-year Reynolds OISSTv2 monthly climatology and integrated

for 15 year, from January 1985 to December 1999.

3.4 Experimental design

In an SST forcing experiment, an AGCM is forced using a prescribed SST pattern and the
idea behind this is normally to try and work out what influence a given pattern of SST

has on the atmosphere. Usually this pattern is constructed from a climatological SST
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pattern with a SST anomaly superimposed that is an idealized representation of some
observations. In order to ascertain the impacts of the Benguela Ninos on southern Africa
rainfall and whether the Indian Ocean modulates these impacts, idealized experiments
with different SST anomaly patterns are carried out in this thesis. These anomalies are
smoothed representations of the observed patterns and are about twice as large as the
actual magnitudes. The SST forcing is increased so as to reduce the noise and help isolate
the model response to the forcing (Reason and Jagadheesha, 2005a). In this thesis, the
forcing is introduced in the model via ancillary files. The experiments are an idealization
of the most recent observed strong (1995) and weak (2001) Benguela Nino events which
had opposite signed SST anomalies in the south Indian Ocean.

In order achieve the objective of the research, model experiments are designed to
address the questions posed in Chapter 1.

In many studies investigating the influence of prescribed SST patterns on the atmo-
sphere, a kind of a control experiment is required. This control run acts like a base against
which all other experiments can be compared. In this thesis, the control run is referred
to as Experiment 1. Nine runs with idealised patterns of SST anomalies are designed to
address the subsidiary questions above and are referred as Experiment 2-10. These exper-
iments consist of five ensemble members, each initialized with different initial conditions
arbitrarily picked. The use of a five-member ensemble is barely viable for significance
test. However, limited computer facilities could not allow the use of a larger number of
ensemble members.

The idealized SST anomaly patterns are shown in Figure 3.1 and the following section
presents descriptions of each experiment.

In this thesis, the control experiment is one in which the model is forced with 24-yr
(1982-2005) global climatology OISSTV2 (Reynolds and Smith, 1994, Reynolds et al.,
2002) at the sea surface and integrated for twelve months from November. Thus, the
model run simulates the atmospheric state corresponding to the 24-yr mean of SST. As
mentioned above, this experiment consists of five ensemble members, each initialized with

different initial conditions arbitrarily picked.
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Figure 3.1: Idealized SST anomaly patterns for idealized exeriments
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In Experiment2, the SST anomaly pattern is an idealized representation of the ob-
served pattern in the southeast Atlantic Ocean during the 1995 Benguela Nino event.
This experiment will try to examine circulation changes over southern Africa due to the
southeast Atlantic Ocean forcing only. The forcing is centered at 17°S; 12°E and extends
westward to about 10°W and the size is +6°C (Figure 3.1a), about twice the observed
(Figure 2.2). This experiment represents an intense Bengula Nifno and therefore the pur-
pose of this experiment is to address the strong intensity aspect of the first question in
the subsidiary questions.

Experiment 3 (Figure 3.1b) is similar to Experiment 2 except that the intensity of the
anomaly forcing is weaker, +4°C, than in Experiment 2 and does not extend westward
as much as in Experiment 2. This experiment is an idealized representation of the 2001
Benguela Nino event SST warm anomaly pattern in the southeast Atlantic Ocean. The
purpose of this experiment is to address the weak intensity aspect of the first question in
the subsidiary questions. Therefore, together with Experiment 2, this experiment will try
to address subsidiary question 1 and the impacts of Benguela Nifio on southern African
rainfall.

As suggested in chapter two, warming or cooling in the southwest Indian Ocean may
modulate the impact of Benguela Ninos on southern African rainfall. In Experiment 4,
in addition to the southeast Atlantic Ocean, warming in Experiment 2 cooling is imposed
in the southwest Indian Ocean. The cooling is centered at 50°E, 35°S and -2°C in size
(Figure 3.1c). This experiment is an idealization of the 1995 Benguela Nifio event, which
was characterized by cool SST anomalies in the southwest Indian Ocean. This experiment
will try to address the effects of cooling in the southwest Indian Ocean in association with
a strong Benguela Nino in the southeast Atlantic Ocean.

Experiment 5 is similar to Experiment 3 except that a warm SST anomaly centered
at 50°E, 35°S and +2°C in size is imposed in the southwest Indian Ocean (Figure 3.1d).
Experiment 5 is an idealization of the 2001 Benguela Nino event, which was characterized

by warm SST anomalies in the southwest Indian and southeast Atlantic Oceans. This
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experiment will try to address the effect of warming in the southwest Indian Ocean in asso-
ciation with a weak Benguela Nino. Therefore, this experiment together with Experiment
4 will try to address subsidiary question 2.

Though tropical regions do not show much spatial variability in SST, weak SST gra-
dients may influence atmospheric circulation over these areas and the neighbouring conti-
nents. In Experiment 6, the SST anomaly forcing is shifted northward, centered at 15°S,
12°E (Figure 3.1e). This experiment is similar to Experiment 2 except for shifted forcing
and will try to address question 3 of the subsidiary questions. Note that some observed
Bengula Ninos (e.g. the 2001 event) do occur further north than others.

During the 2001 Benguela Nino event, cool SST anomalies of about -1°C were observed
in the equatorial Pacific Ocean (see Figure A.1 in Appendix A). These SST anomalies
extend northeastwards from about 160°E to the Southwest coast of North Amerimca and
signify a La Nina event. Therefore, the 2001 Bengula Nifio event coincided with a La Nina
event. The La Nina event also may have contributed to the atmospheric circulation, and
hence rainfall over southern Africa during the 2001 Benguela Nino. In Experiment 7, the
influence of cooling in the central equatorial Pacific Ocean on southern African circulation
is examined. Note that this experiment does not include any forcing elsewhere except the
central equatorial Pacific (Figure 3.1f). Given the large spatial extent of the cool SST
anomalies in the equatorial Pacific Ocean during the La Nina, a small region in the central
equatorial Pacific is arbitrarily chosen to force the model with cool SST anomalies (see
Figure A.1 in Appendix A). This is needed to simulate the atmospheric response over
southern Africa to a cool SST forcing emanating only from the central Pacific Ocean.
This experiment is an idealization of the observed anomaly in the central Pacific Ocean.
The idealized anomaly is centered at the Equator, 160°W and -2°C in size. Therefore,
Experiment 7 partly addresses the last subsidiary question.

Experiment 8 is similar to Experiment 7 except that a positive anomaly 4°C is imposed
in the southeast Atlantic Ocean (Figure 3.1g). This experiment is an idealization of the
2001 Benguela Nino, except that the southwest Indian Ocean forcing is removed. In this

experiment, the influence of cooling in the central equatorial Pacific on southern African
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circulation in relation to the Benguela Ninos is examined. Therefore, this experiment and
Experiment 7 will try to address question 4 in the subsidiary questions.

In Experiment 9, the model is forced with the same SST anomalies as in Experiment
6 but with a warm anomaly added in the southwest Indian Ocean (Figure 3.1h) This
experiment is conducted on the premise that warm SST anomalies in the subtropical
southwest Indian Ocean may generate increased rainfall over southern Africa and hence
could augment those due to SST anomalies in the southeast tropical Atlantic Ocean.
Both observations and GCM results in Reason and Mulenga (1999), Reason (2001) and
Hansingo and Reason (2006) have shown that warming in the subtropical South West
Indian Ocean during austral summer leads to enhanced rainfall over large areas of south-
eastern Africa. Further, Behera and Yamagata (2001) and Reason (2001, 2002) have
shown that anomalous rainfall is produced over southern Africa during the positive phase
of a South Indian Ocean subtropical dipole event in summer. This phase is characterised
by warm SST anomalies south of Madagascar and cool anomalies off the western coast of
Australia. Therefore, this experiment further addresses the second subsidiary question.

Experiment 10 is similar to Experiment 9 except that the SST anomaly forcing in
the subtropical southwest Indian Ocean is shifted closer to the subcontinent(Figure 3.11i).
Previous experiments with a numerical model suggest that the positive rainfall anomalies
are further enhanced over southern Africa when the warm SST anomalies in the subtrop-
ical southwest Indian Ocean are close to the subcontinent (Reason, 2002). Therefore, one
expects this experiment to generate more rainfall over the subcontinent than Experiment
9. This experiment aslo addresses the second subsidiary question.

A summary of the above above experiments is shown in Table 3.1.

3.5 Model configuration and method

It is standard practice that the simulations should begin at least one month before ana-
lyzable data begins to be produced. This is referred to as a spin-up period, during which
numerical noise in the atmosphere subsides. This noise is associated with the fact that the

initial conditions and boundary conditions are not in perfect equilibrium with each other
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Table 3.1: Thesis Experiments

Experiment # Atlantic Anom °C Indian Anom °C Pacific Anom °C
2 +6 0 0
3 +4 0 0
4 +6 —2 0
) +4 +2 0
6 +6 (equatorwards) 0 0
7 0 0 —2
8 +4 0 —2
9 +6 (equatorwards) +2 0
10 +6 (equatorwards)  +2 (closer to subcontinent) 0

at the start. Within a month, this noise is hopefully negligible and meaningful output my
be obtained from the model.

Errors evolve in simulations with AGCMSs because of incomplete physical understand-
ing and limited knowledge of past (or future) climate forcing (Smith et al., 2002). In
addition, uncertainty related to climate chaos occurs in a model because of nonlinear
interactions in the climate system. Murphy et al. (2004) suggest modeling uncertainties
also arise from fundamental choices made when building the AGCM (for example, grid
resolution), and from the parameterization of processes unresolved at the grid scale (for
example cloud formation). Because of uncertainty from internal variability of the model,
ensemble experiments are done to reduce chaos errors. Traditionally, the focus has been
on repeating runs with the same forcing and varying the initial conditions, to sample
internal climate variability. However, this method may not adequately sample the range
of possible initial conditions when a small ensemble size is used. To minimize uncertain-
ties related to climate processes, more accurate parameterizations for use in AGCMs are
required (Murphy et al., 2004).

In this thesis, each idealized experiment is an ensemble consisting of five integrations
(Hansingo and Reason, 2006), each integrated for twelve months (November to October).
As suggested above, November is the spin-up month. Each ensemble member is initialized
with different initial dumps randomly picked from previous HadAM3 experiments. These

initial dumps are used for all the idealized experiments. Because the model is forced with

44



different SST anomaly pattern for each experiment, the model is run in reconfiguration
mode. There are of the order of 100 parameters in HadAM3, consisting of logical switches
or variable coefficients or thresholds (Murphy et al., 2004). There are also well over 250
windows to go through, with almost no default settings, if a run has to be set from scratch.
De Witt (1998) suggests that doing this is not only time consuming and wasteful but also
error prone. This author advises to copy a run or job from a colleague who is doing
similar work or use one of the Standard Experiments provided and modify it. For this
thesis a job used in Reason and Jagadheesha (2005a) was copied and modified. Major

modifications were in the initial and boundary conditions and the integration period.

3.6 Summary

In this chapter, a number of subsidiary questions were posed in order to address the aim of
this research, and total of ten model experiments were designed to address these questions.
The UKMO grid-point AGCM, HadAM3 model, was proposed and used to run a control
experiment and nine idealized experiments, forced with different prescribed SST anomaly
patterns. A 24-yr OISST climatology was used to force the model at the boundary in
the control experiment and different initial dump files from previously run jobs were
used for the initial conditions for ensemble members of the idealized experiments. This
chapter has presented descriptions of quality-controlled datasets used to identify anomaly
patterns to force the model with. In chapter 5 and the chapters that follow, differences
between ensemble means and the control-run mean will be used to analysis the output.
In the next chapter, the ability of the HadAM3 GCM to adequately represent the climate
of the southern African region is evaluated with NCEP-NCAR reanalyses and CMAP

precipitation.
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Chapter 4

Model Validation

4.1 Introduction

In idealized numerical model experiments, it is necessary to first establish that the model
qualitatively simulates the observed climate and its variability. The ability of an AGCM
to simulate the observed climate is important to establish the appropriateness of its appli-
cation to climate variability studies. It is therefore desirable that the model simulates the
observed climate and its variability well, giving confidence in its applicability (Cavalcanti
et al., 2002).

Climate simulations (e.g. Hurrell et al., 1998, Gates and Coauthors, 1999, Johns et al.,
1997, Pope et al., 2000, Cavalcanti et al., 2002) have shown the ability of different models
to represent observed features of the atmospheric circulation and precipitation. However,
the intensity and geographical distribution of these variables in the various models may
differ greatly from observations. For example, GCMs used in the Atmospheric Model
Intercomparison Project (AMIP) produced varying results for the global mean surface air
temperature and precipitation over land (Gates, 1992). Although outdated, this study
indicates the importance of assessing the performance of GCMs in simulating regional
and general circulation features. In this chapter, the ability of the HadAM3 GCM to
adequately represent the climate of the southern African region is evaluated by comparing
geographical maps and zonally averaged statistics of the model climatology used in Reason

and Jagadheesha (2005a,b) with NCEP-NCAR reanalyses and CMAP precipitation. The
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ability of the model to simulate general circulation features is presented first, followed by

its ability to simulate regional circulation.

4.2 Global zonally averaged statistics and spatial dis-
tributions

Although there are various GCM validation methods, it is common practice to directly
compare spatial distributions of long-term means for various variables computed from
observed data and GCM simulations (e.g. Hulme, 1994, Ponater et al., 1994, Cubasch
et al., 1996). Though this method is old, it is probably the most appropriate if there is
not much data and thus far has remained the standard procedure (von Storch and Navarra,
1999, chap. 8). However, this method is not quantitative or completely objective, and it
is prone to individual, subjective biases of interpretation. This may lead to an incorrect
assessment of agreement of the simulated and observed states (von Storch and Roeckner,
1983) and therefore it should be used with caution.

Other methods involve analyses of the main features of the spatial variability (usually
given by the most important empirical orthogonal function (EOF) patterns) and large-
scale mechanisms controlling the regional climate variability given by canonical correlation
analysis (CCA) (von Storch et al., 1993, Ponater et al., 1994, Kharin, 1995, Busuioc et al.,
1999a).

Statistical methods such as the students t-test have also been widely employed in
climate modeling particularly in studies involving the test of statistical significance of
model responses to SST forcing (e.g. Chervin and Schneider, 1976, Chervin et al., 1976,
Livezey, 1985, Reason and Jagadheesha, 2005a). This method basically assesses the sta-
tistical difference between two means (climatologies in this case). However, this method
assumes that the two means to be tested come from normally distributed populations
(parameterized populations). Some variables like precipitation cannot be compared using
this method because they are not normally distributed (von Storch and Navarra, 1999).

Therefore, non-parameterized methods are used on such variables. The alternative to the

47



students t-test method is the Mann-Whitney U test (von Storch and Zwiers, 1999) or
Wilcoxon test which tests the null hypothesis that two samples have the same median.
For simple analysis, the sample t-test method is used on rainfall and other variables in
this thesis.

As described in chapter three, obtaining the model climatology involved forcing the
model with a 10 year Reynolds OISSTv2 monthly climatology and integrated for 15 years,
from January 1985 to December 1999. Therefore not much variability is expected in the
model for the 15 year period as compared to the same period of observations. As a result,
the EOF and CCA methods cannot be used here.

For the statistical method, the single-sample t-test is used to show statistically sig-
nificant differences between the model and observed precipitation climatology and other
variables. The single-sample t-test is used because the 15 years of the model climatology
are considered as the climatological sample (i.e. the sample size is 15). The mean of these
climatologies is compared with the observed (NCEP-NCAR) climatology. The differences
between the two climatologies are also analysed.

As mentioned above, the main goal of the comparison is to provide a global view
of the climatological features simulated by the model and to evaluate the ability of the
model to reproduce the annual cycle. Emphasis is given to the FMA season over southern
Africa since this is the main rainy season in the Angolan area of most interest to this
study and because previous studies have already shown that the model represents the
main circulation during winter (JJA) (Reason et al., 2003) and DJF (Reason et al., 2005)

adequately.

4.2.1 Zonal means

An overview of the accuracy of the model climatology is given by zonally averaged statis-
tics of precipitation, sea level pressure, near-surface specific humidity and zonal moisture
flux, geopotential height and upper level zonal winds. Zonal mean values for various
patterns for FMA are shown in Figure 4.1. The zonally averaged precipitation is bet-

ter simulated in FMA in the Northern Hemisphere (NH) and compares very well with
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the CMAP climatology (Figure 4.1a), but overestimates the precipitation in comparison
with the observed dataset in the extra-tropics. The equatorial double maximum, which
reflects the southern and northern equatorial location of the ITCZ in the eastern and
western hemisphere respectively during this season, is captured by the model. However,
the model underestimates the northern equatorial maximum by about 1 mm/day. An-
other important precipitation feature captured by the model is the minima associated
with the subtropical highs which have closer values to CMAP in the NH than in Southern
Hemisphere (SH). There are more discrepancies between the model and CMAP rainfall in
the SH than in the NH, particularly in the mid and higher latitudes. HadAM3 underes-
timates the minimum associated with subtropical highs in the SH and overestimates and
misplaces the maximum associated with the westerly storm-track region.

The equatorial trough as well as the subtropical highs and the Circumpolar Trough
near 60°S are well simulated in the zonal mean sea level pressure (SLP, Figure 4.1b).
Although the model estimates higher (lower) polar SLP in the NH (SH) than the ob-
servations, it shows some skill in capturing important features elsewhere. Low pressure
around 60° in both hemispheres, which may represent the location of the ascending arms
of the Ferrel and Polar cells, is not as pronounced in the model as observed in the NH.
The model also overestimates (underestimates) the NH (SH) polar high, but correctly
estimates FMA SLP in the lower and mid-latitudes in both hemispheres.

Figure 4.1c indicates that the model reasonably simulates the 850 hPa specific humid-
ity in both hemispheres and captures the equatorial maximum during FMA. This plot
suggests that the model has some success in simulating mean meridional moisture. How-
ever, the model overestimates the equatorial near-surface specific humidity maximum by
about 1 g/kg.

The zonally averaged zonal moisture flux field at 850 hPa is shown in Figure 4.1d. The
model shows reasonably good skill in simulating the overall structure and the seasonal
locations of the maxima and minima are represented. The low level easterly and westerly

moisture fluxes in the tropics and high latitudes respectively are well reproduced by the
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model. However, HadAM3 slightly overestimates the near surface zonal moisture fluxes
in the SH.

The model reproduces very well the structure of the upper level zonal winds, but
in comparison with NCEP/NCAR reanalysis, tends to overestimate the intensity of the
westerlies in both hemispheres as shown in Figure 4.1e. Jet stream regions and tropical
easterlies are well captured by the model. Generally, the model shows success in simulating
the 200 hPa zonally averaged zonal winds.

Figure 4.1f shows the zonally averaged 500 hPa level geopotential height. This fig-
ure suggests that the model has skill in capturing mid-troposphere features. HadAM3
correctly estimates the location and magnitude of the geopotential height extremes in
the higher and lower latitudes during FMA season. A closer examination of Figure 4.1f,
however indicates that the model tends to underestimate (overestimate) the geopotential

height in the southern (northern) polar region.

4.2.2 Mean vertical structure of zonal wind

Vertical structures of mean zonal wind from the model and from NCEP-NCAR are shown
in Figure 4.2. The jet streams in both hemispheres of the model climatology (Figure 4.2a)
are slightly stronger than in the reanalysis dataset (Figure 4.2b) although the model
reproduces their positions well. In both the model and the observation, the NH jet
stream is stronger than the SH during FMA. Overall, the differences are larger in the
mid- and higher troposphere in the mid latitudes of both hemispheres (Figure 4.2c).
These differences are statistically significant at 90% significant level as indicated by the
stippled regions. The model underestimates (overestimates) the zonal winds in the mid

(higher) troposphere.

4.2.3 Seasonal precipitation, sea level pressure, geopotential height

and wind

The main features of the seasonal cycle of precipitation are well represented by the model

as shown Figure 4.3a, ¢ and e. The ITCZ and its southward location during FMA are
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Figure 4.2: FMA climatological vertical structure of zonal wind (m/s): (a) HadAM GCM, (b)
NCEP-NCAR Reanalysis, (c) Difference between model and reanalysis. Stippled
regions indicate statistically significant differences at 90% significant level.
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well depicted by the model in Figure 4.3a. However, the model fails to capture the
precipitation bands related to the South Pacific Convergence Zone (SPCZ) and South
Indian Convergence Zone (SICZ) over southeastern Africa (Figure 4.3c). The model also
overestimates precipitation over central equatorial Asia, Pacific and Atlantic Oceans. Fur-
thermore, Figure 4.3e indicates that precipitation over the eastern (western) Indonesian
continent is underestimated (overestimated) by the model as well as over southern Africa
and Brazil. Cavalcanti et al. (2002) reported that other GCMs, such as the European
Center for Medium range Weather Forecasting (ECMWF) model, NCAR Community
Climate Model Version 3 (NCAR CCM3) and Geophysical Fluid Dynamics Laboratory
(GFDL) model produce erroneous precipitation over the Amazonian region during the
DJF season. These authors further report that HadAM3, when coupled with the ocean
model produces results closer to the observations than the models mentioned above. They
have attributed HadAM3s ability to simulate Amazonian precipitation during DJF to the
mass-flux penetrative convective scheme used in this model.

The SH subtropical high pressure centers are reproduced in the sea level pressure field
(Figure 4.3b, d and f). In general the pressure in the model is higher than in the NCEP-
NCAR reanalysis over most of the NH region except over Asia where it is lower. In the
SH, the model produces lower pressure over the polar regions than the reanalysis.

The near-surface flow (850 hPa) over the oceans (Figure 4.4a, ¢ and e) shows the
circulation associated with the subtropical highs. The general seasonal characteristics of
the subtropical highs are well represented by the model. Also the extra-tropical circulation
in the SH north of 60°S is well simulated by the model. Noted circulation differences
between the model and reanalysis (Figure 4.4e) are observed over east of Australia and
the western equatorial Atlantic Ocean near Brazil (Nordeste). The circulation east of
Australia is southeasterly in the model compared to the easterly flow in the reanalysis.
This may have implications over moisture advection over eastern and northern Australia
during FMA. Over the western equatorial region, the flow is northeasterly in the model

and easterly in the reanalysis. This may contribute to precipitation differences between
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Figure 4.3: FMA climatological precipitation (mm/day, left panel) and sea level pressure (hPa,
right panel): (a), (b) HadAM3, (c) CMAP, (d)NCEP-NCAR reanalysis. (e), (f)
The difference between model and reanalysis. Stippled regions indicate statistically
significant differences at 90% significant level.

the model and CMAP over the Nordeste region in Figure 4.3. The differences in near-

surface flow between the model and NCEP-NCAR reanalysis data show the Indian and the

western Pacific trade winds are stronger in the model than in the reanalysis. The Atlantic

trade winds are however weaker in the model than in the reanalysis. The strong equatorial

westerlies north of Madagascar in Figure 4.4e may be responsible for wet conditions north

of Madagascar (Figure 4.3e).
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Figure 4.4: Vectors and magnitude of FMA climatological wind field at 850 hPa (left panel)
and 200 hPa (right panel) m/s: (a), (b) HadAM3 and (c), (d)NCEP-NCAR
reanalysis. (e), (f) The difference between model and reanalysis. The magnitudes
are shaded and stippled regions indicate statistically significant differences at 90%
significant level.

The model wind field at 200 hPa (Figure 4.4b, d and f) shows the main global circu-

lation features, such as the summertime subtropical jet streams and anticyclonic circula-

tions associated with summertime deep convection. The subtropcal jet stream in the NH
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is stronger than the SH one in both the model and the reanalysis. The anticyclonic cir-
culation centres over South America, southern Africa and western Pacific region in FMA
are associated with summertime convection in the SH. The anticyclonic centre over South
America is not well simulated in the model. The main differences between the model
and the reanalysis over South America may be related to the intensity of the anticyclonic
circulation. The cyclonic circulation seen in the difference field, over southeastern Africa
and southwestern subtropical Indian Ocean means less intense anticyclonic circulation in
the model results than in the analysis. The anticyclonic circulation to the southeast of
South America in the difference field can be as a result of the SACZ enhancement in the
model. The subtropical jet streams in both hemispheres are stronger in the model than
in the reanalysis between 60°E and 120°W.

The zonal means are removed from geopotential fields to enhance the stationary clima-
tological features, which are shown in Figure 4.5 for the southern hemisphere (Cavalcanti
et al., 2002). The wavenumber 1 observed in the reanalysis in mid high latitudes is
reproduced in the model results, but there are some differences related to the intensity
and position of zonal anomaly centres. The anomalous centres at mid- and high latitudes
are stronger in the model than in the reanalysis, representing the stronger amplitude of
the stationary wave in the model. The trough over the South Pacific and the ridge east
of South Africa is shifted eastward when compared with the reanalysis.

The difference between the model and reanalysis fields of geopotential zonal anomaly is
shown in Figure 4.5¢. At high latitudes of the SH, the largest errors occur over the South
Pacific Ocean and they extend over southern Australia and South America. Cavalcanti
et al. (2002) suggest that the errors in the intensity and position of the main centers
of the stationary features may be associated with the poor representation of the model

topography because the atmospheric stationary waves are in part related to orography.

4.3 Regional maps

Particular atmospheric circulation and continental features and rainfall patterns inherent

to southern Africa and the adjacent oceans occur during summer are now discussed. These
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Figure 4.5: FMA climatological zonal geopotential height anomaly (m) at 200 hPa for the
southern hemisphere:(a) HadAM3, (b) NCEP-NCAR reanalysis. (c) difference
between model and reanalysis. Stippled regions indicate statistically significant
differences at 90% significant level
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features may play an important role in modulating the magnitude and distribution of
rainfall over the subcontinent. Therefore, it is important that the ability of any GCM used
in regional climate studies to simulate these features is assessed. Because the subcontinent
is narrow and its location is essentially subtropical- tropical circulation features inherent
to this region may be thermally related. This section presents thermal and dynamical
features that characterize the FMA season of southern Africa and the adjacent oceans.
The domain used for the validation of the HadAM3 model over southern Africa extends

from 50°S to 10°N and from 40°W to 80°E.

4.3.1 Precipitation, sea level pressure, temperature and outgo-

ing longwave radiation

Globally, the model has some skill in capturing rainfall distribution patterns during the
FMA season. Over southern Africa and the surrounding oceans, Figure 4.6 (left panel)
shows that the model captures the location of the precipitation bands associated with the
ITCZ and the desert and semi-desert areas over southwestern Africa. However, the region
of minimum precipitation extends further east in the model (Figure 4.6a) than in the
observations (Figure 4.6¢). The model also produces a region of minimum precipitation
southwest of Madagascar, which is present in the observations. The region of minimum
precipitation in the South Atlantic Ocean extends further west in the observations than in
the model. Minimum precipitation in this region may be as a result of the influence of the
cold Benguela current and the South Atlantic subtropical high. Cold current regions are
not favourable regions for precipitation as these regions are cold and dry and subsidence
dominates high pressure regions.

Like in the global plots, Figure 4.6c indicates that the model overestimates precipita-
tion over the maritime I'TCZ region and underestimates this variable over the central and
eastern regions of the subcontinent and Madagascar. The models inability to correctly
estimate precipitation over Madagascar may be associated with the strong easterlies north

of Madagascar (Figure 4.10a).
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The South Indian and Atlantic Ocean subtropical high pressure systems are dominant
circulation features during the FMA summer season. The intensity and location of these
features play an important role in advecting moist air, the Indian Ocean high in particular,
from the surrounding ocean to the subcontinent. The right panel in figure 4.6 shows the
model (Figure 4.6b) and NCEP-NCAR reanalysis (Figure 4.6d) climatologies of sea level
pressure for the FMA season. The model shows success in capturing the subtropical

high-pressure systems, but overestimates the pressure south of South Africa. The model

HadAM3 Rainfall HadAM3 SLP
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Difference SLP
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Figure 4.6: FMA precipitation (in mm/day, left panel) and SLP (in mb, right panel) clima-
tology over southern Africa: (a), (b) HadAM3, (c) CMAP, (d) NCEP-NCAR
reanalysis. (e), (f) differences between model and reanalysis. Stippled regions
indicate statistically significant differences at 90% significant level
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also overestimates the strength of the Indian Ocean subtropical high and produces low
pressures over the subcontinent as shown in the difference plots in Figure 4.6c.

Figure 4.7 (left panel) shows the distribution of 850 hPa surface temperature from the
model (Figure 4.7a) and observations (Figure 4.7c). This level is representative of the
surface in some regions with height close to 1500 meters and thus coincides with some
continental features (Mulenga, 1998). The highest temperature (> 24°C) is found over
the Kalahari Desert and lowest temperature (< 10°C) over the southern oceans in the
midlatitudes. The temperature over the subcontinent is above 18°C except for the eastern
coastal region with temperature below 18°C.

The feature of highest temperature over the Kalahari, which also relates to the Angola-
Low to some extent, is captured by the model but, this feature does not extend southeast-
ward in the model as in the reanalysis. Overall, the model simulates the temperature over
the subcontinent quite well, but overestimates (underestimates) it over eastern Zambia
and northern Tanzania and Madagascar (South Africa) (Figure 4.7e).

As can be seen in Figure 4.7 (right panel), both the model (Figure 4.7b) and the
reanalysis (Figure 4.7d) indicate that the climatological field of FMA Outgoing Long-wave
Radiation (OLR) is similar to the precipitation. High values (260 Wm™2) are observed
over regions of minimum precipitation, over the South Atlantic Ocean and southwestern
Africa and may be associated with clear skies. Note that high OLR values may be expected
over the subtropical high-pressure areas, for example over the South Atlantic subtropical
high in Figure 4.7d. However, this is not so over the South Indian Ocean subtropical
high even when the intensity of this system is as strong as its counterpart in the South
Atlantic Ocean.

Low values (<230 Wm™2), which are associated with convective systems, are observed
over central Africa and the ITCZ. The feature of low OLR values over central Africa is
smaller in extent in the model than in the observed. Over the oceans, features of low OLR
are stronger in the model than in the reanalysis and are associated with strong convection.
Overall, the model overestimates OLR over the subcontinent and the subtropical Indian

Ocean.
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Figure 4.7: FMA climatological 850 hPa temperature (in °C, left panel) and outgoing long-
wave radiation (in Wm™2, right panel): (a), (b) HadAMS3; (c), (d) NCEP-NCAR
reanalysis. (e), (f) differences between model and reanalysis. Stippled regions
indicate statistically significant differences at 90% significant level

4.3.2 Zonally averaged zonal moisture flux, vorticity and wind

It is well known that the Indian Ocean is the primary source of moisture over southern
Africa and the ability of a GCM to reproduce this fact is important for determining the
success of the model in simulating southern African climate variability. Figure 4.8 shows

zonally averaged (40°W to 80°E) climatological zonal moisture flux over southern Africa
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(50°S to 10°N) for the FMA season from the model (Figure 4.8a) and NCAR-NCEP
reanalysis (Figure 4.8b). As can be seen from the observations, most moisture in the
atmosphere is found in the lower and middle troposphere (below about 500 hPa). The
advection of moist air from the Indian Ocean extends to about 30°S over southern Africa.
The South Atlantic Ocean is the primary source of moist air south of this latitude. This
suggests that only the southern tip of the subcontinent gets the majority of its moisture
from the South Atlantic Ocean. The model captures this scenario quite well, but shows a
break in the easterly flow between 8°S and the equator. The difference between the model
and the reanalysis (Figure 4.8c) suggests that the model underestimates (overestimates)
the zonal moisture flux north (south) of 10°S in the lower troposphere.

Synoptic and mesoscale weather systems over southern Africa are linked to vertical
motion of moist air at the surface and associated relative vorticity. The vorticity field
at 850 and 200 hPa levels for the HadAM3 and NCEP-NCAR reanalysis is show in Fig-
ure 4.9. Negative values at 850 hPa coincide with areas of cyclonic and upward motion;
hence these areas may be associated with active weather. Over southern Africa, these
areas are observed over northern Namibia, Angola, the Mozambique Channel, and over
the Tanzania-Uganda-Congo (DR) border in the reanalysis (Figure 4.9¢). These features
are weakly simulated and misplaced in HadAM3 (Figure 4.9a). As found from the pre-
cipitation and OLR fields, the model overestimates this upward vertical motion over the
ITCZ regions in the western Indian Ocean. This is because the I'TCZ is stronger in the
model. Thus, caution must be taken in analyzing the difference field of this parame-
ter in Figure 4.9e. Positive differences over Angola, the Mozambique Channel and the
Tanzania-Uganda-Congo (DR) suggest stronger upward motion over these regions in the
reanalysis than in model. However, positive differences over South Africa suggest stronger
downward (anticyclonic) motion in the model than in the reanalysis. Overall the model
captures the cyclonic (anticyclonic) motion over the lower (subtropical) latitudes at the

850 hPa level.
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Figure 4.8: FMA climatological of zonal moisture flux zonally averaged between -40°W and
80°E: (a) HadAM3, (b) NCEP-NCAR reanalysis, (c) differences between model
and reanalysis. Stippled regions indicate statistically significant differences at 90%
significant level
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At the 200 hPa level, strong anticyclonic circulation (positive values) is observed over
tropical southern Africa and Indian Ocean in both the model and NCEP-NCAR reanal-
ysis. Cyclonic circulation at the surface (850 hPa) and anticyclonic circulation aloft
(200 hPa) over these regions provide favourable conditions for moisture ascent and the
formation of deep convection. Over central Africa, this circulation may influence rain-
fall variability over Angola and western Zambia. However, the upper level anticyclonic
features are located further south in the model and the cyclonic circulation also extend
further south compared to the reanalysis which indicates an equatorially confined cyclonic
circulation. The difference field suggests the model produces weaker downward motion
over the northern region of southern Africa than observed.

Finally, observed and model vector winds at 850 and 200 hPa levels are shown in
Figure 4.10. Also, moisture flux vectors at 850 hPa are shown in Figure 4.11. The observed
(blue vectors) and model (red vectors) winds are on one plot. This is done to examine the
models ability in simulating the direction of the wind at the above pressure levels. At 850
hPa (Figure 4.10a), the model shows some skill in simulating the direction and magnitude
of the wind over midlatitudes (south of 35°S), the Atlantic equatorial region and east of
Madagascar. However, the model fails to simulate the wind correctly over southern Africa
and Madagascar. Monsoonal westerlies north of Madagascar are too strong in the model.
This may be the reason the model ITCZ and rainfall are too strong in the western tropical
Indian Ocean. For example over Angola, the model wind direction over a small area is
infact opposite to the observed, this is because the model does not simulate the Angola-
Low properly (see Reason and Jagadheesha, 2005a). Over eastern Africa, the model wind
direction is southeasterly while the observed is easterly. At 200 hPa level (Figure 4.10b),
the model shows success in simulating the flow across the midlatitude South Atlantic and
Indian Oceans, but shows less skill in simulating the tropical and subtropical flow. The
model flow is less zonal in the eastern subtropical Atlantic Ocean and east of Madagascar.
Reason and Jagadheesha (2005a) observed similar differences in the moisture flux field at
500 hPa in the austral winter season. Figure 4.11 shows the moisture flux field at 850

hPa for the FMA season. Like in the wind field at 850 hPa, the model shows succes in
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simulating the flow across the midlatitudes in the South Atlantic and Indian Oceans, but

show less skill in simulating the tropical and subtropical flow.
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Figure 4.9: FMA climatology of vorticity at 850 hPa (left panel) and 200 hPa (right panel):
(a), (b) HadAM3; (c), (d) NCEP-NCAR reanalysis. (e), (f) differences between
model and reanalysis. Stippled regions indicate statistically significant differences
at 90% significant level
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4.4 Summary and Conclusion

The global and regional atmospheric features simulated by the Had AM3 AGCM are shown
in this chapter, with emphasis on the southern hemisphere and FMA season. The model
is able to reproduce the precipitation annual cycle and the main seasonal global cli-
matological features of the circulation. Precipitation bands associated with the I'TCZ
are depicted well by the model, though the model overestimates these features over the
ocean. Precipitation within the tropics is simulated reasonably well, but precipitation in
the extra-tropics in both hemispheres is overestimated. However, the model underesti-
mates precipitation over central and eastern Africa probably due to monsoonal westerlies
north of Madagascar being too strong.

The major high- and low-level circulation features such as the subtropical highs and jet
streams are captured well by the model although with different intensities when compared
with the reanalysis. HadAMS3 overestimates the jet streams in both hemispheres between
60°E and 120°W, i.e. over the ocean. The dominance of wavenumber 1 in the zonal
geopotential anomaly indicates the ability of the model to simulate the main stationary
waves of this hemisphere.

The model also shows some skill in capturing regional scale features, important for
rainfall, over southern Africa, although it appears to misplace and underestimate them.
The model shows less skill in simulating lower and upper level tropospheric wind direction
correctly over southern Africa, therefore this field must be interpreted with caution.

Based on the above comparisons, there is generally reasonable agreement of the FMA
climatology between NCEP-NCAR reanalysis and HadAM3. In addition to the above
analysis, results from Johns et al. (1997), Reason et al. (2003), Reason and Jagadheesha
(2005a) and Washington and Preston (2006), there is some confidence in the ability of
this model to represent the climate of southern Africa reasonably well and therefore it is

used in this thesis to perform the sensitivity experiments described in chapter 3.
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850 hPa Winds
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Figure 4.10: FMA wind climatology for NCEP-NCAR reanalysis (blue vectors) and HadAM3
(red vectors) at: (a) 850 hPa, (b) 200 hPa. Arrow size is shown.
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Figure 4.11: FMA Moisture flux climatology for NCEP-NCAR reanalysis (blue vectors) and
HadAMS3 (red vectors) at 850 hPa. Arrow size is shown.
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Chapter 5

Sensitivity to Atlantic Ocean SST

5.1 Introduction

This chapter presents results from Experiments 2, 3,and 6 in which the HadAM3 GCM
is forced with various idealized positive SST anomaly patterns only in the southeast
tropical Atlantic Ocean. These patterns vary in location and intensity in each experiment.
Therefore this chapter will try to address the sensitivity of the atmosphere over southern
Africa to location and intensity of Benguela Nino events and addresses the first and third
questions posed in chapter 1.

The results in this chapter and the chapters that follow present the February-March-
April (FMA) mean differences between each experiment and the control experiment (Ex-
periment 1). Section 5.2 discusses results from Experiment 3 in which the GCM is forced
with a moderate idealized SST anomaly, about 4°C, and centred around 12°E, 17°S (Fig-
ure 3.1b). This experiment represents the case of a weak Benguela Nino. Experiment 2
similar is to Experiment 3 except that the forcing is stronger, about 6°C and more ex-
tensive (Figure 3.1a). This experiment represents a strong and extensive Benguela Nino
and results from this experiment are discussed in section 5.3. The above experiments
therefore, address the case of atmospheric sensitivity to SST intensity.

The results from Experiment 6 (Figure 3.1e) in which the model is forced with a SST
anomaly similar to that in Experiment 2, but slightly shifted north (12°E; 15°S), are

discussed in section 5.4. This experiment addresses the sensitivity of the atmospheric
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model to the location of the SST forcing. The summary and conclusion of this chapter

are presented in section 5.5.

5.2 Sensitivity to Benguela Nino SST: Experiment 3

As mentioned in chapter 3, this experiment is an idealized representation of the 2001
Benguela Nino event when positive SST anomalies of about 2°C were observed over the
Benguela Nino region. The SST forcing in this experiment is double the SST anomalies
observed during this event. Previous work (Marlow et al., 2000, Kandiano et al., 2004)
has shown that SST has varied by up to +10°C during the past, throughout various parts
of the Atlantic. But variations in the tropical Atlantic Ocean during the more recent
instrumental period have been smaller, varying from +3°C (Williams et al., 2008).

The GCM’s response to the SST anomaly in Experiment 3 (Figure 3.1b) consists of
a low pressure anomaly near the SST anomaly that extends westwards (Figure 5.1b) and
a high pressure aloft downstream to the southwest of the forcing (Figure 5.1c). This re-
sponse is somewhat similar to the baroclinic response obtained by Haarsma et al. (2003)
and Robertson et al. (2003) to a regional SST anomaly in the South Atlantic Ocean dur-
ing summer. Reason and Jagadheesha (2005a) also obtained a baroclinic-type response
when the HadAM3 model was forced with warm SST anomalies during the winter season
over the subtropical South Atlantic Ocean. Anomalous circulation provided by warming
due to enhanced moisture convection associated with warm SST may result in anomalous
regional rainfall (Moura and Shukla, 1981). SST anomalies may force surface convergence
and strong cyclonic vorticity (Wagner and da Silva, 1994). Other mechanisms which may
contribute to variability relate to the role of SST in determining evaporation rates and
vertical stability (Wagner and da Silva, 1994). In addition to the above response, two
noticeable low-level cyclonic circulation anomalies are generated just one in the tropical
Atlantic centred around the 0° longitude and another over the Mozambique channel (Fig-
ure 5.1e). Also an anticyclonic circulation anomaly is generated just north of the SST

forcing.
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The 2001 Benguela Nino event was characterised by anomalous rainfall over southern
Africa (Figure 2.2h). This event coincided with the weakening a strong and prolonged La
Nina event of 1998-2001. During this event, abnormal sea level heights near equatorial
Africa propagated southwards along the the Angola Benguela Frontal Zone and caused
seasonal warm and salty water of tropical origin to penerate into the Angola and Benguela
upwelling system (Rouault et al., 2007). This had impact on the Benguela ecosystem and
the fishing industry. Further inland, parts of central southern Africa received anomalous
rainfall, probably in association with a La Nina occurring in 2000/2001. From this finding,
it is not clear as to how influential a Benguela Nino is in forcing anomalously wet conditions
further inland.

Figure 5.1 shows rainfall, sea level pressure, geopotential height, omega and low level
moisture flux and divergence anomalies generated by the model when forced with the SST
anomaly pattern in Figure 3.1b. The stippled regions in the plots of Figure 5.1 denote
statistically significant differences at 90%. The model produces positive rainfall anoma-
lies over the SST forcing and northern Angola. These anomalies stretch westward over
the tropical Atlantic, with other areas of increased rainfall over parts of the south Sahel
region, Congo basin, Zambia, Zimbabwe, south Mozambique and southwest Indian Ocean
(Figure 5.1a). Positive anomalies over the Gulf of Guinea and neighbouring coastal West
Africa are consistent with the observations in Reason and Rouault (2006) who found a
strong positive correlation between rainfall there and SST anomalies in the tropical south-
east Atlantic. Note that only the anomalies stretching eastwards from the Cameroonean
coast and those near the SST forcing are statistically significant.

Associated with rainfall anomalies over the equatorial Atlantic are low sea level pres-
sure, weak upper level pressure, enhanced uplift and low-level moisture convergence
anomalies (Figures 5.1b,c,d and f respectively). Negative values in the omega field
at 500 hPa in Figure 5.1d imply increased uplift and positive imply subsidence. Fig-
ure 5.1e indicates that near surface moist air from the equatorial Atlantic is advected
towards the continent by the westerly anomalies. These anomalies appear to converge

over the equatorial Atlantic as they advect moist air towards the continent. Together
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Figure 5.1: Experiment 3 anomalies: (a) precipitation at 0.5 mm/day contour interval, (b)
sea level pressure at 20 Pa contour interval, (c¢) 500 hPa geopotential height at 1m
contour interval, (d) 500 hPa omega at 0.5 x 10~2 contour interval, (e) 850 hPa
Moisture flux the vector size is shown, (f) 850 hPa Moisture divergence at 0.5x 1078
contour interval. Stippled regions denote statistically significant differences at 90%.
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with enhanced uplift over this region, this circulation anomaly favours the formation of
rain through convective and convergence processes and thus positive rainfall anomalies
observed over this region ( Figure 5.1a). Positive rainfall anomalies extend further inland
over equatorial Africa despite enhanced low-level moisture divergence there. This suggests
that convective processes are play a major role in producing anomalous rainfall over land.

The low-level cyclonic and anticyclonic circulation anomalies generated near the SST
forcing (Figure 5.1e) appear to lead to relative convergence northwest of the forcing (Fig-
ure 5.1f). Though this convergence is weak, it is statistically significant. Figures 5.1d
and f indicate that the forcing enhances uplift and weakens low-level moisture conver-
gence, respectively, locally near the forcing. With the anomalous surface latent heat flux
generated over the the SST forcing (see Figure B.1b Appendix B), this suggests that con-
vective processes contribute more to rainfall formation over this area. Therefore, Benguela
Nino SST in the tropical southeast Atlantic may generate anomalous rainfall locally via
convective processes.

The large cyclonic anomaly centred over the Mozambique Channel leads to relative
convergence over Zambia and other areas of tropical eastern Africa and the tropical south-
western Indian Ocean on its northern arm with associated positive rainfall anomalies there.
Anomalous circulations over the southwest Indian Ocean are produced in all the experi-
ments and seems to be as a result of the SST forcing modulating the standing waves in
Southern Hemisphere that are known to be important to southern African climate (Ma-
son and Jury, 1997). These modulations are consistent with similar results obtained by
Williams et al. (2008).

Anomalous positive sea level pressure anomalies over the region extending southeast-
ward from southern Angola (Figure 5.1b) and the associated level low pressure anomaly
aloft (Figure 5.1c) represent an equivalent barotropic response. Rainfall over this region is
usually associated with tropical-extratropical cloud bands or tropical-temperate troughs
(TTTs) which extend from the Angola low to a westerly disturbance passing south of
Africa. However, Figure 5.1a shows negative rainfall anomalies over this region, suggest-

ing weakening of TTT activity. This may be due to the barotropic conditions observed
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over this region as a result of the forcing. Also associated with these rainfall anomalies is
low-level moisture divergence (Figure 5.1f) and subsidence (Figure 5.1d) oriented in the
NW-SE direction over this region.

The following section presents results of Experiment 2 in which the SST anomaly and
the spatial extent are increased. This experiment is an idealized representation of the
observed Benguela Nino SST in the southeast tropical Atlantic Ocean during the 1995

Benguela Nino event.

5.3 Sensitivity to a strong Benguela Nino: Experi-
ment 2

The 1995 Benguela Ninio had a very strong impact on the Benguela ecosystem and the fish-
ing industry and also led to extensive floods in western Angola and northern Namibia. Fur-
ther east, many parts of southern Africa received below average summer rainfall (Rouault
et al., 2003), in association with an El Nino occurring in 1995. This finding suggests
that a Benguela Nino is capable of forcing anomalously wet conditions over western An-
gola/Namibia on its own. Again, it is not clear as to how influential it is on the rainfall
further inland. During the 1995 Benguela Nino event, extensive floods were reported over
western Angola and northern Namibia, but further east, many parts of southern Africa
received below average rainfall. Experiment 2 is an idealization of this event, in which
the AGCM is forced with SST anomalies as in Figure 3.1a.

Figure 5.2 shows rainfall, sea level pressure, low level moisture flux and divergence,
500 hPa geopotential height and omega anomalies generated by the model when forced
with the SST anomaly pattern in Figure 3.1a. Like in the previous experiment, the
GCM’s reponse to this forcing consists of a low pressure anomaly (Figure 5.2b) near the
SST forcing and a high pressure anomaly aloft (Figure 5.2¢) southwest downstream of
the forcing. Associated with the low pressure anomaly is a low-level cyclonic moisture
flux anomaly (Figure 5.2e) near the forcing. Statistically significant relative low-level

moisture convergence and divergence are generated by the model over the central south
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and southeastern Atlantic (Figure 5.2f) in association with the cyclonic anomaly. This
anomaly is stronger in this experiment than in the previous.

The cyclonic anomaly over the Mozambique Channel in Experiment 3 has weakened
and slightly shifted southwards in Experiment 2. Further, this anomaly together with the
easterly circulation anomaly north of Madagascar, enhance low-level moisture convergence
over southwest tropical Indian Ocean, Tanzania, Zambia and northern Mozambique. En-
hanced low-level moisture convergence and uplift (Figure 5.2d) over this region provide
favourable conditions for rainfall there (Figure 5.2a). Note that over the subcontinent,
statistically significant rainfall anomalies are observed only over Zambia. The model gen-
erates positive rainfall anomalies over eastern Africa and the southwest tropical Indian
Ocean when forced with intense SST in southeast tropical Atlantic. Negative rainfall
anomalies are generated over eastern Africa and the southwest tropical Indian Ocean
when forced with weaker SST in the southeast tropical Atlantic Ocean. This indicates
a positive correlation between SST in the southeast tropical Atlantic Ocean rainfall over
eastern Africa.

Like in the previous Experiment, statistically significant positive rainfall anomalies
are generated near the SST forcing. These anomalies extend westward from the Angolan
coast. The mechanisms producing rainfall over this region are similar in both experiments.
Enhanced uplift (Figure 5.2d), latent heat flux (see Figure B.la Appendix B), low sea
level pressure (Figure 5.2b) and low-level moisture divergence (Figure 5.2f) are observed
over the region of SST forcing in Experiment 2 and 3. This suggests that convective
processes dominate the mechanisms producing rainfall there.

NCEP re-analyses for austral summer 1995 indicate strongly negative anomalies in
the 500 hPa omega field over the tropical southeastern Atlantic and Angola/Namibia.
Thus, rising air was also observed near the warm SST during the 1995 Benguela Nino
and hence led to the increased precipitation there. With a baroclinic type of response in
the model and rising air at 500 hPa over the tropical South East Atlantic, this suggests
strong convective processes near the region of the forcing. Over tropical eastern Africa

and the tropical southern Indian Ocean, increased moisture convergence and uplift leads
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Figure 5.2: Same as 5.1 except for Experiment 2.

to anomalous rainfall there. On the other hand, strong relative subsidence over the

equatorial South Atlantic leads to reduced rainfall over this region.
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Given the positive rainfall anomalies generated near the SST forcing in Experiment 3,
one expects even more rainfall anomalies to be generated near the forcing in Experiment
2 in which the forcing is increased. However, the magnitudes of the rainfall, sea level
pressure and omega anomalies over this region are about the same in the two Experiments.
This suggests that there exists a SST threshold in this region above which no further
increase in rainfall is observed. This kind of response may be related to an SST threshold
for convection that leads to saturation (Hoerling et al., 2001). However, an examination
of latent heat flux anomalies of both experiments shows that the increase in SST results in
a corresponding increase in latent heat flux. Areas of increased latent heat flux may serve
as sources of moisture and energy for storms as a result of enhanced surface evaporation.

Although not the subject of this study, it is important to mention that the relationship
between SST and latent heat flux is complex and cannot be explained by thermodynamic
considerations alone (Zhang and McPhaden, 1995). In investigating relationships between
SST and latent heat flux in the equatorial Pacific, Zhang and McPhaden (1995) found
that at low SST, the latent heat flux increases with SST whereas at high SST the latent
heat flux decreases with SST. Other parameters such as wind speed and humidity need to
be considered as well in order to understand this relationship. The latent heat results (see
Figure B.1la Appendix B) are in agreement with this relationship because the ABF is a
region of relatively lower SST than in the equatorial western and central Pacific. Another
thing to note is that since this is an atmosphere only experiment, feedbacks between
the ocean and the atmosphere which take place in the real world through surface flux
interactions, are not taken into account. Therefore the results need to be interpreted in
that light.

Figure 5.2a shows that the model generates negative rainfall anomalies over the equa-
torial Atlantic, the Gulf of Guinea, the Congo basin, parts of Angola and over the TTT
region when forced with SST anomalies in Figure 3.1a. Statistically significant negative
rainfall anomalies over the Gulf of Guinea in this experiment appear to contradict re-
sults in Experiment 3 and observations in Reason and Rouault (2006). These authors

observed a strong positive correlation between SST over southeast Alantic and rainfall
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over the Gulf. The apparent contradiction supports the above suggestion of the existance
of a threshold SST. In this case, the positive-correlation relationship between SST in the
southeast Atlantic and rainfall over the Gulf does not hold above the threshold SST.

The model produces high sea level pressure anomalies (Figure 5.2b) over the TTT
region, that extend southeast from Angola to the southeast coast of South Africa. Like in
the previous experiment, an upper level low pressure (Figure 5.2c¢), subsidence and low-
evel moisture divergence (Figure 5.2f) over this region provide unfavourable conditions
for TTT activity and formation of cloud bands.

In the following section results from Experiment 6 are presented. In this Experiment
the model was forced with the SST anomaly similar to Experiment 2 except that the

anomaly is slightly shifted northward in Experiment 6.

5.4 Sensitivity to location of Benguela SST anomaly:
Experiment 6

In Experiment 6 (Figure 3.1e), the forcing in the southeast Atlantic is shifted equator-
ward. This experiment is conducted on the premise that tropical forcing may produce
a stronger atmospheric response locally, similar to over Peru during an El Nino in the
Pacific. Because of higher SST in the tropics, a warm SST anomaly located further into
the tropics raises the actual surface temperature to a correspondingly higher level than
one located more polewards, thereby, increasing the chances of deep atmospheric convec-
tion developing in its vicinity. Therefore, it is expected that Experiment 6 will generate
more rainfall along the Angolan coast than Experiment 2 and 3. Figure 5.3 shows the
model’s response to this northward shifted SST forcing. Consistent with the more tropical
SST anomaly, anomalously positive rainfall anomalies of more than 5 mm/day (or about
twice the magnitude of that in Experiment 2, Figure 5.2a ) are generated near the SST
forcing and along the Angolan coast (Figure 5.3a ). Rainfall anomalies of greater than

0.5-1 mm/day extend from this region westward to the central tropical Atlantic Ocean.
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In general, substantially more widespread rainfall is generated over the subcontinent in

this experiment than in the previous two.
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Figure 5.3: Same as 5.3 except for Experiment 6.
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These results suggest that a Benguela Nino with maximum SST anomaly slightly far-
ther north may produce more anomalous rainfall over western Angola/northern Namibia
and elsewhere than if the SST forcing is situated further poleward. The cyclonic (anti-
cyclonic) anomaly centred off Angola (over Madagascar) lead to low level moisture con-
vergence anomalies over northern Angola (eastern tropical Africa) (Figures 5.3e and f).
Although the cyclonic circulation anomaly is also produced in the above experiments, it
appears to be stronger in Experiment 6. However, a cyclonic anomaly is produced over
the Mozambique channel in the previous two experiments. This indicates that SST in
the southeast tropical Atlantic may influence circulation in the southwest tropical Indian
Ocean. However, the mechanisms producing the change in circulation over the Mozam-
bique channel/Madgascar in this experiment remain obscure.

The cyclonic anomaly off Angola tends to reduce the low level moisture flux off the
subcontinent onto the South Atlantic Ocean (cf Figure 2.3) whereas the anticyclonic
anomaly over Madagascar tends to enhance moisture flux from the subtropical southwest
Indian Ocean, thus leading to more widespread rainfall south of Zambia in this experiment.
However, the sea level pressure high anomalies (Figure 5.3b), upper level low pressure
anomalies (Figure 5.3c), increased subsidence (Figure 5.3d) and strong low-level moisture
divergence (Figure 5.3f) over the TTT region suggest unfavourable rainfall conditions
over this region. Therefore, other processes may be behind the observed rainfall there.
Stronger uplift near the SST forcing (Figure 5.3d) compared to the previous experiments
contributes to the large anomalous rainfall observed over this region.

In general a stronger response is observed near the SST forcing in Experiment 6 than
in the previous two experiments. This is evident in the rainfall, sea level pressure, 500 hPa
geopotential height and omega and near surface moisture flux and divergence anomalis

shown in Figure 5.3.

5.5 Summary and Conclusion

This chapter has presented results for experiments in which the HadAM3 GCM is forced

with various idealized SST patterns only in the southeast tropical Atlantic Ocean. The
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results presented in this chapter are those from Experiments 2, 3 and 6. These experi-
ments are used to explore the sensitivity of the regional atmosphere to SST forcing in the
southeast tropical Atlantic Ocean. In Experiment 2 the model was forced with an ide-
alization of the SST anomaly pattern in the southeast tropical Atlantic observed during
the 1995 Benguela Nino. The anomaly is centred around 12°E, 17°S and about 6°C in
magnitude (Figure 3.1a). Experiment 3 involved forcing the model with idealized repre-
sentation of the SST anomaly pattern observed during the 2001 Benguela Nino event. In
this experiment the anomaly is centred as in Experiment 2, but has a magnitude of about
4°C and is less extensive (Figure 3.1b). Experiment 6 is similar to Experiment 2 except
that the forcing is slightly shifted equatorward to about 15°S (Figure 3.1e).

The model’s response to the SST anomaly forcing in the tropical southeast Atlantic
Ocean consists of positive rainfall anomalies over western Angola and near the SST forcing.
The positive rainfall anomalies over western Angola and the SST forcing are associated
with enhanced surface latent flux over the SST forcing and uplift near the SST forcing in
the tropical southeast Atlantic Ocean. Positive anomalies in low level moisture divergence
suggest that the enhanced surface latent heat flux and local uplift contribute more to the
positive rainfall anomalies over western Angola and the SST forcing than do changes in
moisture convergence. In addition, the enhanced uplift over this region favours stronger
convective rainfall there. Circulation changes over southern Africa resulting from the SST
forcing in the southeast Atlantic suggest that Benguela Nino events tend to suppress TTT
occurrence.

The model results suggest that a Benguela Nino is capable of forcing anomalous wet
conditions over western Angola on its own. However, it is less clear as to how influential
it is on the rainfall further inland. Statistically significant postive (negative) rainfall
anomalies are generated over Zambia and parts of eastern Africa (equatorial Atlantic)
when the intensity of the southeast tropical Atlantic anomaly is increased. However,
strong positive correlation exists between SST over the southeast tropical Alantic and
the Gulf of Guinea. Therefore the results suggest that there exists a threshold SST

above which the observed correlation ceases. The resulting changes in the atmospheric
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circulation lead to changes in low-level moisture convergence and uplift over Zambia and
eastern Africa that appear to contribute to positive rainfall anomalies there. Therefore,
this suggests that a Benguela Nino is capable of influencing anomalous rainfall both over
western Angola and much further inland when the intensity is increased.

Widespread weak positive rainfall anomalies are generated over southern Africa when
the maximum SST anomalies are located further north in the South East Atlantic.
Stronger positive anomalies are produced over western Angola and near the SST forc-
ing. Consistent with observational studies (Hirst and Hastenrath, 1983, Rouault et al.,
2003), these model results imply that the western Angola region is susceptible to flood
events during Benguela Nino. Since the onset of these events is typically around Decem-
ber/January, monitoring the tropical southeast Atlantic Ocean could provide an early

warning system that could be beneficial to the Angolan economy.
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Chapter 6

Sensitivity to Indian Ocean SST

6.1 Introduction

The previous chapter discussed the regional atmospheric response to SST forcing only
in the southeast tropical Atlantic Ocean. In this chapter, the results of the models re-
sponse to various regional idealized SST patterns in the southeast tropical Atlantic and
subtropical southwest Indian Ocean (SWIO) are presented. These SST patterns vary in
location, sign and magnitude. Observational work (Reason and Mulenga, 1999, Behera
and Yamagata, 2001) and studies with numerical models (Reason, 2001, 2002, Hansingo
and Reason, 2006) have found that SST in the subtropical SWIO may influence austral
summer rainfall over southern Africa. The results discussed in this chapter are those
from Experiments 4, 5, 9 and 10. The SST forcing in the southeast tropical Atlantic in
these experiments is the same as discussed in the previous chapter. In the subtropical
SWIO, the SST forcing varies in location and sign in the experiments discussed here.
The purpose of this chapter is to study how cooling or warming in the subtropical SWIO
that often occurs during Benguela Nino events may modulate the rainfall impacts over
southern Africa. Therefore, this chapter addresses the second question posed in chapter
1. Section 6.2 considers cool SST forcing in the SWIO whereas section 6.3 discusses the
results for warm SST forcing here. The summary and conclusions are presented in section

6.4.
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6.2 Sensitivity to Negative SST Anomalies : Exper-
iment 4

In Experiment 4, the model is forced with positive SST anomalies, up to about 6°C, in the
southeast tropical Atlantic Ocean centred around 12°E, 17°S and negative SST anomalies,
up to about —2°C, in the subtropical SWIO centred around 50°E, 35°S (Figure 3.1c). This
experiment is similar to Experiment 2 except that cool SST anomalies are added south of
Madagascar. During the 1995 Benguela Nino, cool SST anomalies occurred in the SWIO
south of Madagascar together with strong warming in the tropical Southeast Atlantic. As
mentioned in chapter 5, extensive floods were reported over western Angola and northern
Namibia, but further east, many parts of southern Africa received below average rainfall.
Experiment 4 (Figure 3.1c) is an idealization of this event.

When forced with the SST anomalies in Figure 3.1c, the model produces rainfall
anomalies similar to those in Experiment 2. However, a small reduction in the posi-
tive rainfall anomalies seen in Experiment 2 (Figure 5.2a) is observed over the Mozam-
bique/Tanzania border (Figure 6.1a). The reduction in rainfall anomalies over this region
may be associated with relative reduced low-level moisture convergence (Figure 6.1d) and
uplift (Figure 6.1b) there as result of these features slightly shifting eastward. There is
reduced evaporation south of Madagascar due to reduced surface latent heat flux (see
Appendix B) as a result of the negative SST forcing in the subtropical SWIO. Because
of reduced evaporation south of Madagascar as result of cool SST, the cyclonic low-level
moisture flux anomaly (Figure 6.1c), centred over the southern Mozambique Channel,
advects cool and less moist air over South Africa. The model generates statistically sig-
nificant negative rainfall anomalies over the southeast coast of South Africa as result
of cool SST forcing in the subtropical SWIO in Experiment 4. Note that Behera and
Yamagata (2001) and Reason (2001, 2002) have shown that negative rainfall anomalies
are generated over southern Africa during the negative phase of a South Indian Ocean
subtropical dipole event in summer. This phase is characterised by cool SST anomalies

south of Madagascar and warm anomalies off the western coast of Australia.
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Anomalous rainfall is generated over the tropical SWIO in Experiment 4 compared to
Experiment 2. These anomalies extend southwest across the subcontinent in Experiment
4. An increase in rainfall over north eastern Namibia corresponds with an increase in
surface latent heat flux (see Appendix B) over this region. The low-level westerly moisture
flux anomalies over the equatorial Atlantic (Figure 6.1c) appear to reduce the advection
of moist air away from West African regions. This circulation, together with enhanced
uplift off the Liberia/Sierra Leone coast and parts of West Africa, generates positive
rainfall anomalies over these regions. Negative rainfall anomalies seen over the Gulf of
Guinea extending westward in Experiment 2 have weakened in Experiment 4. This may
be as result of the westerly low-level moisture flux anomalies there which act to weaken
the advection of moist air away from this region. Note that the anomalies are easterly in
Experiment 2.

Noticeable differences in low-level moisture flux anomalies between Experiment 2 (Fig-
ure 5.2e) and 4 (Figure 6.1c) are observed over the SWIO.. The anomalies over the tropical
SWIO are northeasterly in Experiment 4 and northerly in Experiment 2. The cyclonic
anomaly over the subtropical SWIO is centred over the southern Mozambique Channel
in Experiment 2 and weak and closer to the subcontinent in Experiment 4. Thus, these
results suggest that a cool SST anomaly in the subtropical SWIO may lead to its own
response over the region that can augment or oppose the rainfall impacts of a Benguela
Nino over southern Africa. Note that previous AGCM experiments with SST anomalies
imposed in this part of the SWIO (e.g. Reason and Mulenga, 1999, Reason, 2001, 2002)
have shown a significant circulation and rainfall response over southern Africa.

One would also expect anomalous rainfall to occur over northern Angola as a re-
sult of enhanced low level moisture convergence there (Figure 6.1d). However, relative
subsidence there and over most parts of Southern Africa south of Zambia (Figure 6.1b)
may lead to the negative rainfall anomalies seen in this region. Note that during the
1995 Benguela Nino, below average rainfall was observed over these regions and also
Zimbabwe/Mozambique but wetter than average conditions occurred over eastern South

Africa and Tanzania (Rouault et al., 2003). Figure 6.1a also shows above average rainfall

85



Rainfall

20N

20S —

408

60E

20N

20S .

408

0 30E 60E

Figure 6.1: Experiment 4 anomalies for, (a) Rainfall with contour interval of 0.5 mm/day, (b)
500 hPa Omega, (c) 850 hPa Moisture flux and d 850 hPa Moisture divergence.
over western South Africa and eastern Tanzania but dry conditions over eastern South
Africa and western Tanzania. This result suggests that some other forcing besides the SST
anomaly idealized in Figure 3.1c may have contributed to the observed rainfall anomalies.
Note that the 1995 Benguela Nino event also coincided with a protracted El Nino event
in the Pacific but that the corresponding Pacific or tropical Indian SST anomalies are not
included in the model experiment. Thus, these model results suggest that independent of
ENSO, a Benguela Nino is capable of producing anomalous rainfall over southern Africa
despite cooling in the Indian Ocean which is normally associated with below average

rainfall over the subcontinent. However, the results also suggest that the 1995 observed
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rainfall anomalies were not solely due to regional Atlantic or South Indian Ocean SST
forcing but were also contributed to by other SST forcing (e.g., associated with the ENSO

event) or by other factors not included here.

6.3 Sensitivity to Positive SST anomalies: Experi-

ments 5, 9 and 10

In this section, results from Experiments 5, 9 and 10 are presented. In these experiments,
the HadAM3 GCM is forced with positive SST anomalies in the southeast tropical Atlantic
Ocean which vary in location and magnitude and in SWIO which vary only in location. In
Experiment 5, the forcing in the southeast tropical Atlantic has a magnitude of up to about
4°C and centred around 12°E; 17°S while the forcing in the SWIO reaches a magnitude of
about 2°C and is centred around 50°E, 35°S. The SST forcing in Experiment 9 is similar
to Experiment 5 except that the forcing in southeast tropical Atlantic reaches about 6°C,
and its location is shifted slightly northward (12°E, 15°S). Experiment 10 is similar to
Experiment 9 except that the forcing in the subtropical SWIO is located closer to the
subcontinent (45°E, 32°S). These experiments are conducted on the premise that warm
SST anomalies in the subtropical SWIO may generate increased rainfall over southern
Africa and hence could augment those due to SST anomalies in the South East Atlantic.
Note that during certain Benguela Nino events, SST anomalies of similar magnitude and
location have been observed.

Both observations and GCM results in Reason and Mulenga (1999), Reason (2001)
and Hansingo and Reason (2006) have shown that warming in the subtropical SWIO
during austral summer leads to enhanced rainfall over large areas of southeastern Africa.
Furthermore, Behera and Yamagata (2001) and Reason (2001, 2002) have shown that
anomalous rainfall is produced over southern Africa during the positive phase of a South
Indian Ocean subtropical dipole event in summer. This phase is characterized by warm

SST anomalies south of Madagascar and cool anomalies off the western coast of Australia.
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Therefore, given this previous research and the results in experiments 2-4, with the
SST forcing in the tropical southeast Atlantic shifted northward plus warm SST forcing
imposed south of Madagascar (Figures 3.1d, h and i), one expects these experiments to
generate more rainfall over southern Africa than Experiments 2-4 and 6.

Warm SST anomalies were observed over the southeast tropical Atlantic and the south-
west subtropical Atlantic Oceans during the 2001 Benguela Nino event. This event was
characterised by above average rainfall over southern Africa. Therefore, Experiment 5 is
an idealization of the observed regional SST anomalies during the 2001 Benguela Nino.
When forced with SST anomalies of Experiment 5 (Figure 3.1d), the model, however,
generates relatively reduced rainfall (Figure 6.2a) over southern Africa compared to the
previous experiments. In particular, negative anomalies are produced over the Congo
basin and the equatorial Atlantic Ocean compared to Experiment 3 (Figure 5.1a) in
which the model is forced with only Benguela Nino SSTs in the southeast tropical At-
lantic Ocean. However, the model generates positive rainfall anomalies over Kenya and
parts of Tanzania in Experiment 5. The westerly low-level moisture flux anomalies over
the equatorial Atlantic Ocean seen in Experiment 3 (Figure 5.1e) have become north-
westerly and stronger in Experiment 5 (Figure 6.2¢). These circulation anomalies tend
to weaken the advection of low-level moist air away from the subcontinent. However,
enhanced subsidence (Figure 6.2b) and relatively reduced moist air convergence (Fig-
ure 6.2d) over the equatorial Atlantic and the Congo basin do not favour rainfall, thus
the negative rainfall anomalies observed over this region in Experiment 5.

The cyclonic low-level moisture flux anomaly over the Mozambique Channel extends
further south and appears to advect moist air from the south of Madagascar to central
and eastern southern Africa. The warm SST forcing in the southwest SWIO enhances
evaporation to the south of Madagascar as a result of enhanced surface latent heat flux
there (see Appendix B). Statistically significant rainfall anomalies of only about 0.5
mm/day are produced over this region compared to about 2 mm/day produced over the
SST forcing in the southeast tropical Atlantic Ocean. The SST forcing over the two regions

differ by about 2°C. Relatively strong low-level convergence of the subtropical SWIO
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sourced moist air and uplift over central and eastern southern Africa leads to relatively
increased rainfall over Tanzania and Zambia.. The SST forcing in the subtropical SWIO
appears to generate anomalous rainfall local to the region of the forcing. This is also

observed in Experiments 9 and 10.
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Figure 6.2: Same as Figure 6.1, but for Experiment 5.

When forced with SST anomalies of Experiment 9 (Figure 3.1h), like in Experi-
ment 5, the model generates statistically significant positive rainfall anomalies of about
0.5mm/day over the SST forcing in the subtropical SWIO (Figure 6.3a). However, these
anomalies are less extensive in Experiment 9. As expected, widespread and more rainfall

is generated over southern Africa in Experiment 9 than in Experiments 4 and 5. This
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increased rainfall response occurs because the forcing in the southeast tropical Atlantic
Ocean is slightly shifted northward and is more extensive in Experiment 9. It is found, in
chapter 5, that a more tropical and extensive positive SST forcing in the tropical southeast
Atlantic generates more and widespread rainfall over southern Africa.

Somewhat larger positive rainfall anomalies are generated over the Mozambique Chan-
nel and east of Madagascar compared to Experiment 5. Anomalies of about 0.5 mm/day
are generated over northern Namibia/southeastern Angola/ western Zambia and Tanza-
nia. Reason and Mulenga (1999), Behera and Yamagata (2001) and Reason (2001, 2002)
attributed anomalous rainfall over southeastern Africa during warm events in the subtrop-
ical SWIO to enhanced low-level tropospheric easterlies transporting surplus moisture to
this region, and hence enhanced moisture convergence and convection there. The warm
SST anomaly in the SWIO acts as the source of surplus moisture. This mechanism is ob-
served in Figures 6.3b, ¢ and d over eastern Zambia, Mozambique and Tanzania. Relative
low-level moisture convergence results because the northwesterly anomalies over and north
of Madagascar (Figure 6.3c) oppose the mean easterly flux in this region (Figure 2.3).
Over eastern South Africa, relative subsidence (Figure 6.3b) and low-level moisture di-
vergence (Figure 6.3d) may contribute to reduced rainfall there. As in Experiments 2-6,
enhanced uplift near the forcing in the southeast Atlantic contributes to anomalous rain-
fall there and over coastal Angola.

Experiment 10 (Figure 3.1i) is similar to Experiment 9 except that the SST anomaly
forcing in the subtropical SWIO is shifted closer to the subcontinent. Previous exper-
iments with a numerical model suggest that the positive rainfall anomalies are further
enhanced over southern Africa when the warm SST anomalies in the subtropical south-
west Indian Ocean are close to the subcontinent (Reason, 2002). Therefore, one expects
this experiment to generate more rainfall over the subcontinent than in Experiment 9.
Rainfall anomalies over southern Africa are similar to Experiment 9 except that positive
rainfall anomalies are now also produced over Zimbabwe and those over Zambia are larger
and more widespread (Figure 6.4a). The size of the rainfall anomalies over the SWIO is

now generally greater than in Experiment 9 and negative anomalies are generated over
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the western equatorial regions of Africa, northern Angola and eastern South Africa. The
cyclonic anomalies over the tropical southeast Atlantic and the Mozambique Channel are

generally weaker in Experiment 10.
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Figure 6.3: Same as Figure 6.1, but for Experiment 9.

An examination of the low-level moisture flux anomalies in Figure 6.4c indicates that
the cyclonic anomaly centred over the southern Mozambique Channel and the anticy-
clonic anomaly to the northeast of Madagascar advect surplus moist air from the sub-
tropical and tropical SWIO towards some areas of eastern Africa. In addition to mois-
ture advection over this region, increased low-level convergence (Figure 6.4d) and uplift

(Figure 6.4b) generate enhanced rainfall there. However, the convergence and uplift are
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relatively weaker in Experiment 10 than in Experiment 9. The negative rainfall anomalies
over eastern South Africa are as a result of relative subsidence, moisture divergence and
reduced latent heat flux (see Appendix B). These conditions are also observed over the
western equatorial regions of Africa and may be associated with the observed negative

rainfalls there.
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Figure 6.4: Same as Figure 6.1, but for Experiment 10.

Weak positive rainfall anomalies are observed over Botswana and parts of Namibia
despite enhanced subsidence and moisture divergence. However, increased latent heat

flux is observed over this region (see Appendix B). This result suggests that latent heat
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and processes other than moisture convergence and uplift may produce the observed

rainfall over this region.

6.4 Summary and Conclusion

Results from Experiments 4, 5, 9 and 10 have been presented in this chapter. These
experiments involve forcing the HadAM3 with various patterns of SST anomalies in the
tropical southeast Atlantic and subtropical southwest Indian Oceans (SWIO). The pur-
pose of these experiments was to investigate in an idealized way the changes in rainfall
response over southern Africa that may occur during Benguela Nino events that coincide
with significant SST anomalies in the SWIO. In Experiment 4, the model was forced with
positive SST anomalies of magnitude up to about 6°C, in the southeast tropical Atlantic
Ocean centred around 12°E; 17°S. The forcing in the subtropical SWIO was negative, with
magnitude up to about —2°C, centred around 50°E, 35°S. In Experiment 5, the forcing
in the southeast tropical Atlantic reached up to about 4°C and was centred around 12°E,
17°S while the forcing in the subtropical SWIO had a magnitude of about 2°C and was
centred around 50°E, 35°S. The SST forcing in Experiment 9 was similar to Experiment
5 except the forcing in southeast tropical Atlantic reached a magnitude of about 6°C, was
more extensive and shifted slightly northward (12°E, 15°S). Experiment 10 was similar to
Experiment 9 except that the forcing in the subtropical SWIO was located closer to the
subcontinent (45°E, 32°S). These idealised SST anomalies are similar in magnitude and
location to what is observed during certain Benguela Nino events.

Relatively reduced positive rainfall anomalies are produced over the Mozambique/Tanzania
border (Figure 6.1a) while negative anomalies are generated over eastern South Africa,
when the model is forced with SST anomalies in Experiment 4 (Figure 3.1c). There is
reduced evaporation south of Madagascar due to reduced surface latent heat flux (see Ap-
pendix B) as a result of the negative SST forcing in the subtropical SWIO. The cyclonic
low-level moisture flux anomaly (Figure 6.1c) centred over the southern Mozambique
Channel advects cool and less moist air over South Africa. This result is consistent with

the observations of Behera and Yamagata (2001) and numerical model experiments of
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Reason (2001, 2002). These authors showed that negative rainfall anomalies are gener-
ated over southern Africa during the negative phase of a South Indian Ocean subtropical
dipole event in summer.

When forced with SST anomalies of Experiments 5, 9 and 10, the model produces
positive rainfall anomalies over southern Africa similar to experiment 4, except these are
widespread in Experiments 9 and 10. When forced with SST anomalies of Experiment
5 (Figure 3.1d), the model, however, generates relatively reduced rainfall (Figure 6.2a)
over southern Africa compared to the other experiments. Like in the southeast tropical
Atlantic, positive rainfall anomalies are generated over the SST forcing in the subtropical
SWIO in Experiments 5, 9 and 10. Statistically significant rainfall anomalies of only about
0.5 mm/day are produced over this region compared to about 2 mm/day produced over
the SST forcing in the southeast tropical Atlantic Ocean in Experiment 5. Anomalous
rainfall is generated over the forcing in the subtropical SWIO in Experiment 10 compared
to Experiments 5 and 9. The model generates more widespread positive rainfall anomalies
over southern Africa in Experiment 10 (Figure 6.4a) in which the forcing in the southwest
subtropical Indian Ocean is closer to the subcontinent.

Taken together, the results of Experiments 4, 5, 9 and 10 suggest that, depending on
their sign and location, SST forcing in the SWIO may augment or oppose the rainfall
impacts over southern Africa during a Benguela Nino event. For both the SWIO and
southeast Atlantic SST anomalies, a more tropically located pattern tends to produce a

larger response in the model.
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Chapter 7

Potential Influence of La Nina:

Experiments 7 and 8

7.1 Introduction

The previous chapters have examined the sensitivity of the atmospheric response over
southern Africa to regional SST forcing. The SST forcing in the experiments of the previ-
ous chapters was either only in the southeast tropical Atlantic Ocean or in both southeast
tropical Atlantic and the southwest subtropical Atlantic Ocean. These experiments are
idealized representations of observed SST anomalies in the neighbouring oceans during
the Benguela Nino events occurring during 1995 and 2001. These events coincided with
warm (1995) or cool (2001) SST anomalies occurring in the equatorial Pacific Ocean.
Therefore, SST anomalies in the Pacific Ocean may have influenced the regional circula-
tion and rainfall over southern Africa during the 1995 and 2001 Benguela Nino events,
and therefore made the impacts of these Benguela Ninos less transparent. It has long
been recognised that the Pacific El Nifio has a close association with rainfall variability
in many parts of Africa (Nicholson and Selato, 2000, Reason et al., 2000). In view of this
association, an influence of La Nifia during the 1995 and 2001 Benguela Nifios might also
be anticipated. This chapter examines the potential influence of cool SST anomalies in

the central equatorial Pacific Ocean on southern Africa during a Benguela Nino event.
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Thus, results from Experiments 7 and 8 are presented in this chapter. These experiments
assume that the ENSO signal’s influence on southern Africa is directly from the tropical
Pacific Ocean and not via the Indian Ocean. Therefore, the objective is to isolate the
effect of Pacific Ocean SST on southern African circulation.

In Experiment 7, the model is forced with negative SST anomalies only in the central
equatorial Pacific Ocean. These anomalies have a minimum of about —2°C centred on
the equator around 160°W (Figure 3.1f). The objective of this experiment is to isolate
the effect of the SST anomalies in the central equatorial Pacific on southern African
circulation. In Experiment 8, the model is forced with SST anomalies as in Experiment
3 but with the SST anomalies elsewhere in the equatorial Pacific included (Figure 3.1g).
This chapter examines the model’s response over southern Africa to Benguela Nino SST
anomalies when there are also La Nifna (cool) SST anomalies in the equatorial Pacific).
Therefore, this chapter will try to answer the fourth question in chapter 1 and the results
from Experiments 7 and 8 are presented in section 7.2. The summary and the conclusion

are presented in section 7.3.

7.2 Possible Influence of La Nina

Figure 7.1 shows the model’s response to the SST anomalies displayed in Figure 3.1f.
When forced with these anomalies, the model generates positive rainfall anomalies over
eastern Africa and parts of West Africa but reduced rainfall over subtropical southern
Africa, Angola and central Africa (Figure 7.1a). These results are consistent with the
findings of Nicholson and Selato (2000). In a study of the influence of La Nina on Africa
rainfall using harmonic analysis, the above authors found that weak positive rainfall
anomalies appear in the December-February season over most parts of the eastern half of
southern Africa during most La Nifia events. Similarly, Reason et al. (2000) found that
increased rainfall tended to occur over southeastern Africa during the January-March
season following the first appearance of cool SST anomalies in the equatorial Pacific (the

mature phase).
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The results shown in Figure 7.1a are consistent with the general observation that a
La Nina event generates above average rainfall over southeastern Africa. However, dry
conditions are produced over subtropical southern Africa and Angola Positive rainfall
anomalies over Tanzania, Zambia and Kenya appear to be as a result of increased low-
level moisture convergence (Figure 7.1d) and enhanced uplift (Figure 7.1b). These results
are consistent with the observed links between SST in the equatorial Pacific Ocean and
southern African circulation via modulations to the Walker circulation. The cool SST
anomalies in the equatorial Pacific are typically associated with an enhanced strength of
the equatorial Walker circulation (Allan et al., 1996)

The southeasterly moisture flux anomalies over the subtropical southwest Indian Ocean
(SWIO) (Figure 7.1c) act to strengthen the climatological westwards flux of Indian Ocean
sourced moisture across subtropical southern Africa whereas the westerly anomalies over
central southern Africa appear to weaken the mean southeasterly moisture flux away from
Africa over the southeast Atlantic, thus leading to low level moisture convergence over
Zambia, northern Mozambique and Tanzania with increased rainfall there.

Dry conditions over subtropical southern Africa seem to be as a result of enhanced
subsidence and relatively weak moisture convergence. It is not obvious how SST forcing
in the central equatorial Pacific can produce the rainfall anomalies in this region in this
experiment. Note that similar anomalies are seen in previous experiments which do not
include the forcing in the Pacific Ocean. However, weak anomalies over parts of West
Africa seem to suggest a lack of influence of SST in the central equatorial Pacific on this
region consistent with the finding of Ropelewski and Halpert (1989) for La Nina and the
findings of Ropelewski and Halpert (1989) and Nicholson and Kim (1997) for El Nino
events. Note that the model generates statistically significant rainfall anomalies over
eastern South Africa, central Tanzania and the western equatorial Indian Ocean.

When the forcing in the southeast tropical Atlantic Ocean is included (Experiment
8, Figure 3.1g), the model generates statistically significant positive rainfall anomalies

near the SST forcing in the southeast tropical Atlantic Ocean, and over eastern Angola
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extending northeastward to northern Zambia and central Tanzania (Figure 7.2a). Sta-
tistically significant negative anomalies are generated over eastern South Africa, central
Angola and Congo-Brazzaville. Rainfall anomalies generated in Experiment 8 are similar
to Experiment 7 except that anomalous rainfall is generated over the tropical western In-
dian Ocean, and also over the Angolan coast as result of the SST forcing included just off
that coast. An examination of rainfall anomalies in Experiments 3 (Figure 5.1a), 7 (Fig-
ure 7.1a) and 8 (Figure 7.2a) low-level moisture flux anomalies (Figure 5.1e, Figure 7.1c
and Figure 7.2c respectively), reveals that, the La Nina signal seems to dominate the
Benguela Nino signal over southern Africa. Note that the SST forcing in the southeast
tropical Atlantic Ocean in Experiment 3 is similar to that in Experiment 8 in this region.

The positive rainfall anomalies of about 0.5 mm/day over Tanzania in Experiment
7 extend southwestward over Zambia in Experiment 8, while the negative anomalies of
a similar magnitude over Angola and South Africa are now smaller in spatial extent.
These results seem to suggest that when a Benguela Nino event occurs together with a La
Nina event, the positive rainfall anomalies over Zambia and the western Indian Ocean are
increased. In other words, the influence of a La Nina event in the equatorial Pacific on
southern African circulation tends to dominate the influence from Benguela Nifo event.
This confirms the finding of Nicholson and Selato (2000) that La Nifia appears to have the
greatest influence on rainfall in southern Africa. Furthermore, AGCM studies with SST
in the Pacific and Indian Ocean (Goddard and Graham, 1999, Washington and Preston,
2006) show that SST variability in the tropical Pacific exerts some influence over the
African region.

The reduction in spatial extent of the negative rainfall anomalies over Angola and
South Africa in Experiment 8, seem to suggest that a Benguela Nino opposes the influence
of a La Nina over these regions. Compared to Experiment 3, negative rainfall anomalies
are generated over equatorial western Africa in Experiment 8. Again, the strong La Nina
signal seems to outweigh the Benguela Nino signal here.

The model generates similar low-level moisture flux anomalies over subtropical south-

ern Africa in Experiments 7 (Figure 7.1c) and 8 (Figure 7.2c¢). Over eastern Africa, the
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Figure 7.1: Experiment 7 anomalies: (a) Rainfall 0.5 mm/day contour interval, (b) Omega
500 hPa, (¢) Moisture flux 850 hPa, (d) 850 hPa Moisture divergence. Stippled
regions indicate statistically significant differences at 90% level.

westerly anomalies act to weaken the predominantly westerly moisture flux away from

East Africa over the equatorial Indian Ocean. As a result, there is enhanced low-level

moisture convergence over Tanzania (Figures 7.1d and 7.2d) in both experiments. The

strong La Nina signal over southern Africa is observed also in the moisture flux field.

However, there are noticeable differences in the cyclonic low-level moisture flux anomaly

over Madagascar in Experiment 7 and 8. This anomaly is oriented in the in east-west

direction in Experiment 8 and is located over northern Madagascar similar to Experiment

3, though it is weaker in Experiment 8. Here, the Benguela Nino signal appears to be
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stronger than La Nina signal. This result suggests that cool SST anomalies in the cen-
tral equatorial Pacific, when accompanying a Benguela Nino event, tend to weaken the
influence that SST anomalies in the southeast tropical Atlantic have on the circulation
southeast of Madagascar and its wider connection via modulation to the standing waves
in the Southern Hemisphere (refer to earlier figure and Section here where these standing
waves are first discussed).
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Figure 7.2: Same as Figure 7.1 but for Experiment 8.
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7.3 Summary and Conclusion

This chapter set out to see how the presence of cool SST anomalies in the central equato-
rial Pacific Ocean that occur during a Benguela Nino event could influence the resulting
rainfall and circulation over southern Africa. Results of two sets of SST anomaly exper-
iments, Experiments 7 and 8, performed with the HadAM3 GCM have been presented.
These experiments have been motivated by an observed La Nifia cooling in the equatorial
Pacific during the 2001 Benguela Nino event. In Experiment 7, the model was forced
with an idealised pattern of negative SST anomalies in the central equatorial Pacific only
and no other SST anomalies were present anywhere. The forcing has a magnitude of
about -2°C and is centred over the equator around 160°W (Figure 3.1f). Experiment
8 involved forcing the model with idealised positive and negative SST anomalies in the
southeast tropical Atlantic and the central equatorial Pacific Oceans respectively. The
forcing in the central Pacific Ocean is similar to Experiment 7 while the forcing in the
southeast tropical Atlantic is centred around 12°E, 17°S and has a magnitude of about
4°C (Figure 3.1g).

The model’s response to the SST forcing in Experiment 7 consists of positive rain-
fall anomalies over eastern southern Africa. This result is consistent with the findings
of Nicholson and Selato (2000) who found that weak positive rainfall anomalies appear
in the December-February season over most parts of the eastern half of southern Africa
during most La Nina events. A similar result was found by Reason et al. (2000) for
the late summer. The model results show that the positive rainfall anomalies over east-
ern Africa are associated with enhanced low-level moisture convergence and uplift. The
southeasterly anomalies over the southwest subtropical Indian Ocean act to strengthen the
climatological westwards flux of Indian Ocean sourced moisture across subtropical south-
ern Africa while the westerly anomalies over central southern Africa appear to weaken the
mean southeasterly moisture flux away from southern Africa over the Southeast Atlantic

Ocean.
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Negative rainfall anomalies are generated over South Africa and the western southern
Africa. These anomalies are associated with enhanced subsidence over these regions and
relatively weak low-level moisture convergence.

The model’s rainfall response to the SST forcing in Experiment 8 is similar to Experi-
ment 7 except that greater anomalous rainfall is generated over the tropical Indian Ocean
in Experiment 8. Also, positive rainfall anomalies of about 0.5 mm/day over Tanzania
extend further southwest over Zambia in Experiment 8. These results suggest that the La
Nina signal tends to dominate the Benguela Nino signal over southern Africa when these
events occur simultaneously. Differences in moisture flux anomalies between Experiment
7 and 8 are noticeable over Madagascar. The cyclonic low-level moisture flux anomaly
over Madagascar is slightly shifted northward similar to Experiment 3 which involved a
similar SST forcing only in the southeast Atlantic. This result suggests that the Benguela
Nino signal may dominate the La Nina signal in the southwest subtropical Indian Ocean.
Goddard and Graham (1999) and Washington and Preston (2006) have also shown that
while the SST variability of the tropical Pacific exerts some influence over the African
region, it is the atmospheric response to the Indian Ocean variability that is essential for

simulating the correct rainfall response over eastern, central, and southern Africa.
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Chapter 8

Summary and Conclusion

Southern Africa exhibits strong variability on interannual and interdecadal time-scales
which is usually linked to SST variations in the neighbouring and remote oceans. Much
research on southern African climate variability has concentrated on influence from ENSO
and the Indian Ocean, because it is believed that they exert more influence over southern
Africa than the Atlantic Ocean. Although the ENSO phenomenon in the Pacific has
profound impact on global weather patterns, not all anomalous patterns are linked to it
and it has become increasingly clear that other modes of climate variation besides ENSO
can have significant influence on regional climate (Chang et al., 1998). Among them is a
variation of SST in the tropical Atlantic Ocean. Extreme warm SSTs have been observed
in the area of the Angola-Benguela Front in the southeast tropical Atlantic and Shannon
et al. (1986) have termed these warm events ‘Benguela Ninos’ because of their apparent
similarities with El Nino events.

This thesis set out to investigate the impacts of the Benguela Nino on rainfall over
southern Africa. In order to achieve the above objective, the following questions were

posed.

1. What is the effect of warm SST anomaly intensity in the southeast Atlantic Ocean
on southern African late summer circulation, independent of warming or cooling in

the Indian Ocean?
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2. What is the rainfall and circulation response over southern Africa when there are
warm or cool SST anomalies in the southwest Indian Ocean in addition to a Benguela

Nino event?

3. How does the location of anomalous warming of SST in the tropical southeast At-

lantic Ocean influence the atmospheric response over southern Africa?

4. What is the rainfall and circulation response over southern Africa when there is a

La Nina event in the Pacific occuring at the same time as a Benguela Nino?

The main tool used to address these questions is the United Kingdom Met Office
(UKMO) Hadley Centre Atmospheric Model version 3 (HadAM3) general circulation
model. HadAMS3 is a grid-point numerical model and has been used in various African
studies, for example, in investigating intraseasonal (Tennant, 2003) or interannual (Rea-
son and Jagadheesha, 2005a,b) variability, and in sensitivity studies (Washington and
Preston, 2006) as well as for operational seasonal forecasting. The ability of this model
to adequately represent the climate of the southern African region was evaluated by com-
paring geographical maps and zonally averaged statistics of the model climatology used
in Reason and Jagadheesha (2005a,b) with NCEP-NCAR reanalyses and CMAP precip-
itation. The emphasis was given to the February April (FMA) season since this is the
main rainy season in the Angolan area of most interest to this study and previous studies
have already shown that the model represents the main circulation during winter (June
August) (Reason et al., 2003) and summer (December February) (Reason et al., 2005)
adequately.

HadAMa3 is able to reproduce the precipitation annual cycle and the main seasonal
global climatological features of the circulation. Precipitation bands associated with the
ITCZ are depicted well by the model, though the model overestimates these features over
the ocean. Precipitation within the tropics is simulated reasonably well, but precipitation
in the extra-tropics in both hemispheres is overestimated. The model also shows some skill
in capturing regional scale feature, important for rainfall, over southern Africa, although

it appears to misplace and underestimate them. The model shows less skill in simulating
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lower and upper level tropospheric wind direction correctly over southern Africa, therefore
this field must be interpreted with caution.

These results show that there is generally reasonable agreement of the FMA clima-
tology between NCEP-NCAR reanalysis and HadAM3. In addition to the above results,
results from Johns et al. (1997), Reason et al. (2003), Reason and Jagadheesha (2005a)
and Washington and Preston (2006), there is some confidence in the ability of this model
to represent the climate of southern Africa reasonably well and therefore it was used in
this thesis to perform sensitivity experiments.

A set of ten experiments of various idealised SST anomalies was designed to attempt to
answer the above questions. Each experiment consisted of five ensemble members (com-
putational resources did not permit the use a larger ensemble size). Three experiments,
namely, Experiments 2, 3 and 6 were designed to address the first and third questions
posed in chapter 1 and therefore consist of the forcing only in the southeast tropical At-
lantic Ocean. In Experiment 2 HadAM3 was forced with positive SST anomalies, about
6°C, centred around 12°FE, 17°S (Figure 3.1a). In Experiment 3, the forcing is similar to
Experiment 2 except it is weaker, about 4°C, and less extensive (Figure 3.1b). Experi-
ment 6 is similar to Experiment 2 except the forcing is slightly shifted northward (12°E,
15°S) (Figure 3.1e). Experiment 1 is a control run and is a base against which all other
experiments were compared.

The model’s response to the SST anomaly forcing in the tropical southeast Atlantic
Ocean consists of positive rainfall anomalies over western Angola and near the SST forc-
ing. These anomalies are associated with enhanced surface latent heat flux over the SST
forcing and uplift near the SST forcing in the tropical southeast Atlantic Ocean. Positive
anomalies in low level moisture divergence suggest that the enhanced surface latent heat
flux and local uplift contribute more to the positive rainfall anomalies over western An-
gola and the SST forcing than do changes in moisture convergence. The enhanced uplift
over this region favours stronger convective rainfall. Circulation changes over southern
Africa resulting from the SST forcing in the southeast tropical suggest that Benguela

Nino events tend to suppress tropical-temperate trough activities.
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The model results suggest that a Benguela Nino is capable of forcing anomalous wet
conditions over western Angola on its own. However, it is less clear as to how influential it
is on the rainfall further inland. The resulting changes in the atmospheric circulation lead
to changes in low level moisture convergence and uplift over Zambia and eastern Africa
that appear to contribute to positive rainfall anomalies there. Therefore, this suggests that
a Benguela Nino is capable of influencing anomalous rainfall both over western Angola
and much further inland when the intensity is increased.

Widespread weak positive rainfall anomalies are generated over southern Africa when
the maximum SST anomalies are located further north in the South Fast Atlantic.
Stronger positive anomalies are produced over western Angola and near the SST forc-
ing. Consistent with observational studies (Harangozo and Harrison, 1983, Rouault et al.,
2003), these model results imply that the western Angola region is susceptible to flood
events during Benguela Nino. Since the onset of these events is typically around Decem-
ber/January, monitoring the tropical southeast Atlantic Ocean could provide an early
warning system that could be beneficial to the Angolan economy.

In Experiments 4, 5, 9 and 10 the model was forced with idealised SST anomalies in the
tropical southeast Atlantic and subtropical southwest Indian Oceans. These experiments
were designed to address the second question. The forcing in Experiment 4 consists of a
positive SST anomaly in the tropical southeast Atlantic, same as in Experiment 2, and
a negative SST anomaly in the SWIO, of up to 2°C in magnitude and is centred around
50°E, 35°S. In Experiment 5, the forcing in the tropical southeast Atlantic is same as
in Experiment 3 and the forcing in the SWIO is same as in Experiment 4 except it is
positive. The forcing in Experiment 9 consists of a positive SST anomaly in the tropical
southeast Atlantic same as in Experiment 6 and a positive anomaly in the SWIO same as
in Experiment 5. In Experiment the forcing is same as in Experiment 9 except the SWIO
forcing is closer to the subcontinent.

Relatively reduced positive rainfall anomalies are produced over the Mozambique/Tanzania

border (Figure 6.1a) while negative anomalies are generated over eastern South Africa,
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when the model is forced with SST anomalies in Experiment 4 (Figure 3.1c). The cy-
clonic low-level moisture flux anomaly (Figure 6.1c) centred over the southern Mozam-
bique Channel advects cool and less moist air over South Africa as a result of reduced
evaporation south of Madagascar due to reduced surface latent heat flux in the subtropi-
cal SWIO. Consistent with observations of Behera and Yamagata (2001), reduced rainfall
may be generated over southern Africa during a Benguela Nino event when there is cooling
in the SWIO.

When forced with SST anomalies of Experiments 5, 9 and 10, the model produces
positive rainfall anomalies over southern Africa similar to experiment 4, except these
are widespread in Experiments 9 and 10. The model generates more widespread positive
rainfall anomalies over southern Africa in Experiment 10 (Figure 6.4a) in which the forcing
in the southwest subtropical Indian Ocean is closer to the subcontinent.

Taken together, the results of Experiments 4, 5, 9 and 10 suggest that, depending on
their sign and location, SST forcing in the SWIO may augment or oppose the rainfall
impacts over southern Africa during a Benguela Nino event. For both the SWIO and
southeast Atlantic SST anomalies, a more tropically located pattern tends to produce a
larger response in the model.

Finally, Experiments 7 and 8 were designed to address the fourth question. The forcing
in Experiment 7 consisted of negative SST anomalies of up to -2°C centred on the equator
around 160°W in the central Pacific Ocean. In Experiment 8, the model was forced with
positive SST anomalies in the tropical southeast Atlantic, same as in Experiment 3 and
negative SST anomalies in the equatorial central Pacific Ocean same as in Experiment 7.

The model’s response to the SST forcing in Experiment 7 consists of positive rainfall
anomalies over eastern southern Africa. This result is consistent with the general obser-
vations and findings of Nicholson and Selato (2000) that weak positive rainfall anomalies
appear in the December-February season over most parts of the eastern half of southern
Africa during most La Nina events. When forced with SST of Experiment 8, the model
generates rainfall anomalies similar to Experiment 7 except that anomalous rainfall is gen-

erated over the southwest tropical Indian in Experiment 8. These results suggest that the
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La Nina signal dominates the Benguela Nino signal over southern Africa with these events
occur simultaneously. Goddard and Graham (1999) and Washington and Preston (2006)
have also shown that the SST variability of the tropical Pacific exerts some influence over
the African region.

This study has only considered seasonal anomalies for model experiments without
ocean-atmosphere interactions. The issue of whether regional SST anomalies, with ocean/atmosphere
feedback, lead to changes in the frequency or intensity of dry and wet spells during the
summer rainy season, or in the onset and cessation dates of this season have not been
considered. Another caveat in this study is course resolution at which of the model is run.
The resolution used cannot represent all small-scale features.

These factors are very important for the agriculture-driven economy of most of the
countries in the region (Usman and Reason, 2004, Tadross et al., 2005, Reason et al.,
2005, Hachigonta and Reason, 2006). Therefore, there is considerable motivation for a
better understanding of the relationships between southern African rainfall variability and

regional SST forcing.
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Appendix A

Feb-Apr 2001 SST Anomalies
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Figure A.1: SST anomalies in the central equatorial Pacific Ocean. The box represents the
region of cool SST anomalies used to force HadAM3 (8°S-8°N, 175°E-135°W)
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Appendix B

Experiment 2 Experiment 3
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Figure B.1: Surface Latent heat flux anomalies for Experiments 2 - 10. Stippled regions indi-
cate statistically significant anomalies at 90% confidence level.
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Experiment 8
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Figure B.1: continued
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Figure B.2: Sea Level Pressure anomalies for Experiment2 4,5,7-10
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Experiment 4
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Figure B.3: Same as Figure B.2, but for geopotential height
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