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Abstract-1
ABSTRACT.

The modulation of Tanzanian coastal rainfall variability with the El Nino/Southern
oscillation (ENSQ), the largest known mode of Southern Hemisphere climatic
variation is examined. A rainfall index was formulated from variable Tanzanian
coastal stations and used to identify the rainfall characteristics of each ENSO
year. Monthly anomalies of selected meteorological fields were analyzed for El
Nifio/lLa Nifia composites and each individual event to determine the
mechanisms associated with seasonal rainfall over the Tanzanian coast during
ENSO years.

Northern Coast rainfall tends to be above average during the warm phase of
ENSO while Southern coast tends to be wet during the early season (OND). The

reverse is true during La Nifa years. The proposed link between ENSO and

rainfall over the coast of Tanzania is influenced by SST anomalies in the western

Indian Ocean. Strong wind convergence at low and middle levels are

preferentially located over the coast during periods of above-normal rainfall and

enhanced easterly flow, both of which coincide with the warm phase of ENSO.

Dry conditions during La Nifia events are usually associated with cooling over the

equatorial western Indian Ocean and moisture flux divergence over the

Tanzanian coast.

A contrasting warm (cool) SST anomaly pattern in the western (eastern)
equatorial Indian Ocean was observed to be the dominant feature for each El
Nifio year. On the other hand, a contrasting cool (warm) SST anomaly pattern in
the western (eastern) equatorial Indian Ocean is apparent during La Nifa years.
These patterns are sometimes related to the positive and negative phases of the
Indian Ocean Zonal Mode.

The moisture flux and wind circulations during non-ENSO years showed
significant departures from La Nifia/El Nifio composites. This suggests that the



Abstract-2
involvement of regional surface forcing boundary conditions including vegetation
cover, soil moisture and topography of the Tanzanian coastal region may
influence rainfall. However, lack of high-resolution data, which can identify these
regional forcing conditions, is the main cause of observed difficulties in the
seasonal rainfall forecasting.

The intraseasonal analysis results show that increased rainfall during El Nifio
years was due to longer than normal rainfall season associated with early onset
while reduced rainfall during La Nifa years was associated with late onset and
hence shorter than average rainfall season. The increased rainfall during El Nifio
years was associated with low-level easterly anomalies during the onset of the
rainfall season implying enhanced advection of moisture from the Indian Ocean
while the reverse is true for La Nifa years. The Hovmdlier plots for OLR and
zonal wind at 850hPa and 200hPa show the eastward, westward propagating
and stationary features over the Indian Ocean. It was observed that the
propagating features were absent during strong El Nifio years. Based on the
Hovméller results, it is shown that the convective oscillations over the Tanzanian
coast have some of the characteristic features of intraseasonal oscillations
observed elsewhere.
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Chapter 1: introduction.

The economy of Tanzania largely depends on rain fed agriculture, which is highly
vulnerable to the amounts and distribution of rainfall. Both cash and food crops
are vulnerable to extreme fluctuations in amounts and distribution of rainfall.
Extreme occurrences results in droughts and floods, which are common in
Tanzania but their frequency and severity, varies from one area to the other and
also from year to year. Extreme weather events are often associated with food,
energy and water shortages, loss of life and property, and many other socio-
economic disruptions. The adverse effects of drought and floods can be
minimized if skilful short and long-range forecasting methods are available.

in order to acquire the capability to predict extreme climate variability a thorough
understanding of the meteorological mechanisms is needed. Nicholson (1996)
has noted that East African rainfall is clearly linked to large- scale features of the
general circulation including sea-surface temperatures. Camberlin (1995) and
Mutai et al. (1998) have shown significant relationships between rainfall over
East Africa and the atmospheric flow pattern over the region. Janowiak (1988)
showed evidence of association between rainfall anomalies during the austral
summer over eastern and southern Africa and both the warm (El Nifio) and cold
(La Nifia) phases of ENSO events. The improving skill in predicting ENSO
phases up to a year in advance suggests good prospects of successful
applications of ENSO forecasts to seasonal rainfall prediction in Tanzania. Indeje
et al (2000) found unique seasonal evolution patterns in rainfall over East Africa
during the different phases of the ENSO cycles. They suggested that the
observed patterns can be applied in conjunction with skilful long lead up to 12
months ENSO prediction. Goddard and Graham (1999) found high correlation
between SST variability in the indian and Pacific Oceans with Pacific leading by
3 months and speculated approach to climate prediction over central-east and
southern Africa. ENSO explains about 50% of the East African rainfall variance
(Ogallo, 1988), with other factors explaining the remaining variance.
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This study is confined to the analysis of the teleconnection between seasonal
rainfall in the Tanzanian coast with phases of ENSO. The following section gives
a brief explanation of what is meant by the term teleconnection.

1.1 Teleconnection.

Earlier work by Walker and Bliss (1932, 1937) and Namias (1963), among
others, provided evidence of relationships between meteorological variables at
remote locations of the world. Many of these relationships have been based on
fluctuations of Sea Surface Temperatures (SST) and the Southern Oscillation,
the North Atiantic Oscillation and more recently the Quasi- Biennial Oscillation.
The atmosphere is a compressible, rotating, ‘spherical’ fluid with both density and
temperature gradients, and so it can support a great variety of wave motions.
Waves in the atmosphere can be considered as perturbations on a slowly
changing background. They propagate energy from one place to the other.
Tropical and subtropical heat sources are able to force equatorial Kelvin, Rossby
and Yanai waves (Gill, 1980) and off equatorial Rossby waves (Hoskins et al,
1999) which can propagate vast distances to interact with remote regions in the
tropics and extra tropics. This wave propagation is likely to have global impacts
on intra-seasonal to interannual time scales. On account of their relatively large
wavelengths and periods, Rossby and Kelvin waves are considered important
dynamical links in weather anomalies in the tropics and extra-tropics through
interaction with extra-tropical waves and meridional circulation (Matsuno, 1966).

It is now believed that any large persistent mechanical (e.g.orographic) or heat
(SST) source near the equator can excite Rossby and Kelvin waves. A clear
example is the interaction between Africa and the maritime continent, which
occurs during October-December when there is a tendency for an equatorial
east-west heating anomaly pattern across the Indian Ocean whose origin is
believed to be linked to tropical heating dynamics (Reverdin et al, 1986) and
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which, in part, gives rise to East Africa-ENSO teleconnection at this time of the
year. Hirota (1978) observed the dominant semi-annual oscillation of easterly
and westerly winds in the stratosphere. These large-scale waves in the
atmosphere propagate energy from forcing regions to the impact regions
resulting into worldwide climate anomalies, which are referred to as
teleconnections. Sir Gilbert Walker (1923, 1924, 1928) documented the
teleconnections between El Nifio and climate anomalies in the Indian
subcontinent.

El Nifio /Southern Oscillation can have profound effects on global weather and
ocean conditions. Under non-El Nifio conditions, trade winds in the equatorial
Pacific’normally blow from east to west and form the near surfaces branch of the
Walker Circulation (Bjerknes, 1969). This causes warm surface water to pile up
in the western equatorial Pacific and cool subsurface water to upwell off Peru.
Generally, high pressure builds over the cool Pacific waters off Peru producing
stable atmospheric conditions while low pressure and convective precipitation
develops over the maritime continent. Since Bjerknes’s introduction of the Walker
Circulation, similar east-west circulation cells spanning different longitudinal
sectors along the Equator have been identified. Today, the Walker Circulation
generally refers to the totality of the circulation cells as shown in figure 1.1. This
is the mean circulation, which controls climate all over the tropics. The shift in
location of the ascending and descending branch of the Walker Circulation which
occur in association with tropical SST and convection anomalies leads to wave
generation and propagation both zonally and meridionaly. Then large scale
waves results in near global climate anomalies in regions remote for the origin
forcing and comprises the teleconnection process.
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In short, teleconnections refer to atmospheric interactions between widely
separated regions that may be identified through statistical correlations in space
and time. For example, anomalously wet conditions in tropical East Africa have
been found to be associated with El Nifio (Indeje et al, 2000). Therefore
teleconnection in this study refers to the process of associating a specific societal
impact thousands of miles away from the core ENSO region of the tropical
eastern Indian Ocean/western Pacific Ocean with the rainfall anomalies along the
coast of Tanzania.

1.2 Ocean-atmosphere- coupling ENSO.

The ENSO phenomenon is now recognised as a remarkable example of coupled
ocean-atmosphere interactions, centered in the tropical Indo-Pacific but with
worldwide impacts. The ability of models to forecast certain ENSO parameters
(e.g. Nifio 3.4 SST) and the coherence of its impact in certain locations facilitates
the long range forecasting of major anomalies of weather around the globe.

In tropical Eastern Africa, the conventional knowledge of the regional circulation
suggests that there are two primary factors which may determine the climate
anomalies during ENSO events. The first factor is associated with the
longitudinal shifts in the rising branch of the Walker circulation. During the warm
phase of ENSO, positive rainfall anomalies tend to occur during the October to
December short rain season. This is also accompanied by enhanced moisture
availability associated with the evolution of positive SST anomalies and hence
increased evaporation over the western Indian Ocean, which would also favour
positive rainfall anomalies during the short rains. The second factor tends to
counteract the effect due to the shift in the Walker circulation. During the warm
phase of ENSO, reduced surface pressure due to the higher temperatures over
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the Indian Ocean adjacent to Eastern Africa could lead to weaker land-sea
pressure gradient. This weakening could result in offshore wind anomalies and
hence suppress the transport of moisture towards the interior of the region,
contributing to reduced rainfall. (Semazzi and Indeje 1999)

Using various numerical model experiments Goddard and Graham (1999)
demonstrated the importance of the Indian Ocean atmospheric response for
simulating rainfall over East Africa. They indicated that the central-
eastern/southern African dipole pattern arises primarily from circulation changes
induced by changes in SSTs and convective heating in the tropical Indian Ocean,
with considerable modification from changes directly forced from the Pacific.
They summarised the dynamics involved as follows: firstly, warmer (cooler) SSTs
in the western tropical Indian Ocean produce convergent (divergent) flow and
enhanced (diminished) convective heating resulting into decelerating and
convergent westerly (accelerating and divergent easterly) low-level flow and
moisture flux over central East Africa. And secondly, increased (decreased)
convective heating in the low-latitude western Indian Ocean, induces the
formation of anomalous cyclonic (anticyclonic) circulations off southeast Africa
contributing to moisture flux convergence (divergence) and increased
(decreased) rainfall over central-East Africa. They concluded that during El Nifio
years, the Indian Ocean warms produce an anomalous convergent moisture flux
over central-East Africa, which is a consequence of less vigorous flow into
western equatorial Africa and anomalous cyclonic circulation over the Indian
Ocean off southern Africa. They further noted that during La Nifia episodes these
changes are approximately reversed.



1.3 Tanzania Rainfall Variability.

In the tropics, rainfall occurs mainly via organized deep cumulus convection
embedded in a large-scale disturbance, with most precipitation occurring in a
confined area. The daily rainfall can vary greatly within a few hundred kilometers
while long-term means may be similar throughout an area. Southern and western
parts of Tanzania including the southern coast, experience one rainfall season
(November to April fig 1.2a) whereas northern Tanzania including the northern
coast experience two rainfall episodes (short rains in October to December and
long rains in March to May fig 1.2b) in sympathy with the movement of the ITCZ.
The lag period between the latitudinal cycle of the sun and the ITCZ is between
one to two months (Riehl, 1979; EAMD 1963b)

Despite the fact that Tanzania lies within the tropics, considerable variations of
climate occur throughout the country on account of complex topographical
patterns, the existence of large lakes, variations in vegetation type and land-
ocean contrasts. The country lies within 1-12°S and 29-41°E, covering an area of
about 945,000 km? between the great East African lakes, namely: Lakes Victoria
in the north, Tanganyika to the west and Nyasa to the south. To the east, lies the
Indian Ocean. The country includes Africa’s highest point (Mount Kilimanjaro,
5950m above sea level) and lowest point (the floor of Lake Tanganyika, 358m
below sea level). However most of Tanzania, except the eastern coastline lies
above 200m altitude.

Unlike the mid-latitudes where climatic seasons are classified in terms of
temperature, rainfall is the climatic factor of maximum significance in the tropics,
with extreme occurrence resulting in droughts and floods. Topography plays an
important role in the rainfall distribution over Tanzania. Annual rainfall totals vary
from 500mm in the drier central areas to just over 1000mm in the wet areas,
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although the coastal regions including the Islands of Zanzibar and Pemba and
parts of southwestern Tanzania may receive over 1500mm (Griffiths, 1972).

The area of study in this thesis covers the region enclosed by latitudes 4°5-12°S
and longitudes 38.5°E-41°E (fig 2.1). The area north of 8°S experiences two
main rain seasons, namely the long rains (March-May) and the short rains
(October — December), which are associated with the northward and southward
movement of the ITCZ respectively. The Southern coast (south of 8°S)
experiences one rain season November to April. The onset and end of the rainfall
seasons over Tanzania has received considerable attention, with work by Alusa
and Gwange (1978), Mhita and Nassib (1987), Mhita and Venalainen (1992)
among others. In their study using time series of rainfall station observed data
Mhita and Venaldinen looked at reliability and variability of rainfall in different
regions of Tanzania. They discussed the start and end dates of the rains, looked
at the occurrence of long dry spells and the probability of rainfall exceeding
certain threshold in ten days. They found that in single peak rainfall areas, rainfall
starts between mid-November and early December and ends between mid-April
and mid-May. For double peak areas, the short rains (OND) begin by 25 October
and end by mid January while long rains (MAM) start by mid-March and end by
early week of June. On the basis of a few selected stations, they found that the
probability of long dry spells exceeding15 days during OND season does not fall
bellow 50%.

Besides the seasonal migration of the ITCZ, other factors known to influence
rainfall over Tanzania include Monsoon wind systems, Tropical cyclones,
Subtropical cyclones, Land and sea breeze, the African jet streams,
Easterly/Westerly wave perturbations and thermally induced meso scale
circulations (Ogallo, 1989, Hills, 1979 and Nyenzi, 1984). Teleconnections with
global scale system like the El Nifo/ Southern oscillation (ENSQO) play an
important role, which is the main focus of this research.
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In this thesis, linkages between the observed rainfall anomalies in the Tanzanian
coast with ENSO years are investigated, and monthly rainfall patterns associated
with the various ENSO signal in both Indian and Atlantic Ocean identified. In an
attempt to establish relationships between SST, wind, velocity potential, OLR,
latent heat and moisture flux over the tropical Indian and Atlantic Ocean with
rainfall anomalies in the coast of Tanzania during ENSO events, a composite
approach (e.g. Rasmusson and Carpenter, 1982) and year to year analyses were
carried out.

intraseasonal variability was also given attention in this research. In Tanzania,
agriculture is mainly rainfed. Therefore the intraseasonal research is important
for the benefit of farmers. In some areas agriculture is limited by the length of the
rain season while in others it is amount limited (Mhita, 1984). Long dry spells can
lead to withering or complete failure of some crops while prolonged wet spells
can lead to flooding of farms thus destroying crops. Therefore intraseasonal
rainfall forecasts can assist farmers in decisions regarding planting, fertilising,
pesticide application, irrigation demand etc.

This introduction has provided the scientific background of ENSO and Tanzanian
rainfall variability. Following this introduction, a review of past research
concerning the teleconnection between ENSO and East African rainfall is
presented in chapter 2. Chapter 3 describes the data and the analysis methods
while chapter 4 gives a brief outline of the monthly climatology. Chapters 5 and 6
present the interannual wvariability and intraseasonal variability results
respectively and chapter 7 provides a summary and the conclusions.
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Figure 1.2: Northern coast (a) and southern coast (b) area averaged mean annual rainfall.




Chapter 2: Previous Research
2.1 East African rainfall variability.

Rainfall in East Africa (Uganda, Kenya and Tanzania), exhibits great spatial and
temporal variability (Ogallo, 1989). The rainfall seasons are ambiguous and
complex with no single month during the year when all East Africa is dry. The
variations of rainfall over East Africa operate on a number of time scales, from
diurnal (Johnson, 1962; Asnani and Kinuthia, 1979) to quasi-periodic fluctuations
on interannual, interdecadal and longer scales (Ronde and Virji, 1976; Nicholson,
1996). The seasonal patterns of rainfall in East Africa follow the seasonal
patterns of the Inter Tropical Convergence Zone (ITCZ), which lags the seasonal
migration of the overhead sun by four to six weeks (EAMD, 1963b). Most parts of
the equatorial East African region have two main rainfall seasons: March-May
(long rains period) and October-December (short rains period). The former rains
are more abundant but the latter tend to be more variable.

Much attention has been given to rainfall variability over Eastern Africa (Ogallo,
1983, 1988; Barring, 1988; Beltrando, 1990; Nicholson, 1996). Ogallo (1980) and
Ogallo et al. (1994) have shown the existence of three major peaks, centered on
the Quasi-Biennial Oscillation (QBO) of 2.5-3.7 years, El Nino-Southern
Oscillation (ENSO) of 4.8-6 years and quasi-decadal of 10-12.5 years. Nicholson
and Nyenzi (1990) and Nicholson (1996) observed a strong quasi-periodic
fluctuation in the East African rainfall with a time scale of 5-6 years
corresponding to the ENSO and sea surface temperature (SST) fluctuations in
the equatorial Indian and Atlantic Oceans.

The interannual variability of the East African seasonal rains results from a
complex interaction between SST forcing, large scale atmospheric patterns and
synoptic scale weather disturbances, including monsoon and trade winds
especially in the Indian Ocean, the African jet streams, sub-tropical anticyclones,
tropical cyclones, easterly/westerly wave perturbations and extra tropical weather
systems (Krishnamurti, 1961; Fremming, 1970; Krishnamurti et al., 1973; Cadet
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and Diehl, 1984; Ogallo, 1988; Okeyo, 1986; Ogallo et al., 1989; Mukabana and
Pielke, 1991). In general considering its equatorial position, East Africa does not
receive much rainfall (Griffith, 1972). In the past, East Africa has suffered from
serious meteorological droughts (extended periods of anomalously low rainfall),
particularly in Kenya and Tanzania, as shown by instrumental climate records for
the past 100 years. On the other hand, some parts of East Africa are not spared
from floods; a remarkable example is the catastrophic flooding of 1961/62, which
resulted in a dramatic increase in level of Lake Victoria, and increased White Nile
discharge (Flohn, 1987, Conway and Hulme, 1993, Mistry and Conway, 2003). A
more recent éxample of unusually heavy rains occurred during the short rains of
1997.

2.2 Teleconnections of East African rainfall with E! Nifo—-Southern
Oscillation (ENSQ).

The El Nifio/Southern Oscillation, or ENSO, causes fluctuations in sea surface
temperature over the equatorial Pacific Ocean with regional climate extremes in
many parts of the globe. The recurring pattern of droughts and floods observed
during 1972-73, 1982-83 and 1997-98 broadly describe the climate extremes
associated with strong warm ENSO or (El Nifio) events. The ENSO phenomenon
has been studied largely in the context of the Pacific Ocean and adjacent
regions, although research has long established that it is a global-scale
phenomenon (Horel and Wallace, 1981, and Arkin, 1982 ). Worldwide
teleconnections in rainfall including areas of eastern Africa, where El Nifio events
produce abnomally high rainfall have been established (Kiladis and Diaz, 19889,
Nicholson and Entekhabi, 1986). In sub-Saharan Africa, the most dominant mode
of interannual climate variability appears to be ENSO (Ropelewski and Halpert,
1987), characterized by a rainfall anomaly pattern over Eastern and Southern
Africa. Tourre and White (1997) and Reason et al (2000) show strong evidence
of ENSO signals in the Indian Ocean.
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Tropical Eastern Africa is one of the areas where global ENSO impacts have
been reflected in both precipitation and temperature anomalies. It has long been
noted that interannual variability in rainfall over East Africa during the October to
December season correlates strongly with the sea surface temperature (SST)
changes in the tropical Pacific associated with the El Niflo- Southern Oscillation
(ENSO) phenomenon (Stoeckenius, 1981; Ogallo 1988). Numerous studies have
ilustrated that gradually varying surface boundary forcing conditions, including
SST and vegetation cover, influence variability of tropical general circulation
patterns on seasonal and longer time scales (Charney, 1975; Charney and
Shukla, 1981). Empirical studies by Cadet and Beltrando (1987), Ininda (1994),
and Latif et a/ (1999) have demonstrated the existence of an association
between rainfall variability in East Africa and SST patterns.

Several studies have investigated the relationship between East African rainfalls
with ENSQO. Indeje et al (2000) for example, found a strong relationship between
rainfall over East Africa and phases of ENSO. Their results showed that ENSO
plays a significant role in determining the monthly and seasonal rainfall patterns
in East African region. They observed shifts in the onset/cessation of rainfall
patterns over some regions while in others a significant reduction in the seasonal
rainfall peak was evident. Nicholson and Kim (1997) found a strong connection
between ENSO and rainfall over much of the African continent and suggest a
linkage through ENSQO induced SST anomalies in the Indian Ocean, which in turn
modulate interannual variability of rainfall over Africa. They further noted that
ENSO has little influence on long rain season (MAM) but significantly modulates
the short rains (OND). Hastenrath et al (1993) found that the East African short
rain season is related to the Southern Oscillation through zonal pressure
gradients produced by SST anomalies in the Indian Ocean. During La Nifia
events, SST anomalies are cool in the western Indian Ocean and surface
westerly wind anomalies result in lower tropospheric divergence over equatorial
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East Africa. A global La Nifa thus acts to suppress convection from October to
December.

Further support for those observational findings was provided by Goddard and
Graham (1999). Using an atmospheric general circulation model forced with
various combinations of Indian and Pacific SST anomalies, these authors noted
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 the model simulating robust rainfall responses over eastern,
central and southern Africa. They further noted that during La Nifia years, large-
scale moisture flux divergence was observed at low levels over the Indian Ocean
centered at 5°S and 80°E.This divergence was accompanied by anticyclonic and
cyclonic circulations at 850hPa east of southern Madagascar and western
Australia respectively resulting in reduction of rainfall over East Africa. During El
Nifio years, the model results produced roughly the reverse situation. Anomalous
moisture flux convergence over the western Indian Ocean with cyclonic
circulation centered southeast of Madagascar and anomalous anticyclonic
circulation centered west of northern Australia led to increased rainfall over East
Africa. Precipitation patterns during ENSO extremes were studied by Kiladis and
Diaz (1989), they observed that equatorial eastern African signal first appears
during SON and appears to be the western extension of large region of heavy
rainfall covering the western Indian Ocean at this stage of a warm event, as
reflected in the strong signal in the Seychelles during both phases of ENSO.

Many studies have been carried out in the past to investigate the association of
some extreme rainfall anomalies in East Africa with ENSO (Ropelewski and
Halpert, 1987; Janowiak, 1988; Ogallo, 1988, among others). Ropelewski and
Halpert (1987) found statistical associations between rainfall over East Africa and
SOl to be weak but they concluded that there is a high probability of abnormally
wet conditions in the region during El Nifio years. The 1997-1998 ENSO event
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associated with catastrophic disruption of socio-economic infrastructure and loss
of life in East Africa appears to give further support to this notion. Ogallo (1988)
observed significant teleconnection between the Southern Oscillation Index (SOI)
and abnormally wet/dry conditions over parts of East Africa. Janowiak (1988)
found the association between rainfall anomalies over Eastern and Southern
Africa and both cold and warm phases of ENSO events. Amissah-Arthur et a/
(2002) observed that all El Nifios are not equal in terms of their regional impact
on East African rainfall. Nicholson (1997) indicated that the ENSO signal in
African rainfall variability is a manifestation of ENSO’s influence on SSTs in the
Atlantic and Indian Oceans and, in turn, their influence on rainfall. She found the
timing of warming and cooling to be constant in the Indian Ocean.

Some studies indicate significant decadal-muitidecadal variability in ENSO and
its expression over the Indian Ocean / African region (e.g. Richard et al 2001,
Reason and Rouault 2002, Allan et al 2003). There is also evidence of decadal
variability in African rainfall (Nicholson 2000). However, this thesis focuses only
in interannual and intraseasonal variability, possible decadal signals in
Tanzanian coastal rainfall are not considered herein.

The relationship between the pre-rainfall season SST anomaly patterns and the
inter annual variability of short rains (OND season) over East Africa were
demonstrated by Mutai et al (1998). They found moderately strong relationship
between July-September Sea Surface Temperature (SST) patterns and October
-December (OND) seasonal rainfall total averaged across East Africa. Similarly
Ogallo (1988) found a strong relationship between ENSO and East African
rainfall, he suggested that ENSO explains about 50% of East African rainfall
variance. Ogallo and Suleiman (1987) observed that the chance of receiving
below normal rainfall in East Africa associated with El Nifio events, is low for
most parts of the region during both OND and MAM season. Similar results
observed by Njau (1987) from 300hPa temperatures and the Southern Oscillation
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Index. Ogallo (1989) noted that some East African rainfall principal component
pattemns could be associated with warm and cold episodes over the eastern
Pacific. Most previous work looked at the association of ENSO with regional East
African rainfall while this thesis focuses particularly on the influence of ENSO on
rainfall over the Tanzanian coast.

SSTs in the Indian and Atlantic oceans have important influence on rainfall
variability over Africa (Nicholson et al 2000, Reason et al 2000). These SST
anomalies in the Indian Ocean may arise in different ways. Reason et al 2000
focused on the seasonal evolution of the ENSO signal over the Indian Ocean
while Saji et al (1999) and Webster et al (1999) proposed on east-west SST
anomaly patterns, the so-called tropical Indian Ocean dipole or Indian Ocean
zonal mode. This mode may sometimes strongly influence OND rainfall over East
Africa, e.g. in 1997. Saji et al (1999) found that during a dipole mode event
rainfall decreases over the Oceanic Tropical Convergence Zone (OTCZ) and
increases over the western tropical Indian Ocean consistent with
convergence/divergence shifts associated with the wind field thus suggesting
strong empirical evidence for coupling between the SST and wind field through
the precipitation field. They further noted that the shift of the convergence zone,
manifest the weakening or reversal of the zonal (Walker) circulation across the
Indian Ocean, which leads to floods in East Africa and drought in Indonesia.
They concluded that during dipole mode events the zonal surface wind over the
tropical Indian Ocean experiences large changes resulting in anomalous climatic
conditions in eastern Africa and Indonesia. They associated the positive dipole
mode with above normal rainfall over Eastern Africa and negative dipole mode
with below normal rainfall. More recent work (Loschnigg et al, 2003) suggested
that the dipole mode is infact an inherent component of the ENSO-monsoon
interaction over the indian Ocean and is not an independent mode as originally
suggested by Saji et al (1999).
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2.3 Intra seasonal variability

Over 30 years ago, Madden and Julian (1971) detected an intraseasonal (ISO) in
the zonal wind in the tropics, which today is generally known as the Madden
Julian 40-60 day Oscillation (MJO). According to Weickman et al (1985), certain
properties of 40-60 ISO have been established and have been associated with
eastward moving equatorial- trapped Kelvin waves. However Anyamba (1992)
have reported meridional propagation in the Indian Ocean region. Vincent et al
(1991) found that the MJO is absent during the austral winter and they further
observed that velocity potential and OLR were the best indicators of the
oscillatory convective activity. Rui and Wang (1990) have explained the temporal
evolution of ISO’s in the equatorial region. They documented the development
and dynamic structure of tropical intra-seasonal convection anomalies using 5-
day mean anomalous OLR and ECMWF analysed 200 and 850 hPa wind data. A
study by Makarau (1994) observed intra-seasonal oscillations with two cycles:
10-25 and 40-50 days, when studying wet and dry spells in Zimbabwe summer
rainfall. Similarly Levey (1993) found 20-35 day oscillations in precipitation and
evaporation pentad time series for central South Africa during austral summer.

Other intra-seasonal oscillation studies, which link tropical Africa and the
adjacent oceans, include the study by Zhu and Wang (1993) who observed two
prominent action centres in the central Indian and western Pacific oceans for
tropical 30-60 day convective variability. Anyamba (1992) has identified the 20-
30 day oscillation in the tropical outgoing long wave (OLR) spectra in the western
Indian Ocean and found that while the 40-50 day ISO is characterized by an
eastward propagating wave in the Indian and West Pacific Oceans, the 20-30
day ISO has a much weaker zonal propagation. Some different studies have
revealed the 1SO in the tropics to have periods of oscillation between 16-76 days,
with coherence between areas of upper air divergence and areas of convection.
On Intraseasonal time scales, not much work has been done on Tanzania
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signals and this study will help to fill the gap. Chapter 6 of this thesis considers
the intraseasonal oscillations over the Tanzanian coast.

2.4 Objective and motivation of the study.

The previous sections of this chapter reviewed previous research on East African
rainfall variability and its association with ENSO. Certain areas of ENSO-induced
SST anomalies in the Indian and Atlantic Ocean have been considered as key -
areas linked to anomalous wet/dry conditions over some regions of East Africa.
Most of this work has dealt with rainfall averaged over the region_with relatively
few investigators considering the association of ENSO and rainfall over specific
sub regions of East Africa. Further more many investigators concentrated on the
association of ENSO with averaged seasonal rainfall variability. This research will
help to fill the gap by investigating the month-to-month variability rather than
averaged seasonal variability. The thesis will also put emphasis on intraseasonal
variability, from which relatively little research has been done for Tanzania
(Kabanda 1995, Mpeta, 1997). These authors did not look at how ENSO
influence the intraseasonal variability and there fore this thesis intends to
address that gap.

Coastal Tanzania has a high population and is important for the natural economy
through marine transportation, industry and tourism. The main aim of this
research is to examine the time space evolution of the EI Nifio /Southern
Oscillation (ENSO) signal in the equatorial Atlantic and Indian Ocean, and to
investigate the observed teleconnections with rainfall over the coastal regions of
Tanzania with a view of extracting the main seasonal rainfall precursors during
ENSO years.
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To accomplish the above-mentioned aim of the study the following research
questions will be addressed.

» How does seasonal rainfall in the Northern and Southern coast of
Tanzania respond to El Nifioc and La Nifia induced SST anomalies over
the equatorial Indian and Atlantic Oceans?

=  What are the mechanisms associated with seasonal rainfall over northem
and southern coast of Tanzania during El Nifio and La Nifia years?

= What are the main precursors of rainfall over northern and southern coast
of Tanzania?

= What is the nature of the intraseasonal rainfall variability over coastal
Tanzania and how is it related to ENSO?

=  What other modes of interannual variability (e.g. the Indian Ocean zonal
mode) influence coastal Tanzanian rainfall?

Chapter 3 will discuss the data used and methods of analysis.
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Tanzania

Figure 2.1: Map of Tanzania showing the study region (shaded) and rainfall
stations used in the study



Chapter 3: Data and methodology.

3.1 Data.

3.1.1 introduction.

This chapter discusses the data used and the methods of analysis. Many studies
have been undertaken to assess the currently available model-based global data
sets of atmospheric circulation. These data sets have been useful for studying
dynamical and physical processes and for describing the nature of the general
circulation of the atmosphere. Studies made by Bengtsson and Shukia (1988)
have observed that not all the available model based giobal data sets are
suitable for studying global climatic variability. They stated reasons such as
limitations in the early data assimilation system and inconsistencies caused by
numerous model changes. However, the NCEP/NCAR data sets (Kalnay et al.
1996) can be used in the current study to address the rainfall variability related to
El Nifio/ Southern Oscillation (ENSO) over the coast of Tanzania.

3.1.2 Rainfall station data.

The rainfall station data used in this study consists of monthiy totals obtained
from the Tanzania Meteorological Agency. The database includes data from 10
rainfall stations scattered throughout the coast of Tanzania as illustrated in figure
2.1.The period 1970-1999 was selected since all stations had continuous quality
records. The rain gauge used in Tanzania since 1921 is the standard 12.9cm and
rainfall is measured at a height of 25cm above the surface.

3.1.3 Rainfall CMAP data.

The CMAP precipitation data used in this study is the merged Satellite, Rain
Gauge, and model precipitation estimates discussed in Xie et al (1997). These
data are gridded with a resolution of 2.5x2.5 degrees. To assess intra-seasonal
variability, the data were analysed in the form of pentads (non-overlapping 5-day
means) starting at pentad 1 for each year (1-5 January) and ending at pentad 73
(27-31 December). Pentad 12 contains an additional day to include Feb 29 in the
case of a leap year. Monthly mean values were used for interannual variability.
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CMAP data is available from 1979 onwards. Since the period of this study runs
from 1970-1999, the rainfall station data is important for comparison with CMAP
data and filling the gap where CMAP data is absent.

3.1.4 NCEP reanalysis data

The NCEP/NCAR Project is a joint project between the National Center for
Environmental Prediction (NCEP) and the National Center for Atmospheric
Research (NCAR) Kalnay et al. (1996). This joint effort has produced
atmospheric re-analyses using historical data from 1948 onwards. This effort
involves the recovery of land surface, ship, rawinsonde, aircraft, satellite and
other data sources. Quality control and assimilating these data is the
responsibility of NCEP/NCAR. These data are gridded with a resolution of
2.5x2.5 degrees.

The NCEP/NCAR reanalysis data used in this study consists of zonal and
meridional wind components, specific humidity, Sea Surface Temperature (SST),
and latent heat flux. Both daily and monthly mean data sets were used. Some
parameters such as divergence, velocity potential and moisture flux were derived
from these data sets and the detail of derivation procedure is given in section
3.2.3. However, due to the fact that NCEP has probable errors in specific
humidity (Kanay et al 1996) this thesis will focus more on the sign rather than
the magnitude of the moisture flux. The OLR data used in this study is a product
of NOAA.

3.2 Methodology

This section highlights the various methods, which were used in this study.
Different analysis techniques have been utilised to understand the association of
El Nifo/ Southern Oscillation (ENSO) with rainfall variability in the coast of
Tanzania. A detailed account of each is discussed:



3.2.1 interannual variability analysis

3.2.1.1 Rainfall index formulation

Various indices have been used to assess the intensity of the rainfall anomaly in
East Africa. These include the standardized rainfall anomaly index (Ogalio and
Nasib, 1984, Kabanda 1999), the decile index, weighted rainfall anomaly index
(Ininda, 1987) and many others. The standardized rainfall anomaly index was
used in the present study.

In order to investigate the teleconnection between seasonal rainfall in the coast
of Tanzania and ENSO, rainfall indices for the Northern and Southern coast were
created. To represent the northern coast, two indices for both long rain (MAM)
and short rain (OND) seasons were developed (fig. 3.1a&b). The northern coast
region includes the stations located to the north of 8°S. The stations to the south
of 8°S represent the southern coast with indices for January to March (JFM) and
October to December (OND) seasons (fig. 3.2a&b). Mafia that is located at about
8°S is included in the southern coast Index. Although the southern coast rainfall
season starts in late October and ends in May, the OND and JFM were chosen
to facilitate the investigation of the influence of ENSO phases and SST
anomalies. The two indices were used to find the appropriate months where
ENSO signal projects itself over the southern coast. The rainfall station data were
used for the creation of indices and CMAP rainfall time series were also used for
comparison (fig 3.3a-b).

Rainfall data from the 10 selected stations were all normalized appropriately with
respect to the means and standard deviation as follows:
Z=(AA)/o
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where Z is the normalised standard departure of the rainfall, A is individual data
point (total rainfall for a month), A is the historical mean rainfall and o is the
historical standard deviation. The values of Z provide immediate information
about the significance of a particular deviation from the mean (Nyenzi, 1988). An
area rainféll index was computed by averaging time series of standardized
departures for each month and then combining into seasonal values. This type of
normalization has been used by Nyenzi (1988), Levey (1993) and Makarau
(1994) amongst others. The control limit used is the zero line where the years
with values above zero are considered to be wet while those with values below
zero are considered to be dry. However, a departure of at least 1 standard
deviation is considered significant. El Nifio years are associated with above
normal rainfall and La Nifa years are associated with below normal rainfall for
northern coast. For the southern coast the OND season seems to portray similar
features to the northern coast while the JFM season seems to have confused
ENSO signals.

Comparison of the Tanzanian coastal station data indices (fig.3.1&3.2) with
CMAP data indices (fig3.3a&b) indicates that the wet and dry years generally
agree. A detailed comparison is given in chapter 5.

3.2.1.2 Composite analyses

Rasmusson and Carpenter (1982), Matarira and Jury (1992), Reason et al (2000)
and many others have used the composite analyses techniques to investigate
the regional climate variability. Composites are useful for indicating pronounced
and common features and patterns in the variables and also reduce the total
number of maps and figures associated with each case study. Various ways are
used in selecting cases to composite. It is important however, to select cases
with similar characteristics to composite. In this study, El Nifio/La Nifia years are
the cases used for compositing. However the analysis of individual cases shows
that not all El Nifio /La Nifia years have the same characteristics. With this in
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mind, individual cases were also given attention. The compositing procedure

consists of adding each parameter value at the same level at each grid point in
the domain for all cases and dividing by the sample size to get the mean value.
Monthly analyses were performed starting two months before the season for both
composites and individual cases analysis.

3.2.1.3 Cross-Sectional Analyses '
Height-Latitude/Longitude cross sections of moisture flux anomaly were used in
this thesis to study the moisture flux circulations during ENSO years. The
!ongitu'de height section was for an average over latitude 15°S and 4°S while the
latitude height sections were for the fixed longitudes of 37°E and 40°E. These
cross-sections were used to examine the vertical structure of moisture flux
associated with the evolution of ENSO signal over the Tanzanian coast.

3.2.2 Intra-seasonal variabllity analysis.

3.2.2.1 Hovmédller Analysis.

Longitude-time diagrams or Hovméller plots are useful in identifying zonal
propagating features in the atmosphere. Anomalies of OLR and zonal wind at
850hPa, and 200hPa have been plotted in this study to identify propagation of
intraseasonal convection oscillation anomalies. Mean values of meteorological
parameters between 4°S and 8°S on the northern coast of Tanzania were
calculated along each longitude from longitude 38° to 130°E. This was done for
both short rain season (OND) and long rain season (MAM) starting from one
month before the season and ending one month after the season. Hovméller
diagrams for each ENSO year were plotted. Chapter 6 represents and discusses
the results.



3-6
3.2.2.2 Time series analysis
Both rainfall and wind pentad data were subjected to time series analysis to
examine the intraseasonal variability. Mean values and anomalies of wind and
rainfall between 4°and 8°S, 38.5° and 41° E were calculated. Pentad-area
averaged rainfall time series were inspected and rainfall onset peak and end
dates derived. For the start and end of rains, the method of Mhita and Nassib
(1987) was used with a few adjustments. For the northern coast the OND (MAM)
rainfall season is considered to be started if 5-day rainfall exceeds 7.5 (10) mm
followed by three consecutive pentads having rainfall amount of not less than 5
(10) mm/pentad while in both cases the rainfall ends if three consecutive pentads
have mean rainfall of at most 2mm/day. The Southern coast procedure is similar
to the MAM season. The detailed criteria used to select the dates are given in
chapter 6.

3.2.3 Derived parameters.

The reason for producing secondary derived parameters is that such values
when used in combination with primary parameters such as winds and
temperature yield results, which describe meteorological dynamics and
thermodynamic structure (Parker, 1994).

3.2.3.1 Divergence
Divergence is defined as the acceleration and diffluence experienced by the air in
the local horizontal plane. On an isobaric surface a region of divergence is one
from which there is a net out flow of air mass. The horizontal divergence in the
total two-dimensional velocity field is given by the following equation (Bluestein,
1992):
Divergence = du/dx +ov/dy ..........ccoeeiviiinininnn. Eq 2.1
where u = zonal wind component.

v = meriodional wind component.

X = longitudinal distance.
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y = Latitudinal distance.

3.2.3.2 Velocity potential

Chen and Yen (1991) have shown that the velocity potential at 200hPa is a
useful meteorological parameter in the study of climatology. Velocity potential
and stream function may be more useful than divergence and vorticity since they
are components of the horizontal circulation wind vector and give useful
representations in the tropics where mean winds are light. The physical
properties of the horizontal two-dimensional wind field (V) can be described by
considering the rotational and irrotational terms, also known as non divergent
and divergent respectively.

Thatis: V=Vy+ Vy venieiniiiiiiiinn Eg2.2

where v, is the stream function (rotational) part of the wind, while v, is the
velocity potential (irrotational) part of the wind (Krishnamurti et al., 1973).The
irrotational component of wind was used by various researchers (e.g. Kabanda,
1995, Mistry and Conway, 2003) and seems to give significant structure for
Tanzania, therefore it will be used in this study.

3.2.3.3 Moisture flux

The horizontal moisture flux for a given level can be obtained from the product of
specific humidity and horizontal wind vector. In the tropics, the bulk of the
horizontal transfer of moisture takes place below 700hPa (Newell et al 1972).
The low tropospheric wind field can therefore, determine most of the moisture
transport. Earlier studies e.g. Goddard and Graham (1999) observed 850hPa
level to be the most representative of the behavior of the vertically integrated
moisture flux over East Africa. Based on this idea, 850hPa level will be used in
this research for analyses of moisture flux.

Having looked at the data used and methods of analysis, chapter 4 will give a
brief outline of the climatological fields.
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Chapter 4: Climatology of selected Meteorological fields.

4.1 Introduction.

The tropical atmosphere is conditionally unstable. Major zones of convection in
the tropics, hence regions of potential precipitation, have been associated with
low OLR (Riehl, 1979). It is evident in the tropics that high values of outgoing
long wave radiation are indicative of areas of clear sky while low values of
outgoing long wave radiation are indicative of high cold clouds including the tops
of deep convective clouds. It has also been observed that regions of high
precipitation, hence low OLR, are associated with regions of high SST (Bjerknes,
1969; Liebmann and Hartman, 1982). For development of clouds and rainfall
vertical motion and moist air are required. With sufficient moisture in the
atmosphere, one mechanism that can initiate convection is wind convergence at
low levels and wind divergence at upper levels. As suggested by Steiner (1989),
and many others the combination of the dynamics and moisture fields results in a
closer relationship to convection than either the wind convergence or moisture
alone. Vertical motion and resulting convection can be induced by forced ascent
of airstreams over topography, horizontal convergence, and unequal heating of
land and water masses.

The purpose of this chapter is to analyse the mean characteristics of selected
long-term meteorological fields responsible for seasonal rainfall in Tanzania with
specific objective of understanding the primary factors, which determine the
climate of Tanzania. The monthly mean structures calculated for the period 1970-
1999 are analysed and used as a background in understanding the evolution of
composite anomalies of El Nifio and La Nifia years. Two months prior to the
onset of each season (OND and MAM) was included in the analysis for potential
predictive purposes.
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4.2 Monthly climatological fields for OND season

Figures 4.1(a-j) illustrates monthly climatological plots of SST, wind at 850, 700
and 200hPa, latent heat flux, CMAP data precipitation, moisture flux and
moisture flux divergence at 850hPa, velocity potential and divergent wind at 850
and 200hPa, OLR, longitude height moisture flux between 15-4°S and zonal
moisture flux along 37°E and 40°E for each month of the OND season starting
two months before the onset of the season.

It should be mentioned that the low-level divergence field might be significantly
influenced by the coastal topography, which varies greatly as one moves inland
from the Indian Ocean. About a hundred kilometers inland from the coast, the

ground rises rapidly westwards, attaining a height of 1.5km or more above Mean

Sea Level (G.C Asnani, Tropical meteorology). The lower tropospheric winds
near the coast were observed to have an easterly component. These rise over
the slopes of the high grounds, which run roughly north- south parallel to the
coast a few hundred kilometers inland. When the rising air has sufficient
moisture, clouds develop. Therefore most of the rainfall observed over eastern
Tanzania may result from the interaction between the moist easterly trades and
orography. Similarly, Mulenga (1999) found the wet spells over the eastern coast
of the RSA to be associated with low-level divergence and he concluded that the
wet spells were due to the interaction between moist trades and orography. With
2.5x2.5 degrees resolution of NCEP data these regional topographic features are
not evident and hence divergence persists over the coast throughout the rainfall
season.

Two months prior to the onset of the OND rainfall season in August (fig 4.1a&b),
the ITCZ is over the northern hemisphere lagging behind the position of the
overhead sun. Its mean position is well defined over the equatorial North Indian
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Ocean by high SST values of about 28°C, strong westerly wind flow at 850hPa
and 700hPa coupled with easterly flow at 200hPa. These wind flow patterns feed
the Indian Ocean convective Zone and their origin marks the position of the
descending limb of the Indian Ocean Walker circulation cell (descending region
of atmospheric overturning), which is roughly at about 40°E during this period.
The upper level wind plot shows strong westerly wind flow south east of
Madagascar in the latitude band 25-35°S coupled high surface evaporation and
strong low-level easterly fluxes. This marks the position of Indian Ocean
subtropical high-pressure cell and the descending branch of Hadley circulation.

Two regions of moisture source with high latent heat flux values of about
200W/m2 were observed, one in the Southern Hemisphere east of Madagascar
and the other in the Northern Hemisphere closer to the Somalia coast. These
supply moisture to the southwest monsoon, which is near its peak in August. A
well-organized East African low-level jet feeds the southwest monsoon shown
near India and denies penetration of moisture further inland over the Tanzanian
coast resulting in dry conditions. Much of Tanzania is characterized by low-level
moisture flux divergence. Convergence is apparent over the western part of the
country and Lake Victoria basin where the rainfall of about 30-60mm was
recorded. There is a band of low-level westerly flow in the neighborhood of the
equator over the Congo basin, which feeds the continental convection. The
maritime and continental convective zones, which are identified by low OLR
values of about 190W/m? over the Indian Ocean and 210 W/m? over the Congo
basin mark the rising limbs of the Walker circulation cell over the Indian Ocean
and African continent respectively as portrayed by velocity potential and
divergent wind plots at 850 and 200hPa.

The East-west vertical section of moisture flux shows an easterly moisture flux
extending from 1000hPa to 650hPa. Between 39°E and 42°E, the moisture flux
increases with height reaching a maximum at about 900hPa and decreasing
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thereafter. Further inland at about 34°E, the highest value of moisture flux was
observed at 850hPa. Further evidence of the easterly moisture flux over the
region is shown by the zonal moisture flux plot along 40°E and 37°E. Easterly
moisture flux over the coast is transported further inland with high concentration
of moisture in the lower levels. This indicates that the main source of moisture
over the coast of Tanzania is the Indian Ocean consistent with the latent heat
and moisture flux plots. North of the equator a tongue of westerly moisture flux
was observed above 850hPa along 40°E.

One month before the onset of rain season in September (fig 4.1c&d), almost all
the meteorological fields portray similar characteristics as August except that
latent heat values over the Indian Ocean north of the equator show a dramatic
decrease. Strong low-level divergence is present near the Tanzanian coastal
region, which is relatively dry for the month. For the zonal moisture flux along
40°E, the westerlies in the northern hemisphere at 850hPa were replaced by
easterlies. The plots show an increase in the moisture content of the atmosphere
as indicated by high values of easterly moisture flux with greater vertical extent
compared to August.

At the onset of rainfall season in October (fig 4.1e&f), the ITCZ has migrated
south to about 2°S. lts mean position can be identified by high SST values of
about 28°C and marked southward shift of westerly flow at 850 and 700hPa over
the equatorial west Indian Ocean. These westerly flows over the equatorial
western Indian Ocean show a significant eastward shift indicating a change in the
position of the descending limb of the Indian Ocean Walker circulation from 40°E
to 55°E. As a result, low-level easterlies occur over the Tanzanian coast. The
upper level westerly flow over the Indian Ocean subtropical high-pressure cell
has intensified indicating strengthening of the high-pressure cell consistent with
strong easterly flow in low latitudes. The East African low-level jet was now
reversed to a weak northeasterly over Somalia allowing the southeast monsoon
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to penetrate further inland and converge with westerlies from Congo basin over
the western part of the country and Lake Victoria basin.

Strong easterly moisture flux was observed over the region of high latent heat
flux between 15°S to the vicinity of the equator indicating the ascending branch
of Hadley circulation. The rainfall plot shows 60mm contour covering the entire
Tanzanian northern coast, which is consistent with decelerating moisture flux at
850hPa near the coast as indicated by moisture flux convergence over equatorial
West Indian Ocean.

The convective zone over the Congo basin shows a marked eastward extent
consistent with an eastward shift of the rising limb of the Walker circulation cell
over the African continent, as indicated by the 850 and 200hPa velocity potential
and divergent wind plots. This eastward shift of the convective zone leads to an
eastward shift of the rainfall belt. The convective zone over the equatorial Indian
Ocean deepens and shows a slight shift southwards indicating the southward
movement of the ITCZ and intensification of the rising limb of Walker circulation
over the Indian Ocean. The east-west vertical section of moisture flux shows
increased moisture flux in both strength and vertical extent. The zonal moisture
flux along 40°E shows replacement of westerlies in the Northern Hemisphere by
easterlies, which implies an intensification of the Arabian high pressure cell
consistent with 850hPa wind flow and moisture flux plots. Further inland along
37°E, more moisture penetrates high up in the atmosphere, which suggests the
potential development of convective clouds.

During the peak of the short rain season in November (fig 4.1g&h), the position of
the ITCZ is apparent at about 5°S where SST indicates temperature of about
28°C with strong westerly wind over central Indian Ocean at 850hPa level. The
northeast monsoonal flow from Asia converges with the southeast monsoon at
about 5°S near the Tanzanian coast giving further identification of the position of
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the ITCZ. The position of descending limb of the Walker circulation is maintained
at about 55°E as identified by negative velocity potential with strong divergent
wind in lower levels and positive velocity potential with wind convergence in the
upper levels.

Both the northeast and southeast monsoon are moist as indicated by high latent
heat flux on their path. The rainfall over the northern coast of Tanzania increases
to over 100mm consistent with the larger amount of moisture advected from the
northwest and southwest Indian Ocean that converges over the northern coast
as indicated by moisture flux plots.

The two convective zones over the Indian Ocean and Congo basin maintain their
position with low OLR values of 190W/m? and 200W/m? respectively. These
convective zones mark the position of the rising limbs of the Walker circulation
cell as indicated by the velocity potential and divergent wind plots. The rising limb
of the Walker cell over the African Continent oscillates east west in sympathy
with the position of the meridional arm of the ITCZ, which is over western
Tanzania during this period.

The longitude height moisture flux plot shows a westward tilt with height of larger
easterly moisture flux reaching a maximum at about 850hPa near 35°E. The
zonal moisture flux along 40° and 37°E maintains the October configuration
except there is a strong easterly moisture flux over the Northern Hemisphere with
highest concentration at 850hPa. This indicates advection of moisture from the
Indian Ocean, which is consistent with 850hPa moisture flux and wind plots.

Towards the withdrawal of rain season in December (fig 4.1i&j), the 28°C SST
contour extends further south and penetrates into the Mozambique Channel. The
850hPa westerly flow in the equatorial west and central Indian Ocean shows a
southward shift to about 8°S where the northeast monsoon converges with
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southeasterlies, thereby indicating the position of the ITCZ. The northeast
monsoon crosses the equator and spreads over much of Tanzania on its way to
the ITCZ. This reflects the intensification of the Arabian winter high-pressure cell,
which lies beneath the descending branch of the Northern Hemisphere Hadley
circulation while the subtropical high pressure over the southwest Indian Ocean
relaxes and shifts south.

The two moisture sources in the Indian Ocean persist except that the Northern
Hemisphere one is intensified with latent heat fluxes of about 200W/m? (due to
the colder, drier air existing from Asia) while the moisture source east of
Madagascar shows a slight eastward shift and weakens. The descending limb of
the Walker circulation shows a slight westward shift to about 50°E as shown by
the velocity potential plots, which is consistent with dominant easterly low-level
flow over the Tanzanian coast.

The rainfall patterns shows a north south gradient over the coast with higher
rainfall amounts to the south (consistent with December marking the peak of the
wet season over northern Mozambique and Zambia) and also over the western
part of the country to Lake Victoria basin. This marks the withdrawal of rainfall
over the northern coast consistent with strengthening low-level moisture
divergence over the region.

The strong moisture convergence over the western part of the country is
associated with the position of the meridional arm of the ITCZ and low OLR
values over the region. The velocity potential and divergent wind at 850 and
200hPa plots indicate the rising limb of the Walker circulation over this
convective zone. Over the region, a marked decrease of low-level moisture
compared to November is evident as shown by low easterly moisture flux value
in the longitude height moisture flux plot. The patterns for zonal moisture flux
along 40°E and 37°E are more or less similar to the November patterns.
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4.3 Monthly climatological fields for MAM season

Figures 4.2(a-l) illustrates monthly climatological plots of SST, wind at 850, 700
and 200hPa, latent heat flux, precipitation, moisture flux and moisture flux
divergence at 850hPa, velocity potential and divergent wind at 850 and 200hPa,
OLR, longitude height moisture flux between 15-4°S and zonal moisture flux
along 37°E and 40°E for each month of the MAM season starting two months
before the onset of the season.

Two months prior to the onset of the long rain season in January (fig 4.2a&b), the
ITCZ is located far to the south of Tanzania with southern most position over the
Mozambique Channel at about 20°S, where easterly trade winds converges with
northerly flow at 850hPa level. Over the Tanzanian coast, the westerly flow at
850 and 700hPa over the western Indian Ocean feeds the maritime convection.
The descending branch of the Walker circulation is at about 45°E as indicated by
850 and 200hPa velocity potential and divergent wind plots. This strong
descending motion over the Tanzanian coast marks the end of the short rains
over the northern coast.

A southward shift of the rainfall belt is evident with higher rainfall values over the
southern coast and western part of the country consistent with the moisture flux
patterns, which show moisture flux divergence over the coast with convergence
over the western part of the country and over northern Mozambique. The Indian
Ocean subtropical high-pressure beneath the descending branch of Hadley
circulation relaxes, while the Arabian winter high-pressure cell intensifies. Strong
northeasterly and cool winds originate from southern Asia leading to larger
evaporation values over the Arabian Sea. The South Indian Ocean convective
zone merges with the continental convective zone creating a coherent ITCZ over
the tropical South Indian Ocean and southern Africa. These convective zones are
associated with low-level wind convergence and upper level wind divergence as
shown by the velocity potential and divergent wind plots.
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The longitude height moisture flux shows a tongue of westerly moisture flux
emanating from the Indian Ocean at about 850hPa overlaying the easterly
moisture flux. This westerly moisture flux extends to about 35°E at 700hPa level.
The zonal moisture flux along 40°E and 37°E confirms this presence of westerly
moisture flux with highest intensity at about 850hPa.

One month prior to the onset of rainfall season in February (fig 4.2c&d), the ITCZ
is at its southernmost position. Its mean position over the Indian Ocean is
indicated by high SST values exceeding 28°C, low OLR values and westerly flow
in the lower levels over southwest Indian Ocean at about 15°S. High values of
latent heat flux over the Arabian winter high pressure and tropical south Indian
Ocean lead to increased evaporation and convergence of moisture over the
coast where about 100-150mm of rainfall was observed over the southern coast.
Other meteorological fields maintain the January configuration except for the
penetration further inland of westerly moisture flux between 15-4°S.

During the onset of rain season in March (fig.4.2e&f), the ITCZ starts its
northward movement as it follows the seasonal movement of maximum solar
heating. Its mean position is at about 12°S as indicated by high SST values of
about 29°C and the boundary between the westerly and easterly flow over the
tropical South Indian Ocean with low OLR values. Unlike January and February,
there is now a return of easterly moisture flux from the tropical south Indian
Ocean to Tanzania.

The descending limb of the Walker circulation shows a slight eastward shift to
about 50°E as indicated by westerlies over the western Indian Ocean and
easterlies over the Tanzanian coast. All of Tanzania is covered by a moist air
mass as indicated by high values of latent heat flux from their source regions
over the Indian Ocean east of Madagascar and closer to the Somalia coast. The
northward shift of rainfall zone is evident with all of Tanzania covered by higher
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rainfall values exceeding 100mm consistent with easterly moisture flux
convergence over the western parts of the country.

There are two zones of low OLR values, one centered over the Congo basin
extending to western Tanzania and the other over the equatorial central Indian
Ocean. These convective zones marks the position of continental and maritime
rising limbs of Walker circulation cells as indicated by the velocity potential and
divergent wind plots. The westerlies in the longitude height moisture flux plots are
replaced by easterlies and indicate an enhanced moisture fetch from the Indian
Ocean. Similarly for zonal moisture flux along 40°E and 37°E, easterly moisture
flux dominates the region giving further confirmation of the Indian Ocean being
the main source of moisture for the Tanzanian coast rginfall.

In April, when the rainfall is at its peak over the northern coast (fig 4.2g&h), the
westerly flow at 850 and 700hPa over the equatorial western Indian Ocean is at
about 8°S marking the position of the ITCZ which is also indicated by high SST
values exceeding 29°C and converging northeast and southeast monsoon well
defined in 700hPa.

The descending limb of the Indian Ocean Walker circulation cell shows a slight
eastward shift from March to about 52°E with enhanced low-level easterly flow
over the Tanzanian coast. The moisture source over the northwest Indian Ocean
is very small in April while that east of Madagascar and just off Tanzania has
strengthened (i.e. larger latent heat fluxes) and is now the major contribution.
Significant low level moisture convergence occurs just offshore of Tanzania and
also over the western part of the country. Maximum rainfall of about 240mm
occurs at the northern coast.

The regions of tropical convection show a slight northward shift in sympathy with
movement of maximum solar heating as indicated by low OLR values.
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Continental and maritime ascending limbs of the Walker circulation are well
defined over the positions of strong convective zones as shown by velocity
potential and divergent wind plots. Within the region, easterly moisture flux
dominates with a slight increase in moisture over the previous month as indicated
by high values of moisture flux in the longitude height plot. This easterly moisture
flux is further indicated by zonal moisture flux along 37 and 40°E. The presence
of easterly moisture flux over the northern coast is consistent with high rainfall
values recorded, which marks the peak of long rain season.

Towards the withdrawal of rain season in May (fig 4.2i&j), the ITCZ is at about
2°S characterized by high SST values exceeding 28°C, the boundary between
easterly and westerly flow at 850hPa over equatorial west Indian Ocean and
converging northeasterly and southeasterly flow at 700hPa. Strong low-level
southeasterlies originating from remote areas of high latent heat flux over the
tropical South Indian Ocean are incident over the northem coast before veering
southwest towards the developing Indian monsoon. A northward shift of rainfall
belt is evident consistent with the northward shift of the ITCZ and the offshore
low-level moisture convergence extending up to the Somali border. A zone of low
OLR values spans the equatorial regions extending from the Atlantic Ocean
across African continent to the Indian Ocean with strong convective zone over
the Congo basin and equatorial East Indian Ocean. The low-level easteriies
(westerlies) over the south (equatorial) Indian Ocean feed these convective
zones. The velocity potential and divergent wind plots indicate the rising limb of
Walker circulation over these convective regions identified by strong wind
convergence at 850hPa and divergence at 200hPa. The longitude height
moisture flux plot shows dominance of easterly moisture flux over the region.
This was further confirmed by the zonal moisture flux along 37 and 40°E that
maintains the April configuration.
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in June (fig 4.2k&i), the ITCZ is well established over the northern tropics as
revealed by high SST values over the North Indian Ocean and low OLR values of
the strongly convective zone over the Indian subcontinent. The East African low-
level jet starts to build up its transport of moisture towards the indian monsoonal
region and creates a diffluent flow over the Tanzanian coast. Southeast moisture
flux is incident over the southern Kenyan coast where high rainfall occurs.
Velocity potential and divergent wind plots show convergence over the Northern
Hemisphere in sympathy with the position of the ITCZ and convective zones. A
northward shift of the rainfall belt occurs consistent with the decrease of moisture
concentration over the Tanzanian region at the end of the long rain season. The
latter is indicated in the longitude height moisture flux and zonal moisture flux at
37 and 40°E that shows a significant decrease on the amount of moisture from
previous month.

Figures relating to the climatological field results follow. Thereafter chapter 5 will
further explore the interannual variability. Month to month anomaly fields for El
Nifio/La Nifia composites will be discussed.



Chapter 5: inter annual variability.

5.1 introduction

This chapter deals with interannual variability or year-to-year variability in the
climate of the region. Monthly anomalies discussed in this chapter were
calculated by simply subtracting individual monthly means for a given year or
composite from long-term monthly averages. This chapter examines anomalies
in sea surface temperature (SST), outgoing long wave radiation (OLR), latent
heat flux, winds at 850, 700 and 200hPa, moisture flux and moisture divergence
at 850hPa, rainfall, velocity potential and divergent wind at 850 and 200hPa,
zonal moisture flux along 40°E and 37°E and longitude height moisture flux
between 15-4°S. Both rainy seasons October to December (OND) and March to
May (MAM) were considered for the northern coast. Only the early rainy season
(OND) was considered for the southern coast since the ENSO impacts are most
pronounced during early season for the southern coast (fig 3.2b). A brief
discussion of the results of rainfall time series will also be presented in this
“chapter.

The NOAA-CIRES climate diagnostic center (CDC) gives yearly updates of the
strongest ENSO years. Also some researchers have used SST anomalies over
the equatorial Pacific and the Southern Oscillation Index (SOI) to derive strong
ENSO years (e.g. Allan et al, 1996; Indeje et al, 2000; Reason et al, 2000). In
this chapter, the El Nifio/La Nifia onset years were considered for the OND
season and the post mature phase El Nifio+1/La Nifia+1 years were considered
for the MAM season. This is because the impacts of El Nifio/l.a Nifia over the
northern coast of Tanzania were found to extend to the MAM season following
the mature phase of the ENSO year (fig3.1a). Only strong ENSO years having
rainfall anomaly values of at least one standard deviation (fig 3.1b) and occurring
within the study period (1970-1999) are considered in this chapter. The El Nifio

years to be considered are 1972, 1982, 1986, 1994, and 1997 with the
corresponding following year for the MAM season. La Nifia years considered are
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1970, 1973, 1975, 1988 and 1998 with the corresponding following year for the
MAM season.

Note that the selection of years is based on the rainfall anomaly over the
northern Tanzanian coast during the ENSO onset year (OND) season. For the
MAM season, the years following the selected ENSO onset years are considered
regardless of the rainfall anomaly value. Therefore the selection of years for
MAM season were not based on the specific rainfall amount, however all post
mature phase El Nifio (La Nifia) years were wet (dry).

5.2 Resuits of rainfall time serles analysis.

Rainfall information has a great value especially to the social-economic benefit of
farmers, water managers, energy suppliers and public policy makers in Tanzania.
In this section, inter-annual rainfall time series, seasonality and in-seasonal
distribution will be illustrated.

5.2.1 Inter annual rainfall variability.

Figures 3.1(a&b) and 3.2 (a&b), shows inter annual time series analysis for
northern and southern coast of Tanzania. For the northern coast long rain
season MAM (fig 3.1a), years 1979 and 1986 were anomalously wet years while
1980 was the driest year. Further investigation of this time series shows that
virtually all El Nifio+1 years (1973,1983, 1987 and 1998) were associated with
above average rainfall while La Nifa+1 years (1971,1974,1976, 1989 and 1996)
shows below average rainfall. Most of the protracted El Nifio years in the early
90's also show above average rainfall (e.g. 1991,1992 and1995) During the
northern coast short rain season OND (fig 3.1b), 1997 was the anomalously wet
year and 1974 was the driest year. All El Nifio years and Indian Ocean positive
zonal mode years were observed to have above average rainfall
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(1972,1982,1986,1994and 1997). Again only some of the protracted El Nifio
years were wet (1990, 1991 and 1994). La Nifia years and negative Indian
Ocean zonal mode (I0ZM) years reported dry anomalies (1970,1973,1975,
1988,1995,1998 and 1999).

The unimodal rainfall season of the southern coast was separated into early
season (OND) and late season (JFM). JFM for the southern coast (fig 3.2a)
shows that 1970 was the wettest year while 1977 and 1998 were the driest
years. In general, ENSO impacts during the mature phase (JFM) were mixed for
the southern coast. Some El Nifio+1 years were found to be dry while others
observed to be wet. Similarly wet and dry La Nifia+1 years were observed. This
may be partly due to the location, since the Tanzanian southern coast is in the
transition zone between southern and East Africa, which tend to show opposite
significant rainfall anomalies during ENSO events. For this reason, the southern
coast JFM season was not considered for further analysis in this thesis. Figure
3.2b show that with the exception of the protracted El Nifio event during the early
90’s, El Nifio (La Nifa) tends to be associated with wet (dry) conditions over the
southern coast for the OND season. There is also a hint that the OND southern
coast rainfall time series shows a near decadal signal in rainfall with mainly dry
years (1970’s and 1990’s) separated by the mainly wet 1980’s.

Figure 3.3(a&b) illustrates the rainfall time series for the CMAP data. The CMAP
data is available from 1979 onwards; therefore the series extends from 1979 to
1999. Comparison of the station data series and CMAP data series reveal the
consistency of the two series for most years.

For the northern coast (fig 3.1 and 3.3a), both series are consistent for the OND
season except for 1989 where CMAP data series indicates near normal rainfall
while the station data series shows below average rainfall anomalies. For MAM
season, 1987 and 1998 illustrates wet anomalies for station data series while
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CMAP data series shows dry anomalies. 1989 was a dry year for the station data
series while for the CMAP data series was a wet year. 1990 indicates near
normal rainfall for CMAP data series while for the station data series it was a dry
year. In general the station data series illustrate larger anomalies than the CMAP
data series. This may be partly due to the difference in the climatology used,
1970-1999 for the station data series and 1979-1999 for the CMAP data series
and partly due to differences in the way the data were derived. CMAP is a merge
of gauge and satellite rainfall gridded with 2.5x2.5 resolution grid whereas the
station data is the gauge data.

For the southern coast (fig 3.2 and 3.3b), both JFM and OND season series are
consistent except for OND 1988 where CMAP data series indicate near normal
rainfall while the station data series shows negative anomalies. Similarly, the
station data anomalies are larger than the CMAP data anomalies.

It is evident from the above discussion that the CMAP data can be used to
represent Tanzanian coast station data rainfall with reasonable accuracy for the
northern coast OND season and the southern coast JFM and OND seasons. The
degree of accuracy seems to be lower for the northern coast MAM season.
However, the CMAP data will be used in section 5.3 of this thesis for the analysis
of monthly anomaly fields.

5.2.2. Seasonality and distribution.

in the tropics, where day length and solar heating are more or less uniform
throughout the year, humidity and rainfall are better markers of seasonality.
Figures 1.2 (a&b) illustrated monthly area averaged rainfall time series for the
northern and southern coast stations respectively. The south coast is a unimodal
rainfall region with rains covering the months of November to May with a peak at
March/April. The north coast is a bimodal with two rainfall peaks centered at
April and November, namely the long rain (March —May) and short rain (October
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"~ December) seasons. It is evident from the figures that there is no month
without rain, however two major seasons are well defined for the northern coast
and one major season for the southern coast.

5.3: Monthly evolution of the ENSO signal over the western Indlan Ocean
and East Africa.
5.3.1: El Nifio and El Nifio+1 composites
5.3.1.1: El Nifio composites during OND season. ‘
Figures 5.1(a-j) illustrate monthly anomaly fields prior and during the OND El
Nifio composite. Two months before the onset of the short rainfall season in
August (fig 5.1a&b), warm SST anomalies of up to 0.4°C are evident over
western Indian Ocean. Cool anomalies are confined to the eastern Indian Ocean
and reach -0.3°C south of Java. Strong easterly low-level wind dominate the
central and eastern Indian Ocean with northeasterlies backing to northwesterlies
over the Tanzanian coast. At 700hPa, a cyclonic circulation centered south of
Madagascar denies inland penetration of northeasterlies creating a centre of
diffluent flow over the coast. Reduced evaporation occurs over western Indian
Ocean closer to the East African coast, which is consistent with moisture flux
divergence and rainfall deficit over the region. '

The descending branch of the local Indian Ocean Walker cell is located over the
equatorial central Indian Ocean as identified by strong westerly wind anomalies
at the 200hPa level, which opposes the background flow implying convergence.
This descending branch was further identified by the negative velocity potential
anomalies associated with wind divergence in the lower levels and the positive
velocity potent'ial anomalies associated with wind convergence in the upper
levels. The easterly moisture flux emanating from this moisture source feeds the
convective zone over the equatorial western Indian Ocean.
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The longitude height sections of moisture flux anomaly indicate the existence of
westerly moisture flux anomalies over the region except for low level easterly
moisture flux anomalies observed between 41-36°E. Further evidence of these
westerly moisture flux anomalies over the region is illustrated by the zonal
moisture flux anomalies along 40°E and 37°E. At about 850hPa, within the region
of interest (i.e.4-11°S), easterly moisture flux anomalies occur along 40°E
weakening further inland along 37°E with westerlies further south. This is
consistent with the 850hPa moisture flux anomaly plot, which indicates backing
of northeasterly moisture flux over the coast. In summary, a coherent ENSO
signal is evident over the Indian Ocean two months before the onset of short rain
season; however rainfall deficit occurs over the coast due to the presence of a
cyclonic anomaly centered south of Madagascar, which causes enhanced
divergent flow over the coast.

One month prior to the onset of short rainfall season in September (fig 5.1c&d),
the maximum positive SST anomaly is no longer located near the coast, but
shows a slight eastward shift. This may be due to increased upwelling near the
coast caused by strong northeasterly wind anomalies observed in the previous
month. The lower and middle level wind anomalies show a significant eastward
shift of the cyclonic circulation over Madagascar from the previous month, which
is consistent with an eastward shift of warm water over the tropical South Indian
Ocean. The moisture flux plots indicate strong easterly moisture fluxes along the
equator, which originate from the central Indian Ocean moisture source of high
evaporation. The presence of this easterly moisture flux along the equator is
important for Tanzanian rainfall since it indicates moisture availability one month
before the onset of the rainfall season. However the convergence of this moisture
is mainly over the ocean.

The OLR plot shows an area of subsidence over the equatorial central indian
Ocean with positive OLR anomalies of about 30W/m2. This region of diffluence is
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further identified by strong westerly wind in the upper levels over much of the
equatorial western Indian Ocean, negative velocity potential anomaly with strong
divergent wind in the lower levels and the reverse at upper levels. These velocity
potential anomalies reflect the location of the descending limb of the Indian
Ocean Walker circulation. Within the region, westerly moisture flux anomalies
occur over the coast with easterly moisture flux anomalies further inland. Zonal
moisture flux plots further reflect this. Along 40°E, westerly moisture flux occur
between 3°S and 8°S while along 37°E the region is occupied by easterly
moisture flux, implying moisture flux divergence over the region which is
consistent with dry conditions observed during this month.

At the onset of short rainfall season in October (fig 5.1e&f), the contrasting warm
(cool) SST anomaly pattern in the western (eastern) Indian Ocean intensifies.
The largest SST anomalies (about 0.7°C) occur near the Somali coast. This
westward shift of the positive SST anomalies may be due to suppressed
upwelling resulting from weakening of the seasonal upwelling favourable winds
and the arrival of the ITCZ over the region. The low level cyclonic anomaly east
of Madagascar is no longer apparent and strong easterly anomalies cover all of
the equatorial Indian Ocean in the lower and middie levels opposing the
background flow. As a result the low level flow decelerates and hence converges
near the coast. At 700hPa, westerly wind anomalies from the Atlantic Ocean
converge with easterly anomalies from the Indian Ocean over western Tanzania
and Lake Victoria basin.

Increased evaporation occurs over the maritime source region of the NE
monsoon in the Arabian Sea. Almost all of Tanzania is covered by positive latent
heat anomalies suggesting enhanced evapotranspiration over the landmass.
Strong easterly moisture flux anomalies are evident over the equatorial western
Indian Ocean. These converge at the coast consistent with above average
rainfall recorded over Tanzania. The OLR plot suggest a convective zone



5-8
developing over the western Indian Ocean/eastern African region. Negative OLR
anomalies of about —10W/m2 were observed over the Tanzanian coast while
positive OLR anomalies are confined to the area of cool SST anomalies in the
central Indian Ocean and suppressed convection there.

The upper level wind implies westerly overturning over the equatorial western
Indian Ocean with easterly overturning over the continent, which suggests a
reversed Indian Ocean local Walker cell with its rising limb over East Africa. This
is further identified by positive velocity potential and convergent wind in the lower
levels over East Africa coupled with negative velocity potential and divergentv
wind in the upper levels. The longitude height moisture flux plot shows easterly
moisture flux over the entire region from the Indian Ocean moisture source. This
is further reflected by the zonal moisture fluxes along 40°E and 37°E that indicate
further inland penetration of easterly moisture flux anomalies within the region of
interest (i.e. 11-4°S). The combination of anomalous easterly moisture flux from
the equatorial central Indian Ocean with moisture flux convergence and
increased convective heating over much of East Africa leads to above average
rainfall received during El Nifio years.

During the peak of short rainfall season in November (fig 5.1g&h), the SST
anomaly plot shows continued warming over the central and western Indian
Ocean and weakening of the cool anomalies in the east. The maximum SST
anomalies show a decrease of about 0.2°C from 0.7°C in October to 0.5°C in
November, this arises due to evaporation and increased cloud cover. The low
and middie level wind anomaly plots show a weak cyclonic anomaly southeast of
Madagascar with a strong easterly wind anomaly over the equatorial western
indian Ocean between 5°S and 5°N that suggests anomalous convergence
across East Africa (Goddard and Graham, 1999). The convergence over East
Africa is further reflected in the moisture flux anomaly plots, which reveal strong
easterly moisture flux anomaly over the equatorial western Indian Ocean and
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westerly moisture flux anomaly from the Atlantic Ocean through the Congo basin.
The resulting broad zone of moisture flux convergence across East Africa leads
to anomalous rainfall over the region. The latent heat flux anomaly plot maintains
the October configuration with increased evapotranspiration over much of
Tanzania.

The 200hPa wind anomaly plot shows an anticyclonic circulation centered over
the Mozambique Channel with strong accelerating easterly anomalies over East
Africa implying upper level divergence, which is further reflected in the velocity
potential and divergent wind plots. At the 850hPa level, positive velocity potential
and wind convergence occurs across East African region coupled with negative
velocity potential and wind divergence at the 200hPa level, thereby reflecting the
position of ascending limb of local Indian Ocean Walker type circulation. A
convective zone further reveals this ascent with negative OLR anomalies over
the region. The corresponding zone of subsidence is seen over the equatorial
central Indian Ocean. The longitude height moisture flux plot shows the
occurrence of easterly moisture flux anomaly over the Indian Ocean at about
42°E at 850hPa with westerly moisture flux anomaly further inland. Zonal
moisture fluxes along 40°E (37°E) indicate the occurrence of easterly (westerly)
anomalies inferring moisture flux convergence consistent with the 850hPa
moisture flux anomaly plots.

Towards the withdrawal of the short rainfall season in December (fig 5.1i&j),
almost all the meteorological fields maintain the November patterns except for a
southward shift in sympathy with the movement of the ITCZ. Maximum rainfall
anomalies lie over Tanzania while in the previous month it was over Kenya.
Westerly moisture flux anomalies appear over the far western Indian Ocean
between 5°S and 8°S reflecting the withdrawal of rainfall season.
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5.3.1.2:Post El Nifio (+1) composites during MAM season.

Figures 5.2(a-l) illustrate monthly anomaly fields prior and during the MAM post
El Nifio (+1) composite. Two months prior to the onset of the long rainfall season
in January (fig 5.2a&b), warm SST anomalies are evident over much of the
tropical Indian Ocean with cool anomalies southeast of Madagascar. At 850hPa
and 700hPa, strong easterly wind anomalies over the equatorial Indian Ocean
advect moisture towards the Tanzanian coast. Westerly moisture flux anomalies
occur over the southern Congo basin and these converge with easterly moisture
flux anomalies from the Indian Ocean over eastern Tanzania. Enhanced
evaporation occurs over the tropical western Indian Ocean and extends over
much of Kenya and eastern Tanzania consistent with the significant rainfall
observed.

Upper level wind divergence exists over the equatorial western Indian Ocean,
which is further indicated by negative OLR anomalies, positive (negative) velocity
potential anomalies with convergent (divergent) wind in the lower (upper) levels.
These velocity potential anomalies reflect the location of the ascending limb of
the Indian Ocean Walker circulation.

The moisture” flux transects show low-level easterly moisture flux anomalies
along the Tanzénian coast with westerly moisture flux anomalies further inland.
This implies low-level moisture flux convergence over the region. Easterly
moisture flux anomalies exist over the entire region in the middle levels indicating
high vertical extent of moisture over the region consistent with above average
rainfall observed. The zonal moisture fluxes along 40°E and 37°E indicate this
easterly moisture flux anomaly along the Tanzanian coast sandwiched between
westerly moisture flux anomalies to the north and south. The significantly
increased rainfall observed in this month implies an extension of the OND
season of the El Nifio composite.
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One month prior to the onset of the long rainfall season in February (fig 5.2c&d),
the warm SST anomalies have strengthened over most of the Indian Ocean and
the cool feature southeast of Madagascar has weakened. A low level cyclonic
anomaly is evident east of Madagascar together with strong southerly wind
anomalies through the Mozambique Channel. Westerly wind anomalies occur
over much of Tanzania, and converge with the Indian Ocean equatorial easterlies
near the Tanzanian coast.

Positive latent heat flux anomalies occur over the equatorial western Indian
Ocean where strong easterly moisture flux anomalies advect moisture towards
the Tanzanian coast. Enhanced moisture flux convergence over the Tanzanian
coast is consistent with the significant rainfall observed over the northern coast of
Tanzania. Weak easterly wind anomalies occur over much of East Africa in the
upper levels implying weak Walker circulation. The rising limb of the Indian
Ocean Walker circulation is located over the equatorial western Indian Ocean as
identified by positive (negative) velocity potential with convergent (divergent)
wind in the lower (upper) levels there.

The OLR plot suggests a convective zone developing over the tropical western
Indian Ocean east of Madagascar with a northwestward extent of negative OLR
anomalies over East Africa. The moisture flux transects indicate westerly
moisture flux anomalies in the lower levels between 38°E and 42°E with easterly
moisture flux elsewhere. This implies low level moisture flux divergence
consistent with the decrease of the rainfall over the region compared to the
previous month. The zonal moisture fluxes along 40°E and 37°E show alternating
westerly and easterly moisture flux anomalies with easterly moisture flux
anomalies over much of the Tanzanian coast at 37°E. The above discussion
indicates extension of the wet conditions of the El Nifio composite OND season
to January and February of the El Nifio+1 composite. This implies longer than
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normal OND rainfall season during El Nifio years with significantly increased
rainfall over East Africa.

During the onset of the long rainfall season in March (fig 5.2e&f), warm SST
anomalies of up to 0.4°C are evident over the equatorial Indian Ocean with larger
anomalies near the East African coast. The low level wind and moisture flux
anomaly plots indicate an eastward shift from the previous month of the cyclonic
anomaly east of Madagascar to about 70°E. Associated with this shift is a
westerly moisture flux anomaly over the Tanzanian coast. The latter converges
with the easterly moisture flux anomaly over the Indian Ocean at about 60°E
consistent with below average rainfall observed over the northern Tanzanian
coast. The significant rainfall observed during this month over central and
southeastern Tanzania results from the westerly moisture flux anomaly
originating from the Atlantic Ocean moisture source, which converges locally
over the region.

The 200hPa wind shows strong easterly anomalies over the equatorial western
Indian Ocean implying a stronger Indian Ocean Walker type circulation. The
descending limb of the Indian Ocean Walker circulation is located over the
equatorial western Indian Ocean as indicated by negative (positive) velocity
potential with divergent (convergent) wind in lower (upper) levels.

Positive OLR anomalies extend over the Tanzanian coast consistent with the
below average rainfall observed. The moisture flux transects indicate the
existence of westerly moisture flux anomalies over the Tanzanian coast, which is
further confirmed by the zonal moisture flux along 40°E and 37°E implying
reduction of moisture and dry conditions. It is observed from this analysis that the
position of the cyclonic anomaly over the indian Ocean east of Madagascar is
important for modulating rainfall over Tanzania. When located between 45° and
60°E, this cyclonic anomaly results in moisture flux convergence and increased
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rainfall over the Tanzanian northern coast while the eastward shift from this
location seen in this month results in suppressed convection and reduction of
rainfall over the Tanzanian northern coast.

During the peak of the long rainfall season in April (fig 5.2g&h), the positive SST
anomalies over the western Indian Ocean intensify with low-level easterly
(westerly) wind anomalies north (south) of 5°S. Positive latent heat flux
anomalies dominate much of the western Indian Ocean and extend to the
Kenyan and Somali coasts with strong easterly moisture transport. The moisture
flux anomaly plot indicates moisture flux convergence over southwestern
Tanzania where above average rainfall occurs. The source of this moisture is the
tropical South West Indian Ocean and the Mozambigue Channel where there are
large areas of positive latent heat flux anomalies and southerly moisture flux
anomalies over northern Mozambique and the Channel.

The upper level wind indicates strong easterly anomalies converging with
westerly anomalies over the Tanzanian coast, which reflect the location of the
descending limb of Walker cell. This is further identified by negative velocity
potential with divergent wind in the lower levels coupled with the reverse at the
upper levels. Weaker positive OLR anomalies are apparent over most of the
country and there is reduced rainfall over the coast. Westerly moisture flux
anomalies dominate over the coast as revealed by the longitude transect plot and
the zonal moisture transects along 40°E and 37°E, which further confirm the
rainfall deficit over the Tanzanian coast.

Towards the withdrawal of the long rainfall season in May (fig 5.2i&j), the positive
SST anomalies shift more over the equatorial Indian Ocean between 15°N and
15°S with negative SST anomalies poleward of this region. Low-level westerly
wind anomalies occur over the Indian Ocean between the equator and 10°S with
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easterly wind anomalies to the north. Much of Tanzania is characterized by
easterly wind anomalies at middie levels.

Positive latent heat flux anomalies exist over large areas of the equatorial and
tropical South Indian Ocean particularly over the cyclonic moisture flux anomaly
northeast of Madagascar. Associated with this cyclonic feature is low-level
convergence over northern Mozambique and the Channel. However there is
reduced rainfall here, which extends to the southern Tanzanian coast with a large
positive rainfall anomaly over the north coast. This rainfall over the northern
coast could be accounted for local factors such as strengthened sea breezes
rather than large-scale anomalies as suggested by Indeje et al (2000).

The longitude transect plot indicates westerly moisture flux anomalies at lower
levels with easterly moisture flux anomalies at middle levels. The latter indicates
moisture availability from the Indian Ocean at this level, which may partly account
for above average rainfall observed. The zonal moisture flux transects along
40°E and 37°E indicate the occurrence of westerly moisture flux anomaly over
the coast. It is evident that this month contributes a large amount of rainfall to the
seasonal total. Similarly the intraseasonal analysis (chapter 6) in this thesis
shows that the peak of rainfall during El Nifio+1 years is centered on the first
week of May. As a result, the signal may be partially observed in a monthly
analysis.

In June (fig 5.2k&l), the warm SST anomaly intensifies to the northeast of
Madagascar and near the Somali coast but weaken near the Tanzanian coast.
Westerly wind anomalies dominate larger areas of the western indian Ocean
from lower to upper levels. Positive latent heat flux anomalies occur over most of
the tropical Indian Ocean with westerly moisture flux anomalies feeding the
convective zone over the central and eastern Indian Ocean. The latter is
indicated by significant negative OLR anomalies. Only the Lake Victoria basin



5-15
shows an obvious rainfall increase and this is associated with westerly moisture
flux anomalies from the Atlantic Ocean through the Congo basin, which converge
over the Lake. Positive latent heat flux anomalies exist over the Lake Victoria
basin suggesting increased evaporation.

The main convective zone shows a significant eastward shift from the previous
month with positive OLR anomalies extending over all of equatorial and East
Africa. This marks the end of the long rainfall season over Tanzania where
westerly wind anomalies dominate. The anomalies are seen in the longitude and
latitude transects plots. These westerly moisture flux anomalies over the region
indicate a decrease of moisture over the coast due to a long continental track,
which is consistent with dry conditions observed.

5.3.2: La Nifia and La Nifia+1 composites.

5.3.2.1: La Nina composites during OND season.

Figures 5.3(a-j) illustrate monthly anomaly fields for the La Nifia composite prior
and during the OND season. Two months prior to the onset of the short rainfall
season in August (fig 5.3a&b), the La Niha composite is roughly the reverse of
the El Nifio composite. Cool anomalies exist over much of the western Indian
Ocean with warm anomalies in the east. At 850hPa, strong southerly wind
anomalies occur over the Tanzanian coast veering to westerly over the equatorial
northwestern Indian Ocean. An extensive region of positive latent heat flux
anomaly is observed over the South West Indian Ocean with reduced
evaporation over the cool anomalies in the equatorial West Indian Ocean.

The 200hPa winds show an anticyclonic anomaly centered south of Madagascar
with strong easterly anomalies covering much of the western Indian Ocean. This
suggests that the position of the ascending limb of the Walker circulation is over
the equatorial central Indian Ocean. This ascending branch of the Indian Ocean
Walker circulation is further identified by positive velocity potential and
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convergence in the lower levels coupled with negative velocity potential and
divergence in the upper levels. The OLR plot indicates a convective zone
centered over this region of upper level overturning. Easterly moisture flux
dominates the region, which is further identified by the zonal moisture flux
anomaly along 40°E and 37°E that indicates easterly anomalies south of the
equator.

One month prior to the onset of short rainfall season in September (fig 5.3c&d),
the cool anomalies have intensified over much of the western Indian Ocean while
those in the eastern region have weakened. Wind anomalies show roughly the
reverse pattern to the E! Nifio composite. At 850hPa, strong westerly wind
anomalies occur over the equatorial Indian Ocean with southeasterly anomalies
near the East African coast. Aloft, there is a strong easterly return flow, which
forms the upper branch of the Walker type circulation.

Two convective zones exist; one over the equatorial eastern Indian Ocean and
the other over the Congo basin. These zones are reflected by negative OLR
anomalies, which suggest the position of maritime and continental rising limbs of
Walker circulation. Positive velocity potential anomalies with convergent wind in
the lower levels exist together with negative velocity potential anomalies and
divergent wind in the upper levels over these convective zones, further identifying
the location of rising limbs of the Walker circulation. The increased rainfall that
occurred over the Congo basin during this period is consistent with the enhanced
convection over the region. Near Tanzania, easterly moisture fluxes dominate at
low levels with negative latent heat flux anomalies and no obvious anomalies in
precipitation. Along the 40°E and 37°E transects, westerly moisture flux
dominates the region north of 3°S and between 6°S and 12°S. The occurrence of
westerly moisture flux anomaly over the equatorial western Indian Ocean one
month before the onset of rainfall season implies moisture deficit over the coast
and relatively dry conditions.
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During the onset of the short rainfall season in October (fig 5.3e&f), the La Nifia
composite is again roughly the reverse of the El Nifio composite. Cool anomalies
develop further over the western Indian Ocean with warm anomalies present in
the eastern Indian Ocean. Westerly wind anomalies dominate the lower and
middle levels with easterlies in the upper levels over much of the equatorial
Indian Ocean.

Much of East Africa and the central Indian Ocean are characterized by negative
latent heat flux anomalies. The moisture flux anomaly plots show strong westerly
flux over the equatorial western Indian Ocean with moisture flux divergence over
central and western Tanzania and Kenya. The weak moisture flux convergence
over eastem Tanzania and Kenya is insignificant mainly due to suppressed
convection (positive OLR anomalies) leading to below average rainfall.

The position of the descending limb of the local Indian Ocean Walker cell and
strong subsidence is located over East Africa as indicated by westerly wind
anomalies in the lower levels with strong easterly overtuming at 200hPa.
Negative velocity potential and divergent wind in the lower levels coupled with
positive velocity potential and convergent wind in the upper levels confirm this
position of the Walker circulation. Within the region, the westerly moisture flux
anomaly extends between up to 900hPa over the coast with easterly moisture
flux anomaly in the middle and upper levels and westerly moisture flux anomaly
further inland. The zonal moisture flux anomaly along 40°E confirm this coastal
configuration while along 37°E the westerly moisture flux dominates the region
with easterly moisture flux south of 12°S. These westerly moisture flux anomalies
over the region tend to suppress convection resulting to reduced rainfall over the
region.

At the peak of the short rainfall season in November (fig 5.3g&h), the La Nifia
composite indicates roughly the reverse patterns of the El Nifio composite. Cool
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anomalies are apparent over most of the tropical Indian Ocean except near the
Tanzanian coast and south of Java. An anticyclonic anomaly exists at low levels
southeast of Madagascar with a westerly anomaly over much of the equatorial
Indian Ocean, implying anomalous divergence over East Africa as suggested by
Goddard and Graham (1999). The moisture and latent heat flux anomaly plots
further identify this broad zone of moisture flux divergence and reduced
evaporation over East Africa, consistent with dry conditions over the region.

At the upper level, the anticyclonic circulation is still present southeast of
Madagascar and a cyclonic feature is evident over southern Africa. Strong
westerly wind anomalies over much of Tanzania converge with easterly
anomalies over the equatorial western Indian Ocean and reflect the descending
limb of the Indian Ocean Walker type circulation. This is further indicated by the
positive OLR anomalies over East Africa and the western Indian Ocean and
negative (positive) velocity potential with divergent (convergent) wind in the lower
(upper) levels. Over the region, westerly moisture flux dominates, which is further
identified by the zonal moisture transects along 40°E and 37°E showing westerly
moisture flux anomaly between 4°S and 12°S sandwiched between easterly
moisture flux to the south and north. The existence of westerly moisture flux
anomaly over the region implies a long continental track and suppressed
convection leading to reduced rainfall over the Tanzanian coast.

Towards the withdrawal of the short rainfall season in December (fig 5.3i&j),
almost all the meteorological fields maintain the November patterns. Cool SST
anomalies, particularly in the southern tropics now exist over almost all the Indian
Ocean except the midlatitudes and also south of Java. The area of positive OLR
anomalies over the Indian Ocean has reduced substantially compared to the
previous month. Negative latent heat flux anomalies occur over much of the
Indian Ocean and East African region with easterly moisture flux anomalies
between 5°S and 10°S reflecting the withdrawal of the rainfall season.
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5.3.2.2:Post La Nifia (+1) composites during MAM season.
Figures 5.4(a-l) illustrate monthly anomaly fields prior and during the MAM post
La Nifa (+1) composite. Two months prior to the onset of the long rainfall season
in January (fig 5.4a&b), the La Nifia+1 composite indicates roughly the reverse
patterns to the El Nifio+1 composite. Cool SST anomalies extend over much of
the Indian Ocean except southeast of Madagascar.

Much of the equatorial Indian Ocean between 5°N and 5°S is characterized by
strong westerly wind anomalies in the lower and middle levels. Negative latent
heat flux anomalies extend over much of the equatorial Indian Ocean and East
African region except over the southern coast of Tanzania where moisture flux
convergence and rainfall occurred. This implies that during this month the
southern coast tends to acquire a southern Africa La Nifia impact i.e., wet
anomalies during La Nifa years. However, most of the increased rainfall occurs
over the ocean. The 200hPa level indicates deceleration of the easterly
_ anomalies over the northern coast of Tanzania with positive OLR anomalies,
which implies subsidence over the region consistent with the below average
rainfall observed there. The longitude height moisture flux anomaly plot shows
the dominance of westerly moisture flux anomalies over the region, which is
further indicated by the zonal wind transects along 40°E and 37°E. The westerly
moisture flux anomaly over the region leads to suppressed convection and
reduced rainfall.

One month before the onset of the long rainfall season in February (fig 5.4c&d),
the cool SST anomalies have intensified over the tropical Indian Ocean with
some warm anomalies in the southwestern Indian Ocean. The wind anomaly
pattemns in the lower and middle levels indicate the reverse patterns to the El
Nifio+1 composite with anticyclonic circulation east of Madagascar associated
with strong easterly (northerly) wind anomaly over much of Tanzania (the
Mozambique Channel) which is also reflected in the moisture flux anomaly plot.
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This type of circulation leads to strong divergence over the Tanzanian coast with
rainfall deficit as reflected in moisture flux divergence and rainfall plots consistent
with the observations of Goddard and Graham, (1999). Negative latent heat flux
anomalies occur over much of the western Indian Ocean water reducing the
moisture supply.

The upper level wind suggests convergence over much of Tanzania, which is
also reflected by the velocity potential and divergent wind plots together with
positive OLR anomalies over the region indicating the location of the descending
limb of Walker cell. A convective zone develops over South East Africa, which is
consistent with above average rainfall over this region during La Nifa years.
Similarly, the longitude height plot shows the reverse of the El Nifio+1 composite
with easterly moisture flux anomalies in the lower levels over the coast and
westerly moisture flux anomalies elsewhere. The zonal moisture flux transect
along 40°E indicates easterly moisture flux anomaly over the region except for
the weak westerly moisture flux anomalies between 6°S and the equator. These
easterly moisture flux anomalies extend further inland as reflected in the zonal
moisture flux anomaly along 37°E. However, these easterly moisture flux
anomalies are mainly divergent in nature resulting in reduction of rainfall over
Tanzania.

At the onset of the long rainfall season in March (fig 5.4e&f), most of the
meteorological fields again indicate the reverse patterns to the El Nifio+1
composite. The negative SST anomalies over much of the Indian Ocean have
intensified compared to the previous month. Low-level westerly wind anomalies
are apparent over the Indian Ocean between equator and 10°S. The middie
levels show westerly wind anomaly over Tanzania backing to southwesterly
anomaly over the coast. The moisture flux anomaly plots indicate a cyclonic
anomaly over southem Tanzania/northern Mozambique with westerly moisture
flux anomaly from the equatorial Atlantic Ocean converging over westermn and
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southern Tanzania consistent with the increased rainfall observed over that
region.

Consistent with the observed rainfall, much of East Africa and the adjacent
oceans show negative OLR anomalies. The negative latent heat flux anomalies
exist over most of Tanzania implying that the rainfall observed over western and
southern Tanzania may result from local air mass convergence and orographic
lifting rather than evaporation. However, a small area of increased latent heat flux
over the nearby ocean may also contribute.

The continental rising limb of the Walker cell is over western Tanzania as
indicated by the positive (negative) velocity potential with convergent (divergent)
wind in the lower (upper) levels. Easterly moisture flux anomalies occur over the
coast at lower levels with westerly moisture flux anomalies elsewhere as
reflected in the longitude height plot. The zonal moisture fluxes along 40°E and
37°E show westerly moisture flux anomalies over the Tanzanian coast
sandwiched between easterly moisture flux anomalies to the north and south
consistent with below average rainfall over the northern coast of Tanzania.

During the peak of the long rainfall season in April (fig 5.4g&h), the negative SST
anomalies over the tropical Indian Ocean weaken. Strong low and middle level
westerly wind anomalies exist over the equatorial north Indian Ocean between.
Southwestern Tanzania experiences above average rainfall consistent with
moisture flux convergence over the region. Over the Tanzanian coast, negative
latent heat flux anomalies are apparent consistent with reduced rainfall.

A zonal contrast in OLR anomaly is evident over the equatorial Indian Ocean with

~ enhanced convection over the equatorial eastern indian Ocean and suppressed

convection over the west. The velocity potential and divergent wind plots indicate
the position of the continental ascending limb of the Walker cell at about 20°E
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along the equator with the corresponding descending limb over the equatorial
western Indian Ocean. These are identified by negative (positive) velocity
potential with divergent (convergent) wind over the western Indian Ocean (Congo
basin) over the lower levels with the reverse at the upper levels. Westerly
moisture flux extends over much of the region as indicated by longitude height
and zonal moisture flux anomaly plots along 40°E and 37°E. These imply a long
land track with suppressed convection and dry conditions over the Tanzanian
coast.

Towards the withdrawal of the long rainfall season in May (fig 5.4i&j), the La
Nifia+1 composite still indicate the reverse patterns to El Nifio+1 composite.
Surprisingly, the negative SST anomalies seem to strengthen over much of the
tropical Indian Ocean. Low-level southeasterly wind anomalies veer to a westerly
anomaly after crossing the equator over the western Indian Ocean. Negative
latent heat flux anomalies occur over much of the western Indian Ocean and
adjacent land. One exception occurs over southern Tanzania where positive
latent heat flux anomalies are co-located with increased rainfall.

An anticyclonic anomaly occurs northeast of Madagascar with a strong westerly
moisture flux anomaly further north. Positive OLR anomalies occur over the
equatorial western Indian Ocean and extend over northern Tanzania (which
shows reduced rainfall) with enhanced convection over southern Tanzania and
increased rainfall. Much of the Tanzanian coast is covered by easterly moisture
flux anomaly in the lower levels as reflected in the longitude height and zonal
moisture flux anomaly plots. However these easterly anomalies are in the same
sense as the background flow implying divergence and reduction of rainfall over
the northern coast. While for the southern coast, the zonal moisture transects
indicate large values consistent with increased evaporation over the region and
enhanced convection with significant rainfall.



5-23

In June (fig 5.4k&l), the negative SST anomalies over the South Indian Ocean
strengthen while those in the North Indian Ocean weaken. Positive SST
anomalies are evident near the Somali coast. The low and middle level
anticyclonic anomaly shifts north and lies over the equatorial western Indian
Ocean. The north-south contrast in latent heat and precipitation anomalies over
Tanzania continues in June.

Positive OLR anomalies extend over much of the equatorial western Indian
Ocean near the Tanzanian coast. Westerly moisture flux anomalies exist over
much of the region except for easterly anomalies at midlatitudes occurring east of
39°E. The zonal moisture flux transects along 40°E and 37°E indicate westerly
moisture flux anomaly over the Tanzanian coast sandwiched between easterly
moisture flux anomalies to the south and north which implies reduction of
moisture fetch from the Indian Ocean and further indicate the withdrawal of the
long rainfall season.

It is evident from the above discussion that below average rainfall occurred over
the northern coast of Tanzania throughout the rainfall season consistent with
below average rainfall observed in the seasonal total for the La Nifia+1 years (fig
3.2a). The southem coast of Tanzania observes significant rainfall in March, May
and June while during the peak of rainfall season in April dry conditions occurred,
which resulted in below average rainfall in the seasonal total. However it is
evident from these monthly plots that some months indicate significant rainfall
over the southern coast during MAM season of the La Nifia+1 composites while
the northern coast remains dry throughout the season. It is worth noting here that
combining the three months into seasonal totals may therefore be misleading.
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Note: The case-by-case examination of ENSO years composited for the OND
season is given in Appendix B. Generally; the El Nifio and La Nifia composites
were considered to be representative of each ENSO year under this study and
will be used to derive the main rainfall precursors for predictive purposes over the
Tanzanian coast. Similarly, the post ENSO (+1) composites are considered
robust and will be used to derive the main rainfall precursors during MAM
season. However, the plots for each ENSO (+1) years are not discussed and
only November is shown during the OND season of each ENSO year for brevity.

Scrutiny of the E! Nifio/La Nifia composites together with each ENSO year
suggests that the La Nifia signal is more robust than the E! Nifio signal for the
Tanzanian northern coast. Some of the El Nifio years were associated with
cooling over the equatorial western Indian Ocean with below average rainfall e.g.
1992 and 1993. It should be noted that these years were part of the protracted El
N\iﬁo of the early 90’s. The E! Nifo signal is robust when it occurs together with a
positive Indian Ocean Zonal Mode. For La Niha years, cooling occurs
consistently over the equatorial western Indian Ocean with below average rainfall
over the Tanzanian northern coast.

The detailed discussion of the circulations associated with non ENSO years is
given in the Appendix C. Monthly anomalies for selected meteorological fields
during the OND season of the selected strongest wet/dry non-ENSO years are
discussed in there.



5-25

5.4:Significant rainfall predictors for the Tanzanian coast.

The previous sections investigated the characteristics of wet El Nifio and dry La
Nifia years during the OND season with the corresponding following El Nifio+1
and La Nifia+1 years during the MAM season. Using composite anomaly fields
starting two months prior to the onset of the rainfall season, the structure and
magnitude of SST, OLR, upper and middle winds, lower winds and moisture flux
was outlined under this section for understanding and potential predictive
purposes.

5.4.1: Potential precursors during the OND season.
5.4.1.1: Wet El Nino years.
The wet El Nifio years are preceded by the following significant predictors.

e A contrasting warm (cool) SST anomaly pattern in the western (eastern)
equatorial Indian Ocean is evident two months before the onset of the
rainfall season.

e A contrasting negative (positive) OLR anomaly pattern in the western
(eastem) equatorial Indian Ocean is evident two months before the onset
of the rainfall season in August. The negative OLR anomalies over the
equatorial western Indian Ocean weaken in September and intensify
during the onset of the rainfall season in October.

e FEasterly wind anomalies over the equatorial eastern Indian Ocean
between 5°N and 5°S exist two months prior to the onset of the rainfall
season in August.

e Easterly moisture flux anomalies over the equatorial eastern Indian Ocean
exist two months before the onset of the rainfall season in August with
moisture flux convergence over the Tanzanian coast during the onset of
the rainfall season in October.
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Strong upper level westerly wind anomalies over East Africa, starting in
August and reversing to easterly anomalies during the onset of the rainfalil
season, create a centre of strong upper level overturning in the rising limb
of the Indian Ocean Walker circulation.

5.4.1.2: Dry La Nifia years.

The predictors for the dry La Nifa years are roughly the reverse of the wet El

Nifo years.

A contrasting cool (warm) SST anomaly pattern in the western (eastern)
equatorial Indian Ocean is evident two months before the onset of the
rainfall season.

A contrasting positive (negative) OLR anomaly pattern in the western
(eastern) equatorial indian Ocean is evident two months before the onset
of the rainfall season in August. The positive anomalies over the
equatorial western Indian Ocean weaken in September and intensify
during the onset of the rainfall season in October.

Low and middie level westerly wind anomalies over the equatorial western
Indian Ocean were apparent in August with the cyclonic wind anomaly in
September and intensified westerly anomalies evident during the onset of
the rainfall season in October.

A cyclonic moisture flux anomaly over the equatorial western Indian
Ocean with strong westerly moisture flux anomaly north of the equator
occurs two months prior to the onset of the rainfall season in August.
Southward extension of the westerly moisture flux anomaly occurs in
September and October with weak moisture flux convergence mainly over
the Kenyan coast in October.
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Strong upper level easterly wind anomalies over East Africa exist in
August and weaken during the onset of the rainfall season in October,
implying strong upper level convergence and subsidence over the region.

5.4.2: Potential precursors during the MAM season.
5.4.2.1: Wet El Nifio+1 years.

Positive SST anomalies exist over the equatorial Indian Ocean two
months before the onset of the rainfall season in January.

Positive OLR anomalies exist over the equatorial eastern Indian Ocean
with negative OLR anomalies over the equatorial western Indian Ocean
two months before the onset of the rainfall season. However, during the
onset of the rainfall season in March, positive OLR anomalies extend over
much of Tanzania and dry conditions occur over the Tanzanian coast.
Strong low and middle level easterly wind anomalies are evident over the
equatorial Indian Ocean two months before the onset of the rainfall
season.

Easterly moisture flux anomalies are evident over the equatorial Indian
Ocean two months before the onset of the rainfall season with
anticyclonic moisture flux anomaly over northeast of Madagascar during
the onset of the rainfall season.

Weak upper level easterly wind anomalies exist over East Africa in
August and September, and intensify during the onset of the rainfall
season in March consistent with dry conditions during the onset of the
rainfall season.

5.4.2.2: Dry La Nifia+1 years.

Similarly, the predictors for the dry La Nifia+1 years are roughly the reverse of
the wet El Nifio+1.

Negative SST anomalies are apparent over the equatorial Indian Ocean
two months before the onset of the rainfall season in January.



5-28

e Negative OLR anomalies exist over much of the equatorial Indian Ocean
with largest anomaly value over the equatorial eastern Indian Ocean in
January. Positive OLR anomalies occur over the Tanzanian northern
coast in January and extend to cover the entire country in February. Dry
conditions persist during January and February while in March, a strong
convective zone develops over Tanzania and above average rainfall
occurs over western and southern Tanzania.

e Strong low and middle level westerly wind anomalies are apparent over
the equatorial Indian Ocean two months before the onset of the rainfall
season, weaken in February and intensify with southward shift during the
onset of the rainfall season in March.

e A cyclonic moisture flux anomaly centered over Mozambique with variable
moisture flux anomaly over equatorial Indian Ocean exist two months

before the onset of the rainfall season in January. During the onset of the

rainfall season in March, strong easterly moisture flux anomalies cover much
of the equatorial Indian Ocean with moisture flux divergence over the

Tanzanian coast.

Figures relating to the monthly anomalies follow and thereafter chapter 6 will
discuss the results of the intraseasonal analysis.
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Figure 5.1g: As for figure 5.1a but for November
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Figure 5.1i: As for figure 5.1a but for Dec
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Figure 5.1j: As for figure 5.1b but for Dec
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Figure 5.2¢: As for figure 5.2a but for February
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Figure 5.2d: As for figure 5.2b but for February
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Figure 5.2e:As for figure 5.2a but for March
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Figure 5.2g: As for figure 5.2a but for April
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Figure 5.2h: As for figure 5.2b but for April
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Figure 5.2j: As for figure 5.2b but for May
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Figure 5.2k: As for figure 5.2a but for June
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Figure 5.3¢: As for figure 5.2a but for September
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Figure 5.3e:; As for figure 5.3a but for October
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Figure 5.3f: As for figure 5.3b but for October




5-57

an
-
e
-
L]

e S

Py

¥

A T T o
Fe B A E o 2 T b TR

s L3 Woig Tuia, Jileel baut i omense aSm)
1

T e g
o L e e e
LS s T WA
mlugsreaaw®FEa
e
mf e bcaarrenaids

"_.',n.a.‘(.--nu--
Wl vwbbadcancant
A N AT o h
i

A
Mow 200 hPo Lo Mita Cormgealle Wind anoraly [mf5) PR S—————
——rT LT ITETRE—— Lre—r
T - __,__-i
S
o ke £ LR L - J
TRl S T =
A o e T e -
AT L AL b # * i
. B e b e T y »
LR A Sy -1:r¢-|'-'\-'-- -
* L R E YT R Ak BRFTEAE oAk L)
e Fedd s nrcag - &l .
LY U RS R T | - d L1t
ST B O e RN R T TR g gy S R
"'-r‘tr,|'\-‘,}af"‘--r-n..-J-Il»L-.'!-rpr-p-rl- nl "
oy .p.h--.l-l\.!l"-}.r.-d,-fq-‘l.lr'rPF'."*-J|l
i g i g/ S ARFTEHS [
4 = Ll w A L
LE;
[
=
-
)
=
- =3 - = = B & -
K B30 WFp Lo Hing Competite Mlus onomaly w5 WPr Lo e Tompests rrien My anen
- e — rat el M
N TT Ll e S Ty Tt B { P A= H i
e o T A S Bt I e = L - 44 |
B e e Tl T T T ; E 1 'I:;‘. f
] R e PARG FNF RIS i o aw sy N - = I ,
L T N e L R R R LR L R R | '3
R o L R i . |
ddda gy T s e daaiyday G S L[] i ; ', !
T e L b 1 e # e R AR I 4 | ST |
FRiT " TraBFs s @Er s o g bag FETE 8% 8 5= - - - ' oy
BprssrTarrasd i rgdarrrahapaAATI e e - | J |
S APER N oy T P e \ !
R A It i L G R R - e = o |
T raaw Ly ---:1- Py R o
L -:-uu...-)--..- L L - M 2
- i Y ‘
- L} H ol |
- amww o -- o - »
PR | - B S

TErF
AFFIFED prn

IR ET TS P R

B D . L.

T

Figure 5.3g: As for figure 5.2a but for November
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Figure 5.4e: As for figure 5.4a but for March
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Figure 5.4g: as for figure 5.4a but for April
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Figure 5.4k: As for figure 5.4a but for June
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Figure 5.41: As for figure 5.4b but for June



Chapter 6: Intraseasonal Oscillations

6.1 Introduction

Intraseasonal Oscillations (ISO) in the atmosphere are generally defined as
fluctuations with periods longer than synoptic scale but shorter than the seasonal
time scale. They are mostly of the order of 20-60 days (Madden and Julian
1971), the best known being the 40-50 day oscillation in the equatorial region. In
their pioneering work, Madden and Julian (1971) described the oscillations as
large scale eastward propagating zonal circulation cells along the Equator. The
so-called Madden and Julian Oscillation (MJO), was discovered when studying a
time series of zonal winds at Canton Island in the tropical Pacific and other
individual tropical rawinsonde stations. Since then, low frequency oscillations
have been studied by many researchers including Wang et al., (1990); Wang et
al., (1997) and Vincent et al., (1991) among others.

Most studies of rainfall variability over East Africa have concentrated on seasonal
to interannual scales. This study attempts to investigate the Intraseasonal
Oscillations responsible for short-term rainfall variability in the Tanzanian coast
during ENSO years. In particular, there is interest in the relationship between 1ISO
and ENSO, e.g. are El Nifio and La Nifia years characterized by coherent
difference in intraseasonal wet and dry spells over Tanzania? The selected
ENSO years under this section are those occurring within the period of study
(1970-1999) and having rainfall anomaly value of at least one standard deviation
(fig 3.1b).

6.2 Analysis of system propagation, rainfall and wind time series Analysis.

6.2.1 Hovméller analysis

The analysis in this section aims at identifying the characteristics of propagating
convective systems. Hovmdller or longitude-time plots are used in identifying or
detecting zonally propagating systems. Parameters used in longitude-time plots
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are anomalies in OLR, zonal wind component at 850 and 200hPa. The
anomalies used are simply departures from the long-term mean. Only the
northern coast is considered for this analysis since ENSO impacts here appear to
be more robust than for the southern coast. Values have been averaged over the
latitude belt 4°- 8° S. The plots are for both OND and MAM season of the ENSO
and pbst-ENSO (+1) years. For MAM season, plots are from 1% February to 30"
June while for OND season the plots are from 1% August to 31 January. The
data used in this analysis were first subjected to 30-50 day band pass filter using
the Dolph — Chebyshev convergence window (Doblas-Reyes and Déqué, 1998).
The advantage of the band pass filter is that both lower frequency and higher
frequency components outside the band of interest are removed. Longitude-time
plots reveal some westward and eastward propagating convection and non-
propagating or quasi-stationary features.

Results of OLR and wind anomalies for ENSO and post-ENSO (+1) years.
The left panel of figure 6.1a are longitude time plots of 30-50 days filtered OLR
anomalies for El Nifio years 1982, 1986, 1994 and 1997 while the middle and
right panels represent 30-50 days filtered lower and upper level wind anomalies
respectively. The plots reveal alternating positive and negative OLR anomalies
for all El Nifo years. Eastwards propagating negative and positive OLR
anomalies were observed between August and December over the central Indian
Ocean (70°-100°E) while westward propagating negative and positive OLR
anomalies were observed over the western Indian Ocean (west of 70°E) except
in 1986 where westward propagating OLR anomalies were observed between
August and November over the central Indian Ocean. Stationary features
dominated 1997, which was the wettest year during the period of study. Similarly
these non-propagating features were observed in 1982 over the central Indian
Ocean, which suggests that propagating features are absent during strong El
Nifo years.
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it is seen that the largest OLR negative anomaly values (less than - 30 W/m?)
occur between 70 and 100°E. This result indicates that more active convection
occurs over the central Indian Ocean as found by other researchers (e.g. Rui and
Wang, 1990). Westward propagating negative OLR anomalies over the western
Indian Ocean propagate with a mean speed of about 2m/s and are associated
with strong convection over the Tanzanian coast and increased rainfall during El
Nifio years. Eastward propagating features were found to have different phase
speeds in different years and over different areas. They generally propagate
between 2-6m/s with mean speed of about 3m/s.

Considering the zonal wind anomalies at lower and upper levels, clear alternating
negative and positive zonal wind anomalies and propagating features are readily
identified. Eastward propagating features are revealed in most years with
westward propagating systems over the western Indian Ocean at lower levels. |t
is found that the areas of large negative OLR anomalies (strong convection)
couple well with areas of strong westerly anomalies in lower levels with strong
easterly anomalies in upper levels. Such association has been revealed by Rui
and Wang, (1990): Knutson and Weickmann, (1987) among others. The
combination of strong convection over the Indian Ocean with westerly wind
anomalies at lower levels coupled with easterly wind anomalies in the upper
levels implies a well-established Indian Ocean Walker cell. This is associated
with enhanced easterly flow over western Indian Ocean and creates conducive
environment for increased rainfall over the Tanzanian northern coast.

The left panel of figure 6.1b are longitude time plots of 30-50 days filtered OLR
anomalies for post mature phase El Nifio years 1983, 1987, 1995 and 1998 while
the middle and right panels represent 30-50 days filtered lower and upper level
wind anomalies respectively. Alternating positive and negative OLR anomalies
are a common feature of most years except in 1983 between May and June
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where disorganised patterns were observed. Eastward propagating negative and
positive OLR anomalies were observed in most years with a mean phase speed
of 2m/s. Westward propagating features, which seem to originate from 80°E were
observed in 1983 and 1987.

For 850hPa zonal wind, stationary features dominate the central Indian Ocean
during the rainy season between March and May with westward propagating
features over the western Indian Ocean. The dominant feature at the upper level
was eastward propagating positive and negative wind anomalies except in 1987
where well-defined westward propagating features were observed between
February and April. As for the OND season, the areas of large negative OLR
anomalies (strong convection) couple well with areas of strong westerly
anomalies in lower levels with strong easterly anomalies in upper levels, which
leads to increased rainfall over the Tanzanian coast.

30-50 days filtered OLR anomalies and wind anomalies for La Nifia and post
mature phase La Nifa years were shown in figure 6.1c. As in the previous
discussion for El Nifio, alternating positive and negative OLR anomalies were
observed. A good example is in 1999 where OLR plot indicate eastward
propagating negative and positive anomalies between April and May originating
from central Indian Ocean. The features move in both eastward and westward
direction. Stationary features were also observed. Between April and June1999,
the eastward moving features seem to be well organised with mean phase speed
of about 7m/s. Eastward propagating features were observed to be the dominant
pattern of both lower and upper level winds except for 1999 where westward
propagating zonal wind anomalies were observed between March and June.
Comparing El Nifio and La Nifia years (fig 6.1a&c) two distinct features were
highlighted. First, the eastward propagating OLR anomalies seem to have high
phase speed during La Nifia years, a good example is in 1999 (7m/s). Secondly,
eastward propagating OLR anomalies dominated the western Indian Ocean



6-5
during La Nifia years, a good example is 1988/89 while for El Nifio years the
anomalies maintain westward propagation (1986/87). The presence of eastward
propagating OLR anomalies over the western Indian Ocean during La Nifa years
leads to suppressed convection and dry conditions over the Tanzanian coast.

/
6.2.2 Time series analysis
6.2.2.1 Intraseasonal rainfall variability and criteria for rainfall onset, peak
and end dates’ selection
Figure 6.2(a-c) show the climatological pentad rainfall time series plots for the
coast of Tanzania. CMAP pentad rainfall data is averaged between 38.5°-41°E,
8°-4°S for the northern coast and between 38.5°-41°E, 11°-8°S for the southern
coast. Figure 6.2a represents the time series of long-term mean rainfall over the
area while figure 6.2(b-c) shows rainfall time series for each El Nifio and La Nifia
year during the OND and MAM seasons and preceding months. The El Nifio and
La Nifia composites with their corresponding El Nifio+1 and La Nifa+1
composites are shown in upper figure 6.2d. The rainfall onset, peak and end
(withdrawal) dates were extracted from each time series and presented in tables
6.1-6.3. After a close inspection of time series, the following criteria were used for
the selection of onset, peak, end and major dry spells for each season.

Short rain Season (OND).

Onset: 5-day rainfall 2 7.5mm followed by three consecutive pentads having
rainfall amount of not less than 5Smm/pentad.

Peak: The pentad with highest amount of rainfall in the season.

End: If three consecutive pentads have mean rainfall £ 2mm/day, the preceding
pentad is considered to be the end of rain season.

Dry spell: 5-day rainfall less than 7.5mm.
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Long rain season (MAM).

Onset: 5-day rainfall exceeds 10mm followed by three consecutive pentads

having rainfall amount of not less than 10mm/pentad.

Peak: The pentad with highest amount of rainfall in the season.

%

End: If three consecutive pentads have mean rainfall"< 2mm/day the preceding

pentad is considered to be the end of rain season.

Dry spell: 5-day rainfall less than 10mm.

November to May season (N-M) for southern coast.

Onset: 5-day rainfall exceeds 10 mm followed by three consecutive pentads

* having rainfall amount of not less than 10 mm/pentad.

Peak: The pentad with highest amount of rainfall in the season.

End: If three consecutive pentads have mean rainfall £ 2mm/day, the preceding

pentad is considered to be the end of rain season.

Note: A pentad preceding the onset pentad is considered as the pre-onset.

The selected dates for each season are given in tables 6.1-6.3 below and are

consistent with the dates observed by Mhita and Venaldinen (1992) in their study

of the variability of rainfall in Tanzania using station observed data.

Table 6.1: Rainfall onset, peak, end and major dry spells dates as derived from
CMAP data pentad rainfall time series for northern coast (OND season).

Events Climatology El Nifio composite La Nifia composite
Pre-onset 58" Pentad 54" Pentad 60™ Pentad

(P-1) (13-17 October) (23-27 September) (23-27 October)
Onset 59" Pentad 55" Pentad 61% Pentad

(PO) (18-22 October) (28Sept.-02 October) | (28 October- 01Nov.)
Peak 65" Pentad 65" Pentad 72" Pentad

(P1) (17-21 November) (17-21 November) (22-26 December) .
End 4" Pentad 4" Pentad 4™ Pentad

(P+1) (16-20 January) (16-20 January) (16-20 January)
Major dry 60" Pentad 63" Pentad 63", 68"-69" Pentad
Pentads (23-27 October) (07-11 November) (07-11 Nov., 02-11 Dec.)




Table 6.2: As for table 6.1 but for northern coast (MAM season).
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Events Climatology El Nifio composite La Nifia composite
Pre-onset 13" Pentad 16" Pentad 13" Pentad
(P-1) (02-06 March) (17-21 March) (02-06 March)
Onset 14" Pentad 17" Pentad 14™ pPentad
(PO) (07-11 March) (22-26 March) (07-11 March)
Peak 24" Pentad 25" Pentad 27" Pentad
(P1) (26-30 April) (01-05 May) (11-15 May)
End 31% Pentad 30" Pentad 30" Pentad
(P+1) (31 May - 4 June) (26-30 May) (26-30 May)
Major dry 0 0 0

Pentads

Table 6.3: As for table 6.1 but for each ENSO (northem coast OND season) and
ENSO+1 (northern coast MAM season) year. E and L represent El Nifio and La
Nifia year respectively with corresponding following year E+1 and L+1.

Year | Pre-onset Onset Peak Pentad End Pentad Major dry
Pentad (P-1) | Pentad (P0) | (P1) (P+10 Pentads

1982 | 54" 557 570 3 (1983) 61— 637, 70",

(E) 2™ (1983)

1986 | 58" 59" 67", 69" and | 4™ (1987) 615, 639

(E) 71 and 734

1994 |57 587 69" 2" (1995) 65" and 667

(E)

1997 | 54" 55" 28 Sep | 597 10™ (1998) 60", 63rd, and

(E) 23-27 Sept | — 02 Oct 18-22 Oct 15-19 Feb 5™ (1998)

1983 | 16" 17M 24" 33" 22" and 26™

(E+1)

1987 [ 19" 207 26" 32" 30" and 317

(E+1)

1995 | 19" 20" 30™ 30" 26"

(E+1)

1998 | 16" 170 231 26" 0

(E+1) | 17-21 March | 22-26 March | 21-25 April 06-10 May

1988 | 61% g2 73, 57 (1989) | 5" (1989) 66" and 677

L

1995 | 59" 60" 61% 2"9 (1996) 63, 64", 68-70"

(L) and 73" ‘

1998 | SEE NOTE

(L) BELOW

1999 | 62™ 63 64" 71 68™ and 69T

L)




Table 6.3 continue
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Year | Pre-onset Onset Peak Pentad | End Pentad Major dry
Pentad (P-1) | Pentad (P0) | (P1) (P+10 Pentads

1989 | 18" 19" 22" 30" 0

(L+1)

1996 | 13" 14" 28" 29" 26"

(L+1)

1999 [12" 13" 24" 31 2g"

L)

2000 |15™ 16" 247 27" 22™

L

NOTE: In 1998, the onset and end of rainfall were undefined as the whole
season was dry except 65", 66™ and 67" pentads, which recorded rainfall.
i

The climatological onset, peak and end dates for the southern coast are given
below. This region will not be considered for further analysis in this chapter since
the ENSO impact seems less clear for the long season (November to May). Only
the early season (OND) seem to be consistent with the northern coast OND
season (fig 3.3b).

Onset: 65" pentad (Third week of November).
Peak: 16" pentad (Third week of March).

End: 29" pentad (Fourth week of May).

It is evident from table 6.1, that for OND season the rainfall starts earlier than
climatology during the El Nifio years and the peak of rainfall was observed to
have large amount of rainfall of about 7mm/day (fig 6.2d). La Nifia years show a
late start of the rainy season leading to a short duration of the rainy season and
below average rainfall.

During MAM season (table 6.2), the onset for El Nifio+1 composite was three
pentads late but the amount received was much higher than average with a peak
of about 9mm/day. For La Nifia+1 years, the rainfall starts about the same time
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as the climatological mean but the amount received was more variable. Thus, the
total amount of rainfall received during La Nifia+1 seasons is below average.

Figures 6.2(b-c) illustrate the pentad rainfall time series for each ENSO year. The
plots show that each year has its own characteristics in terms of onset, peak and
end of the rainy season. The details for each year in terms of rainfall onset, peak,
end and frequency of dry spells are illustrated in table 6.3. Most El Nifio years
are found to have a longer rainfall season due to an early onset. For example in
1997, which was the wettest year during the period of study, the rainfall started
about three weeks before and the withdrawal was one month later than
climatology. Most La Nifa years have a shorter rainfall season than average and
this results from late onset. For example in 1998, the length of the rainfall season
was only about two weeks. The common feature for all El Nino years is above
average rainfall during the season while La Nina Years show below average
rainfall during the season.

The onset, peak and end dates of rainfall derived from pentad time series were
used in section 6.3 for analyses of the circulations associated with the onset and
peak of rainfall.

6.2.2.2 Intraseasonal Wind variability.

The lower panel of figure 6.2d and figure 6.2e show the climatological and
composite ENSO years time series for zonal wind at 850, 700 and 200hPa
averaged between 39-41°E, 8-4°S. The plots show zonal wind time series for
both OND and MAM season with preceding months. The OND season was
characterized by easterly wind anomalies for both El Nifio and La Nifia years at
the 850hPa level.
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Comparing the climatological time series with ENSO for 850hPa, the El Nifio
composite shows strong easterly anomalies during the onset of rain season
weakening toward the peak of rain season. This leads to enhanced moisture
convergence resulting in increased rainfall over the coast. Tﬁe La Nifia
composite time series shows weaker easterlies during the onset of rain season
and the rest of the season was dominated by easterly wind of variable strength
leading to below average rainfall. At 700hPa, the El Nifio composite shows
stronger easterlies during the onset of rain season and the strength becomes
variable as the season progress. The La Nifia composite was dominated by
weaker easterlies throughout the rain season.

At 200hPa, the climatological time series shows westerlies from the onset to the
peak of the rain season while easterly wind flow was observed towards the end
of rain season in December. During El Nifio years, strong easterly anomalies
were observed throughout the rain season while La Nifia years shows westerly
anomalies between October and November with weak easterly anomalies
towards the end of the season. The occurrence of weak low-level easterly
anomalies and upper level westerly anomalies during La Nifia years indicate a
weak Walker cell over the region. This is consistent with suppressed convection
and below average rainfall.

For the long rain season, the climatological flow at low levels are easterlies from
the Indian Ocean. During El Nino+1 years, the easterlies were observed to be
stronger during the onset of rain season in March and the peak of the rain
season in May while the rest of the season was characterized by weaker
easterlies. This results in enhanced moisture convergence and increased rainfall
over the coast during El Nifio+1 years.

The dominant feature for La Nifia+1 years (right panel of fig 6.2e) was weaker
easterlies throughout the season with the exception of second week of March
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and first week of May where strong easterly anomalies were observed. Weaker
easterlies during the onset of rain season reduce the amount of moisture
reaching the region from the Indian Ocean and result in below average rainfall.
The features at 700hPa are more or less the same as the features at 850hPa for
both El Nifio+1 and La Nifa+1 years.

At 200hPa, (upper fig. 6.2e) the MAM season was dominated by easterlies over
the region in climatological time series. Generally, the easterlies are strong
during El Nifio+1 years implying upper level divergence, which leads to enhanced
convection and moisture convergence in lower levels. For the La Nifa+1
composite, stronger easterlies were observed in the middle of the season (April)
while the rest of the season was characterized by weaker easterlies and hence
suppressed convection in lower levels.

6.3 Circulations associated with onset, peak and withdrawal of rainfall.

6.3.1 Climatological patterns.

This section looks at mean characteristics of selected meteorological fields
comprising each part of OND and MAM rainfall season. The objective is to
investigate characteristics associated with onset, peak and withdrawal dates
(table 6.1) of rain season over the northern Tanzanian coast. The pentads used
are stratified into four stages: namely, pre-onset (one pentad prior to the onset of
rainfall, or P-1), onset (P0), peak (P1) and the end or withdrawal of rainfall
pentad (P+1). Further details concerning the procedure of selection of these
pentads is given in section 6.2.2.1. The climatological circulation patterns are
computed from data sets ranging from 1979-1999 for OLR and 1970-1999 for
wind. These reference means will be used to compute intraseasonal oscillation
anomalies in the next section.
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6.3.1.1 Climatology for OND season.

Figures 6.3(a&b) illustrate mean patterns of OLR, moisture flux at 850hPa, wind
at 700hPa and 200hPa for P-1, PO, P1 and P+1 phases during the OND season.
One pentad before the onset of the rain season (P-1) (figure 6.3a), a strong zonal
OLR gradient was observed over the equatorial Africa/lndian Ocean region.
Strong convection is occurring over the Congo basin and central Indian Ocean
with less over East Africa.

Westerly moisture flux over the equatorial Indian Ocean feeds the convection
there whereas slightly further south, easterly moisture flux is incident on the
Tanzanian coast. The convective zone centered over the Congo basin extends
eastwards to cover much of western Tanzania and the Lake Victoria basin
indicating the position of the meridional arm of the ITCZ. The belt of easterly
moisture flux between 5°S and 15°S incident on the Tanzanian coast originates
over the Indian Ocean. This indicates advection of moisture from across much of
tropical south Indian Ocean five days before the onset of rain season.

The continental ascending limb of the Walker cell was located over eastern
Congo/western Tanzania where westerly moisture flux from Congo  Basin
converges with southeasterly moisture flux from the Indian Ocean. It is further
indicated by low OLR values over the region with wind divergence at 700hPa.
The maritime ascending limb of the Walker cell is over the eastern Indian Ocean
while the descending limb is over the western Indian Ocean.

During the pentad of rainfall onset (PO) (figure 6.3a) lower panel, the OLR value
over the central Indian Ocean decreases by about 10W/m? with a slight shift
southwards indicating a southward movement of the ITCZ. The moisture flux at
850hPa, wind at 700hPa and 200hPa maintains similar patterns as in P-1 except
that the southerly wind near the Tanzanian coast at 700hPa level was replaced
by westerly flow.
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During the peak of the rain season (P1) (figure 6.3b), a marked eastward extent
of the low OLR values from western Tanzania is evident. The OLR value over the
Tanzanian coast decreases by about 10W/m2 from 270W/m2 to 260W/m?
indicating a zone of convection over the coast. At 850hPa, much of Tanzania is
covered by southeasterly moisture flux. At P1, the entire country is covered by
easterly moisture flux. The ascending limb of Walker circulation maintains its
position over western Indian Ocean with strong low-level easterly moisture flux
incident over the Tanzanian coast and westerly moisture flux feeding the rising
limb of Walker cell over eastern Indian Ocean.

At the withdrawal of the rain season (P+1) (figure 6.3b lower panel), a meridional
gradient of OLR value exists over the coast with OLR values decreasing
southwards towards Mozambique. A minimum value of 200W/m? is reached at
about 15°S indicating the southernmost displacement of the ITCZ. This is well
defined by the 850hPa moisture flux, which is northerly over the coast and
converges with easterly moisture flux over northwest Madagascar. Maximum
rainfall now occurs over northern Mozambique and Madagascar. A marked
southward shift of the westerly moisture flux into the tropical South Indian Ocean
that moves in sympathy with the convective zone over the central Indian Ocean
is evident during this period. Both the continental and maritime ascending limbs
of Walker cell persist from onset, peak to the withdrawal of rain season with the
corresponding descending limb over the western Indian Ocean.

6.3.1.2 Climatology for MAM season.

The long rain season is associated with the northward movement of the ITCZ.
Figures 6.3(c&d) represent long term mean patterns of OLR, moisture flux at
850hPa, wind at 700hPa and 200hPa for P-1, PO, P1 and P+1 phases during the
MAM season. At one pentad before the onset of rain season (P-1) figure 6.3c, a
band of low OLR values extends from the central Indian Ocean through southern
Tanzania covering the entire western part of the country. At this time, the ITCZ
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still lies across northern Mozambique. Between 5°S and 10°S over the Indian
Ocean there was a zonal band of westerly moisture flux with northeasterly
moisture flux closer to the Tanzanian coast. At 850hPa, much of Tanzania is
covered by easterly moisture flux. The descending limb of the Walker cell is over
the western Indian Ocean where westerly moisture flux, which feeds the
convection over the maritime rising limb of Walker cell and easterly moisture flux
originate.

The low OLR values show a slight northward shift in PO indicating the northward
advance of the ITCZ. The position of ITCZ is clearly indicated by converging
southeasterly and northerly 850hPa moisture flux near northern Madagascar with
strong westerly moisture flux in the Indian Ocean, near 10°S. This northward shift
of the convective region in sympathy with the movement of ITCZ results in
enhanced moisture convergence over the Tanzanian coast and increased rainfall
marking the onset of rainfall season.

During the peak of rain season (P1) (figure 6.3d), the merged convective zone
over Africa and the central Indian Ocean basins break up over the equatorial
western Indian Ocean. Thus, a separate zone of low OLR values is established
over the equatorial central Indian Ocean. Together these convective zones
indicate the position of the ITCZ, which is over the northern part of country during
this period. Elsewhere over the Indian Ocean, the OLR values are high
suggesting less convection. At 850hPa, strong southeasterly moisture flux exists
over Tanzania during this period. Westerly moisture flux exists over the central
equatorial Indian Ocean and feeds the maritime convective zone. The slight
eastward shift of the descending limb of the Walker circulation over the western
Indian Ocean as indicated by the origin of easterly and westerly moisture flux
results in enhanced easterly moisture flux convergence over the Tanzanian coast
and increased rainfall marking the peak of rainfall season.
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Towards the withdrawal of the rain season (P+1) (figure 6.3d lower panel), the
ITCZ shifts northward to lie over northern Congo, Kenya and the tropical north
Indian Ocean. The southeasterly moisture flux towards Tanzania curves
northeastwards, i.e., is directed towards the monsoon convection developing
over southern India and adjacent northwestern Indian Ocean. This curvature
indicates the transit towards the East African Low Level Jet. The descending limb
of the Walker cell persists over western Indian Ocean and conditions evolve to
being unfavourable for significant rains over Tanzania.

6.3.2 Anomalies.

6.3.2.1 Results of OLR, moisture flux at 850hPa, wind at 700hPa and 200hPa
anomalies for El Nifio and El Nifio+1, OND and MAM seasons.

The anomalies of OLR, moisture flux, middle and upper level wind for both El
Nifio (OND season) and corresponding El Nifio+1 (MAM season) composite are
given in figures 6.4(a-d). The El Nifio years occurring in the period of study
(1970-1999) with rainfall anomaly value of at least 1 standard deviation during
the OND season (fig 3.2b) with their corresponding following year for MAM
season were considered for compositing under this section. The El Nifio years for
the OND composite are 1972,1982,1986,1994 and 1997 with their corresponding
El Nifio+1 years 1973,1983,1987,1995 and 1998 for MAM season. Note that for
OLR, daily data was available only from 1974. The pentads used are the same
as those used in section 6.3.1 with dates for El Nifio and El Nifio+1 composites
shown in table 6.1 and 6.2 respectively.

Figures 6.4 (a&b) show the OND EIl Nifio composite anomalies. One pentad
before the onset of OND rain season (P-1) figure 6.4a, much of the Indian Ocean
was covered by positive OLR anomalies with highest anomaly value of the order
of 40W/m2 observed over the equatorial central Indian Ocean. At this time, most
of the Indian Ocean north of the equator was characterized by a northeasterly
moisture flux anomaly backing into northerly anomaly on approaching the
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Tanzanian coast. As a result there is little penetration of moisture inland, which is
consistent with positive OLR anomalies over the region. The presence of
anticyclonic moisture circulation over the equatorial western Indian Ocean and
wind convergence at 700hPa (converging in respect to the background flow)
indicates the position of the descending limb of Walker circulation. This is further
indicated by the presence of easterly wind anomalies over much of Tanzania at
200hPa level, which opposes the background flow implying convergence.

By the onset of the OND rain season (PQ) (figure 6.4a lower panel), a deep
convective zone had developed over the equatorial western indian Ocean as
indicated by low OLR values over the region. Enhanced moisture flux
convergence over the Tanzanian coast as indicated by decelerating northeasterly
moisture flux results in increased rainfall over the coast marking the onset of the
rainfall season. At about 5°S, westerly moisture flux anomalies from the Atlantic
Ocean converge with easterly moisture flux anomaly at about 25°E, suggesting
that the influence of the Atlantic Ocean over the Tanzanian coast rainfall may be
minimal.

The band of descending air over the equatorial western Indian Ocean is broken
by the period of convection as the active convergence zone dominates the region
indicating the weakening of the maritime Walker cell. At 700hPa, easterly wind
anomalies occur over the equatorial westem Indian Ocean closer to the
Tanzanian coast while at 200hPa strong westerly wind anomalies dominate the
region implying strong upper level divergence in respect with the background
flow. This is consistent with the convective zone over the region, which suggests
enhanced convection. The presence of an active convective zone over the
equatorial westem Indian Ocean with enhanced moisture convergence results in
above average rainfall over the Tanzanian coast during E! Nifio years.
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At the peak of OND rain season (P1) (figure 6.4b), the convective zone over
western Indian Ocean shows significant westward extent with negative OLR
anomalies of —15W/m? over the coast of Tanzania. The area between 10°N and
5°S over the Indian Ocean shows low-level easterly moisture flux anomalies
opposing the background flow consistent with negative OLR anomalies over the
region. Much of the Tanzanian coast indicates a westerly moisture flux anomaly,
which converges with easterly moisture flux anomaly at about 55°E. Since the
background moisture flux over the region during this time was easterly moisture
flux (fig 6.3b), the westerly moisture flux anomaly tends to oppose the flow
causing deceleration and enhanced moisture convergence over the coast. This
convergence leads to the peak of rain during this pentad of above average
rainfall. Moisture convergence over the Indian Ocean at about 55°E with stronger
negative OLR anomalies over the region coupled with upper level divergence
indicates the position of rising limb of Indian Ocean Walker cell, which shows a
significant westward shift towards East Africa.

At the end of OND rain season (P+1) (figure 6.4b lower panel), the convective
zone over the western Indian Ocean is replaced by periods of clear weather as is
evident from the positive OLR anomalies covering the entire western Indian
Ocean and the Tanzanian coast. The moisture flux over much of the Indian
Ocean indicates a relative divergent pattern as it flows in the same sense as the
background flow. The descending limb of the Walker circulation is over the
Tanzanian coast with divergence in the lower levels as suggested by the
moisture flux plot and convergence in the upper levels. The latter implied by the
wind flow pattern at 200hPa that opposes the background flow. The existence of
descending limb of the Walker cell over the coast suggests subsidence and
reduced clouds, marking the end of the rain season.

Figures 6.4(c&d) represents MAM season. One pentad before the onset of MAM
rain season (P-1) (figure 6.4c¢), a convective zone is apparent over the equatorial
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western Indian Ocean (negative OLR anomalies). The other are of significant
negative OLR anomaly east of Madagascar is too far south to be associated with
the ITCZ. Strong westerly moisture flux feeds the equatorial convective zone,
particularly at 700hPa. The upper level wind patterns shows convergence over
much of the Tanzanian coast suggesting subsidence and hence reduced cloud
one pentad before the onset of the rain season.

During the onset of the rain season (PO) (fig 6.4c lower panel), the negative OLR
anomalies over the equatorial Indian Ocean extend westwards towards the
Tanzanian coast consistent with easterly and southeasterly moisture flux
anomaly opposing the background flow. The ascending limb of the Walker cell is
over the equatorial westemn Indian Ocean as indicated by negative OLR
anomalies and moisture convergence over the region coupled with upper level
wind divergence. The enhanced moisture convergence over the equatorial
western Indian Ocean results in increased rainfall over the coast during MAM
season of the post mature phase El Nifio years.

At the peak of MAM rain season (P1) (fig 6.4d), negative OLR anomalies over
western Indian Ocean deepen reaching a minimum anomaly value of ~25W/m2
centered at 50-55°E and show the westward extent of convection, which covers
the entire northern coast of Tanzania. A cyclonic moisture flux anomaly exists
over the equatorial western Indian Ocean with westerly moisture flux anomaly
across southern Tanzania. This leads to enhance moisture convergence over
much of Tanzania and increased rainfall marking the peak of rainfall season over
the Tanzanian coast. The 700hPa wind shows anticyclonic circulation centered
over Madagascar with strong easterly anomalies over western Indian Ocean and
Tanzania opposing the background flow. This anticyclonic circulation shows
equatorward shift with height centered over the equatorial western Indian Ocean
at 200hPa indicating the position of the ascending limb of the Indian Ocean
Walker cell.
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Towards the withdrawal of MAM rain season (P+1) (fig 6.4 lower panel), the
convective zone over the equatorial western Indian Ocean shows an eastward
shift leaving weak negative anomalies over the Tanzanian northern coast. The
cyclonic moisture flux anomaly over the equatorial western Indian Ocean is no
longer apparent and an equatorial westerly moisture flux, which feeds the
maritime convective zone, is evident. The descending limb of the Walker cell is
over the equatorial western Indian Ocean as indicated by high OLR values over
the region with wind convergence at 200hPa implying reduced cloud cover. This
marks the end of the rainfall season over the Tanzanian coast.

6.3.2.2 Results of OLR, moisture flux at 850hPa, wind at 700hPa and 200hPa
anomalles for La Nifia and La Nifia+1 years.

The anomalies of OLR, moisture flux, middle and upper level wind for both La
Nifia (OND season) and corresponding La Nifia+1 (MAM season) composite are
given in figures 6.5(a-d). The La Nifa years occurring in the period of study
(1970-1999) with rainfall anomaly value of < -1 during the OND season (fig 3.2b)
with their corresponding following year for MAM season were considered for
compositing under this section. These La Nifia years composited for the OND
season were 1970,1973,1975,1988, 1998 and 1999 with their corresponding La
Nifia+1 years being 1971,1974,1976,1989 and 1999 for the MAM season. The
pentads used are the same as those used in section 6.3.1 with dates for La Nifia
and La Nifia+1 composites shown in table 6.1 and 6.2 respectively.

Figures 6.5(a&b) shows the OND La Nifa composite anomalies. One pentad
before the onset of OND season (P-1) (figure 6.5a), the La Nifia composite is
more or less the reverse of the El Nifio composite with negative OLR anomalies
over the equatorial central Indian Ocean coupled with westerly moisture flux
which feeds the convection there. The presence of off shore (westerly) moisture
flux over the Tanzanian coast suggests suppressed moisture advection one
pentad prior to the onset of rainfall season. The upper level divergent wind flow
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suggests that the position of the rising limb of Walker cell is located over the
equatorial central Indian Ocean consistent with negative OLR anomalies
apparent over this part of the Ocean.

During the onset of the OND rain season (P0) (figure 6.5a), the negative OLR
anomalies over the central Indian Ocean are strengthened reaching about -
30W/mz2 at 80°E. Tanzania shows positive OLR anomalies suggesting reduced
cloud and convection. Westerly moisture flux anomalies exist over much of the
Indian Ocean, which feeds the convective zone centered at about 80°E. This
offshore moisture flux results in reduction of rainfall over the Tanzanian coast
during La Nifa years. The ascending limb of the Walker cell over the central
Indian Ocean maintains its position as identified by enhanced westerly moisture
flux with wind divergence in the upper levels.

At the peak of the OND rain season (P1) (figure 6.5b), positive OLR anomalies
were observed over the Tanzanian coast with highest values of 15W/m?
indicating suppressed convection over the coast. The moisture flux anomaly plot
is roughly a reverse of the El Nifio composite with westerly moisture flux anomaly
near the equator in the Indian Ocean and easterly moisture flux anomaly closer
to the Tanzanian coast. The easterly moisture flux over the coast causes
acceleration of background moisture flux resulting in moisture flux divergence
and reduction of rainfall, which is consistent with positive OLR anomalies over
the region. At 700hPa, there are strong westerly anomalies over the coast
accelerating the background flow (fig 6.3b) and hence divergence. Divergence at
middle levels weakens the vertical extent of convective clouds resulting in
reduced rainfall.

At the end of the OND rain season (P+1) (figure 6.5b lower panel), the La Nina
composite again shows roughly the reverse pattern to the El Nifio composite.
Negative OLR anomalies are apparent over most of the Indian Ocean indicating



6-21
a strengthened Walker cell over the Indian Ocean and reduced uplift over East
Africa. Northeasterly to northerly moisture flux anomalies exist near the coast
with relative divergence, marking the end of the rainfall season.

Figure 6.5(c&d) shows MAM La Nifa+1 composite anomalies. One pentad
before the onset of MAM rain season (P-1) (figure 6.5c), negative OLR
anomalies cover the Tanzanian coast and positive OLR anomalies are located
east of Madagascar. An anticyclonic moisture flux anomaly is evident over the
Indian Ocean east of Madagascar. The northerly moisture flux anomalies over
the Tanzanian coast are in the same direction as the background flow implying
moisture flux divergence. The convective zone over the Tanzanian coast is short-
lived since there is upper level wind convergence, which implies descending
motion over the region.

During the onset of MAM rainfall season (P0) (figure 6.5¢) lower plot, a dipole
pattern in OLR anomalies exists over the indian Ocean with positive anomalies
south of 10°S and negative anomalies to the north. All of Tanzania shows weak
negative OLR anomalies. The anticyclonic moisture flux anomaly east of
Madagascar shows a slight westward shift, which allows easterly to southeasterly
moisture flux to dominate much of the Indian Ocean south of the equator. The
presence of this anomaly causes the moisture flux anomaly over the Tanzanian
coast to be of the same sense as the background flow and therefore divergent,
leading to and reduction of rainfall. At 700hPa, there is convergence implying
subsidence and below average rainfall.

During the peak of MAM rainfall season (P1) (figure 6.5d), negative OLR
anomalies were observed over the Tanzanian coast consistent with moisture flux
convergence over the region. However, the development of deep convective
clouds is unlikely due to persistence of upper level wind convergence at 200hPa.
Below average rainfall over the Tanzanian coast is evident during this period.
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Towards the withdrawal of MAM rain season (P+1), the convective zone develop
over the northwest Indian Ocean with strong westerly moisture flux feeding the
convection. This northward displacement of the convective zone is in sympathy
with the movement of the ITCZ. The descending limb of the Walker cell is over
the Tanzanian coast, with reduced cloud over the coast as indicated by positive
OLR anomalies. This marks the end of rainfall season over the northern coast of
Tanzania.

6.3.2.3 Resuits of OLR, moisture flux at 850hPa, wind at 700hPa and 200hPa
anomalies for extreme El Nifio event of 1997/98.

The 1997/98 El Nifio was an extreme event during the period of study. This El
Nifio was extreme in the sense that widespread rainfall with flooding led to
significant socio-economic disruption over East Africa. During OND 1997, which
also occur a positive Indian Ocean Zonal Mode event, the northern coast of
Tanzania recorded the highest rainfall anomaly value of the 1970-1999 period
with a standardized departure of about 4.5 (fig 3.1b). A significantly longer than
normal rainfall season extending from September 1997 to February 1998 (fig
6.2b), occurred with a relatively dry spell of only about one month before the
onset of MAM rainfall season. The interannual analysis (chapter 5) of this thesis
noted that 1997 was a positive Indian Ocean zonal mode year. The contrast in
SST anomalies over the equatorial western and eastern Indian Ocean tends to
amplify the El Niflo signal, which was the case for 1997. This section aims at
analyzing the anomalous intraseasonal circulations associated with this extreme
El Nifio event.

The anomalies of OLR, moisture flux, middle and upper level wind for both 1997
OND season and corresponding 1998 MAM season are given in figures 6.6(a-d).
The pentads used are the same as those used in section 6.3.1 with dates for
OND 1997 and MAM 1998 shown in table 6.3. For the 1997 OND season {fig
6.6a), one pentad before the onset of the rainfall season (P-1), positive OLR
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anomalies of the order of 60W/m2 were observed over the equatorial central
Indian Ocean. These high positive OLR values seem to be the westward extent
of high positive OLR values spreading out from the centre of suppressed
convection over equatorial eastern Indian Ocean and Indonesia. Strong easterly
moisture fluxes originating from this broad zone of subsidence advect moisture
towards the Tanzanian coast one pentad before the onset of rainfall season.

During the onset of the OND rainfall season (P0) figure 6.6a lower panel, the
positive OLR anomalies over the equatorial central Indian Ocean move eastward
while a strong convective zone develops over the equatorial western Indian
Ocean with larger negative OLR anomalies of about -50W/m2. This convective
zone extends westward to cover much of the East African coast and southward
east of Madagascar over the tropical South Indian Ocean. Strong easterly
moisture flux emanating from the zone of subsidence over the equatorial East
Indian Ocean provides energy and moisture to sustain the convection. The
convective zone over the equatorial western Indian Ocean is about —30W/m?
below the El Nifio composite OLR anomaly value indicating deep convective
clouds over the region which resulted into extreme high rainfall over East Africa.

The establishment of a reverse circulation to the background flow over the Indian
Ocean with strengthened easterly moisture flux along the equator caused by
subsidence over the eastern Indian Ocean and convection over the western
Indian Ocean is related to the eastward shift of the Walker circulation over the
Pacific Ocean. With this reverse circulation, the ascending limb of the Indian
Ocean Walker cell is located over the East African coast as indicated by strong
westerly flow in the upper levels with a ridge over East Africa. The easterly
anomalies and convective zone over the equatorial western Indian Ocean are
stronger than El Nifio composite.
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During the peak of the OND rainfall season (P1) (figure 6.6b), the convective
zone over the western Indian Ocean shows a significant westward extent
covering all of East Africa with strongest negative OLR anomalies of about —
60W/m2 centered over the northern coast of Tanzania and southern Kenya. The
subsidence zone over equatorial East Indian Ocean moves westward as
indicated by high positive OLR anomaly values over the equatorial central Indian
Ocean. Enhanced moisture flux convergence over the Tanzanian coast results in
the highest peak of rainfall of about 21mm/day (fig 6.2b). The upper level flow
shows equatorward displacement of the Indian Ocean high-pressure cell, with
enhanced westerly anomalies over much of the East African regions, which
sustain the convective zone there.

Towards the withdrawal of rainfall season (P+1) (figure 6.6b lower panel),
positive OLR anomalies cover much of East Africa while a convective zone has
developed over the central Indian Ocean. Strong westerly moisture flux exists
over the western Indian Ocean feeding this convective zone. The descending
limb of Walker cell is located over the western Indian Ocean near the Tanzanian
coast as indicated by high OLR values over the region coupled with upper level
wind convergence. This implies reduced rainfall over the region, marking the end
of the wet season.

For the 1998 MAM season (fig 6.6c&d), one pentad before the onset of rainfall
season (P-1) (figure 6.6¢c), a tongue of positive OLR anomalies, emanating from
the tropical South Indian Ocean, extends westward through Madagascar over
Tanzania. Over the equatorial western Indian Ocean, a convective zone centered
at about 65°E was observed. Strong moisture flux convergence occurs over the
convective zone with weak convergence closer to the Tanzanian coast. At
700hPa, strong winds feed the convective zone over the equatorial western
indian Ocean while at 200hPa; outflow motion is evident, indicating the rising
limb of the Walker cell.
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During the onset of rainfall season (P0) (figure 6.6¢c lower panel), the convective
zone over the equatorial western Indian Ocean shows westward displacement to
extend over the East African coast. Strong easterly moisture flux converging with
southeasterly moisture flux along the Tanzanian coast feeds this convection. The
presence of enhanced moisture convergence over the Tanzanian coast leads to
above average rainfall.

During the peak of rainfall season (P1) (fig 6.6d), a zone of negative OLR
anomalies is oriented in a NW-SE direction from the East African coast to the
subtropical South Indian Ocean southeast of Madagascar with positive OLR
anomalies elsewhere over the tropical western Indian Ocean. Easterly moisture
flux over the equatorial western Indian Ocean feeds this convection. Enhanced
moisture convergence of this flux with southeasterly flux near the Tanzanian
coast leads to above average rainfall. The upper level flow shows a westerly
wave pattern with a ridge over East Africa indicating the position of the rising limb
of Walker cell.

Towards the withdrawal of rainfall season (P+1) (figure 6.6d lower panel), a
dipole pattern in OLR exists with positive anomalies over southern Africa and the
South West Indian Ocean and negative anomalies over the tropical Indian
Ocean. A strong convective zone exists over the equatorial central Indian Ocean
where strong westerly anomalies at lower levels supply moisture and energy to
sustain it. At 200hPa, westerly wind anomalies exist over the equatorial Indian
Ocean. These anomalies are in the same sense as the background flow implying
divergence and indicate the position of the rising limb of the Walker cell over the
equatorial central Indian Ocean.

It is evident from the above discussion that wet conditions during El Nifio years
are associated with enhanced convection and easterly flow over the equatorial
western Indian Ocean and a reverse for dry La Nifia.
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Figure 6.1a: Hovmaller plots of bandpass filtered OLR, zonal wind at
850hPa and 200hPa for El Nifio years during OND season.
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Figure 6.1b: As for figure 6.1a but for El Nifno+1 years during MAM
season
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Figure 6.1c: As for figure 6.1a but for La Nina and La Nina+1 years.
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Figure 6.2a: Climatological Pentad rainfalt time series for northern and

sauthern coast of Tanzania
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HAM petod ridn 1957 (F4.5-01F, #-45)
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Figure 6.2d:Northern coast pentad rainfall time series for El Nifio/La
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Chapter 7: Summary and conclusion

The relationship between seasonal rainfall over East Africa with ENSO {El Nifio
Scouthern Osciliation), regional S8T (Sea Surface Temperature) variability and
the QBO (Quasi-Biennial Oscillation) has been documented in earlier studies
(e.q. Indeje et al. 2000, Ogallo, 1988 etc). Relatively few investigators have
sonsidered the association of ENSQ and rainfall over specific sub-regions of East
Africa, The main aim of this research was to examine the time space evolution of
the ENSO signal in tropical Indian Ocean, and to investigate the cbserved
teleconnections with rainfall over the seastal regions of Tanzania, with the view
of extracting main seasonal rainfall precursers during ENSO years. The Atlantic
Ocean signal were considered but found to have no significant influence on the
Tanzanian coastal rainfall and hence the emphasis was given to the Indian
Ocean. This study also considered cother patterns of interannual variability (e.g.
the Indian Ocean zonal mede) that may influence coastal Tanzania rainfall. It
was algo aimed at investigating the nature of intraseasonal raintall variability over

coastal Tanzania and how this related to ENSO,

Using data from Tanzanian coastal stations, a rainfall index was formed and
used to identify the rainfall characteristics of each ENSO year. Monthly
ancmalies of selected meteorological fields were analyzed for El Nifio/La Nina
composites and each event to determine the mechanisms asscciated with
seasonal rainfall over the Tanzanian coast during ENSQ years. The analyzed
metecrological fields start two months prior to the cnget of the rainfall seascn for
potential predictive purposes. Time sedes plots of rainfall and wind were
analyzed at intraseasonal time scale and the rainfall onset dates derived. Time-
longitude or Hovmolier plots of bandpass litered OLR, zonal winds at 850hPa
and 200hPa levels. revealed the propagating nature and coupling of local

circulations and convection.

The analysis of the monthly climatological fields for both QOND and MAM season

revealed that the rainfall obsenved over the Tanzanian coast was mainly
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associated with the north-south migration of the ITCZ. Two peaks were evident,
one in April when the ITCZ crosses the region on its way to the northern
hemisphere. The other peak occurs in November when again the ITCZ crosses
the region as it moves to the southern hemisphere. However, significant
departures to these mean conditions occur during ENSO years. Scrutiny of the
rainfall index for the north coast shows that all El Nifio and El Nifio+1 years were
associated with above normal rainfall while La Nifa and La Nifia+1 years shows
below normal rainfall. Similarly the Indian Ocean positive zonal mode years were
observed to have above normal rainfall while Indian Ocean negative zonal mode
years reported drier conditions. Signal over the South coast are mixed although
most El Nifio’s led to wet OND there and most La Nifia's are dry.

The scrutiny of the anomalies for selected meteorological fields indicates that
above average rainfall during El Nifio years is associated with the contrasting
warm (cool) SST anomaly patterns coupled with the contrasting negative
(positive) OLR anomalies in the western (eastern) equatorial Indian Ocean.
Easterly wind and moisture flux anomalies occur over the equatorial eastern
Indian Ocean with moisture flux convergence over the Tanzanian coast. The
most remarkable feature, which enhances convergence over the Tanzanian
coast during El Nifio years, is the low level wind and moisture flux cyclonic
anomaly southeast of Madagascar. The occurrence of the rising limb of the
Indian Ocean Walker cell over equatorial western Indian Ocean was also an
important feature for increased rainfall over the Tanzanian coast during El Nifio
years. Note that for the north coast, wet conditions of the OND season of the El
Nifio years are extended to the usually dry months of January and February of
the El Nifio+1 years. These conditions reverse during La Nifia years and dry
conditions persist over the Tanzanian north coast.
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During the OND season, the south coast shows ENSO impacts more like the
northern coast and the rest of East Africa. Easterly wind and moisture flux
anomaly together with moisture flux convergence leads to significant rainfall
during El Nifio years. For La Nifia years, dry conditions persist due to
occurrence of moisture flux divergence over the south coast. On the other hand
in JFM the south coast indicates a mixed ENSO signal with some wet and dry
years occurring during both El Nifio and La Nifa. It appears that, for JFM, the
south coast may be a transition region between the opposite signal impacts of
southern Africa and East Africa.

During wet non-ENSO years when there is no zonal mode SST anomaly pattern
in the equatorial Indian Ocean, the regional wind circulation patterns are
important for determining the nature of the rainfall over the Tanzanian coast.
Cyclonic wind and moisture flux anomaly closer to the Tanzanian coast leads to
above average rainfall while anticyclonic circulations result in below average
rainfall over the Tanzanian coast. Varying surface boundary forcing conditions
over the region, including vegetation cover, soil moisture and topography may
also be important during these years. However, the lack of high-resolution data,
which can identify meso-scale factors, contribute to the difficulties in assessing
this contribution and to improving seasonal forecasting.

On the intraseasonal time scale, the OLR and zonal wind Hovmoller plots
revealed eastward and westward propagating as well as stationary features over
the Indian Ocean. It was observed that the propagating features were absent
during strong El Nifio years while for strong La Nifia years they are present. It is
also found that the areas of large negative OLR anomalies (strong convection)
couple well with areas of strong westerly anomalies in lower levels with strong
easterly anomalies in the upper levels.
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The rainfall time series revealed that increased rainfall during El Nifio years was
associated with an early onset while reduced rainfall during La Nifla years was
associated with late start of the season. The wind time series indicate that the
increased rainfall during El Nifio years was associated with low-level easterly
anomalies during the onset of the rainfall season weakening towards the peak of
the rain season. This situation implies enhanced moisture advection during the
onset and moisture convergence during the peak. During La Nifia years the
reverse is true.

The climatological plots at intraseasonal time scale confirm the association of
Tanzanian coast rainfall with the migration of the ITCZ. The peak of the rainfall
season is found to occur while the ITCZ is over the region. Similarly, increased
rainfall during El Nifio years was observed to be associated with enhanced
convection and moisture flux convergence over the Tanzanian coast with reverse
during La Nifa years. The wet conditions of the OND season of the El Nifo onset
years are extended to the usually dry months of January and February of the
post mature phase E! Nifio year. A good example is 1997/98, which was the
strongest event during the period of study.

In conclusion, the association of ENSO with seasonal rainfall over the Tanzanian
coast has been clarified in this thesis._ However, ENSO explains about 50% of the
East African rainfall variance, with other factors explaining the remaining
variance (Ogallo, 1988). This thesis focuses on the association of the Tanzanian
coast rainfall with ENSO. Future work may look at other factors explaining the
remaining 50% variance. Further detailed study could consider the physical and
dynamical changes over the Indian Ocean associated with prolonged wet and dry
spells over the Tanzanian coast. This will be a step towards finding statistical
patterns and predictors for intraseasonal rainfall, which is important for planning
of agricultural activities. Another important question to be considered in a future
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study involves clarifying the complex ENSO signals over the south coast for the
JFM season.

For predictive purposes, SST anomalies, OLR anomalies, wind and moisture
flux anomalies over the equatorial Indian Ocean are able to show a distinctive
differences between the dry and wet periods.

Some weaknesses of the present study should however, be mentioned. The
NCEP re-analyses and CMAP data used in this study are of short duration and
hence possible decadal variability has not been significantly identified. The
CMAP rainfall data is available from 1979 hence there were no rainfall plot for
ENSO years, which occurred before 1979. NCEP re-analyses are at 2.5°
resolution and may not necessarily represent the details of SST, topography, soil
and vegetation. Also, these re-analyses may not have as many local
observations available for assimilation compared to other regions, and this may,
potentially reduce the accuracy.

This thesis has contributed to the understanding of the association of ENSO with
rainfall over the Tanzanian coast. It is revealed from this study that the ENSO
signal for the southern coast of Tanzania is disorganized due to the fact that the
region lies in the transition zone between southern Africa and equatorial East
Africa, which have contrasting ENSO impacts. Evidence of intra-seasonal
variability signals have been examined in this study, which have not been
considered in earlier studies work.

A detailed study of the physical and dynamical changes over the Indian Ocean
associated with prolonged wet and dry spells over the Tanzanian coast is
required. To do so, will require application of atmospheric and ocean models.
The knowledge thereby gained will lay facilitation for the formulation of
intraseasonal rainfall prediction models.



APPENDIX A

PENTAD

MONTH | DATE | PENTAD | MONTH | DATE
o1 JAN 01-05 38 JUL 05-09
02 JAN 06-10 39 JUL 10-14
03 JAN 11-15 40 JUL 15-19
04 JAN 16-20 41 JUL 20-24
05 JAN 21-25 42 JUL 25-29
06 JAN "26-30 43 JUL-AUG | 30-03
07 JAN-FEB | 31-04 44 AUG 04-08
08 FEB 05:09 45 AUG 09-13
09 FEB 10-14 46 AUG 14-18
10 FEB 15-19 47 AUG 19-23
il FEB 20-24 48 AUG 24-28
12 FEB-MAR | 25-01 49 AUG-SEPT | 29-02
13 MAR 02-06 50 SEPT 03-07 |
14 MAR 07-11 51 SEPT 08-12
15 MAR 12-16 SEPT 13-17
16 MAR 17-21 53 SEPT 18-22
17 MAR | 22-26 SEPT 2327 |
18 MAR | 27-31 55 SEPT-OCT | 28-02
19 APR 01-05 56 OCT 03-07 |
20 " APR 06-10 57 OCT 08-12
21 APR 11-15 58 OCT 13-17 |
22 APR 16-20 59 OCT 18-22
23 APR 21-25 60 OCT 23-27
24 APR 26-30 61 OCT-NOV | 28-01
25 MAY 01-05 62 NOV 02-06
26 MAY 06-10 63 NOV 07-11
27 MAY 11-15 64 NOV 12-16
28 MAY 16-20 65 NOV 17-21 |
29 MAY 21-25 66 NOV 22-26
30 MAY 26-30 67 NOV-DEC | 27-01
31 MAY-JUN | 31-04 68 DEC 02-06
32 JUN 05-09 69 DEC 07-11
33 JUN 10-14 70 DEC 12-16
34 JUN 15-19 7! DEC 17-21
35 JUN 20-24 £7) DEC 22-26
36 JUN 25-29 73 DEC 27-31
37 JUN-JUL | 30-04
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APPENDIX B

Analysis of each ENSO year.

Because of the tendency for composites being biased towards stronger events, a
case-by-case examination of ENSO years composited for the OND season is
performed here.

Each El Nifo year

Scrutiny of each El Nifio year reveals that except for 1986 all composited years
were also positive Indian Ocean zonal mode years. Those El Nifio years
occurring within the study period (1970-1999), which were not composited due to
insignificant rainfall anomaly values (<1) were non Indian Ocean zonal mode
years. This implies that the positive Indian Ocean zonal mode may amplify the EI
Nifio signal over Tanzania. Analysis under this section will attempt to find out why
these other El Nifio years were not significantly wet. For brevity only the monthly
anomaly fields for the rainfall peak in November will be presented. However, the
anomaly fields for October 1986, 1990 and 1995 were significantly different from
composites and will also be presented.

Monthly anomaly fields for each composited El Nifio year during the peak of the
OND rainfall season in November are shown in figures A1-A5. Scrutiny of these
years indicate that almost all the meteorological fields are more or less similar to
the El Nifio composites. Warming occurs over the western Indian Ocean with
enhanced moisture flux convergence throughout the rainfall season. However in
October 1986 (fig D1) the SST and low-level wind anomaly patterns indicate a
significant departure from the El Nifio composite. Cool SST anomalies extend
over much of the equatorial Indian Ocean with low-level westerly wind anomalies
between the equator and 5°N. Negative latent heat flux anomalies occur over
much of Tanzania with moisture flux divergence over the Tanzanian coast
consistent with below average rainfall observed. This year was wet during
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November and December resulting into significant rainfall in the seasonal total,
and thus this year was included in the composites. It appears that the Indian
Ocean signal in 1986 begin later than for other years.

Figures B1-B2 indicates November monthly anomaly fields for 1990 and 1991,
which were El Nifio years with less than one standard deviation rainfall anomaly
and hence not included in the composite. Comparison of these years with El Nifio
composites indicates that 1990 and 1991 were significantly wet during November
only, which resulted in insignificant rainfall anomaly in the seasonal total while El
Nifio composites indicate wet conditions throughout the rainfall season.

During the onset of the short rainfall season in October both 1990 and1991
experience dry conditions. In October1990 (fig D2), negative SST anomalies
were located at about 55°E over the equatorial western Indian Ocean while
closer to the Tanzanian coast positive SST anomalies exist. The low level wind
and moisture flux anomaly plots show a cyclonic anomaly centered at about 5°S
and 65°E. This circulation is associated with moisture flux convergence mainly
over the Kenyan coast where above average rainfall was observed. However, the
Tanzanian coast experienced dry conditions.

In October 1991 (not shown), warm SST anomalies occurred over much of the
equatorial western Indian Ocean. Strong westerly wind anomalies extended over
much of the equatorial western Indian Ocean in the lower and middle levels. The
850hPa moisture flux anomaly plot shows a cyclonic moisture flux anomaly
northeast of Madagascar with enhanced westerly moisture flux anomalies over
the entire East African coast. Southerly moisture flux anomalies advected
moisture from the South West Indian Ocean towards the Tanzanian southern
coast where significant rainfall occurred. Dry conditions occurred over the
Tanzanian northern coast due to the dominance of westerly moisture flux
anomalies.
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It is evident from the above discussion that each year indicates different SST and
wind anomaly patterns that led to dry conditions. It was further observed that
wind anomaly patterns are more important for modulating Tanzanian coast
rainfall rather than SST alone. Warm SST anomalies closer to the Tanzanian
coast coupled with easterly (westerly) wind anomalies leads to wet (dry)
conditions. The above average rainfall revealed in the El Nifio composite resulted
from warm SST anomalies closer to the Tanzanian coast with enhanced easterly
wind and moisture flux anomalies over much of the equatorial western Indian

Ocean.

At the peak of the short rainfall season in November both 1990 and 1991
observed wet conditions. In November 1990 (fig B1), the SST anomaly plot
indicates a significant departure from the El Nifio composites. Negative SST
anomalies extend over the equatorial western Indian Ocean closer to the
Tanzanian coast. However, above average rainfall occurred mainly due to
increased evaporation near the coast and easterly wind and moisture flux
anomalies over the region.

In November 1991 (fig B2), warm SST anomalies extend over much of the
equatorial western Indian Ocean. However, the SST anomalies are weaker
compared to the El Nifio composites, with a pool of cool SST anomalies closer to
the Tanzanian coast. The moisture flux anomaly plot indicates a slight westward
shift of the cyclonic moisture flux circulation northeast of Madagascar with
enhanced easterly moisture flux anomaly over much of Tanzania and the
equatorial western Indian Ocean between the equator and 10°N. Enhanced
evaporation occurred offshore for the north coast. These circulations led to above
average rainfall observed over the Tanzanian coast.
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Again each year indicates its own SST, wind and moisture flux anomaly patterns,
which led to above average rainfall. Significant rainfall observed in the El Nifio
composite resulted from both positive SST anomalies over the equatorial western
Indian Ocean and moisture flux convergence over the Tanzanian coast.

Towards the withdrawal of the short rainfall season in December (not shown)
both 1990 and 1991 observed cool SST anomalies and moisture flux divergence
over the Tanzanian northern coast, which resulted in reduction of rainfall. The
significant above average rainfall observed in the El Nifio composite resulted
from warm SST anomalies over much of the equatorial western Indian Ocean,
strong easterly low-level wind anomalies along the equator with enhanced
moisture flux convergence over the Tanzanian coast.

in summary, 1990 and 1991 were insignificantly wet since the El Nifo signal was
not coherent over the Indian Ocean during these years. The other protracted El
Nifo years of 1992, 1993 have not been considered as they produced below
average rainfall over the north coast in OND. During the positive Indian Ocean
zonal mode years (e.g. 1994), the El Nifio signal over the equatorial western
Indian Ocean is amplified with warming over the region throughout the rainfall
season. Therefore the El Nifio signal which leads to significantly above average
rainfall over the Tanzanian coast is the one which manifest itself with significant
warming over the equatorial western Indian Ocean and significant easterly
anomalies over the central and eastern tropical Indian Ocean.

Each La Nifa year

Scrutiny of each La Nifia year composited reveals that 1970 and 1998 were
negative Indian Ocean zonal mode years; however the rainfall anomalies are
similar to other Indian Ocean non-zonal mode La Nifia years. This suggests that
the negative Indian Ocean zonal mode may have less significant effect on La
Nifia signal than the positive phase on the El Nifio signal. The rainfall anomaly
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value for 1995 was less than 1 standard deviation and hence 1995 was not
included in the composite. It was shown that October 1995 was a wet month,
which led to insignificant dry conditions over the seasonal total. All La Nifia years
composited were dry throughout the rainfall season and the anomaly fields are
more or less similar to the La Nifia composites except for 1988 where wet
conditions was observed in December mainly over the southern coast. Under this
section further analysis of 1995 was carried out to establish the reasons why it
was not significantly dry. The meteorological fields will be contrasted with the La
Nifia composite during the rainfall season.

Figures C1-C5 illustrates November anomaly fields for each composited La Nifa
year. Scrutiny of these years indicates that almost all the meteorological fields
are more or less similar to the La Nifia composite. However in December 1988
(not shown), some of the meteorological fields indicate a significant departure
from the La Nifa composite. Warm SST anomalies occur over much of the
equatorial western Indian Ocean with easterly wind anomalies in the lower and
middle levels. Positive latent heat flux anomalies and negative OLR anomalies
occur over the equatorial western Indian Ocean closer to the Tanzanian coast
together with easterly moisture flux anomaly. This situation led to above average
rainfall observed over much of the southern coast of Tanzania in December
1988.

Figures D3 and D4 indicate November anomaly fields for 1995, which was a La
Nifia year with less than one standard deviation rainfall anomaly over the
Tanzanian coast and hence not included in the composite. During the onset of
the short rainfall season in October 1995 (fig D3), positive SST anomalies cover
much of the Indian Ocean and extend to the Tanzanian coast. Easterly moisture
flux anomalies exist over the equatorial western Indian Ocean backing to
southerly moisture flux anomaly over the Kenyan coast and decelerating towards
the Tanzanian coast. Positive latent heat flux anomalies extend over the
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Tanzanian coast consistent with above average rainfall observed. However in the
La Nifia composite the below average rainfall arises from cool SST anomalies
over the equatorial western Indian Ocean, negative latent heat flux anomalies
over the Tanzanian coast and westerly moisture flux anomalies over much of the
equatorial western Indian Ocean.

At the peak of the short rainfall season in November, both 1995 and La Nifa
composite are characterized by below average rainfall. In November 1995 (fig
D4), almost all the meteorological fields indicate similar patterns as the La Nifia
composite except the pool of warm water closer to the Tanzanian coast. Below
average rainfall observed in both 1995 and the La Niha composite resulted from
the occurrence of negative SST anomalies with strong westerly wind and
moisture flux anomalies over the equatorial western Indian Ocean. The
continental negative latent heat flux anomalies with moisture flux divergence over
the Tanzanian coast are consistent with dry conditions.

Towards the withdrawal of the short rainfall season in December, again both
1995 and the La Nifia composite observe below average rainfall. However the
patterns which led to these dry conditions are different in1995 compared to the
La Nifia composite. In December 1995 (not shown), positive SST anomalies
extend over much of the equatorial western Indian Ocean with low-level easterly
wind and moisture flux anomalies along the equator. However, below average
rainfall was observed over the Tanzanian coast due to suppressed evaporation
from the source regions of these easterly anomalies and negative latent heat flux
anomalies over much of Tanzania. This was in contrast to the La Nifia composite
which shows negative SST anomalies over the equatorial western Indian Ocean
and low-level westerly wind anomalies along the equator.
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Figure A3: As for figure A1 but for 1986
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Figure A4: As for figure A1 but for 1994
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Figure D1: As for figure A1 but for October 1386.
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Figure D2: As for figure A1 but for Qcteber 1980
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Figure Bl: As for A1 but far 1990



T IS B PR B 1 SEnia 1nd (e ing gt

- . v -y
S W SR R S, ..,._,_Mf..“. L .114.}.... * sy
el . -....ru...,_...u. a PR o T S
Y Y PR L L, B S T o G SR

e B L o = .y gh . L
T e e BRI B S P =5 1L, g o o 1 O S S Loy 4
1 J b ) N TR S S b % S
i B R o ot I S W PPCR S s e
A A n A .ﬁm..r_...,u......._; R
4 o A Ao f o TR 14#1.‘...-....__4_1..-_.4“
e T e T TR WML S e B e S N S - A P S, |
3 A e F e W v...ni

Wen 130 _H..Tﬂn Wy Towemicl sod ..r.,.s.n.‘-i._.-i._.

S ——

il i Y

- %q“u._.luv..

E1 BT E AR

:..#.,._rr.wne,,__......?._—.

m e Rl ;

R St .A.xf.“.n.__ iy F_ﬁ_..vi.#._ﬂx_r%s.h.q

ak E.....rf.n..,...w..L.M‘ ..Q.;._twr...rku._.i_fra.

- wf.r.:m.r_..,x.w T L s T RIAFET Y

= v}ﬁx.n..._.,.._,w.ﬁ.m‘ﬁ.. AR b TN RS 4

EEAA R e il N A P O ok

- }k#ur.,._r..\.__.,._.wrﬂ AALAA Lb v AEF

P D I O S S P S |

- E ] o ady 4 24 -
=

Mre B8 gl rofvirs *on meoerhe LATE)

£ - 4
= -
i may
Lot iy i i o
™ | = ._
f 5
1 I v
-3 b i - "
! am
- Wil
I m
i
L Al h- _
. i P L
B ; = £ |
., B
i i
T e 1]
i i ot i 1 ]
e N IR 0 5530 IV v LA :
e T3 = = =] = = = T & L™ e A £ . 3 ] ™ =

Figure B1 continue



ar 133 551 Anamaly 1]

b (PR E LR PR
] T e
= Loyl AdAAa, G,

E R mme——

i
)
3
'S

W Ll o e [ R B

L e TR R ERA R b
I Ak fowma b sakdedd
Ml v ad hgad L2 P Y A R IR T A

L e I T Y
M| FE AT N R
AP mpinaLdgd

i W T
o Jah ST AR R

ol TATAS g
oz .

By g
] EF P

Bt kb Loy g hE ¥
Faka o faves »;’ b

u
TWlavwawodd fe bppolyun
wwe i ad NED A Ay
b T R L

R A T EE bk gy
w by Ay

TR RTE R LR e

a

How 1937 Z00 nPg Wind promaly {mfs)
T

AL YR = o iy . = T
H_,.E;,‘r-“.rahu-._ i b q-.:..,_.”‘.,u_

- Y AR L 4 AT, TR (o
- .\.._,_1.,;;- 1:..;,“. ‘.x-'- i e =

=l i g A P §

R = ki o e

L T Ay
vl el ST AN Bl L

P, ? Earanr
R T O R T
P L S

s T obes PR R R N i wd TR Vh g a g gaay
P oo g 6 ey B LW o Sl U
mf s E B PR ST O S PR LR R Ny

e TN Ay 7 0

A i - . Ach Kl
PO
t ] R L

R P e

;4.-;_.";.;**.-.-.1_:-“;-1':_1 i L A e
- -iA..’. wa Akl a®y _n_uf\.l.ra.lryl.--n
AT pg BT e e AR, VBT PR R T s
b 1;\,,:-.JJ|.F"J PN L TR
= >4 Y
1= i A AT e # T dc fople p s b r
] YR L S i P ~4 LS R
d -;.‘,_J._‘__“‘-H‘E.‘-M_"al.i-dni.--:-;-\.r--run'-axa
o Y '+'_J*hl_ﬂ_-r7l411J-f4h,l-¢a W e e
e e e e T
b e T L T T Tl L1 ¥ I e T e
P e T T T S
T T T T T S

s s frrablowtabe s Fhe piper b brlLe

E

Max 1281 B&0 AP meislure Nds anomily

I

7 ™ e T
__-.-:;";--.\r}-aﬂ.“.'tu.,..;qvp;—u-i'-!.w:q.q-u.qn--:-e-f
NI TR g AL E T @ EEL Gk Fiaim et pn F e S hes
A ANT pyrT e Eia 3 I

= rﬁ*'—‘“ﬁ-*f»hv'hﬁ?ﬁ;’_"'ﬁ'_-'"--rrr”--

LS
L e e R L o e et B S BT P B I
E

I NE S T A e IS A SR =
R PR

e T 8 Tl PR S

Ay g e

b Haah o

h.4’.<‘-_...-.-u---.u":_frrtro#-.-t;:-'\r..-ow-+

PR S R U S Y

v -,.¢<«..r...-.1-._---l~"'1_ Sy Ly hp Ay T
dv kb el et d pppen Y ERly oY Hy A AT e

L T I B e ot PR | "'r.r_s.i. ppdEpinang

aqarEael bkl orwe en bl Al T b e

Mlasrpadtdad=cat ekt s Al gk TN, Lo

b= w3 .-1:-1.4--;:-Er-'-fnwul KreFrree youn

b T B

B o R RO A e Ty O S iy S e e
B g LT REVECLT R D e R SR X I W ety
T B L B T I P e e B P L I
B et B el I S-SR I L B R e S
L A A e e R L B R
R e R e At

i TN T TR TR TN R S N R R

Figure B2: As for figure A1 but for 1991

st i e )
.;u;..;.r....f_-_;‘.-,:--.*-,},._r E e ) ok}
=

£
EhE r Ay by -a_-.2!+*"'"“[

I

whad

Appx24

Moo 891 E50 hPg Wind onemaly (myie)

Fo Lobrl spl un prareohy (dfnat)




e 1i‘5l Ald \'Htcll;- Pelgreiud g [ir Wing sapregly

—i=m - —
= fYE T P r-l‘q;,-“yuf.-e- ﬁ.ﬂ }Nuldv-l;ﬂ:E-F"F*
I Gl :..r-upqq\i{.-\ LA b .i&i"" f—i*“é’{'f
-:4.-:_{_-(1—11-A“”1-_!"€-F'¥'§>-4 h oA r-d..-e-c—lrif—lﬁg
Vid LR VYW SR E TFAA q 3 Lderss 5
“fbphl.-l-w"-«.i g(-“ﬂﬂ"’f?ﬂl Bod e
4-#;:5;:#*-“"" ,“‘w*?”hwwﬂ
dw_f'rru Epd HEETT b‘hh—"- B g e
N ‘whﬁguﬁk.h??ﬁp:w-ﬁﬂﬁrbt
.ﬁa—g bhg ko it Ry a2z "'-“4!.&
L Fop L€ T L ey b 4l FAEE T L £
r-‘\""ﬁ*."ﬁﬁ'{'Tff#tiriﬂ—gjf\}hréf{‘-

s Ha EC)

iissl

!EII

R S T R Tt

ea 109% 100 BPa Wacts iu-m ared [l Wrs) depeegdy

e -
b - }aifa
g ';&'_ullrﬁ e

=44 'y ;’9—4{

'='r-<,-':-|1' g by B
el f g w o
Al B

’E‘

: A%
} ::}:3 ??"1 d v;
- FL

'tl‘ﬂ-
£ T +r?;;’rf

i

2 4‘.*#-!.14_:,_\13#
el M AAA W ib.l,.‘q.{-'a--?ﬂ“"
EoI P B I R T'“L'PHJLH'?‘?“"
- L\;-.--'-‘:r':'.r 373 QD L"“')'_r‘t‘*‘\"-li_i'}'!'-ﬂ
-.v-u-,\.....g-.l _~._'-i:r LLldaday s mwy sy
gt el e b S g Y
=
How LR o ek Les orae ok 1270
e iy |
-
ol
-0 5
a e ]
s i
S A ama -..ra

aife

Figure BZ continue

Appx25

AEe '3 DL Lzmo

- -JF -1 -l S o ¥ (L] = i m

Hwe 1931 | :nglus el masine 1o Ay (19-05)

W 1991 acral mdali I onomay (HE|

-

e

"r.w-. o=

T " 3 T " w [ [ w



Appx26

Mes '970 TET Anamaly (0] Miow 1370 B0 WPo  Wing u'u,'nul:,- ||rn_l.- 5|,

- 3
n ATy

Haw 13T Laaal =zal fm srcroly 1=

Héw P3P0 300 KPC Wind onarmoly (mys)

bns=mnaesren

S LERE L N

bas bidewbaas -
s

d RIS B R

haddtasrs o

G

14

it i LA R
ful-l g sdaniaspis
RAq-F P amranka 2l e

ik bk
S |

Noy 18720 Zﬂl} hPn  W.r anomaly (/5! Hew 1870 820 P20 mc florg Tlug anproly
e P A A R Y R TR —— e R s
- T layy *_'.141-_ --Ha]--c.-pl-rlﬂ'lr'l---._.-“ pa\.;—qrrr\-ul;:.-..-....-..-._.-.-wt,t;.-u.L':-!r-fvvuJ.a.J
l,:.r .""'-.ﬂ‘r-c-||ﬁ-""“"'\"‘_'r"-vl”""‘da.;-w IO B et (N R R rAT R E T Ty ey

AAm e gyl Y -

: R r'-."’l- (s
A T TYEESe e

o airR fat o

TS BT R p ek by
At 4 WA ria e e n o Uy

Wy '--r:---l-*..-. L - b

ol T LT | R S SR L PR T SR Fesbhpmpm R clag ~:-~lq,.'|.1;--_u‘;| S S T o SRR
e S T e R et AL T Ll R [ -r-!fr.l".'..r'hrﬁgj.ad,l..-"x_-.,. Bk S A
Rt I N I W O Y T e e P P R e TrRaak e Rn gt _,-- G E kB
""""'ily,v'fluiv;ﬂodg"‘-ﬂ- PRI m.-..n...,,.,._...a...l.a,a.n". ddapl W AP R e
bl bRt XY ﬂ-“-dbr'+-s.u.14f--.---: borssamasudd +.."|:lL Wy sy 4SSy g =

l«--#-"'in._”r.-.nw_ R E RS E IR T S e L ERE R b b b ] _rﬂ-' A A RET Ly
EETIC L T ey TEAATY S0 Pk wkorw  L B e | 1'%""'!1-"‘"""1""rr!‘_
e S TR VLE I 3 B 'p|:i1_,.,i“_t_4,_-,‘4._.. St R R S T T ey L-rhr"l.{'?r\-':
|-'|\-U—T"I-L‘-‘:}Frqu*ft-".':.1#--\:-—:.\.‘-\.“ T I A T v.-”rr--.-fpn-' .'.-
P o r | ¥ = Y S -..-p-'l'-tlplﬂ.!_ Modd krwra crnen ™
bappwd omm At e a3 7 I.-J-"ru—--!'r'uhv“"'i'!n—.": o m

L e .,--3'?"-"‘-.-.7\1.“1.--—'.—. 2 ,,.f,,.,.-q,-p-n.-\.....,4u.._-»,';t.,_.._,qa-'..._..,...,c.._-nq-.

LR ' ""1'-31._1':-1""4'“‘“ = rand e permATTPTRA ] T i oy Y b e
e T e e A EEY AN M AR i, r'—r-"'t4-|-||~.1~-'§ [-duh_t'-..q'-..,-l Mg b e TR ]
) Bk T o oy wYAAAFFTCA e s b pka L Fakd-g, g At T
"‘l'-‘“"r’\- L bk e M A A PR FAAN g p S AA R Y s gy ek T
#1_\\:‘-_'d_dyll'\r"-"“r“ ; . |.4IJ‘T-'1H1$'71"|5'\I}J.‘"--'-"""4-4.-\-;’_1\_*:_ -..-I\'r--1l|

-.-.u:H--H‘ 4 WP hFF R e T TR T RN,

AN R R TATT RTINS

-~ o - -

b 19708 RS rmy 'ﬁ.-!xl,r rvl:ﬂﬁ:- rai [Fe 'Wrg J-M-!'_'r
TNV Fe

A e

e ed o/ may g

e

- oy BT
ull:??w“.qh HES 'Cy .{}".—L;i.i-%-'?"
nfRP A 5 o s lﬁ-'rd-ﬂ?ﬁgra\

ra ,,V‘r-«e_af w‘
a5 {v“u _1_;".3'.13.?.- s
-* .i\_v"f' w's -‘r'ﬂ‘—h&

8 ke g

e N e w W T
= -_1.}..'# PO A R e e )

=t 33‘1 ,-fw, w7 TAb g b bwd T
= bk, = <';7'r'r- FRA Yk e 2T

L S 3 = ‘I £ M i

—

TR TTA TR dh T e sk oA A ah Atk

Figure C1: November anomaly fields forLa Nina year 1970
Mecisture flux in g/kg.m/s, Velocity potential {m? s7')
Divergent wind {s™}



e V2 S v By Py geg 05 G degoey
L L R Y
"rr‘-'l""“r-l,,_.-c-?"'.l-‘?-‘-i!l!!'?'ll-""inl-l
Wl d f oy s Aty Bad S0 3L LEE R 'r'l..aln
4";\"1-1-4-\--44-*--'14ii--lr*-‘j_'n{-TF‘*‘*
'*'(i-l-i-hi'ﬁ-q'wﬂqﬂ.‘l""’"“i"fif.'crﬁ'
boedy b by gy s e b pa hT?‘PLgﬁ-LL‘
1l-t-i.q.hi.1_,..gg-.‘-l‘l't"‘-\‘r}}-"ux"
mi L L Wy R dw gy YT Ay T caede Y
i 4 LA AL LENE Y 5 BT Ay nfgm e &
ok WA AAEI APRTER ¢ LT AT e TEi e g
R B e EI L R R e b B S PR
'-[-"i‘r"ﬂ'-AA.',A-'\-?l.‘-ﬂ&-tr__-“""'-"""‘"l"-44."_
o

R e i R s ey . o W

Fig C1 continue

Appex27

His 190 dangklre beigm e viee | is Ay 115 05)

e o — .
= ——
q-.--___h‘u ‘_‘\\ \

——
—

‘_.__—-—--—____“'

i '
b |
e 'I |Ir. I
£ L AT
i by
il I:
= \ =
|I I .‘\ I"'
I'II Q4 & % The? ’ : -
BA b 3 3 1
IO\NE S !
. :'J;]tv ) = 1 = i E



Yo 1

B iy 1)

L LTI

M

B = e ehagsurrd
| PP - L ' T L ks
u'______,__‘..-v- A F arEe ¥ o E W w A
15 b shpe=” R RS EEE L
L pgan = ada
bdpgapad deara gt I Ay
L PR ey e %
SRRl I e & pan=t
W AT ke PR L

T W I o

S S

s mmam

e e L

Afd hhayadnn T AELET
e )

iy ik el
ook e e
pRAE LS AR "N 3w -
- L
L
¥

Mow 1973 200 KPo  Wiag gremoly inz)

s
aE
LR

L1

.I-:.'.....-'-"T-'a..a.m... .--—----;-:i wledlouy
v ol g d TR g gl P el - Ttroape "
1-.;.:_;.-__.'-4-...4"-'1,”- e v a0 L
;1 R ;:.' 1\»';:..»: ¥
AT TR L - R e g
firsalwnriyes { v >, o
R e TP E b Laralakatiad BN o

Fwa

T i I YT ML i

BRI ETTT LY

a4 ! a."
e g ; i
fy ety i . b T L e
T - e A LI L) v
N T e e o T s N, 3
el

WYy R R .
e LA T EEL
.. LIITE

jei TN TE i da o .E

g

s i .
¥ |
i i 1.

1 i i
- e .
T4

i \
- e -

S T R T | W al W e

Appx28

Mo 1973 BEU RPe Wind anamely (m/s)

bk e
Fakia ksl

i ol BB T
s-rhprieiis
IR "l-:

Has '35 Labzal il Nis pias b W]

Now 1573 B350 nPa mobslune lhun angeoaly

Ridn i apbbendidrrewidbpmbbloliv ssnwdagdan
o L L T L T TN TN R T T R
o e T B TRl N T
-p s T e T L
iw behep 0 i SmEEEhd hpewd
o ke e 1y LR LR L P
P T R e e S T R
e S o L S TR R —
aqddirErrg s tpb b rr g ider s AN A g F e —

T R T R

ekl srqeprerneadsnit]
,5.-...-.......1-"‘

Nmah b ey g gpq ettt
3 u,..JL.-.1.4qJF"]
R Lopbhdarrhabas

e
ddbmhh b ard P e ”
N T e L
PTG .3 T "
T T T L e L A TN S L Ll
P T R TN VI B = P
wep o Bl o w W e S ey

ey W e e

Rhgbbehpaen<o=mnn
bhidueyharssnn
e N TR ¥ rres
LT |
e

T
Eandbay
b s caa ¥ mdkw? jhariesrppaing

bissnms b P rapscdrys padsday

i .

sagmamELn L F -

FEIEs A mE S Ay BF A
e

i

TL

L] = =3 '.'- -

g Wity Prsle el B Wl Aren

A
8 s o ¥ X SOA TS T
ANy S e e T Y VAT AT e B
Py awahlan TN FOh g R TN Oy g ey
A ST R S PO TE- e
A A Ll FA Sy S .\5—"3-;'}1:_._) P g > 23w
T T PR A YA VA b oy
adad TS sore Dy WATY Y &y ey
Pl oy bl w d b g sy
T Fer bl s E TN PRy A A
- y}}&&ue;-&#;’-#-{ FRAL AP

Figure C2: As for figure C1 but for 1973
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Fig C3: As for C1 but for 1975
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Figure C4 :As for figure C1 but for 1988
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Figure D3: As for figure C1 but for October 1995
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Figure D4: As for C1 but for 1985
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APPENDIX C

Circulations associated with Non ENSO years

The analysis under this section considers monthly anomalies for selected
meteorological fields during the OND season of the selected strongest wet/dry
non-ENSO years. 1978 was observed to be strongest wet non El Nifio year
while 1974 was the strongest dry non La Nifia year (fig 3.1b). Similarly 1977
and 1996 will be considered in this section to represent pure Indian Ocean
positive and negative zonal mode years respectively without an ENSO event
also occurring (Yamagata et al 2002).

The main objective of this section is to investigate the circulations associated
with non-ENSO years and to contrast the results with ENSO years. Only the
meteorological patterns, which significantly differ from composites and
significantly influence Tanzanian coast rainfall, will be discussed here.
However, the spatial rainfall plot is not shown for the years selected under this
section except for 1996 due to the unavailability of CMAP data prior to 1979.

Monthly anomalies for wet non El Nifio years.

Figures E1-E6 illustrate monthly anomaly fields for 1978 and 1977, which
were particularly wet non El Nifio years during the OND season. 1978 was the
strongest wet non-ENSO and non Indian Ocean zonal mode year. In October
1978 (fig E1), weak positive SST anomalies existed over the equatorial
western Indian Ocean closer to the Somali coast with larger anomalies near
Madagascar. The El Nifio composites indicate larger positive SST anomalies
over this region and cool anomalies confined to the Indian Ocean (fig 5.1¢)
unlike the broad cooling seen for 1978.

A cyclonic low and middie level wind anomaly occurs over the equatorial
western Indian Ocean along the equator centered at about 65°E. This
circulation is also reflected in moisture flux anomaly plots with strong westerly
and northerly moisture flux anomalies converging over much of Tanzania.
Positive latent heat flux anomalies were observed through the path of these
wind anomalies implying high moisture content and above average rainfall.
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On the other hand, the El Nifio composite indicates strong easterly wind and
moisture flux anomalies over this region.

During the peak of the rainfall season in November 1978 (fig E2), the SST
anomaly plot is more or less opposite to the El Nifio composite with negative
SST anomalies over the equatorial western Indian Ocean and positive SST
anomalies over the subtropical South Indian Ocean. However, above average
rainfall occurred due to the existence of ‘easterly wind and moisture flux
anomalies over the equatorial western Indian Ocean between 5°S and 5°N
with strong moisture flux convergence over the East African coast.

The descending limb of the Indian Ocean Walker cell indicates a westward
shift compared to the El Nifio composite and is located at about 70°E as
revealed by negative (positive) velocity potential with divergent (convergent)
wind in lower (upper) levels. The corresponding ascending limb is iocated
over the equatorial western indian Ocean closer to the Tanzanian coast
consistent with above average rainfall observed over the region. In this case,
the rainfall is more likely related to regional atmospheric circulation anomalies
rather than from any clear influence from warm SST anomalies over the
Indian Ocean unlike for El Nifio.

Towards the withdrawal of the rainfall season in December 1978 (fig E3),
again the SST anomaly patterns are roughly a reverse of the El Nifo
composite. Negative SST anomalies occur over the equatorial Indian Ocean
north of 20°S with positive SST anomalies to the south. A low-level cyclonic
wind and moisture flux anomaly centered over Mozambique is apparent with
strong easterly wind and moisture flux anomalies over the equatorial western
Indian Ocean. This circulation extends to the middle levels with enhanced
moisture flux convergence over much of the East African region. Again the
observed rainfall occurred as a result of regional wind and moisture flux
circulation patterns rather than any obvious SST influence. It is worth noting
that regional wind anomaly circulation patterns are important for describing
the nature of Tanzanian coast rainfall during the non-ENSO years. However,
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the wind and moisture flux anomaly circulations are significantly different for
each month implying that combining the three months in the seasonal mean
may distort the resuits.

1977 was a positive Indian Ocean zonal mode year and was a wet year over
the Tanzanian coast. In October 1977 (fig E4), the zonal mode SST patterns
over the equatorial Indian Ocean was evident with warm SST anomalies over
the equatorial western Indian Ocean and cool SST anomalies over the
equatorial East Indian Ocean. Both positive and negative SST anomalies
indicate slightly lower values compared to the El Nifio composite.

The low-level wind patterns indicate a cyclonic anomaly southeast of
Madagascar centered at about 65°E. An anticyclonic anomaly exists over the
equatorial eastern Indian Ocean with strong northeasterly wind anomalies in
the central equatorial Indian Ocean. However, in the Ei Nifio composite the
cyclonic circulation over southeast Madagascar is not evident and strong
easterly wind anomalies exist over equatorial Indian Ocean along the equator.
The middle level wind anomaly patterns indicate significant departures from
the El Nifio composite with cyclonic anomalies over the equatorial western
Indian Ocean and southeasterly wind anomalies over the Tanzanian coast.

The moisture flux anomaly plot reveals westerly anomalies over the central
Indian Ocean between equator and 5°N, the region that is occupied by strong
easterly moisture flux anomaly in the El Nifio composites. The cyclonic
moisture flux anomaly is evident over southeast Madagascar with strong
moisture flux convergence over much of East Africa. The occurrence of strong
easterly moisture flux anomaly over the equatorial western Indian Ocean
between 5°S and 10°S with strong moisture flux convergence over the entire
East Africa is consistent with above average rainfall over the region during
Indian Ocean positive zonal mode years. However, the wind and moisture flux
anomaly circulations are significantly different from the El Nifio composite
despite similar SST anomaly patterns.
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In November 1977 (fig E5), the SST zonal mode pattern over the equatorial
Indian Ocean weakens. An anticyclonic wind anomaly was evident over the
region of cool SST anomalies with strong easterly wind anomalies over the
tropical South Indian Ocean with the reverse north of the equator. The
700hPa level wind plot indicates a cyclonic circulation over the equatorial
Indian Ocean with strong westerly wind anomalies north of the equator and
easterly wind anomalies south of the equator. In the El Nifio composite, strong
easterly wind anomalies exist along the equator. A cyclonic moisture flux
anomaly exists over the equatorial Indian Ocean with strong moisture flux
convergence over the Tanzanian coast.

The longitude height moisture flux transects shows easterly moisture flux
anomalies over the region at lower levels while the El Nifio composite exhibits
westerly moisture flux anomaly. The above average rainfall observed in
November 1977 appears to be due to the large amount of moisture advected
from the Indian Ocean and enhanced convergence of this moisture near the
coast. Again the moisture flux and wind anomaly patterns are significantly
different from the El Nifio composites.

in December 1977 (fig E6), the zonal mode SST pattern over the equatorial
Indian Ocean is no longer apparent. Negative SST anomalies east of
Madagascar are stronger than the previous month while positive SST
anomalies weaken compared to the El Nifio composites. A cyclonic wind
anomaly occurs northeast of Madagascar with a strong easterly wind anomaly
along the equator. Another cyclonic wind anomaly is centered over Botswana
with southeasterly anomalies over the Tanzanian coast veering to southerly
anomalies over the Kenyan coast. These cyclonic circulations are also
reflected in the moisture flux anomalies and middle level wind anomalies and
they are associated with moisture flux convergence over the Tanzanian coast.
Again, the moisture flux and wind circulation patterns are significantly different
from the El Nifio composite.
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Monthly anomalies for dry non La Niia years.
Figures F1-F6 illustrate monthly anomaly fields for 1974 and 1996, which
were particularly dry non La Nifia years during the OND season. 1974 was the
strongest dry year when there was no La Nifia or Indian Ocean zonal mode.
In October 1974 (fig F1), the tongue of positive SST anomalies emanating
from equatorial eastern Indian Ocean, which was observed in the La Nifia
composite is not apparent. Cool SST anomalies extend over much of the
Indian Ocean with lower SST anomalies compared to the La Nifia composite.

The low level winds are more or less similar to the La Nifia composite (fig
5.3e) with strong westerly anomalies over the equatorial Indian Ocean. In the
middle levels closer to the East African coast, the wind anomaly patterns
indicate roughly the reverse of the La Nifia composite with northerly wind
anomalies backing to westerly anomalies over the Tanzanian coast. The
below average rainfall observed resulted from the existence of westerly
moisture flux anomalies over the equatorial Indian Ocean, reduced
evaporation near the coast and moisture flux divergence over the East African
region.

In November 1974 (fig F2), a La Nifia like north-south contrast in SST
anomalies is evident over the Indian Ocean. Negative SST anomalies occur
over the equatorial Indian Ocean north of 20°S and positive SST anomalies
south of 20°S. The SST anomalies are larger than the La Nifia composite with
lowest anomaly value of about —-0.9°C closer to the Tanzanian coast. Again,
the lower and middle level wind anomalies indicate similar patterns to the La
Nifia composite. The below average rainfall observed is mainly due to the
occurrence of westerly moisture flux anomalies over the equatorial Indian
Ocean with moisture flux divergence over the northern coast of Tanzania. The
moisture flux convergence over the southern coast suggests wet conditions
there as seen in the seasonal total (fig 3.2b).
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in December 1974 (fig F3), the western Indian Ocean becomes warmer than
average whereas the central and eastern regions continued to show cool
anomalies. The wind anomaly patterns indicate a significant departure from
the La Nifia composite. Easterly wind anomalies exist over the equatorial
western Indian Ocean, a region covered by westerly wind anomalies in the La
Nifia composite. At 700hPa, a cyclonic wind anomaly exists over the
Tanzanian coast. This type of circulation implies increased rainfall over the
Tanzanian coast consistent with moisture flux convergence. However,
October and November 1974 contributed to below average rainfall in the 1974
seasonal total while for La Nifa composites, dry conditions persisted
throughout the rainfall season.

1996 was a negative Indian Ocean zonal mode year but the 1995/96 La Nifia
event had decayed by OND 1996. In October 1996 (fig F4), the negative
zonal mode in SST anomalies is apparent over the equatorial Indian Ocean.
Positive SST anomalies exist over the equatorial eastern Indian Ocean and
negative SST anomalies over the equatorial western Indian Ocean. The
negative SST anomaly values are larger than the La Nifia composite with
lowest anomaly value of —1.2°C closer to the Somali coast. The region near
the Tanzanian coast that was covered by warm SST anomalies in the La Nifia
composite indicated cool SST anomalies of the order of —-0.6°C in 1996.

The low level wind indicates a region of westerly wind anomalies over the
Tanzanian coast, which is also evident at 700hPa. In the La Nifia composite,
this region showed southerly wind anomalies. Westerly moisture flux
anomalies exist over the equatorial western Indian Ocean with moisture flux
divergence over the East African coast consistent with below average rainfall
observed. Over the region, westerly wind anomalies dominate as reflected in
the longitude height moisture flux anomaly plot, while for the La Nifa
composite easterly wind anomalies occurs over 850hPa and middle levels.
The circulation patterns that resulted in below average rainfall over the
Tanzanian coast are more or less similar to the La Nifia composite.
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In November 1996 (fig F5), the zonal mode in SST anomalies weakens over
the tropical Indian Ocean. Much of the Indian Ocean shows variable wind
anomalies with strong easterly anomalies over the equatorial western Indian
Ocean closer to the Somali coast. These easterly wind anomalies also exist at
700hPa with westerly anomalies over the Tanzanian coast. The La Nifa
composite shows equatorial westerly anomalies at both 850 and 700hPa. At
850hPa anticyclonic moisture flux anomaly is apparent over the Indian Ocean
northeast of Madagascar with moisture flux divergence over the Tanzanian
coast consistent with below average rainfall observed. The above average
rainfall observed over Kenya is consistent with easterly moisture flux anomaly
over the region. However, the low-level moisture flux divergence anomalies
cover the region indicating the involvement of local factors on the rainfall
formation. This above average rainfall over Kenya was also confirmed by
negative OLR anomalies over the region. The wind and moisture flux anomaly
patterns that resulted in below average rainfall over the Tanzanian coast are
slightly different from La Nifia composite.

In December 1996 (fig F6), the zonal mode in SST anomaly patterns over the
equatorial Indian Ocean weakens further. The positive SST anomalies extend
towards the west resulting in the negative SST anomalies being confined
nearer to the East African and Somali coast. Strong low level westerly wind
anomalies occur over the Tanzanian coast whereas this region shows weak
variable anomalies in the La Nifia composite. The moisture flux plot indicates
significantly different patterns from the La Nifia composite. Westerly moisture
flux anomalies extend over much of the Indian Ocean including the Tanzanian
coast.

Southwestern Tanzania experienced above average rainfall in December
1996 consistent with moisture flux convergence over the region. On the other
hand, the Tanzanian coast observes below average rainfall despite the
moisture flux convergence over the region. This may be partly due to the long
track of westerly moisture flux over the land. However, the negative latent
heat flux anomalies and positive OLR anomalies over the region are



Appx47
consistent with this below average rainfall. Again, note that the regional wind
circulation patterns are important for determining the nature of the rainfall over
the Tanzanian coast and need to be considered as well as the moisture flux
divergence. Thus, the circulation patterns that led to below average rainfall
are significantly different from the La Nifia composite.

Generally, the wet conditions over the Tanzanian coast during non El Nifio
years are associated with changes in the regional atmospheric conditions.
These changes are partly caused by varying surface boundary conditions, for
example vegetation cover, soil moisture and topography. Also the high
variability of the monthly circulation patterns leading to wet and dry conditions
during non-ENSO years, suggest high contribution from meso-scale factors.
The high contribution from such factors other than large scale forcing to the
rainfall variability over Tanzania especially during non-ENSO years contribute
to the difficulties in forecasting. For example the current resolution of the
NCEP data cannot significantly identify meso-scale factors over Tanzania.
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Figure E2: As for figure E1 but for November.
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Figure E3: As for figure E1 but for Decccmber.
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Figure E4: Octcber anomaly fields for wet positive I0ZM year 1977
Moisture flux in gtkg.m's, Velecity potential (m* 5}

Divergent wind {(s™)
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Figure ES: As for figure E4 but for November
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Figure E6: As for figure 5.5d but for December
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Figure F1: October anomaly fields for dry non El Nifio year 1974
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Figure F3: As for figure F1 but for December



Dag PI0E 50 hgm Velialy Valirl @ aia Dy W soamci
P e e Ve e g ol

uhfdh‘g ; t—l'ﬂf$ ,k_ﬂ_l-.ha-iﬂhi..;.gg&

*\-«_u-ﬂ#
-gf:"";; 4“ ‘“"'"f.%l

..wkdhfﬁ.sr ,*‘H rhq“._
"k hdad Rp e ul'-a.-,#.lrr-‘t"ﬁ-"”t
-#'{j-i A oFudric at T .r--al-n--n-.ﬁ""*
r-;.a.:aa? * ¥ VT AT L RA s
'r"v-l-‘l-!.-_.*-r‘--t Aaptthbdaipy
-\.-qrﬂ-.l-h-\-\pbw"r-.-ﬁr‘.ﬂljﬂ‘l!}p
- yi-hs-;af—gi-ra'"l'lq,....r,rL-;i;,

Erhrr T .,-1 *1*114p¢rnprrﬁ,q£¢4

ﬁ_lhh_lfr‘*—lﬁ‘*‘-.i

Byt 1 FTA pamel pradeure 00 aseicly [270)

L] BT

Figure F3 continue

Appx65

T | P W———

\\\.,

._II

—
A
i

e e e

Dor AT ranel revdslrs @yl (80L)

.

R

&




Anpx66

Jel 199€ SAT anomaty |0

dim—

[N

SRR EER N

Oct 14996 70 RPa  Wind onomaly [m/=)

s A BT g

]

S T T S

- ¥ Y 4 Ak T Lar
"""’"‘L"n__. £ 0 sk
e AR N g ar il el
. T ey F oA ey w
s TR = e o Erarprmas
(R e R S LR R
= o 2 n g PUFTE B) RE o
.= ¥ prdeay bEFR R

T W e AT a
" = e +
- = 3 3 3 = 'l

=

Ol -§9% 200 hPa Wind oromaly [(my]
} G S RPN
I R L e F 3T L e e T
..-q..n.g.,..-_.-_q-'-y-v'ht_.-. ¢ et Sl L el ot ST
L R e LR L et it okt T
R e e s R Ao oL S e Y
R o s L R b R
EEEE rd.'lq'ﬂJi.d-_.-I—-\ql-.I..‘"\:_-,::r'- CEES R o g ey ey

]

i R L L R T S L RS PR
Baadw LATTTE
L

[ T TR .
wa oy e 23 Ll
=agh VB Farce

s UL e
e

frtauayet

ey : T gy ot B i,
& N ? -
k] t ATy e
il : Y
sagy R

ey, .

. = e
Ly, F Fia A LR
- Bomos iyl age PN R
o ""-'-"_-1=-4u-_.-_;..- T T
e e F R S T X S
ekt Lt I SRS R
ﬂmwﬁh?hhrﬁ—-—ﬁ,
——
Lol 1996 BSC bPg moislure flus angmaly
- T

mr oy

TER R aT A e P

~ E nid - rg— T 4

AL T e e At s e plh A e ;..,\.L,!"'-u_
A T R b L BT L e e T T e T pod
ool RS S A o R It R T B T e
Frm bt e M A fh g PR et PR g gy W
e R T L W A s W, B 44
T L R R —i ]
P I L e e et

e o R e R R T
AP TTTAA TN L et BT A s ATt A e

(R Rt B R T W S R S S P S
sfrcrrEbEr e g g
=

gk BRI AP Fa Y o PR p A
beerrrrrtreidyn s o T it ty e d s e r ey e b
Edcarerrir e Tu. | gLhecqedfgavmnr snaarsd

PR R L T

" 3
e IR N TR Y B B i ]

FL PP e .-.1AA,_.5_.L|~.|;I..T_ILL_ e
L N e R L T R R L
A T T S Sy b = T e Lt T B S s
e o T (v [Vt SIS 5 S TR o I N i
BELp e A " PO R TE rpp p A AT gt it mb e o lulay
PR B TE T Wy e Ce W MR e T A A AL
W LaadrFTF v crEY g T o A T P e e R )
AL T I ey S na i b ndad e gl Ll
i C] W T -

Figure F4; October anomaly %ields for dry negative I0ZM year 1996
Moisture flux in g/kg.mis, Velocity potential {m? s ')
CHvergent wind (s ')



Oel TRod B2A wpu wetetlly Paldibal 4l Ny Wi M

e e i ey T e i
- 1JLuphjgjiﬁTthtﬂ4 bdl5141
..._:._‘-I.-L'El.ndugm ptpn-p};lan;-*z'fﬂis
-«,rch1qqn kT AT YT TR B
wfar plbhns Alﬁaiqrg‘ah-ﬂ-r-;‘qnﬁ-y:.,
" ,|_Agr\prr-r-n.1-1|-n1 ‘Whddd g AFT oy

N L ey PR AN L 1&4444,&&}-""’"
F;\'f-[.l_..-.l—‘.‘u.t ot Ltvsapdzydsiazss
.\1_4.“,_1.-1.-;# Vi-i"i"—l-}'l"?'-'l*"
miybd che Cud > ‘l’ttﬁﬂvl—ii}'b'r?‘r*
mibhs LdccevdryMAEVUG L LI 333712
-3 = SELF B SUR R R S S
AT e

-.=

-y

Col Ime B0 bpw ekl Suliaies pa Dl W0 Raerack

Lte-ri—"‘"'l"" x
\-l.&xﬂﬂz‘*‘
< 1-1—_5. ‘,- w
**-’va‘cr—i-u;l-
[ s )

=g ¢4
;!'I-YLLq.-J_,-HE-‘.
-J-"l-eeztx‘_r
4**11Klé&t=£}
,.-'ap-q,q.kh-t'ca.p'.;:._'

i .Li.-fri_'-—g-.q} -
" Ltff'b-}..-r‘_!' e
- f.-ffr-ﬂ-.r-,w-'*’.’?

Fax © 4 o bl 10
1 r_r_l.-f.-n-l_‘. L;_;_;Lgﬂ'i

L &
PR TR R ]
-

el e e i 01 ]
& .

- b | o

Figure F4 continue

B3 88

LN T |

f--ﬁ___,ﬁ ]

j/((1

et AL mpad wedmwe M asmeply |83

r_i—i-_.



Appx68

Wy 179k BEY Mauindy )

§dibddaszm

R 708 Labesl Bodl Bn cnsmly (hfel

ke “BOZ 200 KPa Wind anamab [m/s)

T T
P Lt

T T Ll
T TR T

Shm RS
PP T o

P .
o T L R
P e
HE = E v,
*vr:--ra,.[

sRET AL saag

. BaEw

Yow SS0E 200 WPy Wed pnomaly [m/s]
& e e ey TE ‘i-‘l' F'R - -
PR

-

: =i
¥ L sl IR
*+..:_tn'ﬁ,1..;"1 S ot T

s

R T

g

i gl ]
i) _-::In.-;f..---...-. IAR‘ i % lr‘t‘ :

|
LA T s

Hgw 13596 820 nla proimiore Rox gnomchy

W — ey S -
I e T e T L S R s T L T o
- B I T e RS T § -
AW AT IR b F A e I e
T Wy ey S G S P R T 4 Do PP e S ,,
-r-rr.-h;;-'i_! TRE G RARFraly s rgpefey, cmms €LY
L1 LR el L T S S R ]
CLE T IR P R L R L s e 1]
hreed s ad tma il L re Fyy kb rp et Ay
R Tl e S TR R R I s rm .
e T Lad s W R R i L
- g b a AT b Iawax "
s dd=45 i SpEandd -
R L LT e
- sl peEd W | - AR L | W
e Brad S F b s P s -~ o .
. Lespreidy, £l Y
i 2 | ey,
k . e - ) 2 y "
. s ® R I om B L
o mmdy T ¥ raEp i - e
wip e o e pore i gy nhefd - — L i 1
At o i o e Y S Wsal AN == Py 1 3 [
[ PR e R R e e e = e ! L
B A T i T i i
e R R AT TR R R e W W =

e

Figure F5: As for figure F4 but for November
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