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Abstract

The ability of the Hadley Centre Atmospheric Model version 3 (HadAM3) to capture
rainfall variability patterns over Eastern Africa and the western tropical Indian Ocean
during the rainy seasons (October to December (OND) and March to May (MAM)) is
assessed against data derived from National Centre for Environmental Prediction (NCEP)
model and Global Precipitation Climatology Project (GPCP). The vector winds
climatology at 850hPa and 200hPa reveals some comparable patterns in both HadAM3 and
NCEP. However, there are indications that the Somali Jet appears earlier and the monsoon
casterly winds over the western Indian Ocean are weaker in HadAM3 than in NCEP.
Empirical Orthogonal Functions (EOF) and Principal Component Analysis (PCA) derived
from the GPCP precipitation. and NCEP Outgoing Longwave Radiation (OLR) and
eeopotential anomalies were also compared to those from the HadAM3 model. An obvious
difference was revealed between the OND and MAM rainy seasons in the ability of the
Had AM3 model o capture the spatiotemporal patterns of variability displayed in both
GPCP and NCEP models. The leading EOFs of precipitation anomalies patterns indicate
that the performance of HadAM3 in capturing the patterns shown in GPCP data during the
OND season is considerably better than that in MAM. Sea Surface Temperature Anomalies
(SSTAs) over the western tropical Indian Ocean have been indicated (o have a significant
mfluence on the OND scason but little on MAM. It is therefore concluded that the lesser
success of the HadAM3 model for MAM may be attributed to the fact that its monsoon
casterlies are too weak over the western tropical Indian Ocean causing the model to
capture less rainfall over East Africa. Using regional atmospheric models with improved
monsoon winds which are indicated to have a strong impact on the MAM season rains as a

boundary condition may improve the simulation of precipitation in this season.
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1.0 Introduction

Tanzania depends on rainiall as the major source of water for domestic, agricultural and
industrial uses. For this reason, the availability of reliable information on the anticipated
amount and distribution of rainfall is of great significance in the management of water
resources. The ongoing rationing of electricity in the country due to lack of enough water in
the dams mayv be taken as a prominent example indicating the importance of rainfall
variability information in the management of water resources. The occurrence of
unprecedented extreme weather events like droughts and floods is a great challenge for
agricultural and industrial planning. Given the fact that the amount and distribution of
rainfall over the counury are very variable and difficult to predict, these problems may
remain unchecked until a proper solution is brought forward by the scientific community.
An investigation into reliable and valid tools, like ocean and atmospheric circulation
models for climate prediction and weather forecasting needs therefore to be considered for

possible solutions of the current problem.
1.1 Study Objectives

Therefore, this study aims at investigating the observational and model simulated spatial
and temporal variability of rainfall over Tanzania from 1985 to 2003 at a seasonal to an
interannual time scale. The objective is to assess the ability of the Hadley Centre
Atmospheric Model version 3 (HadAM3) (Pope et al., 2000) to capture and display
seasonal and interannual features identified in the National Centre for Environmental
Prediction (NCEP)Y model (Kalnay et al.. 1996; www.cdc.noaa.gov). Global Precipitation

Climatology Project (GPCP) (Adler et al., 2003; http://cics.umd.edu/~yin/GPCP), Tanzania
Meteorological Agency (TMA) and Climate Research Unit (CRU) (Mitchell and Philip,
2005) data. To achieve this objective, a clear understanding of temporal and spatial rainfall
variability over Tanzania is needed. This has been established to some extent through

meteorological studies done over the country and eastern Africa.
1.2 Literature Review

There are two rainfall seasons over Tanzania which are determined by their relative



position to the meridional movement of the Intertropical Convergence Zone (ITCZ) and the
associated northeast and southeast trade winds (Alusa and Gwange. 1978; Mhita and
Nassib. 1987 Mhita, 2003). These rainfall seasons are called the unimodal and bimodal.
The unimodal rains. which are experienced over southern and western Tanzania, are
characterized by one long uninterrupted rainfall season from November to April which
comes as the I'I'CZ moves further into the Southern Hemisphere in austral summer and
moves north of the equator in March. The bimodal regions show two distinctive rainfall
seasons. one is commoi.y known as short rains (vuli) which occurs from October to
December (OND), during the southward journey of the ITCZ and the other is the long rains
(masika) which begins i March and recedes in May (MAM) and coincides with the
northward shift of the ITCZ (Mutai and Ward, 2000; Kijazi and Reason, 2005). Bimodal
rains are experienced over northern and eastern Tanzania. Mhita (2003) gives a further

categorization of the above two modes of rainfall into ten zones of homogeneous rainfall.

However, in some areas near Lake Victoria and the Indian Ocean, rainfall may be recorded
at any time of the year (Asnani, 1993). Moreover, it has also been reported that there are
peculiar rainfall patterns over the areas under the immediate influence of orographic

features (Asnani, 1993).

Relative to the long rains. the short rains tend to have stronger interannual variability
(Kabanda and Jury. 1999 and 2000), stronger spatial coherence of rainfall anomalies, and
substantial association with El Nifo-Southern Oscillation (ENSO) and Sea Surface
Temperature (SST) patterns (Ropelewski and Halpert 1987, 1996; Ogallo and Suleiman.,
1988: Beltrando 1990 Hastenrath et al., 1993; Nicholson and Kim 1997; Mutal and Ward
2000; Reason et al., 2000: Kijjazi and Reason, 2005; Mapande and Reason, 2005). These
studies described that warm events of ENSO tend to be associated with above average
rainfall during OND. Tt existence of intraseasonal rainfall variability has also been

demonstrated (Mpeta, 1997 Mapande and Reason, 2003)

It was stated earlier that Tanzanian rainfall seasonality and variability are influenced by the
passage of the ITCZ. and the associated trade winds (northeasterlies and southeasterlies),

which move relative to the position of the overhead sun. These winds are also known as
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monsoon winds (Okoola. 1999). The relationship between ITCZ movement and Tanzania
rainfall scasonality is described by Asnani (1993). Also, interannual climate variability over
Tanzania may be caused by ENSO, Quasi-biennial Oscillation (QBO), Indian Ocean
Dipole/Zonal Mode (Ogallo et al., 1988; Ogallo, 1988 and 1989; Nicholson, 1996; Saji et
al.. 1999: Webster et al.. 1999: Indeje and Semazzi, 2000, Reason et al., 2000). In addition,
mesoscale svstems generated by orography, large inland lakes and other surface contrasts
have also been shown to contribute significantly to the diurnal, seasonal and even
interannual chimate variability over the country (Datta, 1981; Asnani, 1993; Mukabana and

Pielke. 1996: Sun et al., 1999a&b).

The East African monsoon has a significant influence on Tanzania rainfall variability and
its assoctation with the position of the 1TCZ is suggested as a reason for this influence

(Nyenzi. 1988: Mutai and Ward, 1998; Asnani, 1993, Okoola, 1999).

In October. the 1TCZ moves southward from about 2°S to about 12°S by the end of
December. Tt remains in this extreme southern position up to about the end of January and
then slowly starts on its northward return journey and by the end ot April it 1s located near
2°S. As the ITCZ moves first southwards and then northwards, the rains also move with it.
On its southward journey, the 1TCZ causes rains over some areas of Tanzania from mid-
October to mid-December. This period is locally called the season of “Short Rain”. These
areas again get rains {rom about middle of March to the beginning of June with northward
journey of the ITCZ. locally called the season of “Long Rains”. South, West and Central

Tanzania gets rains from November to April.

During the  period of “Short Rains™, northeasterlies  and  northerlies replace  the
southeasterlies in the lower tropesphere along the coast of Tanzania, in association with the
build up of the anticyclonic ridge over Arabia. For the period of “Long Rains”, low level
southeasterlies strengthen along the coast of Tanzania until the Somali Jet is established
over the coast of East Africa by the end of June. However, the determination of the fixed
dates for the onset and withdrawal of Monsoon in East Africa has proved to be an

outstanding challenge (Alusa and Mushi 1974; Alusa 1978).

Investigations over the Inian Ocean suggest the presence of ENSO related warming in this



ocean (Toure and White. 1997: Chambers et al., 1999; Reason et al., 2000). Furthermore,
other investigations have shown that ENSO is a predominant factor responsible in
modulating rainfall variability over East Africa (Ropelewski and Halpert, 1987, Janowiak,
1988: Ogallo 1988: Hastenrath et al., 1993; Hutchison, 1992; Nicholson and Kim, 1997,
Indeje et al.. 2000: Mutai and Ward, 2000; Amissah-Arthur et al., 2002; Mistry and
Conway 2003, Kijazi and Reason 2005). As cited previously, the short rains tend to have a
strong relationship with [EINSO. Short rains during OND over East Africa shows a
relationship with the strength of the equatorial surface westerlies over the Indian Ocean and
the zonal pressure gradient across the basin, and both of these variables are modulated
during ENSO (Hastenrath and Polzin, 2004). ENSO predominantly affects the long term
variability ot rainfall over Lake Victoria, which is a crucial source of water and food to
East and Northeast Africa (Mistry and Conway, 2003). This is revealed from the Lake
Victoria Rainfall Series (LVRS) and OND and MAM Empirical Orthogonal Functions

(EOF) series analysis.

Furthermore. it has been observed that during El Niflo (La Nifa) events. typical rainfall
tends to be enhanced (reduced) over equatorial East Africa (Camberlin, 1995; Nicholson.
1996: Kijazi and Reason. 20035). Above (below) average rainfall over northern Tanzania
coast during OND and to a lesser extent during MAM appears to be associated with El
Nifio (La Nifia) but ENSO impacts were reported to be less coherent over the southern
coast of Tanzania (Kijazi and Reason, 2005). Moreover, a longer (shorter) than average
rainfall season associated with carly (late) onset is a contributing factor to the increased
(reduced) rainfall occurring over the north (south) coast of Tanzania during El Nifio years

(Kijazi and Reason. 2005).

The QBO. which 1s a quasi-periodic reversal in the tropospheric and stratospheric zonal
wind from easterlv to westerly components and vice versa with a periodicity of about 28
months. has been exhibited by African rainfall (Rodhe and Virji, 1976; Ogallo, 1982;
Nicholson and Entekhabi. 1986: Nicholson, 1996). Indeje and Semazzi (2000) revealed that
there is a correlation between QBO and LEast African seasonal rainfall and that the
relationship is stronger during June-August and weakest during December-February.

Furthermore. it is strongly phase locked with annual cycle and it also tends to enhance



major negative swings in Southern Oscillation (SO) associated with the ENSO events
(Indeje and Semazzi. 2000). The development of ENSO seems to be associated with the

casterly phase of the lower stratospheric QBO (Lau and Sheu, 1988).

The Indian Ocean Dipole Mode (I0DM), which is characterized by warm Sea Surface
Temperature Anomalies (SSTAs) and cold SSTAs in the western and tropical eastern
Indian Ocean in its positive phase respectively, has been shown to influence northern
Tanzanian rainfall variability (Saji et al., 1999; Webster et al., 1999). This was suggested
after discovering that the anomalous conditions that occurred in the Indian Ocean during
certain years may be independent of ENSO. During the positive phase of the mode, the
SSTAs are accompanied by casterly wind anomalies in the equatorial Indian Ocean which
favour upwelling alongshore wind anomalies off Sumatra. This pattern is however observed
to reverse during the negative phase of the [ODM which is much weaker than the positive
phase (Sajt et al., 1999 Webster et al., 1999). The IODM is reported to be phase-locked to
the annual cycle in the Indian Ocean with its peak strength of the anomalies generally
occurring during OND and 1t affects both the atmosphere and ocean (Saji et al., 1999:
Webster et al.. 1999). For example, droughts in Indonesia and rainfall over India, Australia
and equatorial East Africa are indicated to be influenced by the IODM (Webster et al.,
1999). Also, the 1961 ramfall anomaly is reported to be the consequence of the reversal in
the prevailing wind regime in the Indian Ocean, positive SSTAs in the western Indian
Ocean and a burst of cool air from the southern Indian Ocean (Mistry and Conway, 2003).
These factors have been shown to combine and create instability in the Lake Victoria
region. In 1961, the anomalous regime was similar in appearance to the event in 1997 and
was maintained by the localized Indian Ocean El Nifio type phenomenon (Saji et al., 1999;

Webster et al.. 1999).

The strongest of the known positive TODM events is reported to have occurred during
1997-98 coinciding with the most intense ENSO in recent decades. During this [0ODM
event. the SST in the castern Indian Ocean was shown to be cooler by more than 2°C and
the western Indian Ocean was warmer by more than 2°C (Yu and Reirecker, 1999; Webster
et al.. 1999). It was also observed that the east-west contrast in SST in turn maintained the

wind anomalies for a longer period than expected by coupled ocean-atmospheric interaction

B



(Webster et al.. 1999; Saji ¢t al., 1999). The wind anomalies were shown to alter the
thermal structure of the cquatorial Indian Ocean from its average east-west orientation.
Fastward propagating Kelvin waves produced by these anomalous easterlies were shown to
lift the thermocline in the eastern Indian Ocean and alongshore winds off Sumatra and
subsequently enhanced the cooling in the eastern Indian Ocean (Murtugudde et al., 2000).
They also found out that warming in the western Indian Ocean was caused by weak
southwest monsoon winds and meridional advection and was sustained till early 1998 by a

downwelling Rossby wave.

Ihe strength of this event was manifested by the severity of the floods and destruction of
properties and infrastructure caused by the accompanying rainfall (Murtugudde et al.,
2000). For example in Tanzania, roads, railways, airstrips, telecommunication networks,
agricultural crops and houses were damaged and destroyed over various places of the
country. The impacts of these destructions were more severe in landlocked areas like
central and western regions where the inflation increased tremendously to more than 100
percent. At the same time. these areas remain isolated from the rest of the country and
missed important cconomic. social, political mitigations. The individuals and the

government inevitably imcwred the cost of replacing the destroyed infrastructure.

Orography and inland lakes are significant features that influence Tanzanian rainfall
variability at a diurnal to . ~asonal scale (Asnani, 1993: Anyah and Semazzi, 2004). Among
others. Lake Victoria and Tanganyika have received more attention from researchers
(Podsetchine et al., 1999: Nicholson, 1999; Mistry and Conway, 2003; Anyah and Semazzi,
2004: Bergonzini et al.. 2004). However, it has been indicated that the relationship between
the short rains and Lake Victoria Surface Temperature (LST) is not directly proportional
due to the complex interactions over the lake. These interactions include the lake-induced
mesoscale circulations, topography, prevailing monsoon flow regime and the location of
the ITCZ over the region that may greatly influence the rainfall patterns (Anyah and
Semazzi. 2004). The importance of Lake Victoria to East Africa rainfall is emphasized by
Asnani (1993) because of its size and location near the equator in the midst of mountains.
Strong solar insolation causes steep temperature gradients between the lake water surface

S

and the surrounding slopig rocky land surtace. This gives rise to strong mesoscale



circulation on the diurnal timescale. Lake breezes dominate during the afternoon and
evening and the katabatic Jand breezes dominate during late night and early morning up to
at least 100 kilometres from the lake shore. This circulation interacts with the synoptic flow
and leads to convection up to a distance of between 150 and 200 kilometres from the
lakeshore. This gives rainfall to arcas such as Bukoba that are near the Lake throughout the
vear. The rainfall over such areas increases when the synoptic-scale circulation also favours
upward motion: for example, the proximity of ITCZ creates more rainfall around Lake
Victoria during April-May and November. The rainfall in these areas is least during July
when the ITCZ is farthest tfrom the Lake. During the southern hemisphere summer, the
meridional arm of the I'TCZ runs very roughly west of Lake Victoria and very near to it.
The comparison of Lake Victoria and Tanganyika signals have been shown to synchronize
and this was suggested to be accounted for by large-scale mechanisms (Bergonzini et al.,

2004).
1.3 Report Organization

This report is organized to the following sections: section 2 describes the models and
methodology employed in this study, data sources and analysis; section 3 presents the

resultst section 4 discusses the results: and section 5 presents the conclustions.
2 Model Description, Data and Methodology

The output from the HadAM3 model and the NCEP reanalysis data are compared to assess
the ability of the former in adequately represent climate features in the latter. Since the core
objective is to assess the ability of HadAM3 against NCEP reanalysis and GPCP data, the
former s the only one described. The description of the NCEP reanalysis data, GPCP data

and other data used in this study is also given in this section.

HadAM3 is a recent version of the Hadley Centre Climate model which is the result of the
changes in atmospheric parametrizations made in the HadAM2b (Pope et al., 2000). The
standard chmate version of HadAM3 has a horizontal grid of 2.5° latitude by 3.75°
longitude and 19 horizontal levels in the vertical and 30 minutes timestep. It is a

hydrostatic. grid point modet using an Arakawa B grid and hybrid vertical co-ordinates and



use an Eulerian advection scheme. The basic features of the model are as described by Pope

ctal., (2000).

The major changes to the physical parametrizations included in HadAM3 are a new
radiation scheme (Edwards and Slingo, 1996); convective momentum transport (Gregory et
al., 1997); a new land surtace scheme, Meteorological Office Surface Exchange Scheme
(MOSES) (Cox et al., 1999) and the new capabilities of importance to climate research like,
radiative etfects of aerosols and trace gases; and the effects of carbon dioxide on

evaporation at land surface.

[n changing trom HadAM2b to HadAM3, the model performance has shown the
mprovement in the mean climate and it now compares well with observation and isolates
the impacts of the new physical parametrizations (Pope et al., 2000). As outlined by Pope et
al.. (2000). the details of the main improvements were; the improved local Mean Sea Level
Pressure (MSLP) biases and changes in convective momentum transport and boundary
laver: improved tropical winds: reduced tropospheric cold bias; reduced moist bias; reduced
dry bias in the tropical middle troposphere; improved rainfall and circulation in the
Indonesian warm pool: improved representation of the blocking in the North Pacific;
improved surface and subsurface winter continental temperatures; and the most significant

one in the coupled model is the is the improved surface heat fluxes.

Overall. HadAM3 has been shown to produce a good simulation of current climate when
torced with observed SST (Pope et al., 2000). In addition, the inclusion of convective
momentum transport and new radiation scheme has a substantial improvement of HadAM3
i the presentaton of precipitation, OLR and divergent flow over tropical Indonesia.
HadAMS3 was also used together with observed data to study the North Atlantic Oscillation
(NAO). SO and North Pacific indices and there was a fair correlation with observational
indices for the SO (#"=0.52) and it was shown that the model can capture the spatial
characteristics of the main modes of variability (Josey, 1999). In another investigation,
HadAM3 proved to represent the impacts of the 1997/8 El Nifio over southern Africa when
the modulations to Angola low - a summer heat low over South Eastern (SE) Angola and

North Eastern (NE) Namibia, were weak and the Indian Ocean SST forcings were strong



(Reason and Jagadheesha. 2005). A comparative study (this study) of the HadAM3 model
data on one hand and the NCEP reanalysis and GPCP data on the other hand over East

Africa has shown that HadAM3 is very successful during the OND season.

However, there are some outstanding errors in HadAM3. These errors include a high
pressure bias over the poles: cold bias around the tropopause and related biases in the cloud
distribution and optical properties; Hadley and Walker circulations are too strong; and for
the coupled model the most significant errors are the excessive cooling of the ocean in the
North Pacific and excessive warming in the Southern Ocean and eastern tropical oceans
(Pope et al.. 2000). Also. HadAM3 shows less precipitation in the tropics and increases rms
error over land but decreases them over the sea. The increase of rms errors in precipitation
over tropical Africa (10%) was shown and the degradations in the monsoon circulations
were cited as the reason for the change. The tendency for seasonal shifts in African tropical
rainfall are shown to be more marked in HadAM3, leading to increased rms errors in
September to November and March to May. Monsoon westerlies are also shown to be too
strong north of Malaysia in summer and too much rain over the ocean while too little over
southern Africa (Pope et al., 2000). Globally, HadAM3 shows that mean changes in
precipitation are small o.cr land with rms. errors increasing slightly. In addition, when
HadAM3 was used together with observed data to study the NAO, SO and North Pacific
indices, it was discovered that the model poorly represents NAO index time series
(r"=0.02) (Josey. 1999) although it produces similar patterns. Furthermore, the model
could not capture the evolution characteristics of the main modes of variability. It was also
observed that HadAM3 was less successful in simulating the 1991/2 and 2002/3 El Niflo
over southern Africa and the model has difficulty in adequately representing the Angola
low feature and its variabilfi‘ty, therefore the model was regarded to have problems in
capturing ENSO rainfall impacts over Southern Africa (Reason and Jagadheesha, 2005).
Moreover, Dean et al.. (7 )5) observed that HadAM3, with its 19 vertical levels, does not

simulate sufficient high cloud over land.

Since experiments were done in attempt to reduce the remaining model errors which
included improvements in vertical advection, reduction in the temperature and moisture

biases in the tropopause (Pope et al., 2000). It was proposed that increasing the vertical
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resolution around the tropopause is one way of achieving the improvement in vertical
advection. Also, recent tests with 30 vertical levels in HadAM3 have produced significant
improvements in temperature and moisture in the upper troposphere. It was also suggested
that the use of more accurate advection scheme could make improvements. For example.
semi-Lagrangian advection has been shown to make similar or greater improvements in
other models (Chen and Bates, 1996; Williamson et al., 1998). Furthermore, recent tests
with improved cloud parametrization in HadAM3 have significantly reduced the cooling in

the north Pacific for the errors that particularly affect the coupled model (Pope et al., 2000)

Based on the above review of HadAM3, there is an indication that the model qualifies to be

used in the current study.

HadAM3 has been integrated for the 1985-2003 period with the observed Reynolds
monthly SST available as global data on a 1" x17 latitude-longitude grid (Reynolds and
Smith. 1994), as part of the University of Cape Town (UCT) seasonal forecasting project,
and an ensemble of five integrations for this period has been produced in order to

adequately represent the atmospheric sensitivity to different initial conditions.

Data from the arca between longitudes 22.5 °E and 65 "E and latitudes 10 °N and 20 °S
(precipitation and OLR) and 22.5 °E to 100 °E (geopotential heights and winds) are
analysed. A larger arcea for geopotential heights and winds 1s selected get a better view of
atmospheric circulations over the tropical Indian Ocean that impact rainfall over East
Africa. The data needed trom HadAM3 were available consistently for the period from
1985 to 2003 only. Thererore the period covered in this study is from January 1985 to
December 2003. The stations from which the rainfall data were obtained are shown in

Figure 1
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Data used for this study were obtained as dailv or monthly datasets. The daily data analysed
are station ramlall data fromw Tanzania Moworotogical Agency (ThA) and HadAM3
derived OLR, precipitation, zopal and meridiomal winds (winds) and geopotential heights.
Interpolated OLRK, winds and geopotenual heights from NCEP and precipitation from
GPCP Version 2 Monthly Satellite-Oauge Precipitation Data Set comprise the monthly data
used. Muonthty precipitation from Climate Rescarch Unit (CRUY 2,1 dutaset is used to
derive the interannuat Unieseries and consider the potential decadal vanability present in

the OND and Mah seasons.

The NCEP Reanalvsis data used are provided by the NOAA/CARVESRL PsD, Boulder,

Colorado, TISAL {fam their Web site at hitpfswwwecdenoas poyd, NCEP and National

(entre for Atmospheric Rescarch (NCAR) cooperated in & project to produce a 40-vear
record of global analvses of simospherie Nelds insupport of the needs of the research and
cliimate monitoring comenines (Kaloay o al,, 1996, This cffort involves the recovery of
land surface. ship. rawmsoende, pibal. alreraft, and satellite, quality controlling and
assimilating these data wi'h a data assunilation system which is kept unchanged over the
reanalysis period 1957 through 19946, This eliminates perceived climale jumps associated
with changes in the data assimilation system. The NCEP/MNCAR 40-vear reanalysis uses a

trozen state-of-the-art global data assiuilation system, and a data base as complete as
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possible. The data assimilation and the model used are identical to the global system
implemented operationally at NCEP on 11 January 1995, except that the horizontal
resolution 1s T62 (about 210 km). The data base has been enhanced with many sources of
observations not available in real time for operations, provided by different countries and
organizations. However it has been noted that there are few observations over Africaso asa

result, the NCEP Reanalysis data may not be that accurate over East Africa.

GPCP is an element of the Global Energy and Water Cycle Experiment (GEWEX) of the
World Climate Resecarch program (WCRP). It was established by the WCRP in 1986 with
the mitial goal of providing monthly mean precipitation data on a 2.5°x 2.5°atitude-
longitude gnd (Adler et al.. 2003). Monthly mean precipitation estimates are available from
1979 1o 2005. The GPCP has accomplished this by merging infrared and microwave
satellite estimates of precipitation with rain gauge data from more than 6,000 stations.
Infrared precipitation estimates are obtained from Geostationary Satellite Server (GOES)
(United States), Geostationary Meteorological Satellite (GMS) (Japan) and Mid-Earth orbit
Earth Observing Satellite (MEOSAT) (European Community) geostationary satellites and
National Occanic and Atmospheric Administration (NOAA) operational polar orbiting
satellites. Microwave estimates are obtained from the U.S. Defense Meteorological Satellite

Program (DMSP) satellites using the Special Sensor Microwave Imager (SSM/I).

The CRU TS 2.1 dataset comprises 1224 monthly grids of observed climate, for the period
1901-2002. and covering the global land surface at 0.5 degree resolution (Mitchell and
Philip. 2005). There are nine climate variables available in this dataset which are daily
mean. minimum and maximum temperature; diurnal temperature range; precipitation; wet

day trequency: frost day frequency: vapour pressure and cloud cover.

The above data were analysed to obtained monthly and seasonal means and anomalies for
respective years. monthly and seasonal climatologies (climatological means) and
interannual variability. Empirical Orthogonal Functions (EOF) and Principal Component
Analysis (PCA) are used to give an indication of the spatiotemporal distribution of rainfall,

geopotential heights and OLR.

Monthly means were calculated by averaging daily data into respective months. The
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obtained monthly data were averaged into respective seasons to provide for seasonal means
i respective years. Montlily and seasonal climatological means were obtained by averaging
the respective monthly and seasonal means. The anomalies were then calculated by
subtracting respective monthly and seasonal means from their respective monthly and
seasonal climatological means. The interannual variability, EOF and PCA for each season

were then obtained from their respective anomalies.

The derived variables are calculated as shown below;

24X,
A mean (L) of variable (X) is give by ¢, = =——, where n is the total number entries of
n

variable (X)
Ananomaly (A)is given by 4 =y - X .

The PCA and EOF are obtained trom the computation of the eigenvalue matrix (D) and the

cigenvector matrix (V) of the covariance matrix C, by solving this equation: C eV = De}/ .

&

Two seasons were picked for analysis, which are October to December (OND) and March
to May (MAM) (Fig. 2). Seasonal anomalies were used to assess interannual variability
potentially present in the record (Fig. 4). Dry. average and wet years were delineated by
considering the rainfall anomalics less than -10mm per month as dry. greater than 10mm
per month as wet and those between the two as average (Fig. 4). These criteria were used in

consideration to the economic importance of rainfall to Tanzania.
3 Results

Results showing the monthly and seasonal rainfall climatology, interannual and decadal
rainfall variability, seasonal vector winds climatology and EOF and PCA of precipitation,
geopotential height and OLR over East Africa and western tropical Indian Ocean are

presented i this section,
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3.1 Monthly Rainfall Climatology

Over unimodal areas. the rains start in October and end in late April to early May while
over bimodal areas. short rains start in October and cease in December and the long rains
begin March and end in May (Mhita, 2003; Fig. 2). These onset and cessation periods
follow the arrival and departure of the 1TCZ over those areas (Asnani, 1993). The areas in
the vicinity of Indian Ocean. Great Lakes. North and Southern Highlands, and Eastern Arc
Mountains are indicated as receiving more rainfall in terms of intensity and duration than
the rest of the country due to the local influence of these features (Fig.2). The local
influence of orography and large water bodies on the intensity and duration of rainfall over

the nearby areas is also explained by Asnani (1993)

The 1985-2003 station rainfall monthly climatology indicates that the rain season over most
of the country starts mainly during October for unimodal areas, late October and March for
bimodal areas and ends mainly in late April or early May for unimodal areas and December
and May for bimodal arcas (Fig.2). Over the unimodal areas, the rainfall peaks for the first
time mostly in December or January and again in March. On the other hand, rainfall peaks
during November over the bimodal areas during the short rains season and in March during
the long rain season. Over most of the bimodal areas, more rainfall occurs during the MAM
scason than the OND season. On the other hand, much more rainfall is experienced during
December. January. February and March than for the other months over the unimodal areas.
It is therefore evident that rainfall seasonality follows the position of the ITCZ meridional

arm over the country (Asnani 1993).

In comparing the GPCP and HadAM3 model seasonal precipitation climatology (Fig. 3), it
was evident that the model/ is capable of depicting the essential precipitation patterns.
However, the model seems to underestimate precipitation in both MAM and OND over
land and overestimate it over the ocean (Fig. 3). It was also noted that the model shows too
little precipitation over the northern highlands and incorrectly indicates that this area is
relatively dry compared to the rest of the country. The influence of the ocean and great
lakes on the amount of precipitation received over the adjacent areas is stronger in the

MAM scason and GPCOP than in the OND season and HadAM3 model. Orographic
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influences are not clearly detected and this may have been obscured by the coarse spatial
resolutions of the model und GPCP data which are not able to capture mesoscale rainfall

variability,



6

| Bamindon macaeel sdeiiel ) amsis vl Oy il Ol | |

b} A bimade! roanfll stageon arflesnced by Novhem
Hhighilands

A BB EE

]

b L —
bt Ay Ser Def Mew Do fam FoE M Nm W A=

§ -4 houcktal ranatoll seaem hilneuced be i Lake dj A wnirraial remfill datas wver Ceniml
Takzamnt

M oBgp M TN b [ P I T A M A A Au] Sep i Moy Dec Jon Fen M A WAy oam

L —
b A urimiodad saifat siavion inflienced By e [ | B A unimaded avew amffuenced by Southern
Liks SR Hiafdamidy
720
200
140
|
: L]
120
1 |
.|
| -4
an |
:h'l '
f ——

Bl ey G Oel Nov Oee Sen PN M AR Mey o

| it A aeeerodal rginfall sation-Samyengy

i dey S e Mos O Na b M AR My A ddil Bug Yep Ocd P Cex Zam Fee War Apr Mgy AP

Fig, 2. The 1985-2003 monthly ¢limatology of slaticn radefull in sodenaath over different areas of Tanzan,
the station pames are: a) Dar es Salaam, b) Arusha, ¢} Bukoba, d) Bodoma, ¢} Kigoma. ] Mbeya and g)
Muwara, {Note that the vertical seales i each panel are different)




17

CACR W preeip Lalian clime iy
. %
»i
]
¥
P
i
1o 1
|. -
i
CPCY AND precpilacar el balogy
i
R
‘
¥
| =
-
1
-
Ll
1 |... i®
" ) -
| r— Jg— Ll

Fap, 3, GPCP and Had AMI model precipiation climatedogy in ey for MAM pd OND seasons
3.2 Interannual Ruinfall Variability

The analyvsis of TMA staton cainfath data (see fig, 1 for vainfal] stations used) for 1985-
2003 showed some exceplionally wet and dry seasons over Tanzama dunng this period
(Fig. 4). Examining the wet and dry vcars, 11 1s noted thal the weltest year for MAM szason
is | 986 while the driest one is 2003 while for OND the wettest yeur is shown to be 1997
and 1995 1s the dnest (Fig. 4). Additionally, there scems to be a tepwdency lor some of the
episodes 10 occur 1 both scasons conscculively, for example. it was wet in MAM 1986 as
well as in OND 1986 and the samve can be seen for 1993 and 2003 (1 which the scasons
were both diry. Some of « .ose remarkably dry/wet years are noted to be ENSO events, fn
exampte. the OND of 1986 and 1997 were El Nino episodes (Fig. 4} During the ONI) 1997
seison, anomajously lugh wnounts of ramball were recorded over Fast Africa, Ower

Tunzania. the most anomalous amount ol ramfat was observed over the northeastern coast

——e e e ¥
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and the least anomalous occurred over the southwestern areas (Fig. 5). The consecutive
occurrence of dry episodes in 2001 and 2003 have to some extent aggravated the severity of

water shortage in the country (Fig. 4).

The rainfall timeseries derived from CRU 2.1 TS dataset for Tanzania (12S to 0 and 30E to
41E) (Fig. 7) suggests the less than average rainfall mainly occurred during 1981-2000 for
MAM. On the other hand. for OND. above to near average rainfall mainly occurred during
1961-2000 with less rainfall in the last decade (1991-2000) than in the previous one (1981-
1990). In addition, a ten year moving average depicts a slight decrease in the amount of
rainfall received over the country after 1997/98 in both seasons (Fig. 6). The analysis
indicates that there seems to be less rainfall received over Tanzania in the last decade
(ending 2005) than in the previous one. This 1s in agreement with the recent shortage of
rainfall experienced over the many parts of country and it adversely impacted the
agriculture. water management and power supply sectors accordingly. However, above
average rainfall has been reported all over the country during the OND season of 2006 and

this may be attributed to the weak ENSO event reported to be prevailing at that time.

A likely influence on the interannual variability during OND as opposed to MAM may be
in connection to strong interannual signals found in SSTAs which seems to affect rainfall
more strongly during the former season than the latter one (Fig. 4; Fig. 6). It is also noted
that more rainfall is experienced during the MAM season than during the OND season.
More ramnfall received during the MAM season may be attributed to the length of the

season and high intensity of rainfall during this season.
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3.3 Comparison of HadAM3 and NCEP Vector Winds Climatology during OND
and MAM

Comparing the 850hPa and 200hPa vector winds climatology derived from HadAM3 and
NCEP during OND and MAM, suggests that the two models reveal some differences (Fig.
8-11). For example. in MAM., the Somali Jet which is expected to start being noticeable in
May and June (Anyamba and Kiangi, 1985) seems to come earlier and much stronger in
HadAM3 than in NCEP (I'ig. 8). As this jet tends to deviate the Indian Ocean moist air
away from East Africa. it may weaken the rains during MAM in HadAM3. Off the coast of
Somalia, HadAM3 shows weaker easterlies at 850hPa in MAM and the same is seen off the
coast of East Africa in OND. These weaker casterlies in HadAM3 may suggest that this
model may be less successtul in representing East African rainfall. It is however obvious
that the difference between the two models is stronger in MAM than in OND (Fig. 8-11).
Therefore. it is most likely that fewer agreements between the models may be observed in

MAM than in OND.

However. both models show that the winds are either reversed or weaken at 200hPa as
compared to §50hPa (Fig. 8-11). For example, at 850hPa, relative convergence is shown in
both models in the Indian Ocean off the coast of East Africa and relative divergence is
shown over East Africa. On the other hand, the opposite is shown at 200hPa. It is therefore
expected that more rain will fall over the Indian Ocean than over East Africa. This
condition may be more evident in HadAM3 than in NCEP because the former has weaker

casterlies than latter.
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HadAM3 850hPa Vector Winds Climatology for MAM
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Fig. 8. HadAM3 and NCEP 850hPa vector winds climatology and their difference for MAM (A scale vector
of 10 m/s is shown at the bottom of each panel)
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Fig. 9. HadAM3 and NCEP 200hPa vector winds climatology and their difference for MAM (A scale vector
of 10 mvs is shown at the bottom of each panel)
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HadAM3 850hPa Vector Winds Climatology for OND

9N v ¥ & / " r e P \‘}// ¢ 2 S—
Y P = e v // / v x v v -~ v v {} - - .,-‘«'
8N "
- - s / v . [ v . v v d N . b
3N N e B >y J “ - . - - “ - - » v > S
| o “ -~ - - — e e -~ d “
I
i 35 - - — -~ — - -~ N » e - - -~
4 A ” - - 2 v - - -— S — — -~ 1
i 6S
i . = = PRI I S S
i
lQS D N P T e A A Y
128 :‘?\\‘-__h‘___‘__.__._»—_«__\\ AN
159 = B VIR PSS U "SI S N N b
18S {‘“ e e e e e e e e e el L NN N
PR S S~ N,
5DE BOE 7DE BOE 90E 100E
———
10

NCEP 850hPa Vector Winds Climatology for OND

9N ""Rf Ko . /7/7//1'W"
.
on }/\(ﬁb"\‘k&/.f/,«/.//«r«wv*¢u L T
1 v ST T e / / . - ¥ 3 =
! = N ___/wk//// v v v v « LI SV VR VR
| —
Lan g /
},_«N M ) R e T T S e T T S e e i i
! 4 e
F0d -~ (\ U U S ,)//A’ . v 2 B v i ma g e T e P e
A o ’
S I M O e N e diE L A
: v v&wv__,_ﬁ — o % L > LA A I A M S 4 4 e o« &« 3
65 ’
‘\_\\‘\‘\\\&w—\\v'vlvke‘t"/‘*"’“"‘“"’
33 Y ._“\k\‘\\'\‘\-'\hmt——“\—‘%‘——(——e—‘_ﬂe——ww—y—ﬂt——“—"— handihand
125_1‘ o jﬁ\\ —— Y e Y
I [puspo— ‘/" ¥ 3 S e e, [P NP
185 S - el / N Y %mkt__‘%_‘u_’-— Ve el Yl S
] \ - L TR S N S
: 30E B3 70E 80E SOE 100E
10
N n
HodAM3 NCEP 850hPa Vector Winds Climatology for OND
T - rs ¥ r
» > - - - ~ - - - »
- > v < - < *~ — e -~
- » ) r L4 Al -— - — -—
~ > ¢ - - e e — -
. . « - — — e - - -~ - ~
A B P e e e = N - - x
> 4 v L - - [N ] x> 3 x
- v v v - “ 4 4 4 4
» " » L ‘ + A ’ i ”
P P N N . » . 4 3
Y T —— o e v
6JE 70E 80E 90E 100€
e
14

Fig. 10. HadAM3 and NCEP 850hPa vector winds climatology and their difference for OND (A scale
ve 'orof 10 m/s is shown at the bottom of each panel)
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HadAM3 200hPa Vector Winds Climatology for OND
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3.4 Empirical Orthogonal Functions (EOFs) and Principal Component Analysis
(PCA)

Most spatiotemporal patterns of variability during OND and MAM seasons are contributed
by the tirst PCA/EOF of NCLEP reanalysis data /GPCP data and HadAM3 model data. It is
therefore useful to present and discuss only the leading PCA/EOF (the second and third
PCA/EQOF are provided in the appendix)

The EOF and PCA derived from the 1985-2003 HadAM3 model OND and MAM 850 and
200 hPa geopotential height, OLR and precipitation anomalies were compared with those
from NCEP i.e. geopotential height and OLR and GPCP i.e. precipitation to assess their
spatial and temporal patterns of variability. It is noted that spatiotemporal patterns of
variability shown by the HadAM3 model as compared to those of GPCP or NCEP during
OND and MAM (Fig. 12-27) are evidently biased to any of the two seasons. However,
some patterns seem to be vartable dependent. Therefore the examination of each variable in
cach scason may give a good reflection of the HadAM3 model ability to present East
African rainfall variability in each respective season as compared to GPCP data and NCEP
reanalysis data. Figure 12 to 19 are for the spatiotemporal variabilities depicted during

OND while figure 20 to 27 are for those during MAM.

Comparing the leading LOF derived from GPCP and HadAM3 model precipitation
anomalies during the OND scason show spatially extended positive patterns in both sources
over East Africa and western equatorial Indian Ocean (Fig.12). The given patterns seem to
suggest that HadAM3 overestimates rainfall over the ocean but underestimates it over the

land.

Close matches are noted in the first PCA of the OND season precipitation anomalies of
GPCP and HadAM3 model for years between 1993 and 1998; and 2001 and 2003 (Fig. 13).
The model therefore seems to show some ability in presenting temporal patterns of rainfall
variability shown by GIFC ! data in OND.

The NCEP reanalysis and HadAM3 model OLR EOF patterns reveal noticeably different
patterns of variability over East Africa and western equatorial Indian Ocean (Fig. 14).

Comparing the first EOF from these two sources, the NCEP OLR EOF shows negative
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patterns dominating the land and the ocean while the HadAM3 model shows negative
patterns over southern Zambia, Mozambique and Madagascar; and positive patterns over
East Africa and western tropical Indian Ocean. Several coherent patterns of variability can
be identified over the land and ocean in the NCEP OLR EOF patterns while in the
HadAM3 model only two notably large patterns are shown in the Indian Ocean. The given
patterns may suggest that HadAM3 seems to be biased in presenting convective systems,

that is. 1t overestimates them over the ocean and underestimates them over land.

There is less agreement in the patterns of temporal variability between the NCEP and
HadAMS3 model OND OLR PCA. The only loosely matched patterns are shown between
the year 1991 and 1993 (Fig. 15). It can therefore be suggested that HadAM3 model and
NCEP reanalysis display little agreement in presenting OLR temporal variability during
OND.

NCEP and HadAM3 show relatively similar patterns of 850hPa geopotential height
anomalies first EOF variahility but of different magnitude, negative geopotential height
anomalies FEOF patterns are shown to be dominant in NCEP model contrasting those shown
i HadAM3 model (I'ig. 10). Some loosely matched temporal patterns of variability can be
seen between 1986 and 1988; 1996 and 1999; and 2000 and 2002 (Fig. 17). This may serve
as an indication that HadAM3 and NCEP share some similarities in presenting temporal

variability of geopotential heights.

Negative EOF patterns of 200hPa geopotential height anomalies dominate the leading
NCEP EOF while the positive ones are dominant in the HadAM3 model (Fig. 18). Similar
weaker patterns of spatial variability are depicted by NCEP and HadAM3 over East Africa.
It is again evident that HadAM3 and NCEP display relatively similar spatial patterns of

geopotential height variability with contrasting magnitude.

A relatively consistent match is shown by the spatial patterns of the leading PCA of 200hPa
geopotential height when comparing NCEP and HadAM3 (Fig. 19). Even though the
temporal patterns are not perfectly matched the general trend of variability agrees closely

indicating some agreement between HadAM3 and NCEP in this case.

The patterns of spatial and temporal variability revealed during MAM by the leading EOF
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and PCA of the anomalies derived from GPCP and NCEP on one hand and HadAM3 on the

other hand have shown the following patterns (Fig. 20-27).

The leading EOF of precipitation anomalies derived from GPCP and HadAM3 model show
patterns that are contrasted (FFig. 20). While the GPCP precipitation anomalies EOF indicate
the presence of a large system of positive EOI patterns over the East Africa, the HadAM3
model shows negative patterns. This may suggest that there is less agreement between
GPCP and HadAM3 model in presenting spatial variability patterns of precipitation
anomalies in MAM than in OND.

Temporal comparison of the GPCP and HadAM3 model precipitation anomalies leading
PCA revealed a very loose match (Fig. 21). A loose match may be seen between 1993 and
2000 (Fig.21), and this scems to overlap with the close match shown during the OND
season (Fig. 13). This may be substantiating the previous suggestion that there is less
agreement between GPCP and HadAM3 model in presenting variability patterns of

precipitation anomalies in MAM than in OND.

Contrasting OLR EOF patterns are identified over northern Tanzania and the rest of East
Africa in the leading EOL of the NCEP and HadAM3 models (Fig. 22). The negative EOF
patterns are dominant over the whole of East Africa in HadAM3 and southern Tanzania,
Mozambique. Zambia and the Democratic Republic of Congo (DRC) in NCEP. Comparing
the temporal variability of the NCEP and HadAM3 OLR leading PCA reveal a less
coherent pattern in which the only matches are shown between 1985 and 1987, and
between 1999 and 2003 (Fig. 23). This augments a suggestion that there is a less agreement
between the OLR patterns of variability depicted by the HadAM3 model to those of the
NCEP model over East Africa.

Relatively similar spatiotelﬁporal patterns of variability are shown when comparing the
HadAM3 and NCEP 850hPa and 200hPa geopotential height leading EOF and PCA (Figs.
24-27). This may be indicating that there is a comparatively better agreement between
HadAM3 and NCEP models in capturing the spatiotemporal patterns of 850hPa and

200hPa geopotential height variability in MAM than in OND over East Africa.
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4 Discussion

Previous work has indicated that Tanzanian rainfall has widespread spatial and temporal
variability and this may largely be attributed to various factors that influence rainfall over

the country at mesoscale. synoptic and large scales (Asnani, 1993).

Orography. inland water bodies and proximity to the ocean have been indicated as aspects
that predominantly influence rainfall behaviour at a mesoscale level (Figs. 1-2). For
example. longer seasons with more rainfall are experienced over areas influenced by these
aspects than those that are not. Moisture influx from the ocean and lakes are largely
attributed to high amounts of precipitation received over adjacent land areas. This can be
observed over areas like Bukoba, Mwanza and Kigoma that are contiguous to Lake Victoria
and Tanganyika. Enhanced convection over elevated terrain can significantly facilitate the
formation of clouds that may precipitate over nearby land areas. Orographic rains are very
common over the northern highlands of Arusha, Kilimanjaro and Tanga, the eastern arc
highlands that pass through Morogoro and Iringa and the southern highlands of Mbeya and
Ruvuma. Dodoma, Singida and Tabora are the only areas that may not be under a strong
influence of orography. inland water bodies and proximity to ocean and consequently
receive the shortest rainfall season and least amount of precipitation. This is in agreement
with the remarks stipulated by Asnani (1993) that the ocean, inland lakes and orography
influence Tanzaman rainfall variability significantly. It is therefore clear that the influence

of the given aspects to rainfall variability over Tanzania cannot be overemphasized.

Delineation of seasons over the country is mainly attributed to the time when the ITCZ pass
over different areas of the country. It influences the unimodal areas once a year and the
bimodal areas twice due to fhe alignment of its zonal and meridional arm. The unimodal
areas therefore experience extended and relatively uninterrupted rainfall between the end of
October and the beginning of May while the bimodal areas experience rainfall that are

interrupted between beginning of January and the beginning of March (Fig. 2).

ENSO is one major factor suggested as the cause for the interannual variability of
Tanzanian rainfall during the OND season. Despite ENSO being strongly linked to Indian

Ocean SSTAs, 1t does nor have much impact on MAM scasonal rainfall which appears to



be weakly forced by SSTAs only during March-April particularly over northern areas of

ast Africa (Camberlin and Philippon, 2002).

Wet OND seasons between 1985 and 2003 are 1986, 1989, 1997, 2000 and 2002; among
them 1986, 1997 and 2002 were El Nino years while 2000 was a La Nina year (Fig. 4). The
prominence of the 1997 El Nino was featured almost throughout the country and it is
considered the strongest coupled El Nino/Indian Ocean Zonal Mode event in the last two
decades (Yu and Reirecker. 1999; Webster et al., 1999). The El Nino impact over the
Tanzanian coast was obscived by Kijazi and Reason (2005) and shown that the impact is
predominantly during the OND season and the northern coast is much more impacted than
the southern coast. Other Il Nino years during this period were 1991 and 1994 but their
amount of rainfall is within the average range. Despite eight years (1987, 1993, 1995-1996,
1998-1999. 2001 and 2003) being observed as dry during OND, the only La Nina years
found amongst them are 1995, 1998 and 1999. There were other La Nina years during this
period but one of them showed near average rain (1988) and the other one was wet (2000).
It 1s then noteworthy that during OND, most of the El Nino and La Nina years are wet and

dry respectively.

Consistent with previous research which showed little ENSO impact on MAM rainfall, no
obvious relationship was found in this study between the amount of rainfall and ENSO
events. It may therefore be suggested that all the wet or dry MAM seasons during ENSO

may have basically taken place by coincidence or influence of other atmospheric dynamics.

The comparison of GPCP/NCLP and HadAM3 model precipitation. OLR and geopotential
height anomalies EOF and PCA revealed that their fields were much different between
OND and MAM seasons. While the HadAM3 model ability in capturing the precipitation
anomalies variability patterns shown in GPCP during OND was apparent, it was observed
to be less comparable during MAM (Fig. 12-27). The HadAM3 model better performance
in OND may be attributcd to the fact that it is forced by observed SST which strongly
influences the OND seasonal rains but has less influence on the MAM seasonal rains. It has
been indicated that when the prevailing climatic systems are not strongly influenced by

SST, it then becomes difficult for the models forced by SST to successfully present them
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(Black. 2003). HadAM3 model, being forced by observed SST, may be less capable of
presenting the climatie systems that are prevalent during the MAM scason. In addition, the
carly Somali Jet and weak monsoon easterlies in HadAM3 are indicated as reducing rainfall

over Fast Africa.

On the other hand. the relatively few observations over East Africa and the less accuracy of
the satellite rainfall estimations may render the products derived from GPCP and NCEP
less representative of real East African climatic conditions. In this regard, weather and
climate systems prevailing over East Africa during MAM and OND in the GPCP or NCEP

data may not be directly comparable to the observed conditions.
S Conclusions and recommendations

The spatial and temporal scarcity of observed weather and climate data over Tanzania may
be cited as one of the ma,or limitations in weather and climate variability studies. Global
atmospheric models and satellite derived data may be used as an alternative to observed
data but the quality of such data is also questionable. However, they suffice to show general
features of weather and climate variability at a synoptic scale. Regional atmospheric
models may  provide a substantially impetus in the better understanding of the

spatiotemporal variability of Tanzanian climate and weather systems.

The success of HadAM3 model in capturing features of significance shown in GPCP
precipitation data during the OND season may greatly be attributed to the fact that the SST
anomalies which have a significance influence on the season are used to force the model.
The HadAM?3 model has tnerefore shown very little success in capturing features shown in
GPCP precipitation data cnllfx'ring;the MAM season and this may be due to its weak monsoon
easterlies and less influence of SST anomalies on the season in the real world.
Investigations of the MAM scason by using regional atmospheric models with improved
monsoon winds which have a strong influence on the season as one of the boundary
condition may be a more robust approach. Also. the assimilation more observed data into
HadAM3 as they become available, may improve the ability of the model to represent

climatic features more accurately.
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Appendix: Second and third EOF/PCA figures
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