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Abstract

The current paper examines the strength of variability between the El Nifio-Southern
Oscillation (ENSO) and the Indian Ocean Dipole (IOD) in influencing October to December
(OND) rainfall over the bimodal rainfall regime of Tanzania. The empirical orthogonal
function (EOF), correlation analysis, and composite analysis were used during the data
analysis. The results show more rainfall distribution over the western part of the Lake Victoria
basin and to the peripheral of the northern coast of the country, thus suggesting that, during the
OND rainfall season, the onset starts in the western part of the Lake Victoria basin, then
spreads to the rest of the areas under investigation as the season progresses. Furthermore, on
the spatial scale, the findings revealed that there is a strong correlation between IOD and
ENSO indices and OND rains in the northeastern highlands. Furthermore, a robust temporal
correlation is revealed between the mean OND rains over the bimodal rainfall areas and I0D
(r=0.70) compared to ENSO (r = 0.62). The anomalous warming over the western Indian
Ocean (positive IOD) has a faster response to OND rains over the bimodal rainfall regime of
Tanzania compared to the remote influence induced by anomalous warming from the central
equatorial Pacific Ocean (warm phase of ENSO). Meanwhile, dry years are associated with
negative 10D and the cold phase of ENSO conditions. The findings offer valuable insights on
strategies for mitigating the effects associated with extreme weather events and improving
resilience in Tanzania.
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Introduction

Tanzania is among the East African
countries whose economy and livelihoods of
her people mainly dependent on rain-fed
agriculture. Rainfall is known to be vital to
all socio-economic sectors such as fisheries,
water  resources, hydroelectric = power
generation and infrastructures. According to
NBS 2022, rain-fed agriculture in Tanzania is
the primary source of livelihood for about
65.3%o0f the population, and agricultural
sector account 26.9 % of the National Gross
Domestic  Product (GDP). Therefore,

understanding the inter-annual variability of
rainfall and the likely dominant climatic
indices during the October to December
(OND) rainfall season over the bimodal
rainfall areas of Tanzania will have an added
advantage towards improving the people’s
livelihood and the nation’s economy as a
whole. The nature and extent of rainfall
variability have received considerable
attention from several researchers in Eastern
Africa. For example, Rozanski et al. (2019)
and Liu et al. (2020) linked the East African
rainfall patterns to the movement of the
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Intertropical Convergence Zone (ITCZ),
indicating that bimodal rainfall over Tanzania
is influenced by the movement of ITCZ
between October and May.

Numerous researchers (e.g., Indeje et
al. 2000, Hastenrath 2007, Mbigi and Xiao
2021) have revealed that the El Nifio
Southern Oscillation (ENSO) plays a
significant role in determining the monthly
and seasonal rainfall patterns in Tanzania
and East Africa, with warm events being
associated with high rainfall and cold
events with low rainfall. It was, however,
noted that the robust relationship between
the East African rainfall is found to be
during the OND rain season and weak
from March to May (MAM). ENSO also
influences  seasonal rainfall's  onset,
secession, and peaks (Nicholson 2017).
The warm ENSO phase is associated with
high and low pressure over the western and
eastern Indian oceans, respectively,
resulting in enhanced westerly cooling
over the western parts of the ocean. The
negative phase has the opposite effect,
leading to enhanced rainfall over the
western Indian Ocean and East Africa
(Hastenrath ~ 2007). The  significant
influence of ENSO on climate has
motivated studies exploring its use as a
predictor of climate in the region and
beyond. The approaches that use ENSO as
a predictor start by forecasting ENSO and
follow it with possible impacts, which
depend on the strength of ENSO (Wang et
al. 2013).

A study by Behera et al. (2005) showed a
coherent association of the Indian Ocean
Dipole (IOD) with several flooding events
across the East African region. Another study
by King’uza and Limbu (2019) associated the
wetness and dryness conditions during the
OND rainfall season with the Indian Ocean
Walker Circulation. King’uza and Limbu
(2019) noted that the wetness (dryness)
condition is linked with the rising
(descending) limb of the Walker circulation
over the western Indian Ocean (WIO). During
positive Indian Ocean Dipole (IOD) events,
the Walker circulation cell over the Indian
Ocean is well-defined and more comparable

than it is during El Nifio years. In El Nifio
years, the Walker circulation cell becomes
weaker than in positive IOD events, where the
zonal winds strengthen, resulting in active
convective activities over the WIO. 10D and
the related Indian Ocean Zonal Mode are sea
surface temperature (SST) modes that have
been observed to significantly influence
rainfall over the region and other areas
neighbouring the Indian Ocean (Yamagata et
al. 2004, Ajayamohan and Rao 2008, Otieno
et al. 2018). The IOD is caused by air-sea
interactions in the tropical Indian Ocean,
leading to the warming and cooling of the
western and eastern tropical Indian Ocean
during the positive and negative phases,
resulting in the reversal of SST gradients and
changes in the zonal wind currents (Clark et
al. 2003, Saji and Yamagata 2003, Behera et
al. 2005).

The warm (cool) condition in the western
(eastern) Indian Ocean is associated with
enhanced (deficient) OND seasonal rainfall
over East Africa (Saji and Yamagata 2003,
Mafuru and Guirong 2018) resulting from the
anomalous changes in Walker circulation over
the Indian Ocean that lead to anomalous
moisture transport and convergence (Behera
et al. 2005). However, ENSO events that co-
occur with I0OD events are more robust than
those that occur (Saji and Yamagata 2003,
Behera et al. 2005). Similarly, the IOD events
that co-occur with ENSO events are more
potent than those that occur independently
(Behera and Yamagata 2003, Behera et al.
2005). Some studies have indicated that the
IOD is not related to ENSO (Annamalai and
Liu 2005, Kug et al. 2005, 2006), while others
have indicated some relationships (Meyers et
al. 2007), and some have indicated that some
events are independent of ENSO but some co-
occur with ENSO (Kug et al. 2006).

Despite the fact that previous research has
indicated the potential impact of both ENSO
and IOD on global and regional climate
patterns, there is a lack of in-depth analysis
focusing on their joint effects on Tanzania's
bimodal rainfall regime during the OND
season. Although several studies (e.g.,
Hastenrath 2007, Mbigi and Xiao 2021) have
investigated ENSO and IOD's effects on
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various aspects of climate, there is currently
no comprehensive assessment quantifying the
relative intensity of these two phenomena and
their interactions on the specific target
region's rainfall patterns. This paper intends to
bridge these voids by providing a
comprehensive analysis of the connection
between ENSO, IOD, and OND rainfall
patterns in Tanzania. This entails evaluating
the individual and combined strengths of
ENSO and IOD, analysing their potential
interaction effects, and quantifying their
impact on the bimodal rainfall regime during
the OND season. The results of this paper
could contribute substantially to the
understanding of regional climate dynamics
and to the development of climate resilience
strategies in Tanzania.

The remaining parts are subdivided into
the following sections: Materials and methods
are detailed in Section 2. The results and
discussion are explained in Section 3. The
final remarks of this study are addressed as
the conclusion in Section 4.

Materials and Methods
Description of the study area

The study domain comprises the bimodal
rainfall regime of Tanzania, encompassing
the northern sector extending from latitudes
2° to 6° S and longitudes 32° to 40°E (Figure
1). The area is characterised by the northwest
to southeast mountain ranges, including the
highest mountain in Africa (i.e., Mount
Kilimanjaro), and extends from the western
Indian Ocean to Lake Victoria. The region
experiences two main rainy seasons, the
Masika (March, April, and May) and the Vuli
(October, November, and December) rains,
commonly associated with the ITCZ.
Generally, the weather and climate over
northern Tanzania are mainly influenced by
monsoons, the ITCZ, subtropical
anticyclones, African jet streams, and easterly
and/or westerly wave perturbations (Chang’a
2021). In addition, teleconnections with
global-scale systems like ENSO and regional
systems play an essential role. At the same
time, the climatic conditions in northern
Tanzania are notably influenced by the two

major anticyclones, the Arabian and
Mascarene high-pressure systems in the
northern and southern Indian Ocean,

respectively (Nkurunziza et al. 2019, Vizy
and Cook 2020).
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Map of Tanzania showing the location of the meteorological stations used over the

study area (the shaded area of the bimodal rainfall regime).

Sources of data

This paper utilised the monthly rainfall
data sets from 12 synoptic stations located
over the bimodal rainfall regime (Figure 1)
sourced from the Tanzania Meteorological
Authority (TMA) based on 1981-2010
climatology. The average seasonal rainfall
values for the OND season are computed
from the monthly observed data sets. The
monthly mean sea surface temperature data
were obtained from the National Oceanic and
Atmospheric Administration (NOAA) with a
2.0° latitude-longitude resolution, which is
retrieved from
https://psl.noaa.gov/data/gridded/data.noaa.er
sst.vb.html. Based on the SST anomalies
(SSTA), the IOD indices are computed by
finding the difference between the West
Tropical Indian Ocean (WTIO) and the South
East Tropical Indian Ocean (SETIO). The
WTIO region is defined by the domain 50°E—
70°E, 10°S—10°N, while the SETIO region is
90°E-110°E, 10° S-0°. Meanwhile, ENSO
indices are obtained by averaging the SSTA

data sets from the Nifio3.4 (5°N-5°S,
170°W-120°W)  region. To  further
understand the atmospheric circulation

patterns, reanalysis fields from the National

Centres for Environmental
Prediction/National Centre for Atmospheric
Research (NCEP/NCAR) were used similarly
to Kalnay et al. (2018).

Data analysis

The empirical orthogonal function (EOF)
was used to explore the leading climatic
modes from the mean OND observed rainfall
over the bimodal rainfall regime of Tanzania
based on 1981-2010 climatology. This
analysis is frequently applied to derive
patterns and indices from identifying climate
modes expressed in state variables. The
approaches identify patterns in space known
as EOF modes in one or multiple variables
from the eigenvectors of the covariance
matrix for the gridded data sets. Then the
original centred data are projected onto the
spatial patterns to obtain time series indices
(i.e., the principal components). Therefore,
the first EOF spatial mode of the mean OND
rainfall is then taken as the dominant mode,
further explaining areas prone to wetness or
dryness over the entire climatology as it was
used by Mafuru and Guirong (2018).

Exploring the relationship between
ENSO, IOD, and OND seasonal rains for
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stations over the study domain, correlation
analysis was used to assess the strength of the
association. To quantify this relationship over
the study domain, the first principal
component (PC1) was correlated with the
respective ENSO and IOD indices.
Furthermore, this paper employed composite
analysis to assess some circulation anomalies
responsible for ENSO's warm/cold phase and
the positive and negative IOD phases. The
critical conditions for the composite analysis
of this research were the warm/cold phase of
ENSO and the positive and negative 10D
phases. The composite analysis method
typically involves sorting data into categories
and comparing their means for different
groups. Over eastern Africa, the composite
analysis method has been widely used for
various studies (e.g., Chowdary and
Gnanaseelan 2007, Jo et al. 2022) to analyse
the ENSO and IOD signals.

Results and Discussion
The climatic characteristic of bimodal
rainfall regime

The climatological distribution of rainfall
during October (Figure 2a) based on 1981-
2010 climatology shows that there are more
rains in the western part of the Lake Victoria

basin (mainly Bukoba) and the peripheral
part of the northern coast of the country. This
condition suggests that during the OND
rainfall season, the onset starts in the western
part of the Lake Victoria basin, then spreads
to the rest of the area under study as the
season progresses. During November (Figure
2b), most bimodal rainfall areas revealed
enhanced rainfall with much weight in the
western Lake Victoria basin. However, the
coverage and abundance of precipitation
recede as it progresses to December over
much of the bimodal rainfall regime (Figure
2c). November marks the midpoint of the
OND season and characterises enhanced
rainfall over most areas, while December
(Figure 2c) marks the end of the OND
season. Most areas in this season receive a
high amount of rainfall except for some parts
of the northeastern highlands, and an
enhanced amount of rainfall is well observed
over the country's Lake Victoria basin and
northern coastal belt (Figure 2d). This
suggests that, from a climatological
perspective, the Lake Victoria basin
experiences a greater amount of rainfall
during the OND period compared to other
regions of the area under investigation, with
coastal areas following closely after.
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based on 1981 to 2010 climatology.

The OND rainfall variability over the
bimodal rainfall regime

The EOF analysis method aims to
investigate the spatial and temporal
variability of OND rainfall in the bimodal
rainfall regime of Tanzania. The first three
EOF patterns explain more than 85.35% of
the total variance and therefore are more
representative of the seasonal variability
during the OND season. Figure 3a depicts the
dominant mode (EOF-1) and its
corresponding principal component time
series (PC-1, in Figure 3b) for the mean OND

rainfall anomalies over the bimodal rainfall
areas based on 1981-2010 climatology. The
EOF-1 accounts for more than 72.19% of the
total variance and exhibits the monopole
mode of variability, with positive loadings
directed to the majority of areas within the
bimodal rainfall regime of Tanzania (Figure
3a). The most substantial positive loadings
concentrate on the country's northeastern
highlands and the northern coast. On the
other hand, reduced loadings are well
observed over the southern part of the Lake
Victoria basin. The results suggest that
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rainfall variability over the study area during
OND is uniform, with more rainfall over the
western Lake Victoria basin, northeastern
highlands, and northern coast with
suppression to the southern Lake Victoria.
Meanwhile, Figure 4a and Figure 5a show
the spatial patterns of the second (EOF-2) and
third (EOF-3) modes of EOF with their
corresponding principal component time
series in Figure 4b and Figure 5b,
respectively, during the OND rainfall season.
In Figure 4a, the second mode (EOF-2)
elucidates 7.51% of the overall variances,
displaying a bipolar variability pattern.
Positive loadings predominantly occur within
the Lake Victoria basin, while negative
loadings were observed across the other
regions characterized by a bimodal rainfall
regime. Furthermore, in Figure 5a, EOF-3
contributes to 5.65% of the total variance,
showcasing predominant positive loadings in
the northeastern highlands and northern
coastal belt, while the rest of the region is
characterized by dominant negative loadings.
This situation is consistent with a study done
by Borhara et al. (2020) and Ame et al.
(2021) where they revealed enhanced
precipitation over the northeastern sector of
Tanzania. It's important to highlight that the
time series of principal component scores

offers valuable insights into the persistence of
an EOF pattern over time. The outcomes
derived from EOF-1 indicate that years
exhibiting  normalized heavy rainfall
departures exceeding one standard deviation
(>+1) were primarily recorded in 1982, 1991,
1994, 1997, 2002, 2006, and 2009.

On the contrary, years with normalised
departures of less than minus one (<-1) were
observed in 1984, 1988, 1992, 1996, 1998,
1999, 2007, and 2010. Some of these years
(i.e., years with a strong amplitude of greater
than +1 or less than —1 of the standard
deviation) were then used in the composite
analysis as positive/negative 10D and
warm/cold phase of ENSO to find the more
robust possible circulation pattern among the
two indices with regards to the pronounced
heavy rainfall during the study period.
Generally, the spatial patterns represented in
EOF-1 to EOF-3 in Figures 3a, 4a, and 5a are
in agreement with the results obtained in
Figure 2d, which signifies the reliable areas
over the western Lake Victoria basin (mainly
Bukoba), northeastern highlands, and
northern coastal belt of the country receive an
enhanced amount of rainfall during the
season.
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Figure 3: (a) The spatial pattern of the first EOF mode (EOF-1) and (b) its corresponding PC
time series of the mean OND rainfall over the bimodal rainfall regime of Tanzania
based on 1981-2010 climatology.
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Figure 4: (a) The spatial pattern of the second EOF mode (EOF2) and (b) its corresponding
PC time series of the mean OND rainfall over the bimodal rainfall regime of
Tanzania based on 1981-2010 climatology.
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Figure 5: The spatial pattern of the third EOF mode (EOF-3) and (b) its corresponding PC
time series of the mean OND rainfall over the bimodal rainfall regime of Tanzania
based on 1981-2010 climatology.

The influence of ENSO and 10D on OND rainfall over the bimodal rainfall regime

This research paper carried out an in-phase correlation analysis between the IOD, ENSO,
and OND rains over the bimodal rainfall regime of Tanzania. Spatially, both the mean IOD and
ENSO indices during October to December are found to be well correlated with OND rains
over the bimodal areas (Lake Victoria basin, NEH, and northern coast), with the strongest
correlation being over the northeastern highlands (Figures 6a and 7a). Furthermore, the time
series correlation coefficient between the IOD, ENSO, and OND rains shows that a strong
significant correlation exists at the 95% confidence level with the IOD (r = 0.72) compared to
ENSO (r = 0.62) as indicated in Figures 6b and 7b, respectively. This scenario shows that the
anomalous warming over the western Indian Ocean (i.e., IOD influence) has a faster response
to OND rains over the bimodal rainfall regime of Tanzania than the remote influence induced
by anomalous warming from the central Pacific Ocean (i.e., ENSO influence) does.
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mean IOD indices during October to December and the OND rains over the
bimodal rainfall regime of Tanzania based on 1981 to 2010 climatology.
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(a) The spatial pattern of the correlation coefficient (b) temporal variability of the

mean ENSO indices during October to December and the OND rains over the
bimodal rainfall regime of Tanzania based on 1981 to 2010 climatology.

Circulation anomalies associated with
wetness or dryness condition during OND
rainfall

In order to enumerate the association
between years with enhanced or suppressed
rainfall and the circulation of weather
anomalies over the bimodal areas of the

country, a composite analysis with some of
the weather parameters was performed. The
basis for the composite relies on the principal
component time series (PC-1, in Figure 3b)
for the OND rainfall expansion. Figures 8a
and 8b show the composite analysis of wind
anomalies during wet and dry years at low

1119

2010



Tanz. J. Sci. Vol. 49(5) 2023

levels (i.e., 850hPa). The results show that
during wet years (Figure 8a), there is a
dominance of westerly wind anomalies
carrying moist air from the Congo basin
converging with the moist southeasterly wind
anomalies sourced from the southwest Indian
Ocean (SWIO). This condition impacts
ascending the air at a lower level for
convective activities. The winds are,
however, converging with the maritime
north-easterly wind from the Indian Ocean,
mainly to the northeastern highlands and
northern coast of the study area, and probably
being the source of enhanced precipitation
during the season. This finding aligns well
with the studies done by Hastenrath (2007)

and Mafuru and Guirong (2018), in which
they confirmed that westerly wind anomaly
flow sourced from the Congo basin is
associated with enhanced East African
precipitation. Remarkably, significant
changes are observed during dry years
(Figure 8b), where the low-level south-
easterly wind anomalies dominate and
diverge over many parts of the country. This
situation is consistent with a study by Ame et
al. (2021), which revealed that convergence
at a low level gives rise to vertical stretching,
whereas divergence results in vertical
shrinking, suppressing convection due to
subsidence.

(a) Composite wind anomaly, during +ve I0D

30E 45E

(b)  Composite wind anomaly, during -ve [OD

EQ-

108 A

Figure8:

Sea surface temperature anomaly
Figure 9a represents the composite sea
surface temperature anomaly during wet

(a) The composite wind flow pattern at 850 hPa during (a) positive 10D (b)
negative IOD of 1981 to 2010 climatology.

years and Figure 9b during dry years. There
are enhanced warm SST anomalies over the
western Indian Ocean with cool SST
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anomalies compared to their counterparts in
the eastern Indian Ocean (Figure 9a) during
wet years. Also, it reveals enhanced warm
SST anomalies over the central Pacific (i.e.,
over the Nifio 3.4 region; figures are not
included in this research paper). This
condition generally recaptures the positive
IOD and warm phase of ENSO (i.e., the El
Nino condition). Meanwhile, cool (warm)
SST anomalies are depicted over the western
(eastern) Indian Ocean during dry years, with
cool SST anomalies over the central Pacific
Ocean (Figures 10a and 10b). This scenario
recaptures both the adverse IOD condition
and the cold phase of ENSO (i.e., the La Nina
condition). The pattern of the SST anomalies
for the difference between wet and dry years
indicated in Figure 11 also agrees that the

enhanced wet condition during the OND
season is influenced by both the positive
phase of the IOD and ENSO conditions.

Meanwhile, the time series correlation
coefficient between the mean ENSO, 10D,
and the first principal component (PC1)
reveals a strong correlation (r = 0.7) with
IOD (Figure 11b) compared to ENSO (r =
0.62). Therefore, IOD has more strength in
modulating bimodal rainfall regimes in
Tanzania during the OND season than ENSO.
In this case, it can be noted that anomalous
warming over the western Indian Ocean has a
faster response to OND rains in Tanzania
compared to the remote influence induced by
anomalous warming from the central Pacific
Ocean.
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(a) Composite sea surface temperature (+ve IOD)
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Figure9: The composite sea surface temperature during (a) positive IOD (b) negative 10D
of 1981 to 2010 climatology.
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(a) Composite sea surface temperature during E1 Nino years
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1981 to 2010.
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Figurell: (a) Time series correlation of ENSO with corresponding PC1 Time series and (b)
Time series correlation of IOD with PC1 Time series.

Conclusion and Recommendations

This research paper investigates the
influence of ENSO and IOD fluctuations on
Tanzania's bimodal rainfall pattern during
OND rains and the possible circulation
anomalies based on 1981-2010 climatology.
The results show that the distribution of
rainfall during October indicates more rains
over the extreme western Lake Victoria basin
(i.e., mainly Bukoba) and to the peripheral of

the northern coast of the country, which
could be contributed by the early onset of
rainfall over the western and Lake Victoria
basin then spreading to the rest of the areas as
the season progresses. In this case,
understanding the dynamics of the onset and
cessation of OND rainfall is of paramount
importance and worth input for enhanced
forecasting accuracy of rainfall onset and
cessation, which has yet to be very elusive
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over the years. During November, most
bimodal areas reveal an enhanced amount of
rainfall with much weight to the western
Lake Victoria basin. However, the coverage
and abundance of precipitation recede as it
progresses to December over much of the
bimodal rainfall regime.

Subsequently, the study examined the
circulation patterns associated with the wet
and dry years during the OND season from
1981 to 2010. The observed circulation
patterns indicate that wet years are coupled
with the low-level moist and unstable wind
from the Congo basin, which organises and
forms a confluent zone (ITCZ) extending
from the Congo to the northern sector of the
country. These winds converge with the
maritime north-easterly wind from the Indian
Ocean, mainly to the study area's
northeastern highlands and northern coast,
and are among the potential causes of
enhanced rainfall during the season.

The study also noted that wet years are
generally associated with the positive 10D
condition and the warm phase of the ENSO
condition. On the spatial scale, it was
revealed that the IOD and ENSO indices are
well correlated with OND rains over the
bimodal rainfall areas (Lake Victoria basin,
NEH, and northern coast), with a strong
correlation being over the northeastern
highlands. A robust temporal correlation was
revealed between the mean OND rains over
the bimodal rainfall areas and IOD (r = 0.70)
compared to ENSO (r = 0.62). This scenario
shows that the anomalous warming over the
western Indian Ocean has a faster response to
OND rains in Tanzania than the remote
influence induced by anomalous warming
from the central Pacific Ocean does. The
patterns associated with dry years are found
to be linked with the diverging low-level
south-easterly wind anomalies over many
parts of the country. On the other hand, dry
years were associated with negative IOD and
the cold phase of ENSO conditions. It is
crucial to comprehend the extent of
variability in ENSO and IOD in order to
assess their impact on the bimodal rainfall
pattern in Tanzania. This understanding holds
significant implications for policymaking,

infrastructure planning, and the general
monitoring of climate change effects on
drought conditions. This research paper
offers valuable insights into comprehending
the features of drought in Tanzania and
forecasting potential future situations.
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