
Journal of Geoscience and Environment Protection, 2024, 12, 110-130 
https://www.scirp.org/journal/gep 

ISSN Online: 2327-4344 
ISSN Print: 2327-4336 

 

DOI: 10.4236/gep.2024.123007  Mar. 25, 2024 110 Journal of Geoscience and Environment Protection 
 

 
 
 

Assessing the Relationship between 
October-November-December Rainfall and 
Indian Ocean Dipole in Recent Decades over 
Tanzania Following the 2011 Abrupt Change 

Charles Yusuph Ntigwaza1,2,3 , Wen Wang1 

1Key Laboratory of Meteorological Disaster of Ministry of Education (KLME)/International Joint Research Laboratory of Climate 
and Environment Change (ILCEC)/Collaborative Innovation Center on Forecast and Evaluation of Meteorological  
Disasters (CIC-FEMD), School of Atmospheric Sciences, Nanjing University of Information Science & Technology,  
Nanjing, China 
2Tanzania Meteorological Authority, Dodoma, Tanzania 
3National Meteorological Training Centre, Kigoma, Tanzania 

 
 
 

Abstract 
The present study explored how the Indian Ocean Dipole (IOD) influences 
October-November-December (OND) rainfall over Tanzania in recent decade 
following the 2011 abrupt change. The study spans 50 years, from 1973 to 2022. 
Notable abrupt changes were observed in 1976 and 2011, leading us to divide 
our study into two periods: 1976-2010 and 2011-2022, allowing for a close in-
vestigation into the existing relationship between OND IOD and OND rainfall 
and their associated large-scale atmospheric circulations. It was found that the 
relationship between OND IOD and OND rainfall strengthened, with the cor-
relation changed from +0.73 during 1976-2010 to +0.81 during 2011-2022. 
Further investigation revealed that, during 1976-2010, areas that received above- 
normal rainfall during positive IOD experienced below-normal during 2011- 
2022 and vice versa. The same pattern relationship was observed for negative 
IOD. Spatial analysis demonstrates that the percentage departure of rainfall 
across the region mirrors the standardized rainfall anomalies. The study high-
lights that the changing relationship between OND IOD and OND rainfall cor-
responds to the east-west shift of Walker circulation, as well as the north-south 
shift of Hadley circulation. Analysis of sea surface temperature (SST) indicates 
that both positive and negative IOD events strengthened during 2011-2022 
compared to 1976-2010. Close monitoring of this relationship across different 
timescales could be useful for updating OND rainfall seasonal forecasts in 
Tanzania, serving as a tool for reducing socio-economic impacts. 
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1. Introduction 

In recent decades, East Africa has witnessed a surge in extreme climate events, 
notably droughts and floods, with profound socio-economic ramifications 
(Anande & Luhunga, 2019; Kimambo et al., 2019; Lukali et al., 2021). Specifi-
cally, studies in Tanzania have highlighted an increased frequency of floods 
during the October-November-December (OND) rainy season (Mbigi & Xiao, 
2021), in contrast to a decadal decrease in flood events during March-April- 
May (MAM) rainy season in the late 1990s (Makula & Zhou, 2022; Umutoni et 
al., 2021). 

The variability in the OND rainy season in Tanzania is linked to diverse cli-
mate drivers, leading to substantial interannual variations compared to MAM 
rainy season (Ayugi et al., 2018; Black et al., 2003). Previous research attributes 
this variability to sea surface temperature (SST) in the tropical Indian Ocean, 
tropical Pacific Ocean, and tropical Atlantic Ocean (Wenhaji Ndomeni et al., 
2018). Climate indices such as the Indian Ocean Dipole (IOD) and the El Niño 
Southern Oscillation (ENSO), among others, have been defined to understand 
these relationships (Ame et al., 2021; Kavishe & Limbu, 2020). Past investiga-
tions have explored the individual effects of IOD and ENSO (Clark et al., 2003; 
Saji & Yamagata, 2003) as well as their combined impacts (Ashok et al., 2004). 
During ENSO phases, El Niño (La Niña) events are associated with increased 
(reduced) OND rainfall, while positive (negative) IOD events are linked to above 
(below) normal OND rainfall (Wenhaji Ndomeni et al., 2018). Moreover, 
changes in the Walker circulation contribute to OND rainfall variability in Tan-
zania, directly linked to tropical SST and convection anomalies (Limbu & Gui-
rong, 2020). 

Studies classify climate drivers during the OND rainy season as interannual 
variability (e.g., IOD and ENSO) and interdecadal variability, connected to SST 
over the tropical central Indian Ocean and the Atlantic Ocean (Otte et al., 2017). 
In the Southern Hemisphere, atmospheric variations are predominantly me-
diated through the Southern Annular Mode (SAM) or Antarctic Oscillation 
(Prabhu et al., 2016; Thompson & Wallace, 2000). SAM influences OND rainfall 
by modulating the sea level pressure meridional dipole, impacting Mascarene 
high and leading to drought or weak flood events (Mbigi & Xiao, 2023; Peng et 
al., 2020; Xing & Ogou, 2015). 

OND rainy season dynamics are influenced by diverse climate drivers, with 
impacts evolving over time. For instance, some studies report a positive response 
to El Niño, while others indicate a negative response (Ayugi et al., 2018; Mafuru 
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& Guirong, 2020). According to Kebacho (2021), the highest number of heavy 
rainfall events (HREs) during OND rainy season in 2011 was observed over the 
Lake Victoria basin and northern coast zones while the north eastern highlands 
received the least amount. The influence of IOD on the OND rainy season in 
Tanzania has been a subject of investigation, with varying findings highlighting 
the complexity of IOD’s impact on regional climate dynamics. Notably, there is a 
paucity of documentation on the recent status of OND rainfall in relation to In-
dian Ocean in Tanzania, particularly regarding the abrupt rainfall trend change 
in 2011. This abrupt change in 2011 marked a significant shift in OND rainfall 
patterns, impacting communities, agriculture, and ecosystems across Tanzania. 
This prompts questions about the pre- and post-2011 periods, the consistency of 
the relationship between OND rainfall and IOD, and the conditions for wet and 
dry events during IOD phases before and after 2011. Given the significance of 
accurately predicting rainfall in the region, there is a compelling need to investi-
gate the interaction between OND rainy season and influencing climate drivers 
over different decades. This study aims to assess the relationship between OND 
rainy season and OND IOD over Tanzania in recent decade following the 2011 
abrupt change, focusing on two periods: 1976-2010 and 2011-2022. The investi-
gation seeks to understand how the relationship between OND rainfall and 
OND IOD evolved after the abrupt change in 2011, addressing the spatial and 
temporal variability, the connection between IOD and rainfall, and the underly-
ing physical mechanisms affecting OND rainfall in Tanzania. The outcomes of 
this study are crucial for enhancing the understanding of rainfall variability and 
its drivers, ultimately improving the prediction of OND rainfall events in Tan-
zania. This knowledge can aid stakeholders and the community in implementing 
effective mitigation measures to alleviate the adverse impacts of climate-related 
disasters, including flooding and drought. The subsequent sections of this study 
will detail the study area, data, and methods (Section 2), present results and dis-
cussions (Section 3), and conclusion (Section 4). 

2. Study Area, Data and Methods 
2.1. Study Area 

Tanzania is an equatorial tropical country located in eastern Africa, bounded 
between 28˚E-42˚E longitude and 12˚S-0˚ latitude. The country features com-
plex topographic variations, ranging from low coast plain areas in the east to 
highlands in the southern and northeastern parts. To the east, Tanzania is 
bounded by the Indian Ocean, the primary source of moisture. It is also sur-
rounded by Mount Kilimanjaro in the northeastern part, which is the highest 
mountain in Africa with an altitude of 5895 m, Lake Victoria to the north, Lake 
Tanganyika to the west and Lake Nyasa to the south (Figure 1). 

Climatologically, rainfall distribution across Tanzania during the OND rainy 
season varies from place to place. The western part and the Lake Victoria basin 
experience more significant rainfall (more than 75 mm per month), followed by  
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Figure 1. Topographical map of Tanzania showing elevation distribution over the country. 
 

the southern and eastern regions. In contrast, the central areas, northeastern and 
southwestern highlands receive lesser amount of rainfall (less than 75 mm per 
month) (Figure 2). The presence of the Congo airmass, Lake Tanganyika, and 
Lake Victoria creates a conducive environment for rainfall formation, influen-
cing the early onset of OND rainfall over the western and northern Tanzania by 
supplying ample moisture (Makula & Zhou, 2022). 

2.2. Data 

The present study employs a combination of different monthly mean meteoro-
logical variable reanalysis datasets. These include precipitation from the Climatic 
Research Unit (CRU) of the University of East Anglia (Harris et al., 2020). It is 
the latest version 4.07 dataset (CRU TS 4.07) with a horizontal resolution of 0.5˚ 
× 0.5˚ latitude-longitude grid and covers a longer period of time. Its perfor-
mance over the study domain has been assessed (Koutsouris et al., 2016). Other 
scholars have applied it to examine rainfall variability over the study domain, 
making it suitable for this study (Borhara et al., 2020; Makula & Zhou, 2022;  
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Figure 2. Map of seasonal climatological distribution of OND rainfall distribution (mm per month) in 
Tanzania during 1973-2022. 

 
(Mbigi & Xiao, 2021). 

The study also used version 5 of Extended Reconstructed SST (ERSSTv5) of-
fered by the National Oceanic and Atmospheric Administration (NOAA) 
(Huang et al., 2017). ERSSTv5 has a spatial resolution of 2.0˚ by 2.0˚ and has 
been applied by other scholars to study the same over the study domain (Makula 
& Zhou, 2022). Moreover, study utilized atmospheric datasets, namely zonal 
wind, meridional wind, velocity potential and vertical velocity (omega), form the 
National Centres for Environment Prediction-National Centre for Atmospheric 
Research (NCEP-NCAR) reanalysis (Kalnay et al., 1996; Kistler et al., 2001). 
These are reanalysis datasets with a spatial resolution of 2.5˚ × 2.5˚ and have 
been used in different studies to explain the atmospheric circulation over the 
study domain (Makula & Zhou, 2022; Umutoni et al., 2021; Vigaud et al., 2018). 

2.3. Methods 

The study employed a number of methods scientifically approved by different 
studies to perform better over the region. Sequential Mann-Kendall method, a 
nonparametric test, was applied to detect the change of point of a long-term 
time series of precipitation data (Sneyers, 1990). It incorporates the sequential 
progressive and retrograde standardized curves denoted by ( )U t  and ( )U t′  
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respectively. ( )U t  and ( )U t′  are both calculated by Equation (1); their only 
difference is that ( )U t′  is calculated starting from the end of the sequence. 

( ) ( )
( )

i

i

t E t
U t

Var t

−
=                        (1) 

where ( )E t  and ( )Var t  are the mean and variance, respectively, obtained at 
every statistic test t from 1i =  up to the total number of events in the sequence 
(N). 

When the two curves are plotted, their point of intersection provides an ap-
proximate potential trend change within the time series. When the point of in-
tersection occurs beyond ±1.96 of the standardized statistic (t) at a 95% confi-
dence level, a detectable change at that point in the time series can be estab-
lished. At such a point, the change is said to be significant, marking the start year 
of the trend (Mosmann et al., 2004). 

On the other hand, IOD index was defined basing on SST anomalies over the 
Indian Ocean as the difference between the SST anomalies of the western 
(50˚E-70˚E, 10˚S-70˚N) and eastern (90˚E-110˚E, 0˚-10˚S) tropical Indian 
Ocean (Saji et al., 1999). To account for the impact of climate change, the influ-
ence of basin warming was removed by detrending the SST anomaly. The years 
were defined as positive (negative) IOD when the detrended OND SST anoma-
lies were greater (smaller) than 0.5 (−0.5)˚C, otherwise it was regarded as a neu-
tral year (Ashok et al., 2004; Kebacho, 2021; Yamagata et al., 2013). 

In order to understand how the relationship between OND rainy season and 
OND IOD is varying recently as compared to some decades ago, two periods 
were chosen based on Mann-Kendall Sequential trend test results. For the two 
chosen periods, all the anomalies were generated with respect to 1991-2020 cli-
matology according to World Meteorological Organization (WMO) definition. 
To understand the impact of IOD over the study domain, the composite analysis 
for positive and negative IOD events were generated for the two selected periods. 
Percentage departure precipitation as calculated by Equation (2), was applied to 
confirm the validity of rainfall anomalies and to check how the rainfall distribu-
tion has changed during the two categorized periods. The composite anomalies 
of OND rainfall, SST, velocity potential along with divergent wind, Walker and 
Hadley circulations were investigated. The statistical significance of the compo-
site analysis was identified based on Student’s t-test (Equation (3)). 
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where xyr  stands for correlation between two variables x and y, N is the total 
number of observed events, t is the test statistic, x  is the mean value of x and 

dP  is the percentage departure of precipitation. 
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3. Results and Discussion 
3.1. Determining the OND Rainfall Trend Change Point 

During the study period, Sequential Mann-Kendall trend test results for OND 
rainfall shows two significant abrupt shifts in 1976 and 2011 (Figure 3). As 
shown in Table 1, both 1976 and 2011 are neutral years. Past studies have asso-
ciated the abrupt change in 1976 with a shift to a warmer state in the tropical 
oceans (Trenberth & Hoar, 1996), leading to interdecadal variability in East Africa 
OND rainfall (Clark et al., 2003). It was further reported that the heavy rainfall 
over northern Tanzania in 2011 was associated with moisture flux convergence 
(Kebacho, 2021). This implies that the two identical abrupt changes during the 
study period might be associated with different atmospheric circulations. 

Based on the findings of this study, two periods were chosen to understand 
how the relationship between OND rainfall and OND IOD is currently varying 
compared to some decades ago. These are of 35 years from 1976 to 2010 and 12 
years starting from 2011 to 2022. 

3.2. Classification of IOD, Wet and Dry Events 

Through calculations and as depicted in Figure 4 and Table 1, it was found that 
the two periods exhibited a different number of positive and negative IOD 
events. The correlation between OND IOD and OND rainfall was found to be 
+0.73 (+0.81) during 1976-2010 (2011-2022). The study identified 6 positive 
IOD events during 1976-2010 compared to 3 events during 2011-2012. This 
means that, during 1976-2010, positive IOD events accounts for 66.7% while 
during 2011-2022 accounted to 33.4%. Thus, the positive IOD events decreased  

 

 

Figure 3. Sequential Mann-Kendall trend test of OND rainfall over Tanzania during 
1973-2022. 
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Figure 4. Normalized time series of OND rainfall over Tanzania (blue) and IOD index  
(red) during 1973-2022. The dashed line indicate the threshold values of +0.5 and −0.5 
for positive and negative IOD, respectively. 

 
Table 1. Classification of IOD events during Period 1: 1976-2010 and Period 2: 2011-2022. 

Positive IOD 
Period 1 1977, 1982, 1991, 1994, 1997, 2006 

Period 2 2015, 2018, 2019 

Negative IOD 
Period 1 

1979, 1981, 1984, 1988, 1989, 1990, 1992, 1993,  
1995, 1996, 1998, 1999, 2001, 2005, 2010 

Period 2 2016, 2021, 2022 

 
by 33.4% during 2011-2022 compared to 1976-2010. On the other hand, there 
were 9 negative IOD events during 1976-2010 equal to 83.3%, compared to 3 
events during 2011-2022, equal to 16.7%. This also implies that negative IOD 
events decreased by 66.6% during 2011-2022 as compared to 1976-2010. 

The findings of the study align with two famous OND rainfall extreme events 
which were previously reported: the 1997 extreme event that was due to the 
combined effect of positive IOD and warm phase of ENSO and the 2019 extreme 
event that was attributed to the positive phase of IOD (Chang’a, Kijazi, Mafuru, 
Kondowe et al., 2020). The study found that the correlation between OND rain-
fall and IOD was +0.73 (+0.81) during 1976-2010 (2011-2022). This indicates 
that the relationship between them strengthened during 2011-2022 compared to 
1976-2010. Furthermore, the study found that during 2011-2022 there was only 
one wet event (2019) compared to five (5) wet events (1978, 1982, 1986, 1997 
and 2006) during 1976-2010. The study found no dry event during 2011-2022, 
with eight (8) dry events (1976, 1987, 1993, 1996, 1998, 2003, 2005 and 2010) 
during 1976-2010 (Figure 4). The selection of wet (dry) years was based on the 
threshold value of standardized rainfall anomalies of ( )1 1 σ> < − . The same de-
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finition has been used by other scholars to perform the same over the study do-
main (Mbigi & Xiao, 2021). The findings conform to what was reported by past 
researchers (Limbu & Tan, 2019). Further analysis regarding to the abrupt 
change and how IOD influences rainfall are discussed in the next section.  

3.3. Relationship between IOD and OND Rainy Season 
3.3.1. Composites of Rainfall Anomaly 
The composites of OND standardized rainfall anomalies corresponding to positive 
IOD and negative IOD for the two chosen periods are depicted in Figure 5. The 
positive IOD composites during 1976-2010 (Figure 5(a)) show above-normal all 
over the region, with largest significant values in the eastern part. Meanwhile, the 
northern part of the country around Lake Victoria basin was observed to have 
above normal nonsignificant amounts. The results were opposite during 2011-2022, 
whereby the northern part was observed to have largest above-normal significant  

 

 
Figure 5. Composites of OND rainfall standardized anomaly for (a) 1976-2010 (b) 2011-2022 during positive 
IOD. (c) and (d) are the same as (a) and (b) but during negative IOD. Dotted areas represent significant stan-
dardized anomaly values at 95% confidence level based on Student’s t test. 
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values compared to the eastern part, which shows below-normal nonsignificant 
values (Figure 5(b)). 

On the other hand, negative IOD composites during 1976-2010 show be-
low-normal significant values in most parts of the country, with the largest values 
being on the northern part, while the central and southwestern parts show nonsig-
nificant values (Figure 5(c)). During 2011-2022, northeastern and southwestern 
parts show above-normal values, while the rest of the country shows below-normal 
values, with significant values over the central and southern (largest values) parts 
(Figure 5(d)). 

The most important point to note here is that for positive IOD events, some 
areas such as the northern (western) part, which received less(much) amount of 
rainfall during 1976-2010, received much(less) rainfall during 2011-2022 (Figure 
5(a) & Figure 5(b)). For negative IOD events, the northeastern and southwes-
tern parts turned from below average during 1976-2010 (Figure 5(c)) to above 
average during 2011-2022 (Figure 5(d)). This implies that there is a changing 
relationship between OND IOD and OND rainfall across different places over 
the study domain. 

3.3.2. Composites of Rainfall Departure Percentage 
In order to confirm the validity of rainfall distribution over the study domain, as 
shown on Figure 5, we determined percentage departure for composites of OND 
rainfall during the two periods (Figure 6). The two figures (Figure 5 & Figure 6) 
show the same rainfall patterns. Positive IOD composites during 1976-2010 show 
above-normal all over the region, with largest significant values in the eastern part. 
The northern part of the country around Lake Victoria basin was observed to 
have above normal nonsignificant percentage departure values. The results were 
a bit different during 2011-2022, whereby the northern part was observed to 
have above-normal significant percentage departure values compared to the 
eastern part, which shows below-normal percentage departure nonsignificant 
values (Figure 6(b)). 

Furthermore, negative IOD composites during 1976-2010 show below-normal 
significant percentage departure values in most parts of the country (Figure 6(c)). 
During 2011-2022, northeastern and southwestern parts show above-normal per-
centage departure values, while the rest of the country shows nonsignificant be-
low-normal values, with an exception of the central part which show significant 
values (Figure 6(d)). 

More interesting, for positive IOD composites, some of the areas such as the 
northern part, which had nonsignificant positive percentage departure rainfall 
during 1976-2010 (Figure 6(a)), observed to have significant positive percentage 
departure values during 2011-2022 (Figure 6(b)). For negative IOD events, the 
northeastern and southwestern parts which was observed to be below-normal 
percentage departure during 1976-2010 (Figure 6(c)) turned to above-normal 
percentage departure during 2011-2022 (Figure 6(d)), the same as features ob-
served in rainfall anomalies (Figure 5(a) & Figure 5(b)). 
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Figure 6. Composites of rainfall percentage departure over Tanzania for (a) 1976-2010 (b) 2011-2022 during 
positive IOD. (c) and (d) are the same as (a) and (b) but during negative IOD. Dotted areas represent signifi-
cant percentage departure values at 95% confidence level based on Student’s t-test. 

3.4. Mechanisms behind the Changing Relationship between IOD 
and OND Rainfall 

The study also investigated the differences between positive IOD and negative 
IOD composites by examining the corresponding SST anomalies, velocity poten-
tial along with divergent wind anomalies as well as Walker and Hadley circula-
tions. The investigated mechanisms could build the basis for understanding the 
factors that contributes to the changing relationship between OND IOD and 
OND rainfall over the study area. 

3.4.1. Sea Surface Temperature 
Figure 7 displays the composite of detrended OND sea surface temperature ano-
malies (SSTA) corresponding to positive IOD and negative IOD years for the two 
chosen periods. During positive IOD, the SSTA composite shows a wider warm 
pool over the western Indian Ocean during 2011-2022 (Figure 7(b)) compared to 
that of 1976-2010 which was cooler on the southwestern part (Figure 7(a)). For  
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Figure 7. Composites of OND detrended standardized SSTA for (a) 1976-2010 (b) 2011-2022 during positive IOD. (c) and (d) are 
the same as (a) and (b) but during negative IOD. Anomalies were calculated basing on 1991-2020 climatology. Dotted areas 
represent significant standardized anomaly values at 95% level of confidence based on Student’s t-test. 
 

negative IOD composites, the central Indian Ocean was observed to be cooler 
during 2011-2022 (Figure 7(d)) compared to 1976-2010 (Figure 7(c)). Shifting 
of warmer cooler patterns was also noticed, for example, the northwestern part 
which was warmer during 1976-2010 (Figure 7(c)) was observed to be cooler 
during 2011-2022 (Figure 7(d)). The same phenomenon was observed over the 
northeastern part. Furthermore, the southwestern part of Indian Ocean which was 
cooler during 1976-2010 turned to warmer during 2011-2022 (Figure 7(c) & Fig-
ure 7(d)). Due to temperature differences, positive IOD is accompanied by easter-
ly winds while negative IOD is accompanied by westerly wind at the surface. 

The findings shows that both negative and positive IOD events strengthened, 
with the cautionary note that some areas turned from cooler to warmer while 
others from warmer to cooler during the two periods. 

3.4.2. Velocity Potential and Divergent Wind 
1) Velocity Potential and Divergent Wind at 850 hPa 
In order to understand the influencing factor mechanisms behind the ob-

served rainfall patterns, positive and negative IOD composite anomalies of ve-
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locity potential along with divergent wind vectors at the 850 hPa pressure level 
were analyzed during the two periods (Figure 8). During 1976-2010, positive 
IOD composite anomalies show convergence over the central Pacific, America 
and western part of Indian Ocean including Tanzania while divergence was ob-
served to cover the western Pacific (Southern Asia and Australia) and western 
Africa (Figure 8(a)). Both convergence and divergence were found to be shifting 
eastward, indicating the eastward shift of the Walker circulation but with a weaker 
strength during 2011-2022, with an exception over the Atlantic Ocean, where di-
vergence was enhanced (Figure 8(b)). 

Moreover, negative IOD events shows divergence over central and eastern Pa-
cific as well as western Indian Ocean including Africa and Tanzania, while con-
vergence was observed over the western Pacific (Figure 8(c)). Contrary to what 
was observed during positive IOD events, during 2011-2022, both convergence 
and divergence were enhanced and noticed to shift westwards, indicating the 
westward shift of the Walker circulation (Figure 8(d)). A northward shift of 
systems was also evident, indicating the northward shift of the Hadley circula-
tion (Figure 8). 

2) Velocity Potential and Divergent Wind at 200 hPa 
In order to understand the mechanisms behind the observed rainfall patterns,  

 

 
Figure 8. Velocity Potential anomaly composites (shading: 106 m2∙s−1) along with divergent wind (ms−1) plotted at 850 hPa for (a) 
1976-2010 (b) 2011-2022 during positive IOD. (c) and (d) are the same as (a) and (b) but during negative IOD. 
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positive and negative IOD composite anomalies of velocity potential along with 
divergent wind vectors at the 200 hPa pressure level were also analyzed during 
the two periods (Figure 9). 

During 1976-2010, positive IOD composite anomalies shows divergence over 
the central Pacific, America, as well as over western Indian Ocean, including 
Tanzania while convergence was observed to cover the western Pacific (includ-
ing Southern Asia and Australia) and western Africa (Figure 9(a)). Both con-
vergence and divergence were found to be shifting westwards, indicating the 
westward shift of the Walker circulation but with a weaker strength during 
2011-2022, with an exception over the Indian Ocean and Atlantic Ocean, where 
the convergence were enhanced (Figure 9(b)). The convergence and divergence 
systems also exhibited a bit northward shift, especially over Indian Ocean, indi-
cating a northward propagation of the Hadley circulation (Figure 9(b)). 

On the other hand, during 1976-2010, negative IOD events shows conver-
gence over central Pacific and western Indian Ocean, including Africa and Tan-
zania, while divergence was observed over the western Pacific (including South-
ern Asia and Australia) (Figure 9(c)). Contrary to what was experienced during 
positive IOD events, during 2011-2022, both convergence and divergence were 
enhanced and noticed to shift eastward, indicating the eastward shift of the 
Walker circulation (Figure 9(d)). A southward shift of systems was also noticeable,  

 

 
Figure 9. Velocity potential anomaly composites (shading: 106 m2∙s−1) along with divergent wind (ms−1) plotted at 200 hPa for (a) 
1976-2010 (b) 2011-2022 during positive IOD. (c) and (d) are the same as (a) and (b) but during negative IOD. 
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indicating the southward shift of the Hadley circulation (Figure 9). 
Generally, the study proposes that the changing relationship between IOD and 

OND rainfall might be attributed by the east-west (north-south) shifting of 
Walker (Hadley) circulation, which, on the other hand, due to teleconnection, 
changed the upper-level velocity potential and divergent wind systems, thus im-
pacting the rainfall distribution over the region (Figure 5). The study observed 
that the lower and upper-level velocity potential & divergent wind systems were 
weakened (enhanced) during positive (negative) IOD on 2011-2022 as compared 
to 1976-2010 (Figure 8 & Figure 9). The same atmospheric circulations were 
evident on Figure 8 whereby the IOD structure favors westerly winds during 
positive IOD while negative IOD is accompanied by easterly winds. Past re-
searchers have associated the position of Walker circulation with HREs over the 
northern part of Tanzania, in such a way that when its ascending limb is around 
60˚E, it suppresses HREs (Japheth et al., 2021). 

3.4.3. Walker Circulation 
Additionally, the study analyzed the Walker and Hadley circulations. To account 
for the contribution of the Pacific Ocean wind patterns to the OND rainfall va-
riability over Tanzania, we compare the east-west Walker circulation patterns 
over the Indo-Pacific region (Figure 10). 

During positive IOD composites, the western Pacific was generally dominated 
by a strong (weak) ascending limb during 1976-2010 (2011-2022) (Figure 10(a) 
& Figure 10(b)), which appears to enhance the amount of rainfall over Tanzania 
(Figure 5(a) & Figure 5(b)). However, during 1976-2010, Tanzania was charac-
terized by descending limb (Figure 10(a)) compared to 2011-2022, whereby as-
cending motion dominated the area (Figure 10(b)). Contrary to what was ob-
served during positive IOD events, the western Pacific was dominated by a des-
cending limb during negative IOD events (Figure 10(c) & Figure 10(d)). Dur-
ing the time, Tanzania was ruled by a descending (ascending) limb during 
1976-2010 (2011-2022) (Figure 10(c) & Figure 10(d)), suppressing (enhancing) 
the amount of rainfall specifically in the southwestern and northeastern parts of 
our study domain (Figure 5(c) & Figure 5(d)). 

It has been documented that the ascending limb of the Walker circulation 
over the study domain enhances convection, with the strongest uplift accompa-
nied by convective activity of the moisture flux from the Congo airmass and that 
from the tropical Indian Ocean leading to anomalous rainfall over Tanzania 
(Limbu & Tan, 2019). 

3.4.4. Hadley Circulation 
As depicted in Figure 11(a) & Figure 11(b), the study found that during posi-
tive IOD events, the Hadley circulation generally show a strong (weak) ascend-
ing motion over the study domain during 1976-2010 (2011-2022). This was also 
evident in the velocity potential and divergent wind, which explained about 
Hadley circulation shift towards the north and its role as a moisture supplier  
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Figure 10. Walker circulation anomalies for (a) 1976-2010 (b) 2011-2022 during positive IOD. (c) and (d) are the 
same as (a) and (b) but during negative IOD. Vector plotted using zonal wind (u) and vertical velocity (omega) 
from 1000 hPa to 100 hPa. Values were averaged over latitude 5˚S-5˚N to suit Tanzania. Color contouring 
represents omega 103 ms−1. 

 
over the study domain (Figure 9(a) & Figure 9(b)). This impact resulted in an 
enhanced amount of rainfall during 1976-2010 compared to 2011-2022 (Figure 
5(a) & Figure 5(b)). 

During negative IOD events, the Hadley circulation showed that the study 
domain was generally dominated by descending motion during 1976-2010 
(Figure 11(c)), while the findings were opposite during 2011-2022, whereby as-
cending motion was evident (Figure 11(d)). This caused the study domain to 
experience anomalous rainfall, especially in the southwestern and northeastern 
parts, where above-normal rainfall was observed, leaving the rest of the country 
below normal (Figure 5(d)). 

Past studies have documented that Hadley circulation over the Indian land-
mass is recognized as a meridional overturning circulation in which hot air rises 
at the equatorial region and moves poleward, where it cools, sinks and moves 
back to the equator (Sharma et al., 2023). This coupled air-sea feedback over  
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Figure 11. Hadley circulation anomalies over part of Indian Ocean and landmass for (a) 1976-2010 (b) 2011 dur-
ing positive IOD. (c) and (d) are the same as (a) and (b) but during negative IOD. Vector plotted using meridional 
wind (v) and vertical velocity (omega) from 1000 hPa to 100 hPa. Values were averaged over longitude 25˚E-45˚E 
to suit Tanzania. Color contouring represents omega 103 ms−1. 

 
the Indian Ocean is said to modify the meridional overturing during ENSO and 
IOD phases hence affect the global rainfall distribution, including Indian mon-
soon summer rainfall (Wu & Kirtman, 2004). 

4. Conclusion 

The study conducted an analysis of the OND IOD-rainfall relationship, focusing 
on rainfall trends, rainfall patterns, SST patterns, and atmospheric circulations 
for two distinct time periods: 1976-2010 and 2011-2022. Results from the Se-
quential Mann-Kendall trend test revealed a notable change in 1976 and 2011. It 
was also noticed an increase in the correlation between OND IOD and OND 
rainfall from +0.73 during 1976-2010 to +0.81 during 2011-2022, indicating a 
strengthening relationship over the study domain. 

During positive IOD events, regions that historically received less rainfall expe-
rienced significant increase, while areas that typically received abundant rainfall 
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observed decrease during 2011-2022. Conversely, during negative IOD events, re-
gions that were previously below normal in rainfall experienced above-normal 
rainfall amounts. These findings suggest a shifting dynamic in the interaction 
between OND IOD and OND rainfall across the study domain. 

Analysis of SST and large-scale atmospheric circulations indicated changes in 
the relationship between OND IOD and OND rainfall, with a wider warm pool 
spread over the western Indian Ocean during positive IOD events and stronger 
cooling over the central Indian Ocean during negative IOD events in the recent 
period compared to the past. Additionally, shifts in Walker and Hadley circula-
tions further emphasized the altered relationship between OND rainfall and 
OND IOD. 

Overall, the study underscores the strengthened relationship between OND 
IOD and OND rainfall over Tanzania during 2011-2022 compared to 1976-2010, 
with implications for seasonal rainfall forecasting and socio-economic impacts. 
Future research should not only explore the combined influence of ENSO and 
IOD on OND rainfall but also perform numerical simulation experiments to 
confirm the observed and proposed physical mechanisms which could then en-
hance understanding and forecasting capabilities. 

In summary, our findings highlight the evolving dynamics of the OND 
IOD-rainfall relationship, emphasizing the importance of continued monitoring 
for improved seasonal forecasting and adaptation strategies in Tanzania. 
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