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Keywords Abstract

Extreme wettest days; Extreme rainfall remains one of the leading natural disasters in Tanzania,
OND; affecting the majority of citizens and the country’s economy.
SST: Understanding the seasonal patterns and associated atmospheric and

oceanic anomalies could help mitigate their impacts. The current study
investigates changes in seasonal extreme wettest days (EWDs) rainfall in
Tanzania and the associated atmospheric and oceanic anomalies during
October-December (OND), from 1981 to 2020. EWD is defined as days
when daily rainfall meets or exceeds the 99™ percentile. Singular value
decomposition (SVD), Mann-Kendall, t-test, and Pettitt test methods
were applied in this study. The results indicate that approximately 2
EWD events were observed in many areas during OND, with fewer in
central regions. Areas such as southwestern Lake Victoria Basin (LVB)
and parts of the coastal regions experienced a significant increase in
EWDs. The time series showed a non-significant positive trend, with a
notable change in 2010. Generally, the country experienced an increase
in EWD events in the recent decade. This increase is potentially
associated with a shift in tropical SST from a cold phase to a warm
phase, the incidence of low-level troughs over the tropical Indian Ocean
(TIO), an increase in moisture flux convergence at the TIO, vertical
velocity negative anomalies with the ascending limb of Walker-type
circulation over the western Indian Ocean, and increased evaporation
over the TIO and Congo basin. This is in line with the SVD results,
which showed a strong coupling between EWDs in Tanzania and SST
over the TIO, Pacific, and Atlantic Oceans, with significant correlation
coefficients at the 99% confidence level of R=0.75, R=0.74, and R=0.76,
respectively. This study provides valuable findings for farmers,
forecasters and water users in Tanzania

Atmospheric circulation;
Tanzania.
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Introduction

Rainfall remains a crucial weather
variable that significantly affects human
society and natural ecosystems (Conway
2002, Han et al. 2021). In recent decades,
there have been significant changes in its
temporal and spatial patterns, including an
increase in extreme rainfall events globally
(IPCC 2012, WMO 2023). These changes
contribute to unpredictable floods and longer-
lasting droughts, both of which have a
significant adverse impact on countries such
as Tanzania (the study area), where 75% of
the population relies heavily on rain-fed
agriculture activities (Thornton et al. 2014,
USAID 2018). In Tanzania, rainfall is
primarily influenced by the Intertropical
Convergence Zone (ITCZ), resulting in a
bimodal rainfall pattern with two wet
seasons: March-May (MAM) and October-
December, OND (Black et al. 2003, Kijazi
and Reason 2011). The frequency, timing and
intensity of rainfall during these seasons vary
due to several factors such as topographic
features, atmospheric systems and the
position of the ITCZ (Palmer et al. 2023).
The ITCZ typically moves northward during
MAM, which is associated with more rains,
and returns south across the equator during
OND, bringing more rains in November and
December, particularly over the northern,
northeastern and eastern coast regions
(Nairobi 1979, Borhara et al. 2020). The
rainfall distribution of a country is well
demonstrated by the number of rain days
rather than monthly, seasonal or annual
rainfall accumulation (Nandargi and Mulye
2012). These rainfall days provide necessary
information that can be used to mitigate
rainfall-related disasters (Han et al. 2021).
Excessive or insufficient rain days within a
season may likely instigate floods, droughts
and the emergence of crop insects (such as
aphids and leafhoppers) and human diseases
(such as Rift Valley fever and dengue), which
may significantly impact various economic
sectors such as agriculture and health
(Tadross et al. 2009, Anyamba et al. 2014,
Kotz et al. 2022). Addressing extreme wettest
days (EWDs) is a key step in poverty
reduction in countries such as Tanzania, since

the majority of citizens heavily depend on
rain-fed agriculture, which is affected mostly
by extreme rainfall events (Chang’a et al.
2020, Wainwright et al. 2020).

Seasonal rainfall in East Africa (EA) has
shown high variation, with an increase in
extreme events (Lyon and DeWitt 2012,
Owiti 2012), instigated by local and global
factors, such as the Congo Basin air mass,
which serves as a moisture source for rainfall
in Tanzania (Mugalavai et al. 2008, Ntwali et
al. 2016, Spracklen et al. 2012). Tropical
Cyclones in the southwestern Indian Ocean
(SWIO), EA monsoons, and variation of sea
surface temperatures (SSTs) over the tropical
Indian Ocean (TIO), both of which modify
atmospheric patterns over the region that
modulate rainfall (Kilavi et al. 2018, Finney
et al. 2019, Kebacho 2022b). Other drivers,
such as variation of SSTs over the North and
South Atlantic Ocean, El Niflo Southern
Oscillation (ENSO) and Indian Ocean Dipole
(IOD), are also strongly linked with rainfall
in EA (Ashok et al. 2001, Saji and Yamagata
2003, Wagesho and Claire 2016, Limbu and
Guirong 2020). Additionally, the eastward
propagation of the Madden-Julian Oscillation
and the eastward phase of the Quasi-Biennial
Oscillation also control rainfall over EA
(Indeje and Semazzi 2000, Vellinga and
Milton 2018).

The oceanic phenomena like positive IOD
(pIOD) and El Nifio significantly enhance
atmospheric moisture in EA, leading to
extreme rainfall events, particularly during
OND and December to February (Black et al.
2003, Saji and Yamagata 2003, Chang’a et al.
2020, Wainwright et al. 2020). Years with
simultaneously positive IOD and El Nifio are
associated with above-normal rainfall over
most areas in EA (Rwambo et al. 2025). The
pIOD phase leads to substantial rains in the
central and southern highlands of Tanzania,
while El Nifio significantly impact coastal
areas during December-February, and
impacts are more substantial when both
phenomena coincide (Wenhaji et al. 2018,
Mbigi and Xiao 2021). Rising SST in the TIO
and convective activity in the western Indian
Ocean (WIO) modulate moisture flow to
some regions in Tanzania during OND
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(Kijazi and Reason 2009). However, other
studies (e.g., Wainwright et al. 2020,
Kebacho 2022a; Semgomba et al. 2025)
discovered that Equatorial EA experiences
wet years when TC is located over southern
Madagascar, which draws air from higher
latitudes, enhancing southerly wind flow and
also pulling westerly winds to the adjacent
Indian Ocean across the Mozambique
Channel. Additionally, EA also witnesses
westerly moisture winds across Lake Victoria
during phases 3 and 4 of the MJO,
modulating heavy rainfall during MAM and
OND (Finney et al. 2019, Wainwright et al.
2020).

The frequency, intensity and duration of
extreme rainfall events in EA, particularly in
Tanzania, vary from season to season
( Ongoma et al. 2016, Ojara et al. 2021) . The
studies conducted by Japheth et al. (2021)
and Mtewele et al. (2021) revealed an
increase in the frequency and intensity of
heavy rainfall events between January and
May over the northern sector and the coast
zone of Tanzania. Also, a recent study
conducted by Ndabagenga et al. (2023)
revealed an annual increase in extreme
rainfall events in Tanzania between 1981 and
2020. Generally, the majority of previous
studies conducted in EA demonstrate that
extreme rainfall events are increasing in some
areas, despite some studies, such as Lyon and
DeWitt. (2012) as well as Makula and Zhou.
(2021), indicated a decrease of extreme
rainfall events in seasonal rainfall. This is the
reason motivating the authors to explore
changes in seasonal EWDs rainfall in
Tanzania and the response of the atmospheric
circulation and oceanic anomalies. This topic

has received less attention in EA since most
of the previous studies focused only on
extreme rainfall in terms of rainfall amount.
This study fills the gap by seeking answers to
the following questions: How frequently have
EWDs been reported in Tanzania during
OND for the period 1981-2020? Is the trend
in EWD occurrence during the OND season
from 1981 to 2020 statistically significant?
Have there been any changes in the patterns
of EWDs between 1981 and 2020, and how
do atmospheric and oceanic anomalies
respond to these changes? Lastly, to what
extent are the SSTs in the TIO, Pacific Ocean
and Atlantic Ocean related to the EWD
variations over Tanzania during OND?

Data and Methodology
Study domain

Tanzania is a country in eastern Africa
(Figure 1), which is bordered by Kenya and
Uganda to the north, Rwanda, Burundi and
the Democratic Republic of the Congo to the
west, Zambia and Malawi to the southwest,
and Mozambique to the south. However, the
country is surrounded by larger water bodies
such as the Indian Ocean, Lake Victoria,
Lake Tanganyika and Lake Nyasa. Lake
Victoria is the largest lake in Africa and the
second largest freshwater lake in the world,
while Lake Tanganyika is the second deepest
in Africa and the deepest in EA (Verburg and
Hecky 2009, Awange et al. 2019, Nyamweya
et al. 2023). The presence of the highest
mountains, such as Mount Kilimanjaro and
other geographical features contributes to
local weather and seasonal rainfall (Ogwang
et al. 2012).
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Figure 1: The study domain (Tanzania). The red box at the top right corner of the figure
indicates the location of the study area on the Africa map.
Data The present study also utilised monthly
This study used daily ground observation  mean reanalysis data to identify changes in
rainfall data from 18 synoptic and the atmospheric circulation

agrometeorological stations (Figure 1) from
1981 to 2020. The study also utilised daily
gridded rainfall data from Climate Hazards
Group InfraRed Precipitation with Station
data (CHIRPS v2.0), which has a resolution
of 0.05° x 0.05° (Funk et al. 2014, 2015),
which is widely used in the meteorological
field in the EA region previously studies
(e.g., Dinku et al. 2018, Ojara et al. 2021,
Yonah et al. 2023, Omay et al. 2023).
CHIRPS data were combined with rainfall
from 18 observation stations, using a similar
technique applied by the International
Research Institute for Climate and Society to
generate  Enhancing National Climate
Services (ENACTS) data in Africa and Asia
(Acharya et al. 2020, Dinku et al. 2022). This
process improves the quality and strengthens
the robustness of the extracted EWD. The
station data quality assessments and data
merging process were conducted by using
Climate Data Tools (CDT) in R (Dinku et al.
2022).

patterns.
Atmospheric parameters such as specific
humidity, zonal and meridional winds and
geopotential height were obtained from
NCEP/NCAR Reanalysis 1 and covered 40
years from 1981 to 2020, with a resolution of
2.5% x 2.5° (Kalnay et al. 1996). The specific
humidity, zonal and meridional winds were
used to compute the vertically integrated
moisture flux (VIMF) and convergence
(VIMFC). Furthermore, global monthly mean
COBE-SST data obtained from the NOAA
with a resolution of 1.0° x 1.0° spanning
from 1981 to 2020 (Ishii et al., 2005), were
used to investigate changes in SST anomalies
and the linkage between SSTs over the
tropical Indian, Pacific, and Atlantic Oceans
and EWDs over Tanzania. Monthly
evaporation data from the European Centre
for Medium-Range Weather Forecasts
(ECMWEFE), fifth generation with a resolution
of 0.25% x 0.25° and timespan from 1981 to
2020 (Hastenrath 2007, Hersbach et al.
2020), were also used to exhibit the change of
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evaporation anomalies. However, it is better
to know that the negative evaporation values
in ERAS5 represent evaporation, while
positive values for condensation.

Methodologies
Definition of extreme wettest rain days

The present study used a percentile-based
approach to compute EWDs. EWD is defined
as days where daily rainfall meets or exceeds
the 99" percentile, calculated from the
distribution of all rainy days (daily rainfall
>1.0 mm) at each grid cell during the OND
seasons from 1981 to 2020, as used in Li and
Wang (2018) and Mastrantonas et al. (2020).
This criterion is applied only to select grids
with sufficient rainfall data for analysis of
EWDs. The number of EWDs is determined
by the count of rainy days exceeding the 99"
percentile threshold. The 99" percentile
thresholds for daily rainfall vary spatially
across the study area and temporally within
the seasons (Gamoyo et al., 2014). The range
of these thresholds highlights the spatial and
seasonal variability in extreme rainfall
conditions. The applied approach is similar to
R99p index, one of the 27 climate indices
recommended by the World Meteorological
Organisation (WMO).
Spatiotemporal analysis of EWDs trend

The present study utilises a linear
regression to show the temporal trend of
EWDs in each rainfall season. This method
has been used in previous studies by Wang et
al. (2012) and (2017), to investigate trends of
the temperature and precipitation extreme
events over Xinjiang, northwestern China.
The significance of the obtained trend was
then tested by the Mann-Kendall (MK) trend
test approach, whereby the significance of
trends was demonstrated by the p-value
technique (p-value < 0.05 as 95% confidence
level and 0.1 as 90% confidence level). This
method is based on normally distributed data
and has a low sensitivity to abrupt changes in
homogeneity data series (Mann 1945,
Kendall 1975). The study also applied MK to
look for the spatial trend of EWDs from each
grid cell. The p-value < 0.05 from this
method was wused to display areas

characterised by significant increases or
decreases trend at the 95% confidence level.
Analysis of trend change detection,
occurrence and anomalies

The Pettitt test method was applied to
detect the sensitivity of abrupt changes of the
trend in a series of EWD data from 1981 to
2020. Pettitt is a non-parametric statistical
test useful for detecting abrupt changes in the
mean of the data series and provides a single
point as a trend change reference (Pettitt
1979, Xie et al. 2014). The method revealed a
point before the change (first period) and
after the change (second period). Therefore,
in this study years before the changes (1981-
2009) and after the changes (2010-2020)
were identified for further analysis.
Anomalies were also applied to explore
atmospheric circulations under selected
periods. The climatology mean from 1991 to
2020 was considered as the base period for
anomaly computation. The student t-test was
also deployed between two selected periods
to reveal significant patterns associated with
changes. The Probability Density Function
(PDF) was also applied to illustrate the
occurrence and changes of EWDs, which is
typically used to display the amplitude and
distribution of EWDs within periods. A
similar technique was applied previously in
studies of Alexander et al. (2006) and Wang
et al. (2012) to investigate changes in
extreme rainfall events in China.
Analysis of the moisture transportation

Vertically integrated moisture flux
(VIMF) was analysed to reveal patterns of
horizontal moisture transportation through
the troposphere in the first and second
periods, and their differences. VIMF is
closely related to rainfall variation at the
surface and defined as the amount of water
vapour absorbed or radiated per unit time and
volume (Li et al. 2013, Ma et al. 2022).
VIMF was integrated from 1000 hPa to 300
hPa by ignoring levels above 300 hPa due to
low specific humidity. This technique
includes multiple layers and overcomes
obstacles such as larger terrain at lower levels
(Fasullo and Webster 2003, Ma et al. 2022).
The study also applied a partial derivative to
the VIMF to achieve vertically integrated
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moisture  flux  convergence (VIMFC),
identifying areas with water vapour
convergence (Chansaengkrachang et al.

2018). Mathematically, VIMF is illustrated in
Equation 1, and VIMFC is presented in

Equation 2.
1000 1000

VIMF =1 f qudp+ f gvdp| ()
9\ 300 300
1000 1000
0 f qudp| 0 f qvdp
300 300 @
g 0x oy
where: g stands for gravitational
acceleration (g £29.81 ms ™ 2), q is specific
humidity (kg’/kg), u represents zonal

(longitude) wind (ms™?!), and v represents
meridional (latitude) wind (ms~%). dp (hPa)
represent layer thickness along the pressure
levels. Also, 0x and Oy stand for grid
spaces along the east-west and north-south
directions, respectively.
Analysis of coupled patterns between
EWDs and SST anomalies

The singular value decomposition (SVD)
method was utilised to explore coupled
patterns between EWDs over Tanzania and
SSTs over the TIO, Pacific and Atlantic
Oceans during the first and second periods.
The method decomposes the covariance
matrix of two fields into singular values and
creates two sets of paired-orthogonal vectors,
known as loading maps, representing spatial
patterns. The method generates the squared
covariance fraction (SCF), which is a crucial
metric for assessing the significance of
different modes in the decomposition
(Prohaska 1976). The advantage of this
method, reveals areas with similar patterns.
The method has been applied in several
studies in Tanzania (e.g., Mafuru and

Guirong 2020, Limbu and Guirong 2020,
Makula et al. 2020).

Results and Discussion
Spatiotemporal distribution,
and trends of the EWDs

The result of seasonal mean EWDs during
OND (Figure 2a) reveals that most parts of
the country experience 1 to 2 EWDs, with no
events in the central parts and some areas
around LVB. These areas may benefit from
moisture originating from the Congo basin
and surrounding water bodies, primarily due
to their contribution to abundant moisture
availability, which can enhance rainfall
patterns, as suggested in (Dinku et al. 2010).
The study highlights the influence of large
water bodies, such as the Indian Ocean, in
modulating local rainfall due to their ability
to provide moisture to the atmosphere. As
shown in Figure 2b, the seasonal EWD
patterns during OND over the coastal belt and
western regions are consistent with the
observed  climatological rainfall data
presented in (Gamoyo et al. 2014). This result
does not exhibit systematic overestimation or
underestimation. Aligning with the unbiased
seasonal rainfall at the 99" percentile (Figure
2c), which demonstrates the apparent balance
in seasonal rainfall, is therefore not due to
compensatory seasonal biases but rather
reflects the inherent accuracy of the seasonal
EWD climatology as derived from the
dataset. These results underscore the
reliability of the methodology and suggest
that the observed seasonal EWD patterns
accurately  represent regional climatic
behaviour. The MK results in OND (Figure
2b) show a non-significant decrease in EWDs
over most regions, except for the
southwestern parts of the LVB, where EWDs
significantly increase at a 95% confidence
level.

occurrence
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significant area with the 95% confidence level when the p-value < 0.05.

The analysis of MK (Figure 3a) shows a
non-significant positive trend with high
EWDs in 1997 and 2019, and lowest in 1993
and 2005. The season (OND) experienced a
non-significant abrupt change in 2010
according to Pettitt test result, suggesting a
slight upward shift in EWD, starting from
2010 to 2020. Most of the years between
1981 and 2009 experienced relatively fewer
EWDs, with a high peak in 1997. It is
important to note that the detected change
around 2010 indicates potential
characteristics of EWDs between periods, as
indicated in Table 1. The average values of
EWDs during two distinct periods, before and
after the change, show a slight increase from

0.96 to 1.24 days. The Pettitt test suggests
that any changes in the temporal distribution
of EWDs are less pronounced and not-
significant. This could imply that OND
rainfall extremes are more influenced by
inter-annual variability rather than possibly
related to large-scale phenomena such as the
IOD or ENSO (Wainwright et al. 2020),
generally associated with extreme rainfall
events. Therefore, these events are likely to
be among the factors influencing EWDs in
Tanzania. This motivates us to investigate
further how SSTs are related to EWDs
between periods by using SVD technique.

Table 1: Summary results of the Pettitt test for the abrupt trend change in EWDs.

Season Change- 1* period 2" period Mean of the Meanof P-value
point 1% period the 2™
period
OND 2010 1981-2009 2010-2020 0.96 1.24 0.491

Note: p-value with * is statistically significant at the 90% confidence level.

Figure 3(b) explains the distribution of
EWDs in Tanzania during the OND seasons
which shows a slightly higher maximum PDF
value of 0.76, with an average occurrence of
around 1 EWD. This reflects a higher chance
of isolated EWDs in this season. The vertical
dashed red lines, representing the 95"
percentile of EWD occurrences, further
support these observations, which reflect a
lower frequency of EWDs, consistent with
the shorter and more irregular nature of

EWDs during this period. Additionally, the
tails of the PDF curves offer insights into the
distribution of EWDs. The broader tail and
skewed PDF peak points out higher
concentration of the EWDs in shorter periods,
with stronger variability of wet conditions.
These findings underscore the seasonal
variability in EWD patterns in Tanzania, with
a higher probability of isolated EWDs
occurring over shorter durations.
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The solid vertical black line in PDF
indicates the mean value, while the dashed
vertical red line indicates the 95" percentile
of the distributed EWDs. A shaded light
yellow at the back of bar graphs shows years
with EWDs before updraft change (first
period), while a light blue indicates years
after updraft change (second period), which
are separated by the red line. The solid green
line in the bar graph indicates the 6-year
running average.

Change and trend of the seasonal EWDs

The changes and trends in EWDs based
on the selected periods presented in Table 1
and their differences, were obtained by
subtracting the second period from the first
period. The results in Figure 4(a) show a
significant decrease in trend from 1981 to
2009 during the first period over southern and

Pl

western areas. Moreover, the second period
from 2010 to 2020 (Figure 4b) shows non-
significant positive trend patterns in the
western LVB and along the eastern coast belt,
with a significant decrease in central regions,
extending to SWH. The difference between
periods (Figure 4c) shows that EWD patterns
become stronger in the northwest of the LVB
and weaken in the rest of the area,
particularly in southern regions. This is in
line with the results of (Ndabagenga et al.
2023), which studied the extreme rainfall in
Tanzania. Overall, the findings indicate a
significant positive shift in EWDs with a
positive trend, particularly in bimodal areas
where ITCZ and factors such as El Nifio and
positive 10D are linked to rains during this
season.
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Figure 4: Trend patterns in the first (a) and second periods (b) with their corresponding
differences (c) in EWDs during OND. The stippling from plots (a) to (b) indicate a significant
trend when the p-value < 0.05, and those in plot (c) show significant change at the 95%
confidence level of the difference between periods based on the Student t-test.
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Figure 5 displays the PDFs of EWDs
during the first and second periods, along
with their changes based on their averages
presented in solid black and blue lines. The
concept was also used previously in the
studies of Wang et al. (2012) and Alexander
et al. (2006). The results indicate that the
years between 2010 and 2020 in the second
period experienced a relatively high
frequency of PDF with the same number of
EWDs between periods, indicating a high
chance of occurring EWDs in the second
period. Generally, the shifting of the vertical

OND

O-gi\llll\l\ll'l\lll\llj\II\l\\IJI\II\

mean line in the second period to the right of
the first period explicitly shows a recent
increase in EWD events in Tanzania, the
same as that indicated in Figure 3(a).
However, the change between periods
demonstrates less magnitude but usually may
result in a devastating impact on the
environment and society. Furthermore, the
similarity of extended right tails between
periods demonstrates less variability and no
substantial change in the number of EWD in
Tanzania.
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Figure 5:

The Probability Distribution Function of EWDs during the first period (shaded in

dark grey) and second period (shaded in light blue). The black vertical solid line
stands for an average of EWDs in the first period (denoted as P1-mean), and the
blue solid line stands for an average of EWDs in the second period (denoted as P2-
mean). The dots in between vertical black and blue lines indicate a change in the

mean EWDs between periods.

Changes in atmospheric circulations and
SST anomalies
Moisture transportations and their linear
relationship to EWDs

Moisture transportation is closely linked
to surface rainfall (Ma et al. 2022). The
VIMF from 1000 to 300 hPa and
convergence results show potential areas
characterised by moisture flux and

convergence anomalies in the first and
second period during OND, along with their
differences. The study reveals that water
vapour is transported from the SWIO to
Tanzania from 1981 to 2009 during the first
period and from 2010 to 2020 in the second
period (Figure 6a and b), with divergence in
the western part of the domain. The
difference between VIMF vectors between
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periods (Figure 6¢) shows that moisture is
transported from the west with intense
vectors, while convergence is increasing over
most parts of the country except for the
southern region. The result also shows that
the country is characterised by southeasterly
to easterly VIMF vectors during this season,
supporting findings presented in (Zhang et al.
2015). Generally, moisture convergence
dominates over the central to eastern part of
the domain and in the TIO, while divergence

is seen in the western part of the domain. The
difference between periods reveals westerly
moisture flux vectors across the Congo Basin
towards Tanzania, which mostly enhance
rainfall in the domain. Similar results were
also presented in Clark et al. (2003) and
Ntwali et al. (2016), demonstrating that
westerly moist winds from the Congo Basin
typically influence rainfall in EA.

e — T T f
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VIMFC (107* x Kgm~2 571)

e SS— I
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Figure 6:

Vertical integrated moisture flux (VIMF) convergence (VIMFC) anomalies during

OND (unit: 10~ % x kg m %s ! for the VIMFC, while unit: kgm 11 stands for
VIMEF vectors). The results were integrated from 1000 hPa to 300 hPa for the first
(a), second periods (b) and their corresponding differences (c). The shaded positive
(negative) values represent moisture convergence (divergence).

The VIMFC anomaly observed over the
TIO in Figure (6) motivates the present study
to investigate whether there is an existing
connection between the VIMFC anomaly
over the Indian Ocean and EWDs in
Tanzania. The VIMFC anomaly (only
positive anomalies) was computed by area
averaged over the region bounded between
(400-70° E and 20° S-10° N). The same
technique  was  previously used in
(Chansaengkrachang et al. 2018). The results
are presented in a scatter plot with a
correlation coefficient (R). The results show
that more patterns are concentrated between
0.6 and 1.1 EWDs, and 0.0 and 0.4 x 10 2
VIMEFC index in the first period (Figure 6a),
while more patterns are scattered in the
second period (Figure 6b). Further results
from Figure 6(a) reveal a positive
relationship between the VIMFC index and

EWDs during OND. The relationship
significantly increased in the second period,
where R = 0.65. Additionally, results also
reveal days with both low (high) moisture
convergence and EWDs, at the lower left
(upper right) corner in Figure 6(a and b),
suggest days with minimum (maximum)
atmospheric moisture inflow, consequently
less (heavy) rainfall. Such conditions might
be typical of dry (wet) or stable (unstable)
atmospheric conditions. Moreover, patterns
in the lower (upper) right (left) corner,
characterised by low (high) VIMFC and high
(low) EWDs, suggest days with low (high)
moisture convergence but high (low)
precipitation. These conditions could occur
when local factors, such as convection or
localised topographic effects, lead to heavy
(less) rainfall despite low (high) column total
moisture convergence.
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Atmospheric circulation anomalies

The changes in evaporation, geopotential
height (GPH), vertical velocity and wind
(zonal and meridional) during periods, and
their differences were also examined. For
instance, evaporation influences the overall
moisture content in the atmosphere, with
other factors playing a role in modulating
rainfall. The results (Figure 7a) show that
during the first period, there is a decrease in
evaporation (positive anomalies based on
ERAS document) over the tropical WIO and
Congo basin, while the remaining areas are
characterised by a slight increase in
evaporation (negative anomalies based on
ERA5 document). The strong patterns of
evaporation shift to the northern part of the
Indian Ocean, over the coast regions and
LVB. The difference between periods (Figure
7c) shows a significant increase in
evaporation over the northern and coastal
areas. This increase in evaporation is likely
due to the warming of tropical Indian SST
anomalies, as shown in Figure 9, which is
considered to be among the drivers behind
the recent increase in EWDs in Tanzania.

Further analysis shows that most areas of
the target domain (Tanzania) experienced
negative GPH anomalies, justifying the
presence of a trough at low-level in the first
period (Figure 7d), with positive anomalies
across parts of TIO, suggesting the presence
of a ridge. In the second period (Figure 7e),
the patterns shifted to positive anomalies over
the target domain and negative across TIO,
demonstrating that the influence of TIO SST
on convergence activities is predominant
during this period. The difference between
periods shows an increase in GPH anomalies
across Tanzania, with the significant negative
GPH anomalies over SWIO and northern
parts, which contribute to westerly moisture
winds inflow toward Tanzania as indicated in
Figure 6(c), which usually enhances rainfall.
The upper troposphere at 200 hPa (the figure
is not included) generally reveals negative
(positive) GPH anomalies in the first
(second) period, which allows upper-level
convergence (divergence) over the domain
(TIO). Additionally, significant patterns at
the 95% confidence level of negative
anomalies in Figure 7(c) suggest that
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increasing upper GPH anomalies may
enhance surface convergence that modulates

(a) OND Anomaly P1

20°E 30°E 40°E 50°E 60°E 70°E
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rainfall, aligning with findings of Wiston and
Mphale (2019).
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Figure 8: Evaporation anomalies (unit: 10 *

xm of water equivalent), during the first period

(a) and second period (b) with their corresponding differences (c). Geopotential
height anomalies (unit: m) at the low-level troposphere (850hPa) during the first
period, second period, and their corresponding differences are also presented in (d),
(e) and (f), respectively. Stippling indicates a significant area at a 95% confidence

level based on the Student t-test.

The analysis of the vertical cross-section
of the vertical velocity and zonal wind was
also conducted to explore the atmospheric
stability. Results show that during the first
period (Figure 8a), areas over the tropical
eastern (western) Indian Ocean experience
descending  (ascending) motion  with
downward (upward) wind vectors, lessening
(enhancing) rainfall formation over the target
domain. In the second period (Figure 8b),
there is ascending motion with upward wind
vectors and negative vertical velocity
anomalies over Tanzania and eastern Indian
Ocean, supporting convective activities over
the targeted domain (left side of the black
dotted line). Additionally, the WIO is

characterised by a well-defined Walker-type
circulation with rising air near our area of
interest and sinking air in the central Indian
Ocean, especially in the second period. These
patterns intensify significantly at a 95%
confidence level when the first period is
subtracted from the second period (Figure
8c). This Walker-type circulation transports
moist air from the Pacific Ocean toward our
target area through stronger zonal winds,
supporting the findings presented by Limbu
and Guirong (2019). The results also suggest
that convergence activities across the domain
are modulating the recent increase in EWDs.
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Vertical cross-section of zonal winds (unit: ms ~—1) and vertical velocity (unit:

10 ?xPas ', shaded region) anomalies averaged along (0° to 12° S) during
OND. (a) First period (1981-2010), (b) second period (2011-2020) and (c)
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confidence level based on the Student t-test. The left side of the dotted vertical line
(20°-420 E) shows the location of Tanzania.

Sea surface temperature anomalies and
their relationship to the extreme wettest
days

SST is one of the factors influencing the
variation of  atmospheric  circulations,
impacting moisture flux and convergence
activities through teleconnection
mechanisms. Therefore, tropical SSTs from
40° N to 60° S were analysed. The results
generally show negative anomalies in the first
period from 1981 to 2009 (Figure 9a) shifting
to positive anomalies in the second period
from 2010 to 2020 (Figure 9b), except for the
central to eastern Pacific Ocean and same
areas over the southwestern Atlantic Ocean
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(SWAO), performing oppositely. However,
SST anomalies are generally increasing in the
second period over the TIO and some parts of
the Atlantic and Pacific Ocean during MAM,
which concurs with the findings of Makula
and Zhou (2021), found that in recent
decades, tropical SST has been shifting from
the cold phase to the warm phase. This shift
of the SST from a cold phase to a warm
phase, particularly over the TIO, probably
enhanced radiative feedback to the
atmosphere by adding warm-moist air,
resulting in the recent increase of EWDs in
the target domain.
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Figure 10: Tropical sea surface temperatures (SST, unit: °C) anomalies during the first period
(a) and second period (b) and their differences (c). Stippling indicates a significant
area at a 95% confidence level based on the t-test.

Coupled patterns between EWDs and
SSTs

As we have seen in the previous sub-
chapter, tropical SST anomalies generally
shifted from a cold phase (in the first period)
to the warm phase (in the second period).
Therefore, this present study also examines
the coupling between EWDs and SST over
the Indian, Pacific, and Atlantic Oceans
during OND. The first leading mode (SVD1)
is explored during periods, as highlighted in
Table 1. The results (Figure 10b and e) show
warmer SST over most areas of the north and
western Indian Ocean during the first and the
second period, except in the tropical
southeastern Indian Ocean and SWIO,
showing cooling anomalies. These SSTs are
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accompanied by positive loading EWD
anomalies, mostly in the bimodal region
(Figure 10a) and extended southward in the
second period (Figure 10d). Generally, results
from SVDI1 show that vast areas in bimodal
regions are characterised by significant
coupled patterns of positive EWD with much
extent during the second period. This
suggests that warming SSTs observed in the
second period over the TIO substantially
influence recently observed EWD in
Tanzania. These results are also in line with
those of Kavishe and Limbu (2020) and
Ongito and Limbu (2024) findings, which
showed that warming SST anomalies over
TIO are strongly linked to heavy rains in
Tanzania, especially during the OND season.
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Figure 11: The first leading mode (SVD1) of the monthly Tropical Indian Ocean SSTs (39°—
119°E and 20°N-50°S) and EWDs in Tanzania, during OND. First period (1981-
2009) for: (a) EWDs, (b) SSTs and (c) Temporal patterns and linear correlation.
Second period (2010-2020) for: (d) EWDs, (e) SSTs and (f) Temporal patterns and
linear correlation. The black solid line corresponds to the expansion coefficient for
EWDs, while the red solid line is for the SST anomaly. The correlation
coefficients and square fraction coefficient of covariance are presented as R and
SCF, respectively. Stippling indicates a significant area at a 95% confidence level

based on the t-test.

Further analysis of the coupling between
EWDs and SSTs over the Pacific Ocean was
also conducted. The result shows that during
the first period from 1981 to 2009 (Figure
11b), significant patterns at the 95%
confidence level of warm SST are located
over the tropical Pacific Ocean around the
Nifio3 regions between 60° E and 120° W,
which stretched southeast to the northeast and
formed like a triangle shape similar to El
Nifio Modoki (Ashok et al. 2007), however,
warming much extended northeastern during
the second period from 2010 to 2020 (Figure
11e). These patterns are generally coupled
with positive loading of EWD over the

bimodal regions (Figure 1la and d). In
summary, the SVD1 result shows warming
SST over the tropical Pacific Ocean, which is
characterised by an El Nifio Modoki-like
pattern that extends further northeast in the
second period. These patterns are closely
connected with the positive loading of EWD
in the second period. The finding supports the
previous studies by Preethi et al. (2015) and
Ratnam et al. (2014), suggesting that El Nifio
Modoki significantly enhances rainfall in EA
and reduces rainfall in the Sahel region and
parts of the southern portion of Africa, below
Tanzania.
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Figure 12: As in Figure 10, but for the tropical Pacific Ocean SSTs (80° W-140° E and 30° N-

500 S).

Figure 11(b) demonstrates SST anomaly
during the first period (1981-2009) with
significant warming SST patterns at a 95%
confidence level aroundt 0°-30° S, crossing
east to west, while the remaining parts are
characterised by cooling SSTs, which are
coupled with positive loading EWD
anomalies over vast areas of Tanzania,
especially western and central to north areas
(Figure 11a). However, positive loading
EWD patterns are shifted to northwestern,
with a slight decrease in the eastern coast,
central and NEH (Figure 11d) during the
second period (2010-2020) which are
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strongly connected with warming SST
between 5° N and 30° S and lower SSTs
along 30°-40° S and 5°-15° N (Figure 11e).
Generally, warming SST near the equator that
extends northward and lower SST in the
south are closely linked to positive loading
EWDs, particularly during the second period,
aligning with the findings of Limbu and
Guirong (2019), indicating that warm (cool)
SST anomalies in the southern Atlantic
Ocean are associated with a decrease
(increase) in rainfall over Tanzania during the
OND seasons.
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Furthermore, a linear relationship shows
coupling patterns between Indian Ocean SST
and EWDs during the first period (Figure
10c) with interannual patterns. The maximum
positive amplitude occurred in 1997. In
contrast, the second period shows dominant
patterns of interannual oscillations with
maximum amplitude in 2019 (Figure 10f).
Moreover, similar patterns are depicted in
Figure 11 (c and f), showing similar
amplitudes in the same years. Linear time-
series of the Atlantic Ocean SSTs and EWDs
(Figure 12c and f) show interannual
oscillations, with the maximum positive
amplitude of coupled anomalies occurring in
1997, which was the wettest year, and the
minimum amplitude occurring in between
2001 and 2002, which were among the driest
years in Tanzania, concur with results
observed in Chang’a et al. (2017).
Additionally, most of the years with high
amplitudes were associated with a positive
peak of IOD and El Nifio episodes, which are
also linked with heavy rainfall events over
the domain. This has also been manifested by
Kavishe and Limbu. (2020), as well as
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Wainwright et al. (2020), who documented
that pIOD and El Nifio in 1997 and 2020
were strongly connected with an exceptional
increase in rainfall over the EA.

On the other hand, statistical results from
the SVD1 in the first and second periods are
shown in Table 2, illustrating that the TIO
and EWDs are linked more strongly in the
second period, with the highest correlation (R
= 0.75) and coupling SCF of about 57.4% in
the first period. For the Pacific Ocean, the
SSTs and EWDs account for 74.7% of the
maximum SCF in the first period from 1981
to 2009, with their dominant coupled modes,
characterised by a stronger correlation
coefficient (R £ 0.74) in the second period
from 2010 to 2020. Atlantic Ocean SSTs and
EWDs are characterised by less SCF
compared to other Oceans, with the
maximum correlation (R = 0.76) in the
second period. These results suggest that
tropical SSTs in the second period are among
the factors that might contribute to the recent
increase in EWDs in Tanzania, which also
agrees with the results in Figure 9.
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Table 2: Statistical summary of the SVD1 of squared covariance fraction (SCF) and linear
correlation (R) between EWDs over Tanzania and SST over the tropical Indian, Pacific and

Atlantic Oceans.

SVD1 | Season Indian Ocean Pacific Ocean Atlantic Ocean

1* period | 2" period | 1% period | 2" period | 1* period | 2™ period
R OND 0.62 0.75 0.55 0.74 0.56 0.76
SFC OND 57.4% 48.4% 74.7% 42.0% 32.3% 27.7%

Note: All correlation values (R) are significant at the 99% confidence level based on the t-test.

Summary and Conclusion

This study explored the changes in EWDs
in Tanzania and associated atmospheric and
oceanic anomalies from 1981 to 2020. The
study focuses on the OND rainfall season,
which is commonly wused for farming
activities in Tanzania (Camberlin and
Philippon 2002, Hastenrath 2007). The result
reveals EWDs patterns over the southwestern
and parts of the eastern coast, LVB, as well
as NEH regions. Trends show a significant
increase in EWDs in the southwest of the
LVB, and a non-significant decrease is
observed over the northern part of Lake
Victoria around the Simiyu region. The
coverage of negative trend patterns is much
experienced across central and extended to
the south and SWH, which are significantly
decreased at the 95% confidence level.
Results from the time series showed an
abrupt change in the trend of EWDs in 2010,
which generally the pattern in time series
indicates that years with a substantial number
of EWDs, such as 1997 and 2019, are often
linked to El Nifio and pIOD events. This
implies that El Nifio and pIOD events are
likely among the factors influencing the
recent increase in EWDs in Tanzania.

Further analysis also indicates that the
recent increase in EWDs is associated with
abundant tropospheric moisture convergence
(VIMFC) anomalies over the TIO, which
extends to nearly the western side of the
domain. The OND season is characterised by
southeasterly VIMF vectors over the Indian
Ocean, which then in turn eastward over the
domain, enhancing rainfall formation.
Overall, the recent period (2010-2020) has
experienced a reduction in VIMF over a
domain with a change in wind vector
direction from easterly to westerly flow.
Increasing evaporation was also observed

over the Indian Ocean, Congo basin and
some parts of the country in the second
period, which supports the recent increase in
EWDs. Moreover, the low-level trough with
the ascending limb of Walker-type circulation
over the WIO in the second period implies
that convergence might be a dominant feature
that enhances EWDs over the domain.
Furthermore, shifting tropical SST from a
cold phase in the first period (981-2009) to a
warm phase in the second period (2010-
2020), especially in TIO, also plays a great
role in the recent increase of EWDs. The
contribution of SSTs is also explicitly seen in
SVD1, where the tropical Indian, Pacific and
Atlantic Oceans are strongly coupled by
EWDs during the second period with R=0.75,
R=0.74 and R=0.76, respectively, which
suggests that SST plays a substantial role in
the recent increase in EWDs in Tanzania.
Hence, the findings of this study provide
valuable insights to farmers, water users and
seasonal forecasters.
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