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Abstract

This study examines the spatiotemporal trends and variability of precipitation
extremes across Tanzania from 1981 to 2023, focusing on role of oceanic sys-
tems and large-scale climate phenomena. The analysis employed standardized
extreme precipitation indices recommended by the Expert Team on Climate
Change Detection and Indices. Spatial and temporal patterns were evaluated
using empirical orthogonal function analysis, while Pearson correlation coeffi-
cients and the Mann-Kendall test were used to determ8ine the significance of
trends and relationships. The results highlight pronounced spatial contrasts,
with central and southern regions experiencing more intense and frequent ex-
treme rainfall, including consecutive wet days, heavy precipitation events, and
higher daily rainfall intensities. These regions exhibit significant upward
trends, indicating heightened vulnerability to extreme wet conditions, while
the northern areas experience fewer wet spells and lower overall precipitation.
The first principal component captures a pattern of intensified precipitation in
the southern and central regions, whereas the second principal component re-
veals a north-south gradient characterized by sustained moderate rainfall in
the north and intense, short-duration rainfall in the south. Large-scale climate
oscillations, including the Atlantic Multidecadal Oscillation, the El Nifio-
Southern Oscillation, the Indian Ocean Dipole, and the Pacific Decadal Oscil-
lation, play a critical role in shaping regional precipitation extremes. These
phenomena influence the frequency, spatial distribution, and intensity of rain-
fall through mechanisms such as atmospheric pressure anomalies, moisture
convergence, and cyclonic activity. For instance, high-pressure systems in the
North Pacific suppress rainfall, while cyclonic systems in the eastern Indian
Ocean enhance convective activity and moisture availability.
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1. Introduction

Climate change has dramatically altered precipitation patterns across the globe,
with wide-ranging implications for natural ecosystems, human societies, and the
global water cycle (Trenberth, 2011). Since the 1950s, the rapid increase in green-
house gas concentrations has accelerated global warming, resulting in rising sea
levels and the retreat of snow and ice covers (Brohan et al., 2006). This warming
has significantly influenced the trends, frequency, and intensity of climate ex-
tremes, including unprecedented temperature and precipitation events, which are
distributed unevenly across time and space (Alexander et al., 2006; Fan et al., 2014;
Fischer & Knutti, 2015). Precipitation, as a key component of the hydrological
cycle, plays a central role in regulating hydrometeorological processes. Variability
in precipitation and associated extremes directly impacts natural ecosystems and
human societies (Rosenzweig et al., 2002). Higher global temperatures and in-
creased evaporation have resulted in heightened atmospheric water vapor, leading
to more frequent storms, intensified rainfall events, and extended dry spells that
contribute to land surface drying (Sharma et al., 2021). The impacts of extreme
precipitation events, such as floods, droughts, and soil erosion, often exceed those
of average climate conditions, significantly disrupting agricultural systems, water
resources, and socio-economic development (Barrett & Santos, 2014; Lavell et al.,
2012). Studies of extreme weather events, including heavy rainfall and prolonged
droughts, have spanned different regions worldwide. Research in Canada (Li et
al., 2018), India (Gautam & Bana, 2014), the United Kingdom (Otto, 2024), the
United States (Mallakpour & Villarini, 2015), South Africa (Nangombe et al.,
2018) and the Czech Republic (Elleder, 2015) has highlighted region-specific vul-
nerabilities to extreme weather. Increasingly, global assessments confirm that pre-
cipitation extremes, particularly in the Northern Hemisphere mid-latitudes, have
become more frequent and intense (Alexander, 2016). In tropical regions, such as
Singapore, the frequency and intensity of extreme precipitation have significantly
risen over recent decades (Li et al., 2018).

Recently, East African countries have faced frequent floods that have displaced
numerous communities and resulted in loss of life, these events underscore the
critical necessity for robust disaster management and climate adaptation strate-
gies in the region (Mafuru & Guirong, 2018). Tanzania, located between the East
African Great Lakes and the Indian Ocean, faces unique challenges due to its ge-
ographic position. In recent years, Tanzania has experienced an increasing fre-
quency of extreme events, including severe floods and prolonged droughts, which
have severely impacted agriculture, human settlements, and ecosystems. Notable
events such as the floods of 1997 and the drought of 2006 have underscored the
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vulnerability of critical socio-economic sectors like agriculture (Kijazi & Reason,
2009). While previous studies have examined regional climate variability and its
impacts, the extent to which large-scale climate drivers influence the frequency,
intensity, and spatial distribution of extreme precipitation events in Tanzania re-
mains poorly understood. Understanding its variability and intensity in space and
time is essential for attributing changes to climate variability and long-term cli-
mate change (O’Gorman, 2015; Shiu et al., 2012). This study aims to investigate
the linkages between large-scale atmosphere-ocean systems and extreme precipi-
tation events in Tanzania. By analyzing trends and spatial patterns of precipitation
extremes, this research seeks to enhance understanding of how global climate
drivers affect local weather patterns. Such insights are critical for informing dis-
aster management strategies, fostering ecosystem resilience, and guiding sustain-
able socio-economic development in the face of climate change.

The article is organized as follows: Section 2 provides an overview of the data
sources and methodologies employed in this study. Section 3 examines the spatial
and temporal characteristics of precipitation extremes across the study region.
Section 4 explores the relationships between these precipitation extremes and key
oceanic drivers, including the Atlantic Multidecadal Oscillation (AMO), Pacific
Decadal Oscillation (PDO), El Nifo-Southern Oscillation (ENSO), and Indian
Ocean Dipole (IOD). Finally, Section 5 presents the conclusions, highlighting key

findings and their implications for climate adaptation and management.

2. Data and Methodology
2.1. Study Area

Tanzania, situated in Eastern Africa just south of the equator, spans latitudes 1°
to 12°S and longitudes 29° to 41°E. The country is composed of 883,749 km? of
land and 59,050 km? of inland water bodies and sections of the Indian Ocean. Its
diverse landscapes range from coastal plains with sandy beaches to expansive plat-
eaus and towering mountains, offering an intricate tapestry of topographical and
climatic features. The eastern coastline of Tanzania is a narrow strip of low-lying
plains along the Indian Ocean, defined by a hot and humid tropical climate with
year-round temperatures averaging 25°C to 30°C (Chang’a et al., 2017). Moving
inland, the central plateau rises to elevations between 900 and 1,800 meters (3,000
to 5,900 feet), where the climate becomes milder, with temperatures ranging from
20°C to 25°C. To the west, the Great Rift Valley carves through the landscape,
forming escarpments and valleys that experience a variety of climates, including
cooler conditions in the highlands. Rainfall variability in Tanzania, driven by the
Intertropical Convergence Zone (ITCZ), presents bimodal and unimodal patterns
across different regions. Northern Tanzania experiences a bimodal pattern, with
rainy seasons from March to May and October to December, while the southern
and central regions exhibit a unimodal regime spanning November to April
(Borhara et al., 2020; Nicholson, 2018) which is the study season of interest (Fig-
ure 1). The ITCZ’s strength and position are influenced by trade wind systems,
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a) Climatological Mean Tanzania | Nov - April

which in turn are modulated by subtropical high-pressure systems and global cli-
mate phenomena such as the Indian Ocean Dipole and El Nifio-Southern Oscil-
lation (Ame et al., 2021; Nicholson, 2015). From the coastal tropics to the highland
plateaus and mountainous regions, the country showcases how varied environ-
ments respond to regional and global climatic forces. The Indian Ocean plays a
critical role, driving phenomena such as the Indian Ocean Dipole, El Nifio, and
La Nifla, which strongly influence rainfall and temperature patterns. This remark-
able variety not only underscores the complexity of Tanzania’s climate but also
highlights its importance in understanding broader climate variability. By exam-
ining the intricate interplay of these climatic zones, researchers can better unravel
the impacts of climate change on ecosystems, human livelihoods, and natural re-

sources in the region.
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Figure 1. Study area; (a) Country climatology for Nov - Apr season during 1981-2023; (b) The area of interest.

2.1.1. Data Source

The rainfall data utilized in this study is sourced from the Climate Hazards Group
InfraRed Precipitation with Station (CHIRPS V2) dataset, available through the
International Research Institute for Climate and Society (IRI) data portal. This
quasi-global dataset offers daily temporal resolution and a spatial resolution of
0.25° x 0.25°, covering the period from 1981 to 2023. Developed through collab-
oration between the US Geological Survey (USGS) and the Earth Resources Ob-
servation and Science (EROS) Center, CHIRPS integrates satellite imagery with

high-resolution (0.05°) and in situ station data, using an algorithm that blends
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various temporal resolutions of cold cloud duration (CCD) precipitation. It is
widely used for climate impact assessments, including flood and drought moni-
toring, as well as trend analysis (Funk et al., 2015).

To investigate the influence of large-scale atmospheric and oceanic circulation
patterns on precipitation extremes, we employed indices for the Atlantic Multide-
cadal Oscillation (AMO), Pacific Decadal Oscillation (PDO), El Nifio-Southern
Oscillation (ENSO), and the Indian Ocean Dipole (I0D). Monthly index data were
obtained from the National Oceanic and Atmospheric Administration (NOAA)
Physical Sciences Laboratory (available at: https://psl.noaa.gov). However, the
data was averaged to have seasonal means covering the period of 1981-2023 to
match the rainfall indices along the season of interest. Sea Surface Temperature
(SST) data used in the study are derived from NOAA’s Extended Reconstructed
Sea Surface Temperature dataset (ERSST V5). This dataset offers monthly tem-
poral resolution and a spatial resolution of 2° x 2°, utilizing recent contributions
from the International Comprehensive Ocean-Atmosphere Dataset (ICOADS)
(Huang et al., 2017). Additionally meteorological data, including geopotential
height and wind fields, were sourced from the European Centre for Medium-
Range Weather Forecasts (ECMWF) ERAS5 reanalysis dataset. ERAS5 provides a
horizontal resolution of 0.25° x 0.25°, making it suitable for analyzing atmos-

pheric dynamics linked to precipitation variability.

2.1.2. Data Quality Control

To ensure the reliability and consistency of the rainfall data before calculating ex-
treme precipitation indices and conducting trend analysis, rigorous data quality
control and homogeneity assessments were performed. The RClimDex package
(Zhang et al., 2004) and the RHtest package (Wang et al., 2007) were employed
for these evaluations. Both tools are widely recognized and recommended by the
World Meteorological Organization (WMO) for processing meteorological data
and analyzing extreme climate indices (Tian et al., 2017). These methods effec-
tively identify and correct potential inconsistencies, ensuring that the dataset is

suitable for robust climate variability and trend analysis.

2.2. Methodology

2.2.1. Calculation of Indices

To detect and assess precipitation extremes, this study utilized nine precipitation
extreme indices (Table 1) from a framework established by the Expert Team on
Climate Change Detection and Indices (ETCCDI), details available on the website
(http://etccdi.pacificclimate.org/indices.shtml), the Climate Variability and Pre-
dictability (CLIVAR) research program, and the Joint WMO-CCI Technical
Commission for Oceanography and Marine Meteorology (JCOMM) (Karl et al.,
1999). This framework includes 27 standardized extreme climate indices derived
from daily temperature and precipitation data. These indices are widely endorsed
and have been employed in numerous studies to analyze climate extremes e.g. (Li
et al., 2018; Manzanas et al., 2014; Santos et al., 2012; Sheikh et al., 2015; Tian et
al., 2017; van den Besselaar et al., 2013; Wang et al., 2017; Zhang et al., 2001).
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Table 1. Definition of 9 extreme precipitation indices used for the study.

1D Index name Definition Units
SDII Daily precipitation intensity Annual mean rainfall with (RR > 1 mm) mm/day
R10mm Number of heavy precipitation days Number of days when PRCP > 10 mm/year days
RX5day Maximum 5-day precipitation Maximum consecutive 5-day precipitation per year mm
CDD Consecutive dry days Maximum number of consecutive days with RR < 1 mm days
CWD Consecutive wet days Maximum number of consecutive days with RR > 1 mm days
PRCPTOT Annual total precipitation on wet days Annual total rainfall on wet day (RR = 1 mm) mm
R95Ptot Very wet day Annual total PRCP when (RR = 95p) mm
R99pTOT Extremely wet day Annual total PRCP when RR 2 95p mm
Rxlday Daily maximum rainfall Monthly maximum 1-day precipitation mm

Additionally, this study incorporated key large-scale climate indices to investi-
gate oceanic influences on precipitation extremes. The Atlantic Multidecadal Os-
cillation (AMO) index was calculated by averaging sea surface temperature (SST)
anomalies in the North Atlantic (north of the equator). The Pacific Decadal Os-
cillation (PDO) index was derived from the leading principal component of
monthly SST anomalies in the North Pacific Ocean (north of 20°N). El Nifio—-
Southern Oscillation (ENSO) was represented using the Nifio 3.4 SST index, re-
flecting average SST anomalies in the east-central tropical Pacific (5°S - 5°N,
170°W - 120°W). The Indian Ocean Dipole (IOD) was tracked using the Dipole
Mode Index (DMI), which measures the SST anomaly difference between the
western (50° - 70°E, 10°S - 10°N) and southeastern (90° - 110°E, 10°S - 0°) equa-

torial Indian Ocean.

2.2.2. Trend Analysis

In climate and hydrology research, trend analysis serves as a fundamental ap-
proach for uncovering patterns within time-series data. The Mann-Kendall test,
a well-established non-parametric method (Kendall, 1955; Mann, 1945), is com-
monly employed for this purpose. This test assumes that the data are independent,
randomly ordered, and free from serial correlations. Endorsed by the World Me-
teorological Organization (WMO), the Mann-Kendall test is widely applied to
identify significant monotonic trends in hydrometeorological time series, partic-
ularly in studies of extreme events (Ahmad et al., 2018; Li et al., 2018; Tian et al.,
2017). To quantify the magnitude of detected trends, Sen’s slope estimator is fre-
quently utilized (Sen, 1968). Statistical significance is assessed by comparing cal-
culated p-values against a predefined threshold of 0.05, corresponding to a 95%
confidence level. Trends with p-values below this threshold are deemed signifi-

cant, while those exceeding it are considered insignificant.

2.2.3. Correlation between Precipitation Extremes Indices and
Large-Scale Patterns of Atmospheric and Ocean Circulation

To investigate the spatial and temporal patterns of precipitation extremes within
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the study area, Empirical Orthogonal Function (EOF) analysis was employed.
This method, also referred to as Principal Component Analysis (PCA), is widely
used in climate research to examine the structural characteristics of matrix data.
Specifically, EOF analysis was applied to assess the mean spatial and temporal var-
iability of rainfall during the November-to-April period. The technique decom-
poses the dataset into orthogonal spatial patterns, known as EOFs, and their asso-
ciated time series, referred to as Principal Components (PCs). The underlying
premise of EOF analysis is that signals with greater variance are often the most
significant.

The procedure involves calculating the eigenvalues and eigenvectors of the spa-
tially weighted anomaly covariance matrix of the field. Previous studies have
demonstrated the utility of EOF analysis in examining precipitation variability in
East Africa, including Tanzania (Limbu & Guirong, 2020; Makula & Zhou, 2022).
To explore potential relationships between precipitation indices and oceanic var-
iables, Pearson correlation coefficients were computed between sea surface tem-
perature (SST) anomalies over oceanic basins and the summed first two principal
components of rainfall indices in the region. Additionally, correlations between
extreme precipitation indices and key oceanic systems were analyzed to assess the

influence of oceanic drivers on regional climate extremes.

3. Results and Discussion

3.1. Climatological Means for Precipitation Extremes

The spatial patterns of wet and dry spell indices across the study region reveal
significant variability in rainfall characteristics and extreme events. Figure 2(a)
shows the distribution of consecutive dry days (CDD), where most areas experi-
ence values below 60 days. This suggests relatively short dry periods across the
region, with exceptions in the far southern parts where dry spells may extend to
60 - 80 days. These dry periods are an indication of regions less prone to prolonged
drought. In contrast, Figure 2(b) depicting consecutive wet days (CWD) shows a
marked difference. The southern and central regions exhibit prolonged wet spells,
exceeding 110 days, which suggests persistent rainy conditions in these areas.
Meanwhile, northern zones record shorter wet periods, generally ranging between
50 and 90 days, highlighting regional differences in rainfall persistence. Figure
2(c) reveals the distribution of total precipitation (PRCPTOT), with the central
regions receiving substantial rainfall, often exceeding 1300 mm. In contrast, the
northern regions receive significantly less precipitation, with totals generally rang-
ing from 450 to 750 mm. This north-south gradient highlights the disparity in
water availability across the region.

Figure 2(d) depicts the number of extreme rainfall days (R10mm), where the
central areas towards south experience between 30 and 64 days of extreme rainfall.
The northern regions, in contrast, see fewer than 24 extreme days. Figure 2(e)
shows RO5pTOT (rainfall from very wet days), with values exceeding 100 mm in

the northern regions. Finally, Figure 2(f) illustrates the simple daily intensity
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Figure 2. Spatial distributions of the climatological mean of precipitation Extreme Indices over the study region during 1981-2023.

index (SDII), where central areas show rainfall intensities surpassing 66 mm/day,
indicating localized heavy rainfall events. These findings underscore the need for
targeted water resource management and flood mitigation strategies in regions
prone to both extreme rainfall and prolonged wet periods, especially in the south-

ern and central zones.

3.2. Trends

The analysis of rainfall trends reveals pronounced spatial variability in wet and
dry spells across the study region. Consecutive dry days (CDD); (Figure 3(a))
demonstrate a significant decreasing trend in the southern and western areas, sug-
gesting shorter drought periods. In contrast, the northeastern and central regions
show an insignificant increasing trend, indicating a potential lengthening of dry
spells. Consecutive wet days (CWD); (Figure 3(b)) exhibit significant positive
trends over most of the region, with only a few small, isolated areas showing no
notable changes, implying an overall increase in the duration of wet periods.
Trends in total annual precipitation (PRCPTOT) (Figure 3(c)) indicate signif-
icant increases over the central and northern regions, reflecting higher rainfall
levels. Meanwhile, southern areas display declining precipitation totals, highlight-
ing emerging challenges related to water scarcity. Similarly, extreme rainfall days
(R10mm); (Figure 3(d)) show a rising trend in the central and northern regions,

elevating flood risks, whereas southern areas experience fewer such events,
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Figure 3. Spatial distributions of the linear trends of precipitation Extreme Indices over the study region during 1981-2023. Dotted
areas are significant at the 0.05 significance level according to the student’s t test.

reducing flood risk but exacerbating water shortages. Rainfall from very wet days
(R99pTOT) and maximum one-day precipitation (RX1day); (Figure 3(e) and
Figure 3(f)) follow comparable patterns, with significant declines in the southern
region and insignificant to significant increases in the central and northern areas.
These trends underscore the importance of tailored water management strategies.
Addressing the growing disparities in rainfall patterns is essential to mitigate flood

risks in wetter regions while ensuring sustainable water availability in drier areas.

3.3. Spatiotemporal Characteristics

Aiming at obtaining the typical spatial characteristics of extreme climate and its
annual variation, the leading EOF modes and the corresponding time series are
analyzed in this section. The analysis of the first empirical orthogonal function
(EOF1) and its associated principal components (PCs) offers a comprehensive
understanding of climate variability over time. By examining indices such as
R95pTOT, CDD, CWD, PRCPTOT, R10mm, and RX5day, we can identify both
spatial patterns and temporal trends. These trends are indicative of inter-annual
and inter-decadal variations in climate, providing insights into long-term shifts in
precipitation and extreme weather events across the study region.

The R95pTOT index accounts for 36% of total variance (Figure 4(a)) which
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Figure 4. Spatial patterns of the first leading EOF (EOF1) mode and the time series of the first principal component (PC1) over the
study region during 1981-2023. The marks of * and ** over the letter y represent that the linear regression equation is significant at
0.05 and 0.01 significance levels, respectively.

measures the proportion of precipitation from extreme events, shows predomi-
nantly negative anomalies across the region, with less variability over southern
part suggesting a decrease in extreme precipitation events over the study period.
The time series reveals a gradual inter-decadal increasing tendency according to
the linear tendency analysis (Figure 4(b)), with a slight positive slope indicating
that extreme precipitation events are becoming more frequent over the long term
despite an overall decrease in the frequency of extreme wet days. This suggests a
subtle shift toward more intense precipitation events in the later decades. The
CDD index quantifies consecutive dry days, accounts for 51% of total variance
(Figure 4(c)) and it exhibits significant inter-decadal variations, with a marked
decrease in dry days over the study period. The southern region shows the strong-
est negative anomalies which is reflected in the linear trend in the time series (Fig-
ure 4(d)). This suggests long-term trends towards increased aridity in the south-

ern parts of the region, with a gradual shift toward more persistent dry spells over
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the decades. The inter-annual variability in CDD shows substantial fluctuations,
with years of significantly dry conditions interspersed with wetter years. For
CWD, which represents consecutive wet days, (Figure 4(e)) accounts for 62% of
the total variance, a significant positive anomaly is evident in the northern and
central regions, indicating a long-term trend toward increased wet spells. The spa-
tial pattern shows darker red shades in these areas, which align with the positive
trend in the time series (Figure 4(f)). This trend indicates an inter-decadal in-
crease in the duration and frequency of consecutive wet days, particularly in the
central and southern parts of the region. On an inter-annual scale, there are vari-
abilities in wet spells, but the overall long-term trend points to increased wet con-
ditions in these areas.

Similarly, the PRCPTOT index which reflects total annual precipitation, (Fig-
ure 4(g)) which accounts for 73% of total variance exhibits the increases in the
central regions, with positive anomalies observed almost over the whole study re-
gion. This suggests that over the last few decades, these regions have experienced
an overall increase in total precipitation. The time series (Figure 4(h)) shows a
positive trend with a slope of 0.03, reinforcing the idea that these regions are be-
coming wetter over time. While the inter-annual variability is notable, particularly
during extreme years with higher precipitation, the long-term trend reflects an
increase in precipitation totals, particularly in the central and southern parts of
the region. The R10mm index which measures the frequency of extreme rainfall
events (greater than 10mm), accounts for 58% of total variance (Figure 4(i)) re-
veals an inter-decadal increase in extreme rainfall days, The spatial distribution
shows positive anomalies in the areas, with the time series confirming a slight up-
ward trend in extreme rainfall days (Figure 4(j)). This suggests that over the long
term, these areas are experiencing more frequent and intense rainfall events. The
inter-annual fluctuations are evident, with some years showing significantly
higher numbers of extreme rainfall days, but the general trend points to an in-
crease in extreme rainfall intensity in the regions. Finally, the RX5day index which
quantifies rainfall events over 5-day periods, accounts for 60% of total variance
(Figure 4(k)) shows a spatial pattern with significant positive anomalies across
the study region, indicating increased intensity of 5-day rainfall events in the area.
The time series demonstrates a gradual positive trend (slope of 0.01), suggesting
that over the study period, the intensity of 5-day rainfall events has increased (Fig-
ure 4(1)). While there is noticeable inter-annual variation, with occasional years
exhibiting extreme rainfall, the overall inter-decadal trend points to a shift to-
wards more intense and frequent 5-day extreme rainfall events.

The second leading EOF reveals a prominent north-south dipole pattern in
both spatial and temporal variability across the analyzed precipitation indices. For
R95pTOT, the spatial map highlights significant reductions in extreme precipita-
tion totals over the northern region, contrasted by increases in the south (Figure
5(a)), with the time series showing a statistically significant downward trend over
the study period (Figure 5(b)). Conversely, consecutive dry days (CDD) exhibit
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positive anomalies in the northern region and negative anomalies in the south
(Figure 5(c)), reflecting a tendency toward longer dry spells in the north. The
temporal evolution of CDD displays a weak upward trend (Figure 5(d)). with no-
table inter-annual variability. In contrast, continuous wet days (CWD) demon-
strate a modest positive trend (Figure 5(f)) over time, particularly in the northern

areas where the spatial anomalies are more pronounced (Figure 5(e)).
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Figure 5. Spatial patterns of the second leading EOF (EOF2) mode and the time series of the second principal component (PC2)
over the study region during 1981-2023. The marks of * over the letter y represent that the linear regression equation is significant

at 0.05 significance levels.

The total precipitation (PRCPTOT) exhibits a northward increase and a south-
ward decline, corroborating the spatial pattern (Figure 5(g)), with its time series
indicating a gradual upward trend (Figure 5(h)). Similarly, heavy precipitation
indices, including R1I0mm and RX5day, show significant increases in the northern
region (Figure 5(i) and Figure 5(k)), supported by positive trends in their respec-
tive time series (Figure 5(j) and Figure 5(1)) respectively. These results suggest a
notable rise in the frequency and magnitude of extreme precipitation events in the

north, accompanied by a contrasting reduction in the south. Overall, the second
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EOF underscores the interplay between wet and dry extremes, revealing strong
inter-annual variability modulated by long-term inter-decadal trends. The find-
ings point toward a changing climate regime characterized by increasing precipi-
tation extremes in the north and a heightened propensity for dry conditions in the

southern areas.

4. Possible Impacts from Oceanic Systems

Numerous studies have demonstrated that temperature and precipitation ex-
tremes are influenced by anomalous atmospheric circulation patterns, which are,
in turn, modulated by large-scale oceanic systems such as the Atlantic Multide-
cadal Oscillation (AMO), Pacific Decadal Oscillation (PDO), El Nifio-Southern
Oscillation (ENSO), and Indian Ocean Dipole (IOD) (Gao et al., 2019; Lu et al.,
2006; Shi et al., 2018; Yu et al., 2016) To evaluate the potential impacts of these
oceanic systems on extreme events within the study area, this analysis calculates
correlations between the principal components (PC1 and PC2) of precipitation
extremes and the indices of these oceanic systems. The results of these correlations

are presented in Table 2.

Table 2. Correlation coefficients of the PC1 and PC2 for the precipitation extreme indices and the oceanic systems indices during

1981-2023.

Extreme Indices
PCI
CDD
CWD
R10mm
PC2
R10mm
R95Ptot
SDII

AMO PDO ENSO 10D
0.55** 0.22 0.33* -0.24
0.64** 0.13 0.24 0.54**
0.32 -0.18 0.57** 0.29
0.19 -0.27 0.35* 0.23
0.35* 0.09 0.27 0.03
0.36* 0.32% 0.02 0.35*

Only indices with at least one correlation passing the significance test are presented; *Significant at the 0.05 significance level;
**Significant at the 0.01 significance level.

The leading principal component (PC1) uncovers critical relationships illus-
trating how the Atlantic Multidecadal Oscillation (AMO) and El Nifio-Southern
Oscillation (ENSO) phases influence extreme dry and wet conditions. For in-
stance, the Consecutive Dry Days (CDD) index exhibits a strong positive correla-
tion with AMO (0.55, significant at the 0.01 level), indicating that warm AMO
phases are associated with extended dry periods. This finding suggests that warm
AMO phases may exacerbate drought conditions by contributing to prolonged
dry spells. Similarly, CDD shows a moderate positive correlation with ENSO
(0.33, significant at the 0.05 level), implying that El Nifio events, known to alter

regional precipitation patterns, may also lead to extended dry periods. These re-
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sults highlight the roles of both AMO and ENSO in modulating dry spell variabil-
ity, with AMO exerting a more pronounced influence. In contrast, the Consecu-
tive Wet Days (CWD) index demonstrates strong positive correlations with both
AMO (0.64) and the Indian Ocean Dipole (IOD) (0.54), both significant at the
0.01 level. This indicates that positive AMO phases foster sustained wet condi-
tions, while positive IOD phases contribute to prolonged periods of consecutive
wet days by enhancing regional moisture availability. The combined impact of
these oscillations underscores their significance in prolonged wet conditions, with
AMO playing a more dominant role. For the R10mm index, which represents days
with rainfall exceeding 10 mm, ENSO emerges as a key driver in its PC1 mode.
ENSO exhibits a strong positive correlation with R10mm (0.57, significant at the
0.01 level), suggesting that moderate rainfall events become more frequent during
specific ENSO phases, particularly El Nifio. This relationship highlights ENSO’s
capacity to intensify moderate rainfall events, likely through atmospheric circula-
tion mechanisms that amplify precipitation.

The second leading principal component (PC2) highlights additional relation-
ships, particularly the interactions of ENSO and AMO with various aspects of pre-
cipitation intensity. In the PC2 mode of R10mm, ENSO exhibits a moderate pos-
itive correlation (0.35, significant at the 0.05 level), indicating that ENSO’s influ-
ence on moderate rainfall events extends into this secondary mode of precipita-
tion variability. This suggests a nuanced role of ENSO in modulating rainfall pat-
terns beyond its primary mode of variability. For RO5pTOT, AMO also demon-
strates a moderate positive correlation (0.35, significant at the 0.05 level). This
relationship implies that positive AMO phases may enhance extreme precipitation
totals, potentially contributing to greater rainfall during these events. The SDII in
PC2 reveals significant correlations with both AMO (-0.36) and PDO (0.32), each
at the 0.05 level. These findings suggest that positive AMO phases may suppress
daily precipitation intensity, while positive PDO phases may amplify it. This dual
influence underscores the contrasting roles of AMO and PDO in shaping daily
precipitation dynamics, reflecting their opposing effects on rainfall intensity
within the region.

To further investigate the connections between oceanic systems and precipita-
tion extremes, the spatial distribution of correlation coefficients was analyzed be-
tween the principal components (PCs) of Empirical Orthogonal Function (EOF)
modes and the sea surface temperatures (SSTs), as well as lower-level circulation
patterns and geopotential height fields (Figure 6 and Figure 7). Various studies
have been conducted in different regions including Tanzania using these param-
eters (Fan et al., 2022; Mafuru & Guirong, 2018; Makula & Zhou, 2021; Massawe
& Xiao, 2021). This analysis concentrated on PCs that exhibited statistically sig-
nificant correlations at the 0.01 and 0.05 levels, as summarized in Table 2. The
spatial correlation patterns reveal that global SST anomalies, particularly those
associated with major climate modes such as ENSO, IOD, AMO, and PDO, play

a critical role in driving extreme precipitation variability. SST anomalies in the
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equatorial Pacific, strongly linked to ENSO phases, show pronounced correlations
with several precipitation extremes. During El Nifio phases, extreme precipitation
intensifies in some regions and diminishes in others, consistent with observed
variability in dry spell (CDD) (Figure 6(a)), and wet spell (CWD) (Figure 6(b))
patterns. Furthermore, ENSO’s influence on indices such as R10mm (Figure
6(c)), underscores its pivotal role in modulating both the intensity and frequency
of rainfall events across the study area. The Indian Ocean Dipole (IOD) also ex-
hibits a significant influence, with positive SST anomalies in the Indian Ocean
correlating with indices like CWD (Figure 6(b)), and R10mm (Figure 6(d)). This
suggests that positive IOD phases enhance consecutive wet days and moderate
precipitation events, likely by increasing regional moisture availability. The im-
pacts of AMO and PDO, while more subtle than those of ENSO or 10D, are evi-

dent in correlations over the North Atlantic and northern Pacific.
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Figure 6. The correlation coefficient between SST and the PCs over the study region during 1981-2023. Dotted areas are significant
at the 0.05 significance level according to the student’s test.
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These patterns suggest that the decadal SST variability associated with AMO
and PDO influences regional precipitation extremes, particularly CDD. These
longer-term oscillations appear to shape the baseline climate state, upon which
shorter-term modes like ENSO and IOD operate, thereby modulating extended
periods of dryness or wetness.

The positive correlations between CDD PC1 and Z850 over the North Pacific
and North Atlantic (Figure 7(a)) highlight the role of persistent high-pressure
systems in these regions. High geopotential height anomalies, characteristic of an-
ticyclonic subsidence, suppress convective activity, fostering stable and dry con-
ditions. These pronounced positive correlations suggest that high-pressure ridges
are dominant features during extended dry periods, limiting moisture conver-
gence. Supporting this, wind vector patterns exhibit divergence away from high-

pressure centers, reinforcing atmospheric stability and reducing the likelihood of
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Figure 7. The correlation coefficients between 850 hPa geopotential height (shaded), 850 hPa wind (vector) and the PCs during
1981-2023. Dotted areas and plotted wind vectors are significant at the 0.05 significance level according to the student’s ¢ test.
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rainfall. These findings underscore the strong linkage between CDD and large-
scale anticyclonic circulations that inhibit precipitation.

In contrast, CWD PC1 (Figure 7(b)) shows significant positive correlations
over the eastern Indian Ocean and western Pacific, indicative of low-level cyclonic
circulation patterns favorable to prolonged wet periods. The associated positive
height anomalies in the western Pacific, coupled with cyclonic flow, suggest en-
hanced moisture transport from surrounding oceanic regions, facilitating conver-
gence and convective activity. This relationship highlights the role of cyclonic sys-
tems in sustaining consecutive wet days. For moderate precipitation events
(R10mm PC1), positive Z850 height anomalies are observed over the North At-
lantic and North Pacific (Figure 7(c)), along with a cyclonic circulation pattern
in the equatorial Pacific. These patterns indicate that moderate rainfall events are
linked to moisture advection from tropical to extratropical regions. The low-level
cyclonic circulation over the equatorial Pacific may reflect the influence of the
Walker Circulation and ENSO, particularly El Nifio phases, which disrupt typical
moisture distribution patterns, enhancing moderate rainfall in areas with rein-
forced warm SSTs and convection. R10mm PC2 exhibits a more localized influ-
ence, with positive Z850 anomalies over the western Pacific and central Atlantic
(Figure 7(d)). While these regions display cyclonic flow patterns, they are less
pronounced compared to PC1, suggesting that R10mm PC2 captures variability
influenced by localized SST anomalies and transient atmospheric features rather
than dominant global-scale signals. Extreme precipitation totals (R95pTOT PC2)
correlate with positive Z850 anomalies in the North Atlantic and central Pacific
(Figure 7(e)). This pattern suggests the involvement of extratropical storm tracks
and tropical-subtropical teleconnections. High geopotential heights in these re-
gions appear to act as steering mechanisms for mid-latitude cyclones and facilitate
moisture transport. The observed correlations imply that extreme rainfall events
are influenced by broad atmospheric circulation patterns, interacting with re-
gional climate modes such as the North Atlantic Oscillation (NAO) and Pacific
Decadal Oscillation (PDO). These modes affect the trajectory and intensity of
storm systems that drive extreme precipitation. The SDII PC2 index, depicted in
(Figure 7(f)), represents daily rainfall intensity and is associated with positive
height anomalies over parts of the North Atlantic and Pacific, alongside cyclonic
flow in the equatorial Pacific. This spatial pattern indicates that daily precipitation
intensity in these regions is influenced by an interplay between tropical and extra-
tropical systems. The cyclonic flow over the equatorial Pacific likely reflects the
impact of ENSO, which enhances convective activity and moisture availability,
thereby intensifying precipitation in this region. Conversely, the positive Z850
anomalies over the North Atlantic suggest atmospheric stability in the extratropic,
which may influence the frequency and intensity of convective systems responsi-
ble for extreme rainfall events. This combination of tropical moisture transport
and extratropical atmospheric modulation underscores the multi-scale drivers of

daily precipitation variability captured by SDII PC2.
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5. Conclusion

This study examined the climatological means, trends, and spatial-temporal vari-
ations of precipitation extremes over the study region during 1981 to 2023, along-
side the potential influences of oceanic systems. The key findings are as follows:

1) The region exhibits notable spatial patterns and trends in extreme precipita-
tion (Ndabagenga et al., 2023). Central and southern areas experience more in-
tense and frequent rainfall, with higher values for consecutive wet days, heavy
precipitation events, and maximum daily precipitation intensities. These areas
also show upward trends in precipitation indices indicating an increase in both
the frequency and intensity of extreme rainfall events over time. In contrast, the
northern region experiences fewer wet spells and lower overall precipitation, sug-
gesting a marked regional contrast, with central and southern areas being more
vulnerable to extreme wet conditions.

2) Empirical Orthogonal Function (EOF) analysis reveals two principal com-
ponents (PCs) that capture distinct modes of precipitation variability. EOF1 iden-
tifies a spatial pattern where southern regions exhibit higher variability in extreme
precipitation events, while central areas experience more intense precipitation.
This component highlights the concentration of intense precipitation in the
southern and central regions. EOF2, however, indicates a north-south gradient,
with the northern regions more influenced by moderate, sustained precipitation
events, while the southern regions are characterized by intense, short-duration
rainfall. These principal components encapsulate the complex spatial distribution
and temporal variability of extreme precipitation across the region.

3) Climate oscillations, such as the Atlantic Multidecadal Oscillation (AMO),
El Nifio-Southern Oscillation (ENSO), Indian Ocean Dipole (IOD), and Pacific
Decadal Oscillation (PDO), play a crucial role in shaping regional precipitation
patterns. Positive phases of IOD are associated with increased wet conditions,
similar results were obtained by (Borhara et al., 2020), while ENSO, particularly
during El Nifo events, drives an increase in moderate rainfall and alters the spatial
distribution of precipitation extremes. The PDO affects daily precipitation inten-
sity, with impacts that contrast with those of AMO. These climate drivers signifi-
cantly influence the frequency and intensity of extreme precipitation, underlining
the role of large-scale climatic phenomena in modulating regional precipitation
dynamics.

4) Correlation analysis between precipitation indices and atmospheric circula-
tion patterns reveals key interactions between large-scale pressure systems and
precipitation variability. High-pressure systems in the North Pacific and North
Atlantic, associated with positive Z850 anomalies, promote dry conditions by in-
ducing anticyclonic subsidence and limiting moisture convergence. In contrast,
cyclonic circulations in the eastern Indian Ocean and western Pacific, linked to
negative height anomalies, enhance wet conditions by facilitating moisture con-
vergence and convective activity similar results to (Kavishe & Limbu, 2020). These

patterns, influenced by ENSO and other climate modes, interact with sea surface

DOI: 10.4236/gep.2025.131009

173 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2025.131009

0. H. Msuya et al.

temperatures (SST) and geopotential height fields to drive regional precipitation
extremes, illustrating the complex relationships between atmospheric dynamics
and precipitation variability. This intricate interplay highlights the importance of
both local and global climate drivers in shaping precipitation patterns and under-
scores the need for ongoing monitoring and adaptive strategies to manage the in-

creasing risks associated with extreme precipitation events.
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