X4

Atmospheric and Climate Sciences, 2025, 15(2), 476-494

X/

"‘: g‘é'seé‘;;gﬁ https://www.scirp.(?rg/journaI/acs
94% Publishing ISSN Online: 2160-0422

o,

ISSN Print: 2160-0414

Sharp Increase in June to August Minimum
Temperature in 2013 over Rwanda:
Assessment of Possible Potential Causes and
Related Changes in Atmospheric Circulation
Patterns

Jean Paul Kalisa?, Guirong Tan?*, Jonah Kazora!2, Conteh Moneh?, Gerverse Kamukama Ebaju3

!School of Atmospheric Science, Nanjing University of Information Science and Technology, Nanjing, China
’Rwanda Meteorology Agency (Meteo Rwanda), Kigali, Rwanda
*School of Ecology and Applied Meteorology, Nanjing University of Information Science and Technology, Nanjing, China

Email: *tanguirong@nuist.edu.cn

How to cite this paper: Kalisa, J.P., Tan,
G.R,, Kazora, J., Moneh, C. and Ebaju, G.K.
(2025) Sharp Increase in June to August Min-
imum Temperature in 2013 over Rwanda:
Assessment of Possible Potential Causes and
Related Changes in Atmospheric Circula-
tion Patterns. Atmospheric and Climate Sci-
ences, 15, 476-494.
https://doi.org/10.4236/acs.2025.152025

Received: February 28, 2025
Accepted: April 21, 2025
Published: April 24, 2025

Copyright © 2025 by author(s) and
Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

Abstract

Rwanda, a landlocked agricultural country, experienced escalating climate
risks since 2013 due to rising June to August (JJA) minimum temperatures
(Tmin), harming farming zones, lowering yields, risking health, and threaten-
ing economy. This study examined drivers of Rwanda’s 2013 warming anom-
aly that severely affected eastern/central lowlands, analyzing circulation changes
(1983-2021) using multiple datasets including Enhancing National Climate
Services for Rwanda (ENACTS-Rwanda), European Centre for Medium-
Range Weather Forecasts Reanalysis 5th Generation (ERA5), and National
Oceanic and Atmospheric Administration (NOAA) observations. Methodol-
ogies included Empirical Orthogonal Function (EOF) decomposition, Mann-
Kendall trend tests, Sen’s slope estimator, and composite analysis to quantify
trends and atmospheric linkages. Results showed a significant post-2013 Tmin
increase (+0.4°C to +2.1°C) exceeding maximum temperature (Tmax) trends.
EOF analysis identified a dominant warming mode (72% variance, loadings to
+0.872) linked to coupled processes such as increased vertical descending, in-
creased 850-hPa specific humidity, increased low-level cloud cover, but re-
duced precipitation, which collectively promoted nighttime warming through
warm advection. The anomaly was amplified by El Nifio-Southern Oscillation
(ENSO)-induced Pacific warming and enhanced East African moisture transport.
These findings demonstrated how local thermodynamic processes interacted
with global climate, forcing them to produce extreme Tmin conditions. The
results suggested adaptive strategies, including heat-resistant crop cultivation
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and optimized water management, could mitigate agricultural impacts. Future
research should incorporate these mechanisms into regional climate models
while quantifying non-meteorological contributions to observed warming trends,
providing critical insights for climate resilience planning in Rwanda and sim-
ilar regions.
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1. Introduction

Global warming has emerged as a critical global issue, driven by both human ac-
tivities and natural processes. Temperature, more than any other meteorological
parameter, plays a crucial role in detecting and assessing the climatic changes
caused by urbanization and industrialization [1]. The significant increase in Earth’s
temperatures has profoundly altered the global climate system, resulting in nota-
ble climate changes across various temporal and spatial scales [2]. Human activi-
ties, primarily through greenhouse gas emissions, have caused global warming,
with global surface temperatures reaching 1.1°C above 1850 - 1900 levels during
2011-2020. The rate of temperature increase since 1970 has been the fastest in any
50-year period in at least the last 2000 years [3].

Projections indicate that the Global warming trend will continue, with temper-
atures expected to increase by an average of 1.5°C by the 2030s [4]. The incon-
sistency in temperature patterns has prompted studies aimed at evaluating the
variations in both the Tmax and Tmin [5]. Temperature extremes, particularly the
increasing rate of Tmin, have garnered significant attention in climate studies.
Monthly averages of Tmax and Tmin across more than 50% of the Northern Hem-
isphere and 10% of the Southern Hemisphere land area, which together comprise
37% of the global landmass, show that the increase in Tmin has occurred at a rate
three times faster than that of Tmax between 1951 and 1990 [6].

Rwanda’s Tmin is anticipated to rise from around 1.0°C in 2021 to 2.5°C by
2100 under the RCP 4.5 W/m? scenario. In the Musanze district, under the RCP8.5
scenario, the average annual Tmax and Tmin for 2071-2100 are expected to rise
by 4.3°C and 3.8°C, respectively, relative to the 2006-2035 baseline. These fore-
casts are consistent with research highlighting that Rwanda’s temperature in-
crease will exceed the global average [7] [8]. Research revealed that Rwanda has
experienced a notable warming trend over the last century, with average temper-
ature increases ranging from 0.7°C to 0.9°C, displaying regional and seasonal var-
iations [9] [10]. The spatial patterns of Tmax and Tmin demonstrate a clear warm-
ing trend across the entire country, particularly since the early 1980s. Tmax trends
show substantial increases in all regions, with rates ranging from 0.40°C to 0.49°C

per decade at different elevations [5]. Notable positive trends in Tmin were ob-
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served, especially during the long dry season and short rainy season, with average
increases of 0.17°C and 0.20°C per decade, respectively. The occurrence of warm
days and nights has grown, with warm days increasing by 1.28 days per decade.
Tmax exhibits greater variability than Tmin, especially in the eastern and north-
western highlands [4].

Although warming trends are well-documented, a notable research gap persists
in understanding the atmospheric mechanisms propelling extreme temperature
events, such as the pronounced JJA Tmin escalation in Rwanda in 2013 and their
linkage to long-term atmospheric circulation patterns. Previous investigations
have identified widespread increases Tmax and Tmin across Rwanda, yet the spe-
cific drivers of the 2013 JJA Tmin anomaly—particularly in the more susceptible
eastern and central lowlands-remain insufficiently examined. This study addresses
this deficiency by exploring the 2013 JJA Tmin surge, which exhibited sustained
intensification through 2021, across Rwanda, a landlocked East African nation
where agriculture forms a cornerstone of the economy. The analysis spans atmos-
pheric circulation dynamics from 1983 to 2021, employing trend analysis, Empir-
ical Orthogonal Function (EOF) techniques, and composite methods to unravel
temperature variability, detect pivotal shifts, and evaluate influences from large-
scale climate systems. Alterations in vertical motion, equatorward winds, velocity
potential, water vapor transport, relative humidity, and cloud cover were scruti-
nized, demonstrating how reduced cloudiness, enhanced moisture flux, and mod-
ified wind regimes amplified nighttime warming. Local processes interacted with
global phenomena, notably the ENSO, which intensified the anomaly through height-
ened Pacific warming and East African convective activity post-2013.

These findings illuminate the atmospheric and global factors driving Rwanda’s
temperature extremes, with the eastern and central lowlands emerging as critical
zones of sensitivity. This deepened insight into climate variability informs the de-
velopment of targeted adaptation strategies to safeguard agriculture, water re-
sources, and socio-economic stability in climate-vulnerable regions. Furthermore,
the study enhances climate modeling and risk management approaches for future
temperature extremes, while emphasizing the necessity of continued research to
refine predictive tools and disentangle the complex interplay of local and global

climatic forces.

2. Data and Methodology
2.1. Study Area

Rwanda, a landlocked country in East Africa, is located between latitudes 1°S and
3°S and longitudes 28°E and 31°E, bordered by Tanzania, the Democratic Repub-
lic of Congo, Uganda, and Burundi (Figure 1). Rwanda experiences two main
rainy seasons, March to May (MAM) and September to December (SOND), and
two main dry seasons: the long dry season (JJA) and a short dry season from Jan-
uary to February (JF). These alternating dry and wet seasons are due to the passage

of the Intertropical Convergence Zone (ITCZ) through the region, with the dry
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periods marked by reduced rainfall and increased temperatures, making them
critical for understanding the impacts of climate variability. The country’s diverse
topography is divided into four physiographic regions: the Lake Kivu area, the
Nile-Congo divide, the plateau region, and the eastern lowlands. The eastern low-
lands are the driest and warmest, while the mountainous Nile-Congo divide,
which includes the Virunga Mountains and Nyungwe forest, is the wettest and
coolest region. The Lake Kivu and plateau regions fall between these extremes,
showing intermediate levels of temperature, precipitation, and elevation. Given
the importance of these climatic variations, especially during the dry seasons,
Rwanda’s distinct geography and seasonal shifts make it a critical area for studying
the impacts of temperature extremes and the mechanisms driving climatic changes,

particularly in relation to atmospheric circulation patterns.
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Figure 1. The study area: (a) Map of Africa; (b) Elevation map of Rwanda.

2.2. Temperature Climatology of Rwanda

Rwanda’s climate is characterized by a temperate tropical highland climate, with
mean annual temperatures averaging around 19.1°C. This stability is influenced
by the country’s varied topography, leading to notable spatial variations in tem-
perature. Regions below 1500 meters, such as the Eastern Province, experience
annual temperatures exceeding 20°C. Areas between 1500 and 3000 meters main-
tain temperatures ranging from 15°C to 20°C. The Virunga Mountains, with ele-
vations above 3000 meters, record temperatures below 15°C [11]. Recent analyses
indicate a significant warming trend, with maximum temperatures increasing at
rates of 0.40°C to 0.49°C per decade across various regions [7]. The highest Tmax
and Tmin occur in the lowlands during the JJA and January to February (JF) dry
seasons [12] [13]. Tmax and Tmin decrease gradually with topography from east
to west in all seasons. Warmest annual average temperatures are found in the east-
ern plateau (20°C - 21°C) and south-eastern valley of Rusizi (23°C - 24°C) in the

south-west, and cooler temperatures are found in higher elevations of the central
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plateau (17.5°C - 19°C) and high lands (<17°C) in the north and north-west [11].
For instance, the rise in average temperatures is projected to increase the number
of hot days and nights by 12% - 58% and 31% - 86%, respectively [7].

2.3. Data Source

2.3.1. ENACTS Dataset

The Enhancing National Climate Services (ENACTS) dataset is integral to under-
standing temperature variations in Rwanda. By integrating station observations
with satellite data and temperature reanalysis, this dataset addresses historical data
gaps and provides high-resolution climate data essential for analyzing tempera-
ture extremes. With a spatial resolution of 4 to 5 km, it enables detailed analysis
of temperature variations across Rwanda’s diverse topographies [14]. Datasets like
ENACTS are crucial due to Rwanda’s vulnerability to climate change, informing
policy and adaptation strategies, particularly concerning increasing temperature

variability and its effects on agriculture and water resources [4].

2.3.2. ERAS Data from the Copernicus Climate Data Store (CDS)

The analysis of Rwanda’s climate patterns, especially regarding temperature ex-
tremes, is significantly improved by incorporating ERA5 data from the Coperni-
cus Climate Data Store. This high-resolution global reanalysis dataset offers key
atmospheric variables that enable a thorough understanding of both short-term
fluctuations and long-term trends in temperature variability. ERA5 provides data
on temperature, pressure, wind speed, humidity, etc., which are essential for stud-
ying atmospheric circulation patterns. With data spanning from 1950 to the pre-
sent, ERAS5 establishes a robust temporal foundation for climate analysis [15]. Com-
bining ERA5 with ENACTS allows a detailed examination of Rwanda’s climate

extremes.

2.3.3. National Oceanic and Atmospheric Administration (NOAA)

NOAA’s climate datasets, such as the U.S. Climate Extremes Index (CEI) and the
Global Historical Climatology Network (GHCN), offer crucial context that helps
in analyzing temperature extremes in Rwanda. These datasets, along with NOAA’s
reanalysis products (e.g., NCEP/NCAR Reanalysis and ERA5), support the iden-
tification of atmospheric circulation anomalies that may influence temperature
shifts in Rwanda. The CEI offers insights into extreme weather events, aiding in
the assessment of temperature anomalies in Rwanda, while the GHCN provides
essential historical temperature data to analyze long-term trends. NOAA’s reanal-
ysis tools help correlate atmospheric circulation anomalies with temperature var-

iations and its climate models project future warming trends [16].

2.4. Methodology
2.4.1. The Mann-Kendall (MK) Test

The MK test is a non-parametric method resistant to outliers and is used to detect

monotonic trends in data. It calculates the statistic S based on the differences be-
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tween later and earlier values (Equation (1)); a large positive S indicates an in-
creasing trend, while a large negative Sindicates a decreasing trend [17] [18]. The
variance of S is computed considering tied groups, and the significance of the
trend is determined by the Z score. A significant trend is identified when the Z
value exceeds confidence limits [19] [20].

n-1 n

Szzz:sign(Yj—Y,.) (1)

i=0 j=i+1
where (Y}, Y)) is equal to +1, 0, or —1.

1 ifY,-Y,>0 (1-])
Sign(Y, =Y )=40 ifY,-Y,=0 (1-2)
-1 ifY,-Y,<0 (1-3)

1

(Y = Yl.) » where 7> 1, and assign the integer 1, 0 or —1 to positive difference, no
difference, and negative differences, respectively.

The variance of S'was calculated using Equation (2) as follows:

P

n(n—1)(2n+5)= Y1, (t,~1)(2, +5)

Var(S)= =l (2)

n : the number of data points, p:the number of tied groups, and ¢,: the number
of data values in the p” group.
The significance of the trend is computed by Zscore with Equation (3) as fol-

lows:

Z:& if S>>0, Z=0 if §=0,and Z:i
1War(S)

1War(S)

2.4.2. The Sen’s Slope Estimator
It’s a non-parametric method used to quantify the magnitude of trends in time

if §<0. (3)

series data. It is commonly applied to detect seasonal temperature trends and
serves as an alternative to linear regression for estimating trend slopes. If a linear
trend is present, the true slope is determined using the Sen-Theil trend line [21].
This estimator is often used alongside the Mann-Kendall test to assess trend sig-
nificance. The slope (77 between two random values in each time series is com-

puted using the Equation (4) as follows

X, -X,
T,=——= for i=1,23,-,N (4)
j—k

x; and x, aredata values at time jand ; respectively, (j > k). The median of
these Nvalues of 7, isrepresented as Sen’s estimator of the slope:
T, N is odd

N+l
2

5

0 =
1/2(TN +TN+2] N is Even

2 2
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Sen’s estimator is computed as O, =T if N appears odd, and it is

N+1)/2

consideredas Q, ., =Ty +7Ty,, if N appearseven. Finally, O, , iscalculated
2 2

by a two-sided testat 100(1—a)% the confident interval, which in turn helps to
get the true slope through the non-parametric test. A positive value of O, indi-
cates an increasing trend and a negative value of (, gives a decreasing trend in

time series.

2.4.3. Empirical Orthogonal Function (EOF)

EOF is a statistical method that performs matrix computations, yielding eigenvec-
tors and eigenvalues that capture both spatial and temporal variability. This tech-
nique identifies spatial patterns of variability (EOFs) and their associated tem-
poral fluctuations (Principal Components or PCs), providing an amplitude of var-
iability across different timescales [22]. The first EOF corresponds to the largest
eigenvalue of the covariance matrix, reflecting the greatest variance, while the sec-
ond EOF represents the second-largest eigenvalue. The first (PC1) represents the
magnitude of the eigenvalue in the time series and is associated with the first EOF
(EOF1), while PC2 corresponds to EOF2 [23]. This kind of analysis has been em-
ployed to reveal dominant temperature patterns during JJA, highlighting periods
of high variability. Furthermore, based on the dominant mode identified through
EOF, the composite analysis method has been applied to examine atmospheric
circulation systems that contribute to temperature variability during JJA season

in Rwanda.

3. Results and Discussion

3.1. Variation of JJA Tmax and Tmin

The analysis of JJA temperature variations in Rwanda from 1983 to 2021 revealed
distinct differences between Tmax and Tmin, with a notable and sustained spike
in JJA Tmin beginning in 2013. Spatially, Tmax ranged from 22.0°C to over
30.6°C, with warmer conditions in the Eastern and Southern lowlands and cooler
temperatures in the Western and Northern highlands, showing temporal stability
(Figure 2(a)). Tmin ranged from 9.7°C to over 17.2°C, with warmer eastern low-
lands suggesting nighttime warming tied to the persistent 2013-2021 anomaly
(Figure 2(b)). Temporally, Tmax remained stable (24.5°C - 25.5°C) with a slight
upward trend (Figure 2(d)), while Tmin exhibited a sharp rise after the early
2000s, peaking above 15.5°C in 2013-2014—well above the long-term average of
approximately 14.5°C—and continued to increase through 2021 (Figure 2(c)).
This sustained spike was underscored by Tmin anomalies, which showed a
marked positive deviation exceeding +1.5°C from 2013-2014 onward (Figure
2(e)), whereas Tmax anomalies remained minor and stable, fluctuating within
+1°C (Figure 2(f)).

The prolonged Tmin increase likely stemed from shifts in atmospheric circula-
tion, including altered wind patterns, elevated humidity, and large-scale influ-

ences like ENSO, potentially reducing nighttime cooling and increasing water va-
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por in lowland areas. This indicated a significant climatic shift starting in 2013,

driven by local and global dynamics, with critical implications for understanding

Rwanda’s temperature extremes and guiding climate adaptation strategies.
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Figure 2. June to August (JJA) temperature patterns, 1983-2021. (a) Spatial average of
Tmax; (b) Spatial average of Tmin; (c) Temporal average of Tmin; (d) Temporal average
of Tmax; (¢) Tmin anomalies; (f) Tmax anomalies.

3.2. Leading EOF Modes for Both Tmax and Tmin

The EOF analysis of JJA temperature variability in Rwanda from 1983 to 2021

revealed distinct patterns for Tmax and Tmin, with significant insights into the
sharp increase in JJA Tmin in 2013. PC1 of Tmax showed stable variability, fluc-
tuating around zero with values ranging from —30% to +20% and no notable trend

or spike, which indicated that Tmax remained relatively consistent over time (Fig-

ure 3(a)). In contrast, PC1 of Tmin, exhibited a pronounced upward trend, par-
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ticularly around 2013-2014, with values rising sharply to over +30%, directly
aligning with the observed anomaly in Tmin. This spike, sustained post-2013, un-
derscored a dominant mode of Tmin variability tied to a significant climatic event
(Figure 3(b)). Spatially, the EOF1 pattern for Tmax showed balanced variability,
with positive values (0.672 - 0.881) in the central and eastern regions and negative
values (—0.881 - (—0.065)) in the western and northern highlands, reflecting a sta-
ble distribution (Figure 3(c)). For Tmin, the EOF1 pattern highlighted strong
positive values (0.606 - 0.849) in the eastern and southern lowlands, indicating
these areas contributed most to the 2013 Tmin increase, while negative values
(—0.849 - (—0.065)) appear in the highlands (Figure 3(d)). These findings sug-
gested that the 2013 anomaly was driven by atmospheric circulation changes, such
as altered wind patterns, humidity, or large-scale drivers like ENSO, particularly
affecting nighttime warming in lowland regions, with no similar impact on Tmax.
This analysis highlighted the interplay between local and global climatic forces,
providing critical insights into Rwanda’s temperature extremes and informing cli-

mate adaptation strategies.
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Figure 3. Leading modes of June to August (JJA) temperature variability, 1983-2021. (a)
PC1 of Tmax; (b) PC1 of Tmin; (c) EOF1 of Tmax; (d) EOF1 of Tmin.

3.3. Dynamics of JJA Tmin Variability in Rwanda:
Insights into the 2013-2014 Anomaly

The EOF analysis of JJA Tmin in Rwanda from 1983 to 2021, detailed in Figure
4, provided comprehensive insights into regional variability and revealed a signif-
icant warming trend, particularly evident around the sharp increase in JJA Tmin

in 2013. The central map displayed the spatial pattern of the first EOF mode
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(EOF1) for Tmin, with values ranging from —0.872 to +0.872, highlighting domi-
nant modes of variability across the country. Red areas (positive values, 0.606 -
0.872) were concentrated in the eastern and southern regions, such as Kigoma and
Kiziguro, indicating these lowland areas experienced the strongest positive varia-
bility in Tmin, contributing to the 2013 anomaly. Blue areas (negative values, —0.872
- (=0.065)) were found in the western and northern highlands, showing opposite
variability trends. Accompanying time series for specific stations, Kigoma (South,
Figure 4(a)) and Kiziguro (East, Figure 4(b)), further illustrated this pattern, with
Kigoma’s Tmin rising from about 13°C in the 1980s to 16.5°C by the early 2020s
and Kiziguro’s Tmin increasing from 13.5°C to 15.5°C, over the same period, both
showing a notable upward trend and a sharp spike around 2013-2014, aligning
with the national anomaly. Figure 4(c) shows stable Tmin anomalies (1983-2013)
fluctuating around zero (—0.9°C to +0.3°C), while Figure 4(d) revealed a clear rise
in anomalies (2014-2021) from —0.1°C to +2.4°C, indicating sustained warming
post-2013. Post-2013, Tmin values in these regions remained elevated, suggesting
a persistent warming effect, particularly in the central lowlands. These spatial and
temporal patterns, consistent with Figure 3(c) highlighting warmer areas (red and
orange) and cooler areas (blue and green), indicated that the 2013 Tmin increase
was most pronounced in eastern and southern lowlands, likely driven by changes
in atmospheric circulation, such as altered wind patterns, humidity, or large-scale
drivers like ENSO, which amplified nighttime warming in these areas. This anal-
ysis underscored a widespread warming trend in Rwanda’s central lowlands after
2013, reinforcing the role of regional climatic dynamics in explaining the coun-
try’s temperature extremes and supporting the need for targeted climate adapta-

tion strategies.

Tmin Stations data (dominant EOF regions)

(a) Tmin_JJA_KIGOMA (1983-2021) EOF1 (TN)

(b) Tmin_JJA_KIZIGURO (1983-2021)

1983 1088 1993 1998 2003 2008 2013 2018 2028

(d) Tmin Anomaly JJA (2014-2021)

>

1980 1085

JJA Tmin Countrywide (1983-2021)

005
2000 2005 2010 2015 203 2014 2015 206 2017 2018 2019 200 2021 2022

Figure 4. JJA Tmin at localized stations in leading EOF regions, 1983-2021. (a) Kigoma station; (b) Kiziguro
station; (c) Anomaly Tmin over Rwanda, 1983-2013; (d) Anomaly Tmin over Rwanda, 2014-2021.
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3.4. Atmospheric Circulation Analysis of Tmin Sharp Increase
Near 2013

3.4.1. Effects of Vertical Motion, Moisture Transport and Rainfall

The atmospheric circulation analysis, focusing on the sharp increase in Rwanda’s
JJA Tmin around 2013, revealed key climate factors driving this change across the
region, with specific impacts on Rwanda, as shown in Figure 5. Vertical cross-
sections of vertical motion and equatorward winds over the region, depicted in
Figures 5(a)-(c), highlighted significant shifts between 1983-2013 and 2014-2021.

(b)
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Figure 5. Vertical Motion (shadings, Pa/s), equatorward winds (vectors, m/s), specific humidity (shadings,
g/kg), moisture transport (vectors, g/kg-m/s), and rainfall (shadings, mm/month), with 95% Confidence level
indicated by dots representing statistical significance. (a) Vertical Motion and equatorward winds for 1983-
2013; (b) Vertical Motion and equatorward winds for 2014-2021; (c) Difference in Vertical Motion (and
equatorward winds between 2014-2021 and 1983-2013; (d) Specific humidity and moisture transport for
1983-2013; (e) Specific humidity and moisture transport for 2014-2021; (f) Difference in specific humidity
and moisture transport between 2014-2021 and 1983-2013; (g) Rainfall for 1983-2013; (h) Rainfall for 2014-
2021; (i) Difference in rainfall between 2014-2021 and 1983-2013.
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During 1983-2013, Figure 5(a) showed stable conditions in the region with mod-
erate upward motion and southerly winds up to 20 m/s, while Rwanda experi-
enced neutral vertical motion and typical wind patterns. By 2014-2021, Figure
5(b) indicated stronger upward motion (+0.012 Pa/s) and intensified southerly
winds (up to 25 m/s) across the region, with Rwanda’s eastern and central low-
lands showing enhanced ascent, suggesting increased vertical motion and mois-
ture transport. The difference in Figure 5(c) confirmed a post-2013 increase in
these factors, likely reducing nighttime cooling and contributing to Rwanda’s
Tmin spike.

The specific humidity in the region was moderate from 1983-2013 (Figure 5(d)),
rising to higher levels in Rwanda’s eastern and central lowlands by 2014-2021
(Figure 5(e)), with a significant increase post-2013 (Figure 5(f)), likely trapping
more heat at night. Rainfall across the region decreased slightly in 1983-2013 (Fig-
ure 5(g)), dropping more noticeably in 2014-2021 (Figure 5(h)), with Rwanda’s
eastern lowlands showing a pronounced drying trend by 2015 (Figure 5(i)). These
findings indicated that the 2013 Tmin increase in Rwanda resulted from enhanced
upward motion, stronger winds, higher humidity, and reduced rainfall, reflecting
altered atmospheric circulation across the region where Rwanda is located, likely
influenced by large-scale drivers like ENSO, which led to less cooling and greater

heat retention, particularly Eastern and Central lowlands.

3.4.2. Velocity Potential Influences

The analysis of velocity potential at 200 hPa and 850 hPa across the global tropics
during JJA, as depicted in Figure 6, provides critical insights into atmospheric
circulation shifts that contributed to Rwanda’s pronounced JJA Tmin escalation
in 2013, with effects spanning global, regional, and local scales. At the upper level
(200 hPa), Figure 6(a) (1983-2013) showed a global pattern of strong divergence
(red) over the central Pacific and convergence (blue) over the western Pacific and
Africa, with wind vectors indicating upper-level divergence over East Africa. Fig-
ure 6(b) (2014-2021) revealed a shift, with convergence (blue) over the eastern
Pacific and enhanced divergence (red) over Africa, particularly East Africa, sug-
gesting intensified upper-level divergence. The difference (Figure 6(c)) high-
lighted stronger convergence over the central Pacific and increased divergence
over East Africa post-2013, reinforcing this pattern. Regionally, this shift indicated
heightened upper-level divergence over East Africa, promoting convection. In
Rwanda, this enhanced divergence likely contributed to reduced cloud cover and
increased radiative heating, elevating Tmin.

At the lower level (850 hPa), Figure 6(d) (1983-2013) depicted global conver-
gence (blue) over the western Pacific and divergence (red) over the eastern Pacific
and parts of Africa, with winds indicating upward motion over Rwanda. Figure
6(e) (2014-2021) showed strengthened convergence (blue) over the central Pacific
and increased divergence (red) over East Africa, with wind patterns reinforcing

upward motion over Rwanda. The difference (Figure 6(f)) confirmed more pro-
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nounced divergence over East Africa and stronger convergence in the central Pa-
cific post-2013, amplifying these changes. Regionally, this intensified low-level di-
vergence over East Africa enhanced moisture transport and convection, reducing
cloud cover. In Rwanda, particularly in the eastern and central lowlands, this am-
plified upward motion likely diminished low-level, high-level, and total cloud
cover, reducing nighttime cooling and driving the sustained Tmin rise through
2021.

These shifts suggested a strengthened Walker Circulation, likely driven by a
significant El Nifio event, which enhanced upward motion, moisture transport,
and convection over East Africa. This alteration in large-scale atmospheric circu-
lation reduced nighttime cooling in Rwanda by increasing radiative heating, con-
tributing to the 2013 Tmin spike and demonstrating how global circulation pat-
terns influence local temperature extremes in Rwanda, particularly in the vulner-
able eastern and central lowlands, underscoring the need for targeted climate ad-

aptation strategies.
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Figure 6. Velocity potential hPa (shadings, m*/s?) at 200 hPa and 850 hPa over the global tropics during JJA, with 95% Confidence
Interval indicated by dots representing statistical significance. (a) Velocity potential at 200 for 1983-2013; (b) Velocity potential at
200 hPa for 2014-2021; (c) Difference in velocity potential at 200 hPa between 2014-2021 and 1983-2013; (d) Velocity potential at
850 hPa for 1983-2013; (e) Velocity potential at 850 hPa for 2014-2021; (f) Difference in velocity potential at 850 hPa between 2014-
2021 and 1983-2013.
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3.5. Cloud Cover Anomalies and Their Role in the 2013 JJA Tmin
Escalation in Rwanda

This investigation examined the 2013 JJA Tmin spike in Rwanda and its atmos-
pheric circulation drivers from 1983 to 2021, analyzing cloud cover anomalies
across East Africa with a focus on Rwanda, as shown in Figure 7. The figure pre-
sented low-level cloud (LLC), mid-level cloud (MCC), high-level cloud (HCC),
and total cloud cover (TCC) anomalies for 1983-2013 and 2014-2021, with differ-
ence maps highlighting shifts and dots indicating statistical significance at a 95%
confidence level. This analysis aligned with the research objectives of quantifying
the 2013 anomaly, evaluating Tmin trends, and assessing atmospheric and global
influences, particularly in Rwanda’s eastern and central lowlands.

During 1983-2013, cloud cover anomalies across East Africa, including Rwanda,
displayed moderate variability: LLC (Figure 7(a)) anomalies ranged from —10%
to +4.8%, with Rwanda showing slight positive anomalies (up to +2%) in the west
and near-neutral conditions in the east; MCC (Figure 7(d)) anomalies varied from
—12% to +16%, with Rwanda exhibiting slight positive anomalies (up to +4%)
centrally but negative anomalies (=4%) in the east; HCC (Figure 7(g)) anomalies
spanned —6% to +18%, with Rwanda displaying positive anomalies (up to +6%)
in the west and near-neutral conditions in the east; TCC (Figure 7(j)) anomalies
ranged from —8% to +24%, with Rwanda showing slight positive anomalies (up to
+4%) across most regions, indicating a balanced radiative environment.

From 2014 to 2021, significant cloud cover shifts emerged in Rwanda: LLC (Fig-
ure 7(b)) anomalies decreased sharply, ranging from —17.5% to +2.5%, with the
eastern and central lowlands experiencing a pronounced decline (up to —15%) and
the west a smaller reduction (—5%); MCC (Figure 7(e)) anomalies ranged from
—4.5% to +6%, with an increase (up to +4%) in the east but a decrease (—4%) in
the west; HCC (Figure 7(h)) anomalies shifted from —7.5% to +3%, with a decline
(up to —4%) in the east and central regions; TCC (Figure 7(k)) anomalies ranged
from —7.5% to +3%, with a significant reduction (up to —6%) in the eastern and
central lowlands.

The difference maps underscored these changes: LLC (Figure 7(c)) anomalies
ranged from —24% to +3%, with Rwanda’s eastern and central lowlands showing
the largest decline (up to —18%); MCC (Figure 7(f)) anomalies varied from —6%
to +8%, with the east displaying a slight increase (+2%); HCC (Figure 7(i)) anom-
alies spanned —9% to +3%, with a decline (up to —5%) in the east and central re-
gions; TCC (Figure 7(1)) anomalies ranged from —12% to +4%, with a significant
reduction (up to —8%) in the eastern and central lowlands. Dynamical processes
analysis indicated that the post-2013 reduction in LLC, HCC, and TCC enhanced
downward longwave radiation and elevated Tmin by reducing nighttime cooling,
while the MCC increase in the east influenced local convection. These shifts, po-
tentially driven by ENSO-induced Pacific warming, highlighted the eastern and

central lowlands’ vulnerability to Tmin extremes.
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Figure 7. Cloud cover anomalies during JJA, with 95% Confidence Interval indicated by dots repre-
senting statistical significance. (a) Low-level clouds for 1983-2013; (b) Low-level clouds for 2014-
2021; (c) Difference in low-level clouds between 2014-2021 and 1983-2013; (d) Mid-level clouds for
1983-2013; (e) Mid-level clouds for 2014-2021; (f) Difference in mid-level clouds between 2014-2021
and 1983-2013; (g) High-level clouds for 1983-2013; (h) High-level clouds for 2014-2021; (i) Differ-
ence in high-level clouds between 2014-2021 and 1983-2013; (j) Total cloud cover for 1983-2013; (k)
Total cloud cover for 2014-2021; (1) Difference in total cloud cover between 2014-2021 and 1983-2013.

3.6.SSTA, OLR and Horizontal Winds Anomalies

The analysis of sea surface temperature anomalies (SSTA), wind vectors (U/V),
and outgoing longwave radiation (OLR) over the tropical Pacific during JJA, as
depicted in Figure 8, elucidated the large-scale climate drivers contributing to
Rwanda’s pronounced JJA Tmin escalation around 2013, with impacts spanning
global, regional, and local scales. From 1983 to 2013, Figure 8(a) showed a global
SSTA pattern with moderate variability across the tropical Pacific, indicative of
neutral ENSO conditions. Wind vectors reflected typical trade wind patterns with
no significant anomalies, and OLR exhibited moderate cooling, suggesting bal-
anced convection, with statistical significance at 95% Confidence Level marked by
dots. Regionally, over East Africa, this period demonstrated stable atmospheric

conditions with minimal influence on cloud cover or convection. In Rwanda,
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these neutral conditions contributed to a relatively stable radiative environment,
with no notable impact on nighttime Tmin.

By 2014-2021, Figure 8(b) revealed a pronounced El Nifio event globally, with
warmer SSTA (up to +0.6°C) in the central-eastern Pacific and cooler anomalies
(-0.6°C) in the western Pacific, alongside strengthened easterly wind vectors in-
dicating an intensified Walker Circulation. Reduced OLR over East Africa signi-
fied enhanced convection, with significant changes (95% Confidence Level, dots)
observed. Regionally, this shift increased moisture transport and convection over
East Africa, reducing cloud cover and OLR further. In Rwanda, particularly in the
eastern and central lowlands, these changes amplified radiative heating, with re-
duced cloud cover diminishing nighttime cooling, thus driving the sustained Tmin
rise through 2021.

The difference map, Figure 8(c), confirmed these post-2013 shifts: a stronger
El Niflo signature, altered wind patterns, and intensified convection over East Af-
rica, significantly impacting Rwanda by reducing nighttime cooling and elevating
Tmin. These findings, validated at 95% Confidence Level, underscored the influ-
ence of ENSO-driven dynamics on Rwanda’s temperature extremes, highlighting
the eastern and central lowlands’ vulnerability and the urgent need for targeted

climate adaptation strategies and further research into global-regional teleconnec-

tions.
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Figure 8. Sea surface temperature anomalies (shadings, *C, —0.6 to +0.6), U/V wind vectors (m/s, 20
m/s scale, and OLR anomalies during JJA, with 95% Confidence level indicated by dots representing
statistical significance. (a) SSTA, U/V vectors), and OLR (dots) for 1983-2013; (b) SSTA, U/V vectors,
and OLR (dots) for 2014-2021; (c) Difference in SSTA, U/V vectors, and OLR (dots) between 2014-
2021 and 1983-2013.
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4. Conclusion

The sharp rise in Tmin during JJA season of 2013 in Rwanda’s eastern and central
lowlands was sought to be unraveled in this study, with its ties to atmospheric
circulation shifts from 1983 to 2021 analyzed. A persistent Tmin warming trend
was confirmed through the results, with intensification observed post-2013,
anomalies reaching +2.4°C (e.g., Tmin elevated to 15.5°C - 16.5°C in Kigoma and
Kiziguro), and increases in Tmax surpassed. The eastern and central lowlands
were pinpointed as variability hotspots by EOF analysis. The 2013 anomaly was
found to have been driven by a confluence of factors: enhanced upward motion,
strengthened equatorward winds, elevated humidity, and a significant reduction
in low-level, high-level, and total cloud cover, all deemed statistically significant
at 95% confidence level, whereby daytime cooling was curtailed and nighttime
radiative heating boosted. Amplification of these local dynamics was affected by
large-scale forcing from ENSO, with the Walker Circulation strengthened, diver-
gence over East Africa increased, and Pacific SSTA raised, whereby moisture
transport and convection were driven higher, cloud cover and OLR further di-
minished. The critical interplay of regional atmospheric changes and global cli-
mate systems in triggering Rwanda’s 2013 JJA Tmin spike was highlighted by
these findings, with actionable insights provided for climate models to be en-
hanced and adaptation strategies tailored to safeguard the nation’s agriculture and
water resources amid rising temperature extremes. However, broader generaliza-
tion is limited by the study’s focus on a specific timeframe (1983-2021) and low-
land regions, alongside the influence of upper-atmospheric factors like wind shear
left unexamined. Spatial and temporal analyses could be extended, or additional
variables could be incorporated in future research to refine forecasting accuracy.
As Rwanda is confronted with a warming climate, with JJA Tmin anomalies
threatening its climate-sensitive economy, the pressing need to understand such
events better to strengthen resilience, particularly for vulnerable agricultural com-

munities, is emphasized by this work.
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