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Abstract: Analyzing long-term climate changes is a prerequisite for identifying hotspot areas and
developing site-specific adaptation measures. The current study focuses on assessing changes in
precipitation, maximum and minimum temperatures, and potential evapotranspiration in Zambia
and Malawi from 1981 to 2021. High-resolution precipitation and temperature datasets are used,
namely, Climate Hazards Group InfraRed Precipitation with Station data (0.05◦) and Multi-Source
Weather (0.1◦). The Mann–Kendall trend test and Sen’s Slope methods are employed to assess the
changes. The trend analysis shows a non-significant increase in annual precipitation in many parts of
Zambia and Central Malawi. In Zambia and Malawi, the average annual and seasonal maximum and
minimum temperatures show a statistically significant increasing trend (up to 0.6 ◦C/decade). The
change in precipitation during the major rainy seasons (December–April) shows a non-significant
increasing trend (up to 3 mm/year) in a large part of Zambia and Central Malawi. However, Malawi
and Northern Zambia show a non-significant decreasing trend (up to −5 mm/year). The change
in December–April precipitation significantly correlates with El Niño–Southern Oscillation (Indian
Ocean Dipole) in Southern (Northern) Zambia and Malawi. To minimize the impact of the observed
changes, it is imperative to develop adaptation measures to foster sustainability in the region.

Keywords: climate change; trend; sustainability; precipitation; temperature; water availability

1. Introduction

Over the past few decades, our world has undergone a profound transformation
characterized by unprecedented shifts in temperature patterns. The increase in temperature
and changes and variability in other climate variables have caused a significant impact on
human society, environment, and economy [1]. The Intergovernmental Panel on Climate
Change (IPCC) has played a crucial role in illuminating these changes, particularly em-
phasizing the significant warming trends that have unfolded [1–3]. The last four decades,
in particular, have seen successive temperature increases, surpassing any previous pe-
riod since 1850 [4]. This surge in global temperatures, exacerbated by human-induced
climate change, has transitioned climate change and variability from a future concern to
an immediate reality, with profound impacts evident in various regions worldwide [5,6].
During the last 5 to 10 decades, the average temperature has increased by more than
0.7 ◦C globally and 0.5 ◦C in Africa [7,8]. According to the IPCC assessment report [9],
the annual mean precipitation is increasing across large parts of the world, particularly in
North America, Asia, and Europe. However, some areas in the tropics, such as Africa and
North America, are experiencing a drying trend. The impact of the change in precipitation
and temperature is particularly high in developing countries such as Africa and South
America due to their limited adaptation capacity and technologies, including improved
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forecasts of extreme events. With limited adaptation capacity, Africa is one of the most
vulnerable continents [1,10–12]. Africa is recognized as one of the hotspots for climate
change and faces devastating consequences, particularly regarding food and water insecu-
rity, impacting vital sectors crucial for economic growth [13–16]. The region’s susceptibility
to extreme events such as droughts, floods, and heatwaves is amplified by high climate
variability (i.e., seasonal rainfall variability), which poses significant challenges to both
community livelihoods and the economic trajectory of the region [13,17–20].

The climate of both East and West Africa is intricately shaped by the variations in large-
scale climate phenomena, prominently including ENSO (El Niño–Southern Oscillation) and
IOD (Indian Ocean Dipole) [21–26]. These climatic influences contribute significantly to the
occurrence of extreme weather events, manifesting as prolonged periods of droughts and
sudden onset of floods in these regions. ENSO refers to the cyclical warming and cooling
of the temperatures in the eastern and central equatorial Pacific Ocean. It significantly
influences atmospheric circulation and precipitation patterns [11,27,28]. During El Niño
phases, East Africa often experiences drier conditions, leading to droughts, while La Niña
phases can result in increased rainfall and potential flooding [29,30]. Similarly, the Indian
Ocean Dipole (IOD), which involves temperature anomalies in the Indian Ocean, plays a
crucial role in modulating weather patterns. Positive IOD events, characterized by warmer-
than-average sea surface temperatures in the Western Indian Ocean, are associated with
increased rainfall in East Africa, potentially causing flooding [14,29,31,32].

The decline in seasonal precipitation during the long rainy season in East Africa
(March–May) and summer rains (December–February) in South Africa are believed to be
due to the increase in temperature of the Indian Ocean [33]. Due to these climate variables,
African countries are experiencing an increased risk of extreme events affecting different
sectors such as the agriculture, water, and energy sectors. As most of the population in
Africa is highly dependent on rain-fed agriculture, a reduction in rainfall during the main
seasons significantly impacts the community and leads to food insecurity [34]. Agriculture,
constituting over 70% of the livelihood of the rural population in East and South Africa,
is the backbone of food security and contributes substantially to the local economy [35].
The vulnerability of Africa to climate change is expected to intensify in the future due
to projected changes in rainfall patterns and increase in temperature, posing significant
challenges to key sectors such as agriculture, water resources, and food security [36–40].

The urgency to develop adaptation measures to address the impact of current climate
conditions and the projected increase in extreme events, such as floods, heatwaves, and
droughts, is paramount. Despite this urgency, the number of studies in Zambia and Malawi
examining trends of precipitation, temperature, and extreme events, such as consecutive
wet and dry days and heatwaves, are limited, with a predominant focus on seasonal to
decadal variability [41–43]. However, to effectively mitigate and minimize these impacts, a
comprehensive understanding of climate changes at the local scale is essential. Therefore,
this study aims to fill this gap by investigating the trends in precipitation and temperature at
a high spatial resolution in Zambia and Malawi. Utilizing high-resolution climate datasets
becomes crucial in identifying hotspot areas that are particularly vulnerable to extreme
climate variations. As highlighted by [13], the detection of changes and the identification of
these hotspots are fundamental prerequisites for implementing climate change adaptation
strategies, both at the regional and basin levels.

This study contributes to this imperative by conducting a detailed analysis of long-
term changes in precipitation and average, maximum, and minimum temperatures in
Malawi and Zambia. These countries, despite facing the challenges of climate change, have
been relatively under-explored in comparison to regions such as East and South Africa. By
focusing on Malawi and Zambia, this research aims to fill a gap in climate change studies
and provide valuable insights that can inform targeted adaptation efforts in areas that may
be experiencing pronounced and critical climate variations.
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2. Materials and Methods
2.1. Study Area and Data

The study was conducted in Malawi and Zambia, countries known for their diverse
topography shaped by the Great Rift Valley. According to the Köppen classification, a large
part of Malawi and Zambia experience a humid subtropical climate (Cwa), characterized
by hot summers and mild winters [44]. The average annual precipitation in Malawi varies
between 600 mm and 1600 mm. Notably, the Rift Valley and mountainous regions represent
two distinct areas, with the former experiencing lower rainfall and the latter recording
higher precipitation levels (Figure 1).
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Figure 1. Average annual (a) precipitation (Prcp, mm), (b) potential evapotranspiration (PET, mm),
(c) maximum temperature (Tmax, ◦C), and (d) minimum temperature (Tmin, ◦C) for the period
1981–2021 for Malawi (longitude: 32.7◦–36◦) and Zambia (longitude: 22◦–34◦).

Malawi experiences wet and dry seasons influenced by the Inter-Tropical Convergence
Zone (ITCZ). The hot wet and cool dry seasons span from November to April and May to
October with average temperatures ranging from 30 ◦C to 35 ◦C and 13 ◦C, respectively. In
addition, (Figure 1). The high and low temperatures in the low- and highlands of Malawi
lead to a higher and a lower (e.g., Lake Malawi) potential evapotranspiration (PET) of
between 600 mm and 1400 mm, respectively.

Zambia’s predominantly sub-tropical climate is marked by three seasons: a hot and
dry season (September to November), a wet rainy season (December to April), and a
cool dry season (May to August). The average maximum (Tmax) and minimum (Tmin)
temperatures in Zambia vary between 24 ◦C and 30 ◦C and 12 ◦C and 20 ◦C, respectively.
Additionally, the PET is elevated in Zambia compared to Malawi, ranging from 1300 mm
in the north to 1700 mm in the southwest. Malawi and Zambia have the same rainy season
from December to April (DJFMA).

2.2. Datasets

To assess the current and future changes in climate, several datasets are used. For
historical climate, the Climate Hazards Group Infrared Precipitation with Stations v2.0
(CHIRPS) [45] for precipitation and the Multi-Source Weather (MSWX) [46] dataset for
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maximum and minimum temperature are used. CHIRPS has been identified as the most
reliable precipitation dataset in the region and other parts of the world [47–49].

CHIRPS, a satellite-based rainfall estimate, employs infrared cold cloud duration
(CCD) estimates and station data at daily, 5-day, and monthly intervals [45]. Covering a
semi-global extent (from 50 S to 50 N across all longitudes), this gridded rainfall dataset
boasts a spatial resolution of 0.05◦ (~5 km) and spans from 1981 to the present. Primarily
crafted for monitoring droughts and global environmental changes in data-scarce regions
like East Africa, CHIRPS is a valuable resource. Its applications extend to climate extreme
monitoring, trend analysis, and hydrological projections, especially in regions with complex
topography, such as the Ethiopian highlands. Widely acknowledged for its high quality,
spatial and temporal resolution, and rigorous quality control measures, CHIRPS finds
extensive use in evaluating long-term climate variability and trends. On the other hand,
the MSWX is a high-resolution (0.1◦) bias-corrected global meteorological dataset publicly
available from GloH2O (http://www.gloh2o.org/mswx/, (accessed on 5 January 2024)).
The dataset is constructed using various observational data sources such as the Climatic
Research Unit Time Series (CRU TS) [50] and Climatologies at High Resolution for the
Earth’s Land Surface Areas (CHELSA) [51] by applying bias-correction and downscaling
techniques. The GloH2O dataset includes daily and sub-daily meteorological datasets such
as temperature, relative humidity, surface pressure, and wind speed. MSWX is available
globally from 1979 to the present at a spatial resolution of 0.1◦.

2.3. Methodology

To assess the long-term change in seasonal and annual precipitation, PET, and maxi-
mum (Tmax) and minimum (Tmin) temperatures, the daily data are aggregated into monthly,
seasonal, and annual time scales. The PET is calculated using the Hargreaves [52] method,
suitable for areas with limited data availability, relying on temperature and radiation. This
method has been applied successfully in the region [28,53]. The PET equation based on
Hargreaves is expressed in Equation (1).

PET = 0.408 × 0.0023(Tmean + 17.8)(Tmax − Tmin)
0.5 × Ra (1)

where PET is the reference evapotranspiration (mm/day), Tmean is the mean average daily
temperature (◦C), Tmax and Tmin are the daily maximum and minimum temperatures (◦C),
respectively, and Ra is terrestrial radiation (MJ/m2/day).

In addition to assessing the mean seasonal and annual changes, we also evaluated
the long-term trends in extreme events for the period 1981–2021. The selected extreme
indices include consecutive dry (CDD) and wet (CWD) days, heavy (R10mm) and very
heavy (R20mm) precipitation days, and heatwaves (Table 1). These extreme events are
identified based on the criteria established by the Expert Team on Climate Change De-
tection and Indices (ETCCDI) [54] and the European Climate Assessment project (ECA)
(https://www.ecad.eu//indicesextremes/index.php, (accessed on 28 February 2024)). To
pre-process the datasets, including cropping the global data to the study area and aggregat-
ing the daily data to monthly, seasonal, and annual time scales, the Climate Data Operators
(CDO) [55] is used.

Table 1. List of selected precipitation and temperature extreme indices and their definition based on
ETCCDI and ECA.

Index Definition Unit

CDD Consecutive Dry Day (CDD): maximum number of consecutive days with
daily precipitation below 1 mm (maximum length of dry spell). days

CWD Consecutive Wet Day (CWD): maximum number of consecutive days with
daily precipitation greater than 1 mm (maximum length of wet spell). days

http://www.gloh2o.org/mswx/
https://www.ecad.eu//indicesextremes/index.php
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Table 1. Cont.

Index Definition Unit

R10mm Heavy precipitation days: total number of days with daily precipitation
greater than 10 mm. days

R20mm Very heavy precipitation days: total number of days with daily
precipitation greater than 20 mm. days

Heatwave Heatwave duration: number of six consecutive days when the daily
maximum temperature exceeds the mean reference period by 5 ◦C. days

To assess the long-term changes in precipitation, temperature, PET, and extreme
indices, the Mann–Kendall (MK) test [56] and Sen’s Slope [57] are used. These statistical
methods are widely utilized for detecting trends and estimating their magnitude over time.
The MK test assesses the presence of a monotonic trend in a dataset, determining whether
there is a systematic upward or downward movement over time. On the other hand, Sen’s
Slope provides a robust estimation of the trend’s magnitude by calculating the median of all
possible slopes between data points. Together, these statistical tools offer a comprehensive
approach for identifying and quantifying trends in time-series data. The MK test detects the
presence of trends, while Sen’s Slope provides a reliable measure of the trend’s steepness
or slope. The test statistic for the MK test is calculated using Equations (2)–(4).

S = ∑n−1
i=1 ∑n

j=i+1 sign
(
Xj − Xi

)
(2)

where n is the number of data points, Xi and Xj are the data values at time i and j, respec-
tively, and sign is the sign function. The variance of statistics (Var (S)) is calculated using
Equation (3).

Var(S) =
N(N − 1)(2N + 5)− ∑n

k=1 tk(tk − 1)(2tk + 5)
18

(3)

where k is the number of tied groups, and tk is the size of the kth tied group. Finally, the
Z-statistics (score) is computed using Equation (4)

Z =
sign(S)√

Var(S)
(4)

To assess the historical change in precipitation, temperature, and potential evapotran-
spiration, the daily datasets are aggregated into seasonal and annual time scales. In Malawi
and Zambia, the major rainy season is during DJFMA.

To better understand the climate of the region, in addition to the long-term trend, the
impact of the large-scale climate drivers, ENSO and IOD indices, is assessed. ENSO and
IOD are two major climate drivers influencing weather patterns and precipitation variability
globally and in Africa. By examining their temporal correlation with seasonal precipitation,
the study provides a high-resolution correlation map to identify areas impacted by the
indices. The Pearson correlation coefficient (r, Equation (5)) is used to measure the strength
and direction of the relationship between precipitation ENSO and IOD.

r = ∑(Xi − X̄)(Yi − Ȳ)√
∑(Xi − X̄)

2 ∑(Yi − Ȳ)2
(5)

where r is the correlation coefficient, X and Y are the data points of precipitation and ENSO
or IOD, and X̄ and Ȳ are their long-term means.
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3. Results
3.1. Annual Trends

The long-term analysis of annual precipitation reveals an increasing trend across a sub-
stantial portion of Zambia and Malawi from 1981 to 2021 (Figure 2). The increase in annual
precipitation (up to 8 mm/year) in Zambia is not statistically significant (Figure 2c). Unlike
the other parts of Zambia, the northern and Muchinga provinces show a non-significant
decreasing trend of up to −2 mm/year. In Malawi, annual precipitation shows an increas-
ing trend (up to 4 mm/year) in the central region, but a decreasing trend (−4 mm/year)
is observed in the southern region. Similarly, the southern part of the northern region
(Mzimba and Nkhata districts) of Malawi shows a decreasing trend of up to −5 mm/year.
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The long-term change in PET also shows an increasing trend in parts of Zambia’s
northern, central–eastern, Lusaka, and eastern provinces (Figure 2b). On the contrary, the
northwestern and central western parts of Zambia exhibited a decreasing trend during
the 1981–2021 period. Additionally, the eastern part of the Muchinga province shows a
declining trend in PET, with values reaching up to 0.15 mm/year. The observed increasing
trend in PET in the upper north and eastern parts of Zambia is statistically significant
(Figure 2d). In Malawi, the PET shows an increasing trend (up to 0.2 mm/year) in central
and southern regions. On the other hand, the northern part of Malawi displays a decreasing
trend in PET during the period 1981–2021. The increase in PET observed in the southern
region and some places in the northern region of Malawi is statistically significant.

Aligned with global warming trends, the maximum and minimum temperatures
exhibit a statistically significant increasing trend in Zambia and Malawi during the period
from 1981 to 2021 (Figure 3). In Zambia, the Tmax shows a statistically significant increasing
trend largely in the northern and eastern regions (up to 0.5◦/decade). Compared to the
other parts of Zambia, the central part shows a non-significant change from 1981 to 2021.
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Tmin, on the other hand, shows a statistically significant increasing trend in Zambia. Similar
to the change in Tmax, the change in Tmin is high (up to 0.4 ◦C/decade) in the north and
northwestern regions of Zambia. Malawi also exhibits an increasing trend in Tmax and
Tmin from 1981 to 2021. The increase in Tmax is higher in the central and western regions of
Malawi compared to the Northern region. On the contrary, the increase in Tmin is higher in
the Northern region compared to the central and western regions. Overall, the observed
increase in Tmax and Tmin in Malawi is statistically significant (Figure 3c,d).
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3.2. Seasonal Trends

The seasons of December to April (DJFMA), March to August (MJJA), and September
to November (SON) reveal both decreasing and increasing trends in precipitation across
various regions in Zambia and Malawi (Figure 4). During the major rainy season (DJFMA),
a large part of Zambia shows an increasing trend (up to 6 mm/year), which is significant
in a few places. However, the Muchinga regions of Zambia are facing a drying tendency
(up to 2.5 mm/year) during DJFMA. During MJJA (cold dry season), only parts of central
Zambia show a statistically significant increasing trend in precipitation. In Malwai, the
precipitation during DJFMA is increasing (up to 5 mm/year) in the central region, which
is statistically significant in a few places. Notably, the western and northeastern parts of
Malawi show a decreasing trend in precipitation (−4.5 mm/year) during DJFMA.

The seasonal precipitation during the hot dry season (SON) shows a non-significant
decreasing trend change, particularly in Northern Zambia and a large part of Malawi.

The temperature during the cold and wet seasons is increasing in both Zambia and
Malawi during the period from 1981 to 2021 (Figure 5). During DJFMA, Tmax shows an
increasing trend in Zambia and Malawi. The increase in Tmax during DJFMA in Zambia,
except in the central region, and Malawi is statistically significant. In addition, during the
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cold dry season (MJJA), the north region of Zambia and a large part of Malawi shows a
statistically significant increasing trend (up to 0.35 ◦C/decade). On the other hand, a non-
significant decreasing trend is observed in Central Zambia and Lake Malawi. During the
hot dry season (SON), both Zambia and Malawi show a statistically significant increasing
trend in Tmax (up to 0.6 ◦C/decade) during 1981–2021.
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The change in Tmin, similar to Tmax, is significant in Zambia and Malawi during
the wet and dry cold and hot seasons (Figure 6). During DJFMA, Tmin in Zambia and
Malawi shows a significant increasing trend up to 0.5 ◦C/decade. The change in Tmin is
higher in northern and northwestern parts of Zambia compared to Central and Southern
Zambia. Tmax during MJJA also exhibits a statistically significant increase in Northern and
Northwestern Zambia and Northern Malawi. During SON, the Tmin, similar to the change
in Tmax, shows a statistically significant increasing trend up to 0.62 ◦C/decade in Zambia
and Malawi. The increase in Tmin during the season of SON is more pronounced in the
northern parts of Zambia and Malawi compared to other regions.
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Figure 6. Long-term trend in seasonal minimum temperature (Tmin, ◦C/decade) during (a) DJFMA,
(b) MJJA, and (c) SON for Malawi and Zambia during 1981–2021. The lower panel illustrates the
significance of the trend with a p-value of < 0.05 for (d) DJFMA, (e) MJJA, and (f) SON. Values of 1
and −1 indicate a significant increasing and decreasing trend, respectively, while a non-significant
change is represented by 0.

3.3. Climate Extremes

The long-term trend in the annual number of consecutive dry (CDD) and wet (CWD)
days exhibits spatial variability across the region (Figure 7). The trend analysis reveals a
non-significant increasing trend in the western and southern parts of the region, while a
decreasing trend is observed in the northwestern and central parts of Zambia. In Malawi,
the trend in CDD demonstrates a decreasing trend of up to 2.5 days per year. The observed
change in CDD is statistically significant in some parts of Southern Malawi (Figure 7c).
Conversely, CWD shows a non-significant increasing trend (up to 0.22 days per year) in
parts of Southern Zambia and Northern Malawi. Overall, large parts of Zambia and Central
and Southern Malawi exhibit a non-significant decreasing trend in CWD, with significant
trends observed in only a few patches across the region (Figure 7d).

The number of heavy (R10mm) and very heavy (R20mm) precipitation days exhibits
an increasing trend in Zambia and Malawi (Figure 8). The trend in R10mm shows a non-
significant increasing trend in large parts of Zambia and Central Malawi, with significant
trends observed in a few places. However, unlike other parts of the region, the western and
northern parts of Malawi exhibit a non-significant decreasing trend in R10mm. Similarly,
the western and northern regions of Malawi show a decreasing trend in R20mm, while
an increasing trend is observed in different parts of Zambia, particularly in the western,
southern, and central regions.
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In line with global warming trends, the number of heatwave days shows a significant
increasing trend in Zambia and Malawi (Figure 9). In Zambia, the number of heatwave days
exhibits a significant increasing trend of up to 0.82 days per year, with the increase being
more pronounced in the southern and eastern parts and lower in the northern parts. Simi-
larly, the southern and central parts of Malawi demonstrate a significant increasing trend
of up to 0.55 days per year, while a non-significant change is observed in the northern part.
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3.4. Impact of Large-Scale Climate Variables on Seasonal Rainfall Variability

Although the analysis reveals an increasing trend in precipitation during the major
rainy seasons across a significant portion of Zambia and the central region of Malawi, it
is noteworthy that this trend lacks statistical significance. To further explore the factors
influencing seasonal rainfall variability, the relationship between precipitation patterns and
anomalies in the El Niño–Southern Oscillation (ENSO) and Indian Ocean Dipole (IOD)
is examined. Figure 10 illustrates the correlation between seasonal rainfall and ENSO
and IOD anomalies. The relationship between ENSO and DJFMA precipitation shows a
significant negative correlation, reaching up to −0.4, in Central, Western, and Southern
Zambia and Southern Malawi (Figure 10a). This indicates a moderately strong negative
relationship between ENSO and seasonal precipitation in these regions. Conversely, there is
a non-significant positive correlation (up to 0.3) between ENSO and DJFMA precipitation in
the northwestern, Copperbelt, and the southern parts of the Muchinga and Luapula regions
in Zambia, as well as of Northern Malawi. This suggests a moderately weak positive
relationship between ENSO and precipitation in these areas.

On the contrary, the correlation between IOD and DJFMA precipitation is positive
(up to 0.32) in Zambia and Malawi (Figure 10b). The relationship between IOD and
DJFMA precipitation is only significant in the northern regions of Malawi and Zambia.
This indicates that the relationship between IOD and DJFMA precipitation is noteworthy,
particularly in the northern regions of both countries.
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4. Discussion

Based on high-resolution precipitation and temperature datasets, the comprehensive
long-term trend analysis conducted for the period 1981–2021 reveals significant changes
in Zambia and Malawi. The utilization of reliable climate datasets derived from ground
observations and satellite data are crucial for enhancing the accuracy and precision of
detecting changes and variability in climate patterns at a much higher resolution. This
comprehensive analysis offers valuable insights into the evolving climatic conditions in the
region, providing a solid foundation for informed decision making across various sectors.
These maps facilitate the identification of hotspot areas, supporting the development
of locally tailored adaptation measures in critical sectors such as water management,
agriculture, and energy. The use of high-resolution climate datasets proves instrumental in
not only detecting trends but also in pinpointing specific areas that require focused attention
to mitigate and manage the impacts of changing climatic conditions effectively [13,58–60].

According to [59], high-quality climate datasets are required to build our under-
standing of the impact of climate change and to manage natural disasters such as floods
and droughts. By improving predictions and developing disaster management strate-
gies, these datasets play a crucial role in mitigating risks associated with extreme weather
events. Therefore, this study employs the most reliable climate products to accurately
assess changes in annual and seasonal precipitation, Tmax, Tmin, and PET. For exam-
ple, CHIRPS was identified as the best-performing precipitation dataset compared to
ground observations at multiple time scales (daily–annual) in East Africa [47,48] and South
Africa [61,62], and has been used in climate change studies in different parts of East and
South Africa [14,63,64]. According to [42,64], CHIRPS has shown a consistent pattern of
change and variability compared to gauge measurement in Malawi and Zambia.

Based on CHIRPS, a non-significant increasing trend (up to 8 mm/year) in annual
precipitation is observed in a large part of Zambia and Central Malawi, and this is in line
with previous studies [63,65]. The documented rise in precipitation can be predominantly
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attributed to the increased rainfall during the December–February period, which is associ-
ated with changes in sea surface temperature and the Pacific Walker Circulation [63,65].
The most important rainy season is the DJFMA, contributing over 90% of the annual rainfall
and serving as the primary agricultural season. During DJFMA, Northern Zambia and a
large part of Malawi show a non-significant decreasing trend. In line with this study, a
non-significant drying trend in precipitation since 2000 has been reported in Malawi [64].
Precipitation during the DJFMA season exhibits a moderate and significant correlation with
ENSO. Previous studies [64,66] suggest that rainfall patterns in Malawi and Zambia are
influenced by the Intertropical Convergence Zone (ITCZ) and ENSO, indicating that the wet
and dry seasons are associated with ENSO. Additionally, seasonal rainfall is impacted by
the Quasi-Biennial Oscillation (QBO), which is a pattern of atmospheric pressure variations
that occurs in the equatorial stratosphere [67]. In general, the precipitation changes in
countries in East and South Africa, including Malawi and Zambia, are highly impacted by
the changes in sea surface temperature including ENSO and IOD [21,29,68]. Similar to the
change observed in mean precipitation, extreme events such as CDD, CWD, R10mm, and
R20mm did not exhibit a significant change in Zambia and Malawi, and this is in line with
previous studies covering different parts of the region [19,69,70].

Unlike the observed changes in precipitation and precipitation extremes, the Tmax,
Tmin, and heatwaves show a statistically significant increasing trend during the period
from 1981 to 2021. The observed rise in Tmax, Tmin, and heatwaves aligns with the broader
phenomenon of global warming. Consistent with the outcomes of this investigation, several
other studies have reported a comparable upward trend for temperatures and temperature
extremes within the region [11,13,19,71–75]. In general, the increase in temperature in Africa
during the past five to ten decades is more than 0.5 ◦C [7,8,11,40,76], and it is projected to
increase in the future [12,28,77–80].

The observed increase in Tmax and Tmin leads to an increase in PET in Zambia and
Malawi. The increase in PET and temperature will particularly impact the agriculture
sector. Moreover, the concurrent increase in temperature and PET, coupled with a reduction
in seasonal precipitation observed in Malawi and Northern Zambia, is anticipated to
exert a substantial influence on agriculture, water resources, and the energy sector. These
interconnected changes underscore the multifaceted challenges posed by evolving climate
patterns, necessitating strategic interventions and adaptive measures across various sectors.
Overall, both Malawi and Zambia demand specific attention, especially in light of the
drying trend witnessed during the rainy season and the escalating temperatures (Tmax and
Tmin). Given the constrained capacity within the communities of these two countries, there
is a pressing need for an integrated approach, supported by the respective governments, to
formulate and implement adaptation measures such as water-harvesting structures and
crop rotations. For example, traditional methods like water-harvesting techniques, terraces,
crop diversity, and agroforestry are already being practiced by smallholder farmers to
adapt to climate change [81]. These indigenous practices can serve as valuable resources
in formulating effective adaptation strategies tailored to the local context, contributing to
the sustainability of the region. This will help mitigate the adverse effects of the declining
trend in precipitation during the rainy season (i.e., DJFMA) and the concurrent rise in
temperature and evapotranspiration in different sectors, particularly the agriculture sector.
Given that a substantial portion of the population relies heavily on this sector for sustenance,
implementing these adaptation measures will be crucial for ensuring food security and
livelihood resilience in the face of changing climatic conditions.

5. Conclusions

The long-term trend analysis, spanning the period of 1981 to 2021, reveals significant
changes in climate patterns in Zambia and Malawi. The utilization of high-resolution
precipitation and temperature datasets, including CHIRPS (0.05◦) and MSWX temperature
(0.1◦), has allowed to conduct a thorough analysis of annual and seasonal changes in
precipitation, maximum and minimum temperatures, and potential evapotranspiration
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(PET). These findings provide critical insights into the evolving climatic conditions in the
region, serving as a valuable resource for informed decision making across various sectors
such as agriculture, water resources, energy, and health.

Notably, the observed increase in precipitation in Zambia, particularly during the
major rainy seasons (December–April) will benefit the agriculture sector, where most of the
population depends, and other sectors. However, the observed decreasing trend in Malawi
and Northern Zambia will be a challenge for the region and requires the development of
adaptation measures to minimize the impacts. Concurrently, both Zambia and Malawi
exhibit a statistically significant increase in temperatures, which contributes to the rise in
potential evapotranspiration (PET), and the decline in precipitation will pose a series of
challenges to the agriculture sector.

Our study emphasizes the importance of utilizing high-quality, high-resolution cli-
mate datasets to accurately detect and understand climate change impacts. However, it
is important to address that even though we used the best-performing climate datasets
available for this region and globally, they may still have uncertainties stemming from satel-
lites, observations, and merging and interpolation techniques. The identified trends and
hotspots provide a foundation for developing localized adaptation strategies, particularly
given the limited capacity within the communities of Zambia and Malawi. Based on the
insights gained from this high-resolution study, future research should prioritize identi-
fying site-specific adaptation measures to mitigate the impacts of changing climate and
climate extremes. This will enable the development of government-supported integrated
adaptation approaches, including the implementation of water-harvesting structures and
crop rotations, which are crucial for mitigating the adverse effects of declining precipitation
and increasing temperatures, ensuring sustainable development in the face of evolving
climatic conditions.
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