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Introduction

Climate change is a pressing global issue that has far-reaching effects on ecosystems, economies, and
societies worldwide. The rise in climate-related extreme events poses a growing threat to the sustainability
of socio-economic development. Extensive studies have been conducted across various regions, shedding
light on the implications of temperature, rainfall patterns, and climate extremes indices for sustainable
development (e.g., Sekele, 2013; Singh et al., 2014; Alexander, 2016; Lelieveld et al., 2016; Stott et al.,
2016; Shrestha et al., 2017; Susanto et al., 2020; Almazroui, 2020; Yaduvanshi et al., 2021; Wilson et al.,
2022; Chemura et al., 2022; Ankrah et al., 2023).
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These studies reveal that changes in temperature, rainfall patterns, and climate extreme indices have
significant implications for sustainable development (Cramer et al., 2018; Lu et al., 2019; Agovino et al.,
2019; Masson-Delmotte et al., 2022). Moreover, predictions indicate an increase in droughts and floods of
unprecedented magnitude, posing threats to human and food security (Kotir, 2011; Parvin et al., 2015; Ebi
and Bowen, 2016; Mbow et al., 2017; Alemu and Mengistu, 2019; Amoak et al., 2022; Portner et al., 2022).

Climate change projections suggest a decline in rainfall ranging from 0.5% to 40%, with an average of 10%
to 20% by 2025, while other projections anticipate increases in rainfall and associated extreme events in
West Africa (Kasei, 2014). Temperature analysis reveals a warming trend in Africa surpassing the global
average, particularly across the continent (Nikulin et al., 2018). This warming trend is expected to persist
and accelerate, increasing the frequency of extreme climate events (James and Washington, 2013; Niang,
2014). In Nigeria, like many other countries, the impacts of climate change are projected to be widespread
and potentially devastating. Studies conducted by Abatan et al. (2018) and Abdussalam (2015) in Nigeria
highlight significant trends in extreme temperature indices and temperature increases, particularly in
southern Nigeria and during the winter season. However, rainfall-related indices show weak trends without
spatial coherence.

General climate change projections for Nigeria, as suggested by the Intergovernmental Panel on Climate
Change (IPCC, 2014), indicate a warming trend with increased daytime and nighttime temperatures. This
poses risks such as heat-related illnesses, heightened water demand, reduced crop yields, and threats to
agricultural production. Additionally, Nigeria may experience more intense rainfall events, increasing the
risk of flooding and consequent damage to crops and infrastructure (IPCC, 2014). Climate change
projections and extreme weather events pose significant concerns for Nigeria, given the vulnerability of its
agriculture sector, which employs over 60% of the population and contributes about 30% to the Gross
Domestic Product (GDP) (Adeola, 2018). Kwara State, a prominent agricultural hub, faces unique
challenges due to its distinct geography and topography. Unfortunately, limited studies have specifically
addressed climate projections and extreme indices in this region, hindering the understanding of local
climate dynamics.

The absence of localized research and insufficient information on climate projections and extremes
exacerbates the vulnerability of farmers and hampers the prediction and mitigation of devastating climate
events (Ogundele et al., 2019). Consequently, this lack of knowledge impedes long-term sustainable
development in the agriculture sector and the formulation of appropriate adaptation strategies for farmers
and stakeholders.

To address this gap in knowledge, this study aims to analyze rainfall and temperature projections and their
extreme indices in llorin, Kwara State, Nigeria. The findings of this study will contribute to the development
of policies and programs aimed at promoting effective adaptation in the agricultural sector, not only in the
study area but also across Nigeria and other countries sharing similar climatic and ecological characteristics
as Kwara State.

Materials and Methods

Study Area

The study was conducted in Zone C of the Kwara State Agricultural Development Project (KWADP) in
Kwara State, which falls under the southern Guinea Savanna agro-ecological zone of Nigeria (Figure 1).
Geographically, Kwara State is located between latitudes 8° 05’ N and 10° 05’ N, and longitudes 2° 50’ E
and 6° 05’ E, covering an area of about 32,500 km?. The state shares a common internal boundary with
Niger State in the north, Kogi State in the east, and Oyo, EKiti, and Osun States in the south. The study area
(Zone C) extends from latitudes 8° 05’ N to 9° 05’ N and longitudes 4° 20’ E to 5° 5’ E, covering an area of
about 4,978.44 km?. The area lies within a region described as having a tropical climate and is characterized
by double rainfall maxima (Olanrewaju, 2009). The area experiences a rainfall regime from the end of
March to October, with a mean annual rainfall ranging from 1000 mm to 1500 mm (Larbi et al., 2016). The
temperature remains uniformly high, ranging between 25°C and 30°C throughout the wet season, except in
July and August, when it reaches between 33°C and 34°C during the dry season. Relative humidity in the
wet season ranges from 75% to 80% and approximately 65% in the dry season (NBS, 2009). Food crops
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produced in this area are mostly yam, cassava, water yam, sweet potato, maize, and sorghum, which
constitute the main staple food aside from cereals.
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Figure 1: Map of Nigeria showing Zone C of Kwara State

Data Collection

Data on daily rainfall (mm) and maximum and minimum temperatures (°C), covering the period from 1981
to 2010, were collected from the Hydrology Section of the Lower Niger River Basin and Rural Development
Authority in llorin, Kwara State, as well as from the Nigerian Meteorology Agency (NiMet) in Abuja. Data
quality control was performed using Microsoft Excel and the Rclimdex package. The 12km resolution
regional climate models' output from the Weather Research and Forecasting Model WRFv3.5.1, which was
driven by the General Fluid Dynamics Laboratory Earth System Model (GFDL-ESM2M) and the Hadley
Global Environment Model (HadGEM2-ES) for Representative Concentration Pathways (RCP4.5), was
obtained from the West African Science Service Center on Climate Change (WASCAL) geoportal
(Heinzeller et al., 2016). The choice of RCP4.5 was driven by its realistic mitigation pathway, policy
relevance, comparability with other scenarios, and availability of supporting data and models, as well as its
role as a reference for a strong mitigation strategy (Van Vuuren et al., 2011). It allows for a focused
investigation of a potential future trajectory that aligns with the climate targets set by the Paris Agreement,
which aims to limit global warming to around 2°C above pre-industrial levels. Furthermore, it has
implications for policy and decision-making on various aspects of society, such as agriculture, water
resources, ecosystems, and human health (Ibid.). The data from RCMs used in this study cover the baseline
period (1981-2005) and the future period (2020-2049) for daily rainfall, minimum temperatures, and
maximum temperatures.

Table 1: Description of the Regional Climate Models

GCM RCM Institution Resolution
HadGEM2-ES WRF-H WASCAL / KIT/IMK-IFU 12km
GFDL-ESM2M WRF-G WASCAL / KIT IMK-IFU 12km




Data Analysis

Bias-Correction of RCMs Datasets

The biases in the rainfall and temperature outputs from the two RCMs were corrected using Local Intensity
Scaling and Variance Scaling bias-correction methods found in the Climate Model Data for Hydrologic
Modelling (CMhdy) tool (Rathjens et al., 2015). The Variance Scaling method was used to correct both the
mean and variance of temperature time series (Chen et al., 2011). Additionally, the Local Intensity Scaling
method, known for effectively improving RCMs rainfall data, was employed to correct mean biases, wet-
day frequencies, and intensities of rainfall (Schmidli et al., 2007). For the future (2020-2049) climate
analysis of the study area, an ensemble mean of the bias-corrected RCMs was utilized.

Climate Extreme Indices: Computation and Trend Analysis

Several indicators have been established by the Expert Team on Climate Change Detection Monitoring
Indices (ETCCDMI) for understanding climate extremes and trends (Mouhamed et al., 2013). These
indicators have been applied in various regions for the analysis of extreme events (N’ TchaM’Po et al., 2017;
Larbi et al., 2021). Table 2 presents the eleven climate indices selected for this study, which were computed
using RClimdex on the R programming software interface. The indices were calculated based on a common
30-year baseline for historical (1981-2010) and future (2020-2049) periods. In the analysis of extreme
climate index trends, a non-parametric Mann-Kendall (MK) test and Sen's slope estimator were employed,
which are widely used statistical methods for trend detection and quantification of hydro-climatic variables
(Okafor et al., 2017). These analyses were conducted using MAKESENS software. The MK test (Equations
1 and 2) assumes a null hypothesis (Ho) of no trend, which is tested against the alternative hypothesis (Hx)
of the presence of a trend (On6z and Bayazit, 2003). The null hypothesis (Ho) is rejected when |Zs| > Za» at a
significance level of a = 0.05. The standard normal test statistic Zs (Equation 2) indicates a trend in the data
series, with a positive or negative value indicating increasing or decreasing trends, respectively.

§ = ZE=1 Zitpss Sgn(X; — Xy) (1)
1 forss>o0
——.,jors
JVAR(S)
Z = 0,fors=0 (2)
5+1 f <0
———, fors
JVAR (5)
Table 2. Climate Extreme Indices
Indices Descriptive Name Definition Units
RX5day Max-5-day rainfall Annual maximum consecutive 5-day mm
amount rainfall
R99p Extremely wet days Annual total rainfall on the days when daily mm
PRCP > 99t percentile
R20mm Number of very heavy Annual counts of days when PRCP >20mm  days
rainfall days
CwWD Consecutive wet days Maximum number of consecutive days with  days
PRCP > Imm
CDD Consecutive dry days Maximum number of consecutive days with  days
PRCP< 1mm
TX90p Warm days Percentage of days when Tmax > 90™ days
percentile
TN90p Warm nights Percentage of days when Tmin > 90™ days
percentile
TX10p Cool days Percentage of days when Tmax < 10™ days
percentile
TN10p Cool night Percentage of days when Tmin < 10%" days
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percentile

TXX Warmest day Annual maximum value of the daily max °c
temperature

TNX Warmest night Annual maximum value of daily min °c
temperature

Results and Discussion
Temperature and Rainfall Projections

Figures 2 and 3 display the time series of the ensemble mean projection of monthly and annual mean rainfall
and temperature for Ilorin under the RCP4.5 climate change scenario, relative to the baseline period.
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Figure 2: Mean monthly temperature and rainfall projections for llorin based on the ensemble mean under
the RCP4.5 scenario
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Figure 3: Mean annual temperature and rainfall projections for llorin based on the ensemble mean under the
RCPA4.5 scenario

On a monthly scale, as shown in Table 3, the mean monthly temperature is projected to increase by 1.2°C
for both the rainy season (AMJJASQO) and the dry season (NDJFM). This finding aligns with Coumou et
al.'s (2013) study on the global increase in record-breaking monthly mean temperatures. Their study
suggests an 80% chance of mean monthly temperature increases in most countries in Africa due to climate
change impacts, such as prolonged heatwaves. These temperature increases will have implications for
agriculture and other climate-dependent sectors. Additionally, other studies indicate that the rise in mean
monthly temperature not only affects people's livelihoods but also has adverse effects on health, as the
number of malaria cases is expected to increase over time (Antwi-Agyei et al., 2014; Ampadu et al., 2018;
Agyekum et al., 2021).

Table 3: Mean seasonal rainfall and temperature projections for llorin, Kwara State under RCP4.5

Scenario
Climate Variable AMJJASO Season NDJFM Season
1981-2010  2020-2049 1981-2010 2020-2049
Maximum temperature (°C) 30.53 31.93 (1.39) 34.31 35.63(1.34)
Minimum temperature (°C) 21.96 23.02 (1.06) 21.27 22.41(1.14)
Mean temperature (°C) 26.25 27.47 (1.2) 27.79 29.0 (1.2)
Rainfall (mm) 160.02 144.16 (-4.5%) 14.95 6.39(-57.0%)

NB: Values in brackets indicate the changes that had occurred over the two periods.



Table 4: Mean annual rainfall and temperature projections for llorin, Kwara State

Baseline RCP4.5 Change (%)
Climate Variable (1981-2010)  (2020-2049)
maximum temperature (°C) 32.08 33.45 1.37
minimum temperature (°C) 21.66 22.76 1.09
mean temperature (°C) 26.85 28.10 1.23
rainfall (mm) 1194.9 1041.1 -12.87%

The maximum temperature is projected to increase by 1.39°C (rainy season) and 1.34°C (dry season), which
is higher in both seasons compared to the increase in minimum temperature of 1.06°C (rainy season) and
1.14°C (dry season). This finding is consistent with the minimum and maximum temperature trends
observed globally, as studied by Easterling et al. (1997), which show that both rainy and dry seasons are
likely to be characterized by high maximum temperatures due to the impacts of climate change and climate
variability. The mean annual temperature is projected to increase by 1.3°C in the future (2020-2049). This
increase is accompanied by a warming trend of 0.02°C per year (Figure 3). In the future (2020-2049), the
annual maximum temperature is projected to increase by 1.37°C at a faster rate of 0.045°C per year
compared to the increase in minimum temperature of 0.01°C per year. A study by Engelbrecht et al. (2015)
suggests that the rate of increase in maximum temperatures is relatively higher than that of minimum
temperatures across countries on the African continent, which supports the findings of this study. According
to Misra (2014), these observed increases in minimum and maximum temperatures have implications for
hydrological regimes, with varied impacts on crop yield, water productivity, and food security across most
countries in Africa. Regarding rainfall, the research findings indicate a projected decrease of 12.87% in
mean annual rainfall for the future compared to the baseline period (Table 4). This decrease suggests that the
study area may experience reduced rainfall in the coming years. However, it is important to note that
changes in rainfall patterns in the study area may not be uniform across the country. As observed by Shiru
and Park (2020) under two scenarios, RCPs 4.5 and 8.5, while some regions of Nigeria, such as the
Northwest, may experience a decrease in annual rainfall, others may see an increase, leading to spatial
variations in rainfall patterns.

The peaks of the rainy season were observed to increase by 5% for the month of June, implying a potential
intensification of rainfall events during that period. On the other hand, there was a decrease of 2% in the
peaks of the rainy season month for September, indicating a potential decrease in rainfall intensity during
that time. These findings highlight the variable nature of rainfall patterns in the area. The mean monthly
rainfall over the study period was found to decrease by 4.5% during the rainy season and by a significant
57.0% during the dry season. These decreases in rainfall align with previous studies that indicate future
projections of a shorter rainy season and growing season in West Africa, along with an extension of torrid,
arid, and semi-arid climate conditions (Sylla et al., 2016a; Sylla et al., 2016b). These changes in rainfall can
be attributed to global climate change impacts, including alterations in temperature and surface water supply
(De Wit and Stankiewicz, 2006). The observed decrease in rainfall patterns raises concerns about the
availability of freshwater resources, not only in the study area but also globally. This decrease in rainfall has
implications for water management and potential conflicts over water resources (Unfried et al., 2022). As
rainfall becomes more variable and potentially decreases in the study area, the overall availability of
freshwater resources may be further strained.

Projected Changes in Climate Extreme Indices

Rainfall Indices

The results of the Mann-Kendall trend test statistics for the extreme rainfall indices over the baseline and
future periods are presented in Table 5 and Figure 4. The findings suggest that most of the rainfall indices
are projected to decrease in the future, with the exception of consecutive dry days (CDD), which shows an
increase of 53%. Specifically, the annual maximum consecutive 5-day rainfall is observed to decline at a
rate of 1.04mm/year. This decline indicates a decreasing trend in prolonged heavy rainfall events, which can
have implications for water availability and management in the study area and other regions of Nigeria. It is
important to note that consecutive wet days (CWD) exhibit a decreasing trend, while consecutive dry days
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(CDD) display a slight increasing trend, although it is not statistically significant. The decrease in
consecutive wet days may adversely affect aquatic ecosystem productivity (Benavides-Gordillo et al., 2019),
and changes in rainfall patterns can impact agriculture and livestock production in rangeland ecosystems
(Alkemade et al., 2013). With fewer consecutive wet days, the availability of water for crops, grazing lands,
and livestock can be compromised, posing challenges for food security and livelihoods. Furthermore, the
observed trends in rainfall indices have implications for renewable groundwater supplies in communities
(Doll, 2009). As consecutive dry days increase and rainfall decreases, the replenishment of groundwater
sources may be negatively affected. This situation can pose threats to water security, particularly when
adequate climate change adaptation measures are not implemented.

Table 5: Projected Changes in Rainfall Extreme Indices in llorin, Kwara State

Descriptive names (Units) Baseline (1981- Ensemble Change
2010) (2020-2049)

Consecutive wet days, CWD (days) 6.2 (0.01) 5.4(0.07) -0.8(12.9%)

Consecutive dry days, CDD (days) 100.7 (0.44) 154.3 (0.33) 53.5 (53%)

Max-5-day rainfall amount, RX5day (mm) 122.8 (0.02) 92.0 (0.65) -30.0 (25%)

Extremely wet days, R99p (mm) 89.1(0.00) 42.3 (0.02%) -46.7(52%)

Number of very heavy rainfall days, R20 (days) 20.3 (0.04) 9.2 (0.09) -11.0 (54%)

Values in the bracket indicate Sen’s slope; negative/positive value indicates a decrease/increase in trend
respectively; * means statistically significant at 5% level
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Figure 4: Extreme rainfall Indices in Ilorin for the baseline line (1981-2010) and Future (2020-2049) periods
with Man-Kendall trend statistics (2)

Temperature Indices
The analysis of temperature extreme indices shows a significant increasing trend in the annual number of
warm days (TX90p) and warm nights (TN90p) in the future period of 2020-2049 (Table 6 and Figure 5).

Table 6: Projected Changes in Temperature Extreme Indices in llorin, Kwara State

Descriptive names (Units) Baseline (1981-2010) Ensemble (2020-2049) Change
Warm days, TX90p (days) 7.3 (3.53) 10.5 (0.403%*) 3.1 (42%)
Warm nights, TN90p (days) 7.1(3.27%) 10.5 (0.255%) 3.4 (47%)
Cool days, TX10p (days) 7.7 (-0.177%) 10.2 (-0.378%*) 2.4 (31%)
Cool night, TN10p (days) 8.2 (-0.06) 10.5 (-0.07) 2.3 (28%)
Warmest day, TXx (°c) 38.9 (0.01) 40.3 (0.01) 1.4 (3%)
Warmest night, TNx (°c) 26.3 (0.02) 28.0 (0.029) 1.7 (6%)

Values in bracket indicate Sen’s slope; negative/positive value indicates a decrease/increase in trend
respectively; * means statistically significant at 5% level
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Figure 5: Extreme temperature indices in llorin for the baseline line (1981-2010) and Future (2020-2049)
periods with Man-Kendall trend statistics (Z)
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Decreasing trends were observed for cool days (TX10p) and cool nights (TN10p), with the trend for cool
days being significant in both the historical and future periods. This indicates that both nighttime and
daytime temperatures are getting warmer, which aligns with the findings of Abdussalam's study (2015)
conducted in the north-western part of Nigeria. The findings are also consistent with other previous studies
that indicate a general warming trend in Nigeria, projecting an increase in average temperatures for both
daytime and nighttime (Akinsanola and Ogunjobi, 2014; Ragatoa et al., 2018; Gbode et al., 2019). Shiru et
al.'s study (2020) specifically suggests that temperature increases are expected to be more pronounced in the
northern regions of Nigeria, including the Northwest, compared to the southern regions. The annual
maximum values of daily minimum temperature (TNx) and maximum temperature (TXx) are projected to
increase by 1.7°C and 1.4°C, respectively, in the future. The Mann-Kendall (MK) test indicates an
increasing trend in TNx (0.02°C/year) and TXx (0.01°C/year) for both the baseline and future periods. This
indicates a higher warming of nighttime temperatures compared to daytime temperatures, which aligns with
the findings of Abatan et al.'s study (2018) on trends in extreme temperature indices across Nigeria.

The higher nighttime temperatures in the area can have far-reaching implications for various sectors,
especially the energy sector, as the population may resort to higher energy consumption through the use of
cooling devices such as air conditioners and fans. Additionally, the population without access to energy may
be at risk of heat-related diseases. The analysis of extreme indices provides evidence of significant changes
in the occurrence of extreme climate events, particularly regarding temperature, over the past decades (1981-
2010). In general, the study area exhibits significant changes in climate extremes, especially in relation to
temperature. These findings are consistent with Auwal et al.'s study (2022), which suggests that heatwaves
and extremely high temperatures are likely to become more frequent in Nigeria, resulting in increased risks
to human health, agriculture, and water resources. Auwal et al. (2022) further posit that heatwaves are
expected to increase in intensity and duration in Nigeria, posing risks to human health and increasing energy
demands for cooling.
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Conclusion and Recommendation

The study assessed the impact of climate change under the RCP4.5 scenario on rainfall, temperature, and
their extreme indices in llorin, Kwara State. The ensemble mean of the regional climate model analysis of
rainfall and temperature projections for the area shows a drier and warmer climate in the future, 2020-2049.
Extreme climate indices analysis revealed a decrease in most of the extreme rainfall indices in the future,
2020-2049, except for consecutive dry days (CDD), which shows an increase. The temperature extreme
indices, on the other hand, show significant increasing trends in the future, especially with the percentile-
based indices. There has been a warming trend over the past decades, mostly dominated by an increase in
the daily minimum temperature, though not significant. Among other challenges, the projected changes
could lead to water scarcity, decreased agricultural productivity, and increased health risks. It is, therefore,
crucial for policymakers in Kwara State and other areas with similar climatic conditions to take action to
build the resilience of the communities to be able to adapt to the effects of climate change and the changing
conditions to minimize their impact on the population and the local economy. This should include the
dissemination of climate information and various adaptation strategies to ensure future food security in the
area.
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