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ABSTRACT

Climate change has emerged as one of the most critical environmental challenges
affecting agricultural sustainability, hydrological systems and food security
globally. In Nigeria, increasing temperature, rainfall variability and hydro-
climatic extremes pose severe threats to rain-fed agricultural systems, particularly
cereals production across diverse agro-ecological zones. This study applies smart
physics-based approaches involving climate modelling, agro-hydrological
simulations, data analysis and advanced environmental modelling tools to
evaluate the impacts of climate change on maize evapotranspiration (ET) and yield
under Representative Concentration Pathways (RCP2.6 and RCP8.5). Climate
projections derived from HadGEM2-ES, NorESM1-M and MPI-ESM-MR
models were integrated with the DSSAT CERESmaize model to assess future crop
responses across rainforest, savannah and Sahel ecological zones in Nigeria.
Results indicate substantial warming under future scenarios, with temperature
increases exceeding 7°C under RCP8.5 in the Sahel. Evapotranspiration demand
increased significantly by about 20% to 50% across all regions due to intensified
atmospheric evaporative demand, while maize yield declined sharply under high
emission scenarios, by above 50% in the Sahel. Yield-to-Evapotranspiration
efficiency (YPEM) deteriorated substantially by about 75 to 85%, particularly in
savannah and Sahel regions, indicating increasing hydro-agricultural stress and
declining water-use efficiency. The findings provide scientific evidence for
climate adaptation, technological innovation and sustainable agricultural
management in Nigeria.
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INTRODUCTION

Climate change represents one of the greatest scientific
and developmental challenges of the twenty-first century
(Olasina, 2021; Isa et al., 2023; Zapata et al., 2026).
Climate change refers to long-term alterations in the
Earth's climate system, primarily resulting from
anthropogenic increases in greenhouse gases (GHGS)
such as carbon dioxide (CO:), methane (CHa), nitrous
oxide (N20) and fluorinated gases. These emissions
originate mainly from fossil fuel combustion, industrial
activities, deforestation, land-use change and agricultural
practices. The enhanced greenhouse effect traps outgoing
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longwave radiation within the atmosphere, leading to
global warming and significant modifications in
atmospheric ~ circulation,  precipitation  patterns,
hydrological processes and the frequency and intensity of
extreme weather events. Consequently, climate change
affects ecosystems, biodiversity, water resources,
agriculture, human health and socio-economic
development worldwide (Ajayi et at., 2022; FAO, 2023;
Ogolo et al., 2024; Wang et al., 2022). These changes are
particularly severe in sub-Saharan Africa, where
agriculture remains highly dependent on climate
sensitive environmental systems (Abiodun, 2022;
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Adejuwon, 2022; Haensler et al., 2023; Eshetie et al.,
2026; IFPRI, 2023). Nigeria is highly vulnerable to
climate variability because a significant proportion of its
agricultural activities depend on rainfall patterns and
environmental stability (FMA, 2022; Matthew et al.,
2015; Oguntunde et al, 2022). Variations in temperature,
precipitation, humidity and solar radiation significantly
influence crop growth, evapotranspiration and water-use
efficiency (Niang et al., 2022; WMO, 2024). Maize is one
of the most important staple crops in Nigeria, and is
particularly sensitive to heat stress and moisture deficits
(Yahaya et al., 2025).

Agriculture is among the sectors most vulnerable to
climate change because crop growth and development are

Climate Change Drivers Flow:
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closely regulated by climatic variables throughout the
growing season (Adejuwon, 2022). Rising temperatures
accelerate crop phenological development by shortening
the duration of vegetative and reproductive growth
stages, often resulting in reduced grain filling and lower
yields. Changes in precipitation alter soil moisture
availability and increase the frequency of droughts and
floods, while variations in solar radiation directly affect
photosynthesis and biomass accumulation. These
combined effects increase evapotranspiration demand,
reduce water-use efficiency, and ultimately threaten food
production and food security, particularly in rain-fed
agricultural systems such as those predominant in
Nigeria.
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Figure 1: Influence of Climatic Variables on Maize Phonological Development

Side arrows indicating:
I. Heat stress
il. Water stress
iii. Increased evapotranspiration

iV. Reduced photosynthesis
V. Shortened grain-filling period
The principal climatic variables considered in this study

are precipitation, solar radiation, evapotranspiration, and
water-use efficiency because they directly regulate crop
productivity. Precipitation represents the primary source
of water available for crop growth and soil moisture
replenishment. Solar radiation provides the energy
required for photosynthesis and controls atmospheric
energy balance. Evapotranspiration (ET) is the combined
loss of water through soil evaporation and plant
transpiration and represents the atmospheric demand for
water. Water-use efficiency (WUE) describes the amount
of crop biomass or grain yield produced per unit of water
consumed through evapotranspiration (Ogolo and
Matthew, 2022). These variables are strongly
interconnected:  precipitation  determines  water
availability, solar radiation supplies energy for
photosynthesis and evapotranspiration, temperature
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influences atmospheric evaporative demand,
evapotranspiration governs crop water consumption, and
water-use efficiency reflects how effectively crops
convert available water into economic yield under
varying climatic conditions.

The emergence of smart physics approaches involving
computational modelling, climate simulations, artificial
intelligence-assisted environmental monitoring, remote
sensing technologies and advanced numerical analysis
has created new opportunities for understanding complex
environmental systems (Zougmoré et al., 2021). Smart
physics combines traditional physical principles with
digital technologies, computational algorithms and
environmental intelligence systems to improve
prediction, monitoring and adaptation processes (Ogolo
and Matthew, 2022). Smart physics approaches in
climate science are increasingly applied in:

i.Climate forecasting and simulation
Ii.Environmental data analytics
iii.Crop-climate interaction modelling
IV.Agro-hydrological assessment
V.Decision-support systems
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Vi.Precision agriculture

Vii.Climate risk mapping
Although numerous studies have investigated climate
variability, crop productivity and hydrological processes
independently, relatively few have integrated climate
projections, evapotranspiration dynamics, water-use
efficiency and crop simulation modelling within a unified
smart physics framework across Nigeria's contrasting
agro-ecological zones. This study addresses that research
gap by integrating multi-model climate projections,
DSSAT crop simulations and agro-hydrological analysis
to quantify  future changes in  sweetcorn
evapotranspiration, water-use efficiency and yield under
RCP2.6 and RCP8.5 scenarios. The findings provide
scientific evidence to support climate adaptation
planning, sustainable agricultural water management and
food security policy in Nigeria.

Yahaya et al
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MATERIALS AND METHODS
Study Area and Baseline Climate Conditions
The study covers representative agro-ecological zones in
Nigeria including (figure 2):

I.Rainforest Zone — Akure

ii.Guinea Savannah Zone — Lokoja
1ii.Coastal Zone — Port Harcourt
IV.Sudan/Sahel Zone — Katsina
These zones exhibit distinct climatic characteristics,
ranging from humid tropical conditions in southern
Nigeria to semi-arid conditions in northern Nigeria
(Akinyemi et al., 2022; Anabaraonye et al., 2022). The
selected locations provide a  comprehensive
representation of Nigeria’s climatic variability and
agricultural vulnerability.
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Figure 2: Map of Nigeria Showing the Study Area. Source: map.png

Climate Data and Models

Historical climate data covering 1984-2023 (NiMET,
2023; NIiMET, 2024) were obtained and analyzed
alongside future climate projections derived from
HadGEM2-ES, NorESM1-M and MPI-ESM-MR. The
climate models were selected because of their strong
performance in representing tropical climate systems and
regional climate variability (Matthew et al., 2015). Future
climate projections were analyzed under RCP2.6 (low-
emission scenario) and RCP8.5 (high-emission scenario).
The study considered Near Future (2030 - 2064) and Far
Future (2065 - 2099). Climate variables analyzed
included maximum temperature, minimum temperature,
precipitation and solar radiation. Climate datasets were
processed from NetCDF format using MATLAB,
extracted using FERRET, and processed using
ClimPACT?2 software.
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Historical climatic conditions (1984-2023) were used as
the baseline for comparison with projected climate
scenarios. Mean historical climatic characteristics were:
Akure: Precipitation = 5.08 mm day™!; Tmax = 28.97°C;
Tmin = 20.98°C; Solar radiation = 20.46 MJ m day .
Lokoja: Precipitation =3.41 mm day!; Tmax =31.52°C;
Tmin = 22.20°C; Solar radiation = 18.06 MJ m 2 day'.
Port Harcourt: Precipitation = 7.70 mm day'; Tmax =
30.59°C; Tmin = 23.56°C; Solar radiation = 17.80 MJ
m>day™".

Katsina: Precipitation 1.84 mm day?!; Tmax =
34.93°C; Tmin = 21.32°C; Solar radiation = 21.47 MJ
m2day .

These historical climatic conditions served as the
reference against which projected climatic changes under
RCP2.6 and RCP8.5 scenarios were evaluated.
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Smart Physics and Computational Framework
The smart physics framework integrated climate physics,
numerical simulation, environmental data analytics and
crop process modelling within a unified computational
environment. Historical and projected climate datasets
were first extracted from NetCDF files using FERRET
software and subsequently processed in MATLAB for
quality control, data conversion and preprocessing.
ClimPACT2 software was used to compute climate
extreme indices and characterize historical climatic
variability. Processed climate variables were then
supplied as input to DSSAT for crop growth and
evapotranspiration simulations.
The computational workflow therefore consisted of five
sequential stages:

I.  Acquisition of historical and projected climate
datasets.
Climate data extraction, quality control and
preprocessing.
Climate trend and extreme-event analysis.

IV. Crop growth and evapotranspiration simulation
using DSSAT.

V.  Statistical analysis and inter-scenario
comparison.

This integrated computational framework enabled the
assessment of climate—crop—water interactions under
different emission scenarios and provided quantitative
estimates of future sweetcorn productivity.

Crop Modelling and Evapotranspiration Simulation

Sweetcorn growth and yield were simulated using the
CERES-Maize module of DSSAT Version 4.8.2, while
crop evapotranspiration (ET) was estimated using the
FAO-56 Penman—Monteith method implemented within
DSSAT. Daily climate inputs consisted of maximum
temperature, minimum temperature, precipitation and
solar radiation derived from historical observations and
future climate projections. Soil physical characteristics,
crop genetic coefficients and management practices were
parameterized for each study location using site-specific
information.

Model simulations were performed for the historical
baseline period (1984-2023), Near Future (2030-2064)
and Far Future (2065-2099) under RCP2.6 and RCP8.5
scenarios. The principal outputs analysed were seasonal
evapotranspiration (ET), grain vyield and Yield-to-
Evapotranspiration Ratio (YPEM), calculated as:

YPEM Grain Yield (kg ha') / Seasonal
Evapotranspiration (mm)

The DSSAT model simulated crop phenological
development, biomass accumulation, grain filling and
maturity based on the interactions between climate
variables, soil conditions and crop physiological
processes.

Yahaya et al
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Environmental Stress Factor Analysis

Environmental stress analysis focused on the combined
influence of temperature, precipitation, solar radiation
and evapotranspiration on sweetcorn productivity.
Temperature stress was evaluated from projected
increases in maximum and minimum temperatures
relative to the historical baseline. Water stress was
assessed using changes in precipitation and seasonal
evapotranspiration, while radiation stress was examined
through projected changes in incoming solar radiation.
The combined effects of these climatic variables on crop
phenology, grain filling, biomass production and water-
use efficiency were interpreted using DSSAT simulated
outputs. Yield reductions observed under future climate
scenarios were attributed to increased atmospheric
evaporative demand, shortened crop growth duration,
reduced soil moisture availability and increased heat
stress during reproductive growth stages.

Statistical Analysis

Descriptive statistics, trend analysis and scenario
comparisons were performed for all climatic and crop
variables.  Multi-model  ensemble averaging of
HadGEM2-ES, NorESM1-M and MPI-ESM-MR
projections was employed to minimize uncertainties
associated with individual climate models.

Percentage changes in climatic variables and sweetcorn
yield were computed relative to the historical baseline
using:

Percentage Change (%) = meoroal X100

Percentage yield reduction reported in the Results section
was calculated as:
Yield Reduction (%) =

Historical .Yield.—Pro'jected Yield X100
. Historical Yield . i i
Differences among ecologlcal Zones, climate scenarios

and projection periods were evaluated through
comparative statistical analyses and results were
presented using line graphs and heatmaps.

Future—Historical

RESULTS AND DISCUSSION

Temperature Projections

The projected maximum temperature (Tx) increased
across all four agro-ecological zones under both emission
scenarios (Figure 3). Relative to the historical baseline,
mean maximum temperature increased by approximately
5.7 — 8.3°C in Akure, 4.0 — 6.8°C in Lokoja, 2.3 — 4.8°C
in Port Harcourt and 1.6 — 4.9°C in Katsina, with the
largest increases occurring during the Far Future (2065 —
2099) under RCP8.5. Although Katsina exhibited smaller
relative percentage increases during the near future,
absolute maximum temperatures exceeded 39°C,
indicating severe thermal stress for rain-fed sweetcorn
production.
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The maximum temperature (TX) heatmap visualization
shows a uniform warming signal across all locations,
with positive changes under every scenario and period.
The intensity of warming is consistently greater under
RCP8.5 than RCP2.6 and increases markedly from the
near-future to the far-future period, indicating a clear
scenario and time dependency. Akure and Lokoja
experience relatively stronger increases in TX,

Maximum Temperature Change (Tx)

1

Akure

Lokoja

Port Harcourt

Katsina

NF RCP2.6

FF RCP2.6
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particularly under far-future RCP8.5, while Port Harcourt
shows more moderate warming, reflecting the thermal
buffering effect of the coastal environment. Katsina,
although exhibiting smaller percentage increases under
RCP2.6, experiences substantial warming under RCP8.5,
reinforcing concerns about extreme heat stress in semi-
arid northern regions especially under I-don’t-care
scenario.

w

~

Change

N

NF RCP8.5 FF RCP8.5

Figure 3: Heatmap Visualization of Future Maximum Temperature Change (Tx)

The figure 4 minimum temperature heatmap indicates
widespread nighttime, with increases observed across all
locations and scenarios. The magnitude of Tn change is
generally comparable to or exceeds that of Tx, especially
under RCP8.5, suggesting a reduction in diurnal
temperature range. Lokoja and Katsina shows the
strongest increase in minimum temperature, particularly
in the far-future RCP8.5 scenario, implying enhanced
nighttime heat retention and elevated thermal stress,
suggesting reduced nocturnal cooling and potential
impacts on crop respiration and human comfort. Akure
also displays significant increases, while Port Harcourt
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shows relatively smaller but consistent warming. These
patterns underscore the growing importance of minimum
temperature changes in shaping crop physiology,
evapotranspiration and heat stress impacts.

The minimum temperature (Tn) increased by
approximately 3 — 7°C, with Lokoja and Katsina
recording the greatest nocturnal warming. Rising
nighttime temperatures imply reduced nocturnal cooling,
increased crop respiration, and reduced recovery from
daytime heat stress, thereby increasing
evapotranspiration demand and reducing biomass
accumulation.
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Figure 4: Heatmap Visualization of Future Minimum Temperature Change (Tn)

Precipitation Variability

Projected precipitation responses varied substantially
among agro-ecological zones (Figure 5). Relative to the
historical baseline, Lokoja exhibited the largest
precipitation increase, ranging from approximately +1.8
to +2.8 mm day !, while Port Harcourt recorded modest
increases of approximately +0.5 to +1.6 mm day' under
RCP8.5. Akure experienced only slight changes (—0.3 to
+1.0 mm day'), whereas Katsina consistently exhibited
precipitation deficits ranging from approximately —0.9 to
—0.3 mm day across all future scenarios.

For the purpose of interpretation, rainfall anomalies
greater than =1 mm day' were classified as substantial
climatic shifts, values between £0.3 and £1 mm day ! as
moderate changes, and values below £0.3 mm day™ as
minor departures from the historical baseline. These

Precipitation Change (PR)

4

NF RCP8.5

Akure

Lokoja

Port Harcourt

Katsina

NF RCP2.6

FF RCP2.6

results demonstrate increasing spatial variability and
north—south contrasts in future rainfall distribution.
Lokoja exhibits consistently large positive changes in
precipitation under both RCP2.6 and RCP8.5, with the
magnitude intensifying from the near-future to the far-
future period, indicating a robust wetting signal. In
contrast, Katsina shows persistent and substantial
declines in precipitation across all scenarios, reflecting
heightened aridity under future climate conditions. Akure
and Port Harcourt display comparatively modest
changes, with slight decreases or near-neutral responses
under RCP2.6 and moderate increases emerging under
RCP8.5 in the far future. Generally, the heatmap
highlights a strong north-south contrast in precipitation
response, suggesting divergent hydro-climatic risks
across Nigeria’s climate zones. These variations suggest
growing instability in regional hydrological systems.

Change

FF RCP8.5

Figure 5: Heatmap Visualization of Future Precipitation Change (Pr)
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Solar Radiation Change (SRD)

This heatmap in figure 6 depicts projected changes in
solar radiation under near-future (NF) and far-future (FF)
conditions for RCP2.6 and RCP8.5 scenarios. Lokoja and
Katsina consistently show strong positive changes,
indicating increased incoming solar energy that may
enhance evapotranspiration rates. Port Harcourt exhibits

Akure

Lokoja

Port Harcourt

Katsina

Yahaya et al

Solar Radiation Change (SRD)

NJTEP2025 4(2): 70-82

slight reductions under RCP2.6, shifting to modest
increases under RCP8.5, likely influenced by coastal
cloud dynamics. The intensification of solar radiation
under high-emission and far-future scenarios, when
combined with rising temperatures, may significantly
amplify evaporative demand and crop water
requirements, particularly in inland and northern regions.

Change (M} m-2 day?)

NF RCP2.6 FF RCP2.6

NF RCP8.5

FF RCP8.5

Figure 6: Heatmap Visualization of Future Solar Radiation Change (SRD)

Solar radiation provides the primary energy source that
drives evaporation from the soil surface and transpiration
from plant leaves. Consequently, increasing solar
radiation directly increases reference evapotranspiration
(ETo). When elevated solar radiation occurs
simultaneously with rising air temperature, atmospheric
vapour pressure deficit increases, resulting in enhanced
evaporative demand. Unless compensated by adequate
rainfall or irrigation, greater evapotranspiration reduces
soil moisture availability, increases crop water stress,
lowers stomatal conductance, suppresses photosynthesis
and ultimately reduces grain yield.

Evapotranspiration (ET) and Maize Yield Response

Projected warming significantly increased
evapotranspiration demand across all agro-ecological
zones, primarily driven by rising temperature, increased
solar radiation and enhanced atmospheric evaporative
demand. Semi-arid regions exhibited the strongest
evapotranspiration increase due to high thermal stress.
This significantly reduced projected maize yield across
Nigeria. Under RCP8.5, yield decline exceeded 50% in
several regions, Savannah and Sahel zones exhibited the
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highest vulnerability. Heat stress and water deficits
reduced crop productivity substantially. The outcome
reveal increasing risks to food security under future
climate change.

The simultaneous increase in maximum temperature,
minimum temperature and solar radiation substantially
increased atmospheric evaporative demand throughout
the growing season. According to the Penman—Monteith
equation, evapotranspiration increases with increasing
net radiation and air temperature because both variables
increase the energy available for water vaporization and
atmospheric moisture demand. Consequently, future
climate scenarios are expected to accelerate soil water
depletion and increase crop water requirements,
particularly in the Guinea Savannah and Sahel regions.
Thermal stress and evapotranspiration are strongly
coupled. Elevated temperatures increase the saturation
vapour pressure deficit (VPD) between the leaf surface
and the atmosphere, thereby increasing transpiration
rates. Initially, evapotranspiration rises under moderate
warming; however, prolonged thermal stress causes
partial stomatal closure to reduce water loss. This
simultaneously ~ limits  CO.  uptake, reduces
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photosynthetic efficiency, shortens the grain-filling
period and ultimately decreases maize yield.

Percentage yield reduction was calculated relative to the
corresponding RCP2.6 yield using:

Yield Reduction (%) = ¢des—Yieldz6 y 1

Yield; ¢
In the near-future period, maize yield reductions were
relatively moderate across the three climatic zones, with
Akure, Lokoja and Katsina showing reductions of
18.75%, 16.67% and 12.50%, respectively (Table 1).
Under this period, the climatic conditions projected under
RCP 8.5 are still within a partially tolerable threshold for
sweet corn cultivation. Although temperature increases
and rainfall variability begin to affect crop growth,

Yahaya et al
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physiological processes such as germination, flowering
and grain filling may still occur with limited disruption.
The comparatively smaller reduction observed in Katsina
may be associated with the existing adaptation of maize
varieties and farming systems in semi-arid environments
to water stress and high temperature conditions. In the
far-future period, however, the reductions became
substantially more severe, particularly under the high-
emission RCP 8.5 scenario. Lokoja experienced the
highest decline (-92.31%), followed by Katsina (-75%)
and Akure (-40%). These pronounced reductions indicate
that prolonged exposure to elevated greenhouse gas
concentrations may significantly exceed the thermal and
moisture tolerance thresholds of maize.

Table 1: Mean Rain-Fed Maize Yield Distribution across Nigerian Climatic Regions under RCP 2.6 and RCP

8.5 Scenarios for Near- And Far-Future Periods

Time Horizon  Climatic Region (Station) RCP 2.6 Yield (Mt RCP 8.5 Yield YieldReduction p-value Significance
ha™) (Mt ha™) (%)

Near Future Akure (Rainforest) 1.6 13 -18.75 <0.05 *

Near Future Lokoja (Guinea Savannah) 1.2 1.0 -16.67 <0.05 *

Near Future Katsina (Sahel Savannah) 0.8 0.7 -12.50 >0.05 NS

Far Future Akure (Rainforest) 15 0.9 -40.00 <0.05 *

Far Future Lokoja (Guinea Savannah) 13 0.1 -92.31 <0.01 el

Far Future Katsina (Sahel Savannah) 0.8 0.2 -75.00 <0.01 faed

Notes: Significance levels: * p < 0.05; ** p < 0.01; NS = not significant.
Heatmap shading indicates severity of yield reduction under RCP 8.5 relative to RCP 2.6.

The figure 7 below illustrates the projected distribution
of rain-fed maize yield across three major Nigerian
climatic regions - Rainforest, Savannah and Sahel - under
two greenhouse gas emission scenarios: RCP 2.6 and
RCP 8.5. The results reveal substantial regional
disparities in maize productivity and demonstrate the
strong influence of climate change intensity on future
crop performance. Under the RCP2.6 low-emission
scenario, maize yield decreases progressively from the
Rainforest region (approximately 1.5 mt/ha) to the
Savannah (1.3 mt/ha) and further to the Sahel region (0.8
mt/ha). This pattern reflects the natural climatic gradient
across Nigeria. The Rainforest zone benefits from
relatively high annual rainfall, moderate atmospheric
humidity, longer growing seasons and more favorable
soil moisture conditions, which collectively enhance
maize growth and grain development. The Savannah
region, although moderately suitable for maize
production, experiences greater rainfall variability and
seasonal dry periods that limit yield potential compared
to the humid south. In the Sahel region, low rainfall, high
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evaporative demand and recurrent drought conditions
substantially constrain maize productivity, resulting in
the lowest projected yields. In contrast, the RCP8.5 high-
emission scenario shows a much sharper decline in maize
yield across all climatic zones. Yield in the Rainforest
decreases to approximately 0.9 mt/ha, while the
Savannah region experiences an extreme decline to
nearly 0.1 mt/ha. The Sahel shows a slight recovery
relative to Savannah but remains critically low at
approximately 0.2 mt/ha. These results suggest that
intensified greenhouse gas emissions and associated
warming may significantly reduce the suitability of rain-
fed maize cultivation across Nigeria. The graph shows
that future maize productivity in Nigeria is highly
dependent on greenhouse gas emission pathways. Under
lower emissions (RCP2.6), maize production may remain
moderately sustainable, especially in the humid southern
regions. However, under the high-emission RCP 8.5
scenario, substantial yield collapse is projected,
particularly in the Savannah and Sahel zones.
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Figure 7: Projected Maize Yield under RCP Scenarios

Water-Use Efficiency

The distribution of the Average Maize Yield to
Evapotranspiration Ratio (YPEM) across the selected
Nigerian climatic regions reveals how efficiently maize
converts water lost through evapotranspiration (ET) into
grain yield under different climate change scenarios. The
YPEM indicator, expressed in kg/ha/mm, is an important
measure of crop water productivity because it reflects the
quantity of maize yield produced per unit of water
consumed.

The results in Table 2 show clear regional and scenario-
based variations in maize water productivity under both
low-emission (RCP 2.6) and high-emission (RCP 8.5)
climate pathways. Under the RCP2.6, relatively stable or
moderately improved YPEM values were observed in
Akure and Lokoja during the future periods. Akure
increased slightly from 4.6 to 4.7 kg/ha/mm, representing
a2.17% increase, while Lokoja increased from 4.0 to 4.5
kg/ha/mm, corresponding to a 12.5% increase. These
improvements suggest that under lower greenhouse gas
concentrations, future climatic conditions may still

support efficient utilization of available water for maize
production. Moderate warming combined with relatively
stable rainfall conditions may enhance physiological
activity and water-use efficiency without causing severe
moisture stress. In contrast, Katsina recorded a decline
from 6.2 to 4.9 kg/ha/mm under RCP 2.6, representing a
20.97% reduction. Although Katsina initially exhibited
the highest YPEM values among the regions, indicating
strong water-use efficiency under current semi-arid
conditions, future increases in temperature and
evapotranspiration demand may significantly reduce soil
moisture availability and crop performance over time.
Under the RCP8.5 high-emission scenario, the reductions
in YPEM became substantially more severe across all
regions. Akure declined from 3.8 to 2.8 kg/ha/mm (-
26.32%), Lokoja declined dramatically from 3.4 to 0.5
kg/ha/mm (-85.29%), and Katsina reduced from 4.8 to
1.2 kg/ha/mm (-75%). These sharp declines indicate that
future extreme warming conditions may greatly impair
maize water productivity in Nigeria.

Table 2: Distribution of Average Maize Yield to Evapotranspiration Ratio (YPEM) under Different Climate

Scenarios
Mean Maize Yield - ET Ratio (YPEM, kg/ha/mm)
RCP 2.6 RCP 8.5
Near Future Far Future % Change Near Future Far Future % Change
Akure 4.6 4.7 2.17 3.8 2.8 -26.32
Lokoja 4 4.5 125 3.4 0.5 -85.29
Katsina 6.2 4.9 -20.97 4.8 1.2 -75

The figure 8 graph illustrates the distribution of maize
Yield—Evapotranspiration Efficiency (YPEM) across the
Rainforest, Savannah and Sahel climatic regions of
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Nigeria under two climate change scenarios: RCP 2.6 and
RCP 8.5. YPEM, expressed in kg/ha/mm, represents the
amount of maize grain yield produced per unit of water
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lost through evapotranspiration (ET). It is therefore an
important indicator of crop water-use efficiency and
agricultural sustainability under changing climatic
conditions. The graph reveals a strong contrast between
the low-emission (RCP 2.6) and high-emission (RCP 8.5)
scenarios.

Under the RCP2.6 scenario, YPEM values remain
relatively high and stable across all climatic regions. The
Rainforest region records approximately 4.7 kg/ha/mm,
the Savannah about 4.5 kg/ha/mm and the Sahel nearly
4.9 kg/ha/mm. These values indicate that maize is able to
utilize available water relatively efficiently under
moderate climate change conditions. The slight reduction
observed in the Savannah region may reflect moderate
moisture stress or increased evapotranspiration demand,

Yahaya et al
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but overall, the system remains agriculturally sustainable.
The relatively high YPEM in the Sahel under RCP 2.6 is
particularly important. Despite receiving lower rainfall,
crops in semi-arid environments often develop adaptive
mechanisms such as efficient stomatal regulation, deeper
rooting systems and conservative water-use strategies.
Consequently, maize may produce relatively more yield
per unit water consumed under moderate climatic stress
conditions. In contrast, the RCP8.5 scenario shows a
dramatic reduction in YPEM across all regions. The
Rainforest declines to approximately 2.8 kg/ha/mm, the
Savannah drops sharply to nearly 0.5 kg/ha/mm, while
the Sahel records about 1.2 kg/ha/mm. These substantial
reductions indicate severe deterioration in maize water
productivity under intensified climate warming.

Yield-ET Efficiency

YPEM (kg/ha/mm)

—&— RCP2.6
—o— RCP8.5

R ——

T
Rainforest

T
Savannah

T
sahel

Figure 8: Yield-Evapotranspiration Efficiency under Future Climate Scenarios.

The graph demonstrates that future climate change may
significantly reduce the efficiency with which maize
converts water into grain yield, particularly under high
greenhouse gas emissions. Under RCP 2.6, maize
production remains relatively resilient across Nigerian
climatic zones, suggesting that climate mitigation efforts
could help sustain agricultural productivity. However,
under RCP 8.5, the sharp decline in YPEM indicates
increasing vulnerability of rain-fed maize systems to
future water stress and climatic extremes.

Discussion

Generally, results revealed significant warming across all
agro-ecological zones under future climate scenarios.
Under RCP8.5, Katsina exhibited the highest warming
intensity in the far future. Savannah and Sahel zones
experienced more severe warming than southern regions.
The increase in temperature indicates intensified
atmospheric evaporative demand and increased hydro-
climatic stress. The findings demonstrate that future
climate change will significantly alter agro-hydrological
systems across Nigeria. Increasing temperature
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intensifies atmospheric evaporative demand, leading to
higher evapotranspiration rates and greater crop water
requirements. However, projected rainfall changes do not
compensate for increasing water demand, resulting in
severe moisture stress during critical crop growth stages.
The stronger warming observed in northern Nigeria
aligns  with previous studies showing greater
vulnerability of semi-arid regions to future climate
extremes. For instance, IPCC (2023) projected
accelerated warming over tropical regions, while similar
increases in evapotranspiration have been reported by
Zapata et al. (2026).

Rising temperatures accelerate crop phenological
development, shortening the grain-filling period and
reducing biomass accumulation. Excessive heat during
flowering could impair pollen viability and fertilization,
leading to poor kernel development and substantial yield
loss. Higher temperatures increase atmospheric
evaporative demand, causing greater evapotranspiration
rates. Under rain-fed conditions, this intensifies soil
moisture depletion and exposes crops to drought stress,
particularly in the Guinea Savannah and Sahel regions.
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Changes in rainfall distribution, delayed onset of rains
and increased dry spell frequency reduce effective water
availability during critical growth stages. Even where
annual rainfall increases slightly, poor temporal
distribution still negatively affects maize productivity.
Lokoja’s extreme decline may be linked to its transitional
climatic position between the humid south and drier
north, making it highly sensitive to combined heat and
moisture stress. Katsina, already characterized by arid
conditions, becomes increasingly vulnerable under
intensified warming due to limited soil moisture reserves
and recurrent drought conditions.

The results suggest that climate change, particularly
under high-emission pathways, may severely threaten
rain-fed maize production across Nigeria. The findings
emphasize the urgent need for climate adaptation
strategies such as drought-tolerant maize varieties,
improved irrigation systems, soil moisture conservation
practices and climate-smart agricultural management to
sustain  future food security. The yield-to-
evapotranspiration ratio (YPEM) declined significantly
under future climate scenarios. This indicates reduced
water-use efficiency, increased hydro-agricultural stress
and reduced productivity per unit water consumed. The
strongest decline occurred under RCP8.5 in the savannah
region. The results shows that maize water-use efficiency
in Nigeria may remain relatively sustainable under low
greenhouse gas emissions (RCP 2.6), particularly in
southern and middle-belt regions. However, under the
high-emission RCP 8.5 pathway, severe declines in
YPEM suggest that future climate change could
drastically reduce the efficiency with which maize
converts water into yield. This has major implications
for:

i.  food security,
ii.  agricultural sustainability,
iii. irrigation planning,
iv. And climate adaptation strategies in Nigeria.

The findings therefore emphasize the urgent need for
drought- and heat-tolerant maize varieties, supplemental
irrigation systems, improved soil moisture conservation
techniques, and climate-smart agricultural practices to
enhance future crop water productivity under changing
climatic conditions. The study further demonstrates the
growing importance of smart physics approaches in
environmental management and agricultural planning.
Smart physics systems provide:

I.Improved climate prediction

Ii.Enhanced environmental monitoring

iii.Data-driven agricultural forecasting

Yahaya et al
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iV.Real-time environmental analytics

V.Climate risk assessment capabilities

The integration of climate physics, numerical modelling,
remote climate datasets and DSSAT crop simulations
demonstrates how smart physics methodologies improve
climate-risk assessment and agricultural decision
support. In this study, smart physics contributed directly
through  climate  projection,  evapotranspiration
modelling, crop simulation and quantitative evaluation of
future food security risks.

CONCLUSION

This study demonstrates that climate change will
significantly increase hydro-climatic stress across
Nigeria’s agro-ecological zones under future climate
scenarios.  Rising  temperature and increasing
evapotranspiration demand are expected to reduce maize
productivity and water-use efficiency, particularly under
RCP8.5 high-emission scenario. The study further
highlights the importance of smart physics approaches
involving climate modelling, computational analysis,
digital environmental systems and agro-hydrological
simulations for understanding and managing future
climate risks. The integration of smart physics
technologies into climate science and agricultural
systems provides a powerful pathway toward
technological advancement, climate resilience and
sustainable food security in Nigeria.

Based on the findings, the following adaptation strategies
are recommended:

i.Development of drought-resistant maize varieties
ii.Expansion of irrigation infrastructure
iii.Climate-smart agricultural practices
IV.Improved soil moisture conservation

V.Smart environmental monitoring systems

Vi.Digital climate advisory services
Integrated climate-risk management systems
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