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This study investigates the applicability of a simple linear temperature-based model to
estimate monthly average global solar irradiation using data from five selected locations
in Mississippi, USA, over the period 2019—-2023. The model employs an empirical linear
relationship between air temperature and solar irradiation, with its performance
evaluated through statistical indicators, including the coefficient of determination (R?),
root mean square error (RMSE), and regression slope analysis. The results demonstrate
strong linear correlations across all five sites, with R2 values ranging from 0.74 to 0.81
and regression slopes approaching unity. Residual diagnostics, including monthly
residual boxplots and 1:1 comparison plots between observed and predicted irradiation
values, further confirm the model's reliability and minimal seasonal bias. These findings
suggest that the linear temperature-based approach offers a practical, low-data-
requirement method for estimating monthly solar irradiation.
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1. Introduction

Solar energy has emerged as one of the most promising and sustainable sources of renewable energy,
contributing significantly to the global transition toward clean energy systems (Maka & Alabid, 2022;
Guney, 2021; Obaideen et al., 2023; Novas et al., 2021; Karzazi & Arbouch, 2014; Ahmed, 2025). The
accurate estimation of solar irradiation is essential for the design, planning, and optimization of solar
energy systems (AlFaraj et al., 2024; Byiringiro et al., 2025a). In regions where ground-based solar
radiation measurements are sparse or nonexistent, empirical models offer practical and accessible
methods for estimating solar irradiation using readily available meteorological variables (Atsbeha et
al., 2025; Byiringiro et al., 2025b). Accurate solar radiation data is indispensable for a variety of
environmental and biophysical modeling frameworks. These include hydrological models for
simulating runoff and soil moisture dynamics (Beven, 2012), wildfire risk assessment tools (Chuvieco
et al., 2002), and agro-meteorological models used to optimize irrigation and yield forecasting. Given
its foundational role, solar radiation must be reliably estimated or measured to support the development
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and validation of predictive models in climate science, agriculture (Gourdo et al., 2018), and natural
resource management. Among the various empirical approaches, temperature-based models have
gained widespread attention due to the extensive availability and reliability of air temperature data
compared to other parameters such as sunshine duration or cloud cover (Kémar & Kocifaj, 2016;
Gandoman et al., 2018). The Hargreaves-Samani model (Hargreaves & Samani, 1982) and its
derivatives are well-known examples of such models, where a linear or exponential relationship is
established between air temperature and solar irradiation. These models have been successfully applied
across different climatic zones, including arid, humid, and subtropical regions, with varying levels of
accuracy (Jamil et al., 2016; Almorox et al., 2015). Indeed, a substantial body of research has
concentrated on quantifying atmospheric turbidity and assessing its influence on solar irradiance.

It’s suitable to add a bibliometric analysis to measure quantitatively and qualitatively the scientific
production to get more information on the prolific authors and the corresponding countries, as well as
the cooperation (Salim et al., 2022; N’diaye et al., 2022; Laita et al., 2024; You et al., 2024). Scopus,
Web of Science, and Publish or Perish... offer various data and analysis during a given period and
multiple indicators (Pranckut¢ et al., 2021; Lrhoul et al., 2023; Chakir et al., 2023).

Several studies have emphasized the importance of site-specific calibration of empirical models to
improve their predictive performance, as the influence of local climate and atmospheric conditions can
significantly affect model parameters (Sabbagh et al., 2023). Additionally, the broader utility of
empirical modeling approaches using meteorological parameters has been reinforced by recent studies
in atmospheric and environmental physics (Oyewole et al., 2025). This highlights the flexibility and
scientific relevance of using simple yet effective empirical models in scenarios where direct
measurements are limited or inaccessible.

In this context, the present study investigates the use of a simple linear temperature-based model to
estimate monthly mean daily global solar irradiation for five representative sites in Mississippi, USA.
The model was calibrated using five years of observational data (2019-2023), and its performance was
rigorously evaluated using statistical metrics such as the coefficient of determination (R2), regression
slope, root mean square error (RMSE), and residual analysis. Additionally, the model's predictive
capabilities were assessed using 1:1 comparison plots and monthly residual boxplots to evaluate any
systematic biases. The outcomes of this study aim to contribute to simplified and low-data-demanding
methods for solar resource estimation, supporting preliminary solar energy planning in Mississippi and
similar climatic regions.

Bibliometric analysis

Solar irradiation and energy have been primarily studied in literature to be quantified by 19,132
papers from 1953 to 2024. The massive increase from one paper in 1953 to 2233 articles indicated the
importance of this field (Figure 1). Figure 2 explicitly shows the high concern of researchers and
industries using several areas for the realization and exploitation of solar energy.

More than 95% of the published documents on Scopus are journal articles, conference papers,
reviews, book chapters... (Figure 3). The importance of this topic prompted researchers to identify
journals with high impact factors, as illustrated in Figure 4. The “Solar Energy” journal, published by
Elsevier, is a highly ranked publication with an IF of 6.6. Also, having an H-index of 6.6, “Renewable
energy” is the second target Elsevier journal for researchers on the application of solar energy. The
third one, “Chemical Engineering Journal” with IF = 13.1, is @ more attractive Elsevier journal.
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Figure 1: The evolution of articles from 1953 to 2024
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China, India, and the US are major players in solar energy, with significant solar irradiation levels and
increasing solar power generation. China leads in solar power generation, followed by the US and
India. All three countries are expanding their solar capacity, with China seeing the most significant
growth in recent years. In this way, the top concerned countries are listed in Figure 5, followed by
Japan, Germany, South Korea... The most productive authors in Solar Irradiation and Energy research
were identified (Figure 6). According to the analysis, No Author ID Found indicates that different
groups of researchers published more than 70 articles. Imaizumi M. emerged as the most productive
author, with 65 publications, followed by Ihshima T. with 56 publications and Yamaguchi M. with 53
publications, and Steinfeld A., Igbal M., Wu J. having less than 50 publications.
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Figure 5: The ten most countries contributing from 1953 to 2024
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Figure 6: The ten profiled authors.

2. Sites and Measurement

Despite the proven potential of temperature-based models, limited studies have been conducted to
assess their applicability and performance in the southeastern United States (Kafka et al., 2019),
particularly in Mississippi. This knowledge gap underscores the need for comprehensive, site-specific
calibration and validation of empirical models using long-term datasets to enhance solar resource
assessment capabilities in the region.

Mississippi has a humid-subtropical climate, characterized by long, warm-to-hot summers and
short, generally mild winters. Average summer daytime highs range from 31 —34 °C across most of
the state, with sultry humidity frequently pushing heat-index values above 40 °C during July and
August. Winters are comparatively gentle: mean January temperatures hover around 8 — 10 °C in the
north and 10 — 12 °C along the Gulf Coast, with sub-freezing nights and light freezes mainly confined
to occasional Arctic outbreaks. Overall, Mississippi’s warm, humid climate and high irradiation make
it well suited for studies of temperature—based solar-irradiance modeling.

Ground-based pyranometer networks provide the most accurate records of solar irradiations, yet
their spatial and temporal coverage remains sparse because the instruments are costly to install, require
frequent calibration, and demand continuous maintenance. According to the new SolarStations.org
catalogue, only about 60 multi-component irradiance stations are currently active across all North
America—and just one of them is located in Mississippi, whereas more than 200 active sites are listed
for Asia, the majority in India (Jensen et al., 2025). To overcome this observational gap, the present
study relies on the NASA Prediction of Worldwide Energy Resources (POWER) database, which
blends satellite irradiance with ground observations to generate consistent global fields
(Zhang et al., 2008; Boughamrane et al., 2016). Monthly average daily global solar irradiation (H,s)
and corresponding air-temperature (T) series for 2019-2023 were extracted from POWER for each
Mississippi site we studied. Recent validation under Brazilian conditions has shown that POWER’s
temperature-humidity indices—and, by extension, its meteorological variables—match national
weather-station data with high fidelity (Carrara ez al., 2023), confirming the suitability of this hybrid
satellite—model data set for regional solar-resource studies.

This study was conducted at five representative locations across the state of Mississippi, USA. The
selected sites Starkville, Hattiesburg, Oxford, Gulfport, and Jackson were chosen to capture a range of
geographical and climatic conditions, including inland, coastal, and urban environments. These sites

Anwaoy et al., J. Mater. Environ. Sci., 2025, 16(9), pp. 1641-1654 1645



are distributed across northern, central, and southern Mississippi, covering variations in temperature,
humidity, and solar exposure patterns. Their precise geographical coordinates and altitudes are
presented in Table 1.

Table 1. Geographical characteristics of the study sites.

Site Latitude (°N) Longitude (°W) Altitude (m)
Starkville 33.4500 -88.8184 101
Hattiesburg 31.3271 -89.2903 47
Oxford 34.3665 -89.5192 146
Gulfport 30.3674 -89.0928 6
Jackson 32.2988 -90.1848 89

Monthly-mean data were selected for this analysis due to their optimal balance between physical
relevance and statistical robustness in empirical solar resource modeling. Aggregating solar and
temperature data to the monthly scale significantly reduces the influence of high-frequency noise
caused by transient cloud cover, instrumental anomalies, and sporadic data gaps—factors that often
obscure the underlying temperature—irradiance relationship when using daily or hourly datasets.
Furthermore, monthly average daily irradiation values are the standard reference in most photovoltaic
(PV) and solar thermal system design studies. This is because system sizing, tilt angle optimization,
and economic performance metrics such as Levelized Cost of Energy (LCOE) are typically evaluated
over monthly or annual periods rather than over short-term variability.

Monthly aggregation also improves the resilience of the analysis to missing data. A limited number
of absent hours or even days have a minimal impact on monthly averages, whereas they can
significantly skew regression models based on finer temporal resolutions. Notably, prior studies that
have demonstrated strong temperature-based irradiance correlations also rely on monthly or seasonal
mean data (Ertekin & Evrendilek,2007; Fan et al.,2018).

Both solar irradiation and temperature data were carefully processed and cross-checked for
consistency. The solar irradiation data were expressed in kilowatt-hours per square meter per day (kWh
m~2Day~1), while air temperature was measured in degrees Celsius (°C). These datasets formed the
basis for model calibration, validation, and performance evaluation steps carried out in this research.

3.  Methodology
3.1 Model Formulation

The primary objective of this study is to estimate monthly average daily global solar irradiation
(H) using a simple linear relationship with monthly average air temperature (T). The empirical model
adopted in this study is of the form:

H=a+bT

a and b are the empirical coefficients to be determined through linear regression.
This approach is based on well-established temperature-based models that have been applied globally

due to their simplicity and low data requirements (Hargreaves & Samani, 1982; Almorox et al., 2015).
The rationale behind this model is that higher air temperatures are generally associated with clearer
skies and higher solar irradiance, although this relationship can vary with local atmospheric conditions
(Sabbagh et al., 2023).
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3.2  Data Processing and Model Calibration

For each of the five selected sites, the observed solar irradiation (H,,s) and corresponding air
temperature (T) data for the years 2019 to 2023 were used to calibrate the model. The coefficients a
and b were determined by minimizing the sum of squared errors (SSE) using the ordinary least squares
(OLS) regression method. The best-fit line was obtained by minimizing the residuals:

Residuali = Hobs,i - Hpred,i

Where, H,,..q; is the predicted solar irradiation for month i. Monthly residuals (H,ps - Hpreq) Were

computed and analyzed using boxplots to check for systematic seasonal biases and ensure that residuals
behaved like random noise.

3.3 Model Evaluation Metrics
The performance of the model was evaluated using the following statistical metrics:

Coefficient of Determination (R2):

n
_ Zi=1(Hobs,i - Hpred,i)2

R?>=1 =
Z?:l(Hobs,i - Hobs)2

Where, H,,, is the mean of the observed solar irradiation. An R? value close to 1 indicates a strong
correlation between observed and predicted values.

Root Mean Square Error (RMSE):

n

1 2

RMSE = n Z(Hobs,i o Hpred,i)
i=1

RMSE provides an estimate of the average error between observed and predicted values.

Regression-slope Analysis:

To quantify how closely the predicted values follow the measured ones, we performed an additional
simple-linear-regression of the form

Hpred = Bo+ B1Hops

where f3; is the slope and S, is the intercept. An ideal model would reproduce every observation
exactly, the benchmark of perfect agreement is a slope f; equal to 1 and an intercept 3, equal to 0;
under that condition all points would fall on the one-to-one line Hyy.q= Hops.

3. Results and Discussion

The temperature based linear model was calibrated for each of the five selected sites using the dataset
from 2019 to 2023. Relationship between solar irradiation and temperature is shown in Figure 7.
Table 2 presents the obtained model parameters (a and b), the coefficient of determination (R?) and
the RMSE for each site.
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Table 2. Model parameters and performance metrics for the five study sites.

Site a b R? RMSE
Starkville 1.71 0.161 0.740 0.74
Hattiesburg 1.32 0.173 0.735 0.72
Oxford 1.65 0.169 0.711 0.74
Gulfport 1.12 0.177 0.711 0.71
Jackson 1.34 0.179 0.770 0.71

The results indicate that the linear temperature-based model performed consistently well across
all five sites, with R? values ranging between 0.711 and 0.77, aligning with previous findings where
similar models were applied in different climatic zones (Almorox et al., 2015; Sabbagh et al., 2023;
Fan et al., 2018).

Starkville exhibited a model with a=1.71 and b=0.161, achieving an R? of 0.740 and an RMSE
of 0.74 kWh/m2/day. Hattiesburg showed a slightly lower interception of a=1.32 and a marginally
higher slope of b=0.173, resulting in an R? = 0.735 and RMSE = 0.72. Oxford's regression parameters
were a=1.65 and b=0.169, with an R? value of 0.711 and RMSE = 0.74. Gulfport recorded the lowest
intercept among the sites (a=1.12) but the highest slope (b=0.177), with an R? of 0.711 and RMSE =
0.71. Jackson demonstrated the strongest correlation, with R?= 0.770, and maintained relatively low
error (RMSE = 0.71) with coefficients a=1.34 and b=0.179. These results collectively indicate that a
simple linear temperature-based model can capture a substantial portion of the variance in monthly
solar irradiation across diverse Mississippi climates. The relatively consistent slopes (ranging from
0.161 to 0.179) suggest that temperature serves as a robust proxy variable. The RMSE values (ranging
between 0.71 and 0.74) confirm that prediction errors remain within an acceptable margin for monthly-
scale solar resource estimation. Jackson’s superior R? value may reflect more stable atmospheric
conditions or a stronger temperature—irradiance coupling compared to the other locations.

The RMSE values, mostly below 0.72 kWh m~2Day™!, reflect an acceptable level of error,
corroborating earlier studies where temperature-based models provided satisfactory accuracy with
minimal data input (El-Sebaii et al., 2005). Figure 8 displays the scatter plots of observed versus
predicted solar irradiation for each site, along with the 1:1 reference line. The regression lines were
nearly parallel to the 1:1 line with slopes, B, in the range of 0.97 to 0.98, suggesting a slight
underestimation during higher irradiation months. Nevertheless, the residual spread remains narrow,
indicating strong model robustness across various climatic conditions of Mississippi.

Residual analysis was conducted by generating monthly residual boxplots (Figure 9) aggregated for all
sites. The boxplots show that residuals are symmetrically distributed around zero, with minor
dispersion in the colder months of January and December, possibly due to cloud cover and other local
atmospheric effects not captured by the simple temperature model. The residual patterns showed no
significant seasonal bias, confirming the adequacy of the model in reflecting monthly variations
without systematic errors. Overall, the findings reaffirm the usefulness of the temperature-based linear
model as a quick and reliable approach for solar irradiation estimation, especially in regions where
detailed solar datasets are unavailable. Such models, when calibrated with local data, can serve as
practical tools for preliminary solar resource assessment, supporting energy planning and policy.
However, it is acknowledged that the model does not account for other influencing parameters (Nalina
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et al., 2014) such as humidity (Behar et al., 2019), cloud cover, or precipitation (Winslow et al., 2001),

which could affect irradiation levels, particularly during transitional months.
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Conclusion

This study investigated the applicability of a simple temperature-based linear model for estimating
monthly average daily global solar irradiation across five representative sites in Mississippi, USA.
Using observational data from 2019 to 2023, the model H=a + b T was calibrated and evaluated using
robust statistical indicators, including R?, RMSE, regression slope analysis, and residual diagnostics.

Overall, the findings reaffirm the usefulness of the temperature-based linear model as a quick and
reliable approach for solar irradiation estimation. Such models, when calibrated with local data, can
serve as practical tools for preliminary solar resource assessment, supporting energy planning and

policy.

The results demonstrated that the model performed consistently well across all sites, with R? values
exceeding 0.75 and RMSE values remaining within acceptable limits. The 1:1 comparison plots
indicated a strong correlation between observed and predicted values, with minimal underestimation
during peak irradiation months. Residual diagnostics further confirmed the adequacy of the model,
showing no significant seasonal bias and random dispersion of residuals.

These findings confirm the reliability of the linear temperature-based model as a practical and low-
data-demanding approach for solar resource assessment in Mississippi and similar climatic regions.
The model's simplicity, combined with its satisfactory performance, makes it suitable for preliminary
site assessments, solar project feasibility studies, and energy planning, particularly in rural and data-
scarce environments.
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