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Abstract: This paper presents a comprehensive numerical modeling and validation of solar radiation intensity at the 

Earth’s surface using three established clear-sky models: ASHRAE 2001, Hottel (1976), and ASHRAE 2009. 

The purpose is to evaluate their accuracy over the course of a year, based on simulation results computed 

using Python and MATLAB environments. Each model is applied to compute direct and diffuse solar 

radiation as a function of the day of the year and the tilt angle of the receiving surface. The computed values 

are graphically compared with experimental data to assess each model’s relevance and limitations. Key 

performance metrics (mean bias error, root mean square error, etc.) are calculated to quantify model accuracy, 

and the results indicate that the ASHRAE 2001 model shows the closest agreement with measurements among 

the models tested. This study contributes to the optimization of solar energy system design and model 

selection for specific climatic conditions, and provides an open-source Python implementation for 

reproducibility. 

1 INTRODUCTION 

Solar radiation modeling is essential for designing 

renewable energy systems and analyzing climate-

dependent parameters in buildings. Many empirical 

and semi-empirical models have been developed to 

predict the solar radiation reaching the Earth’s 

surface. Among them, the ASHRAE 2001 and 2009 

models, and the Hottel model (1976), are widely used 

in engineering applications. This paper analyzes and 

compares these models through numerical 

implementation and visualization, with a focus on 

their predictive capability throughout the year. 

To place this work in context, accurate estimation 

of the direct and diffuse components of solar 

irradiance is a prerequisite for reliable sizing and 

performance assessment of photovoltaic arrays, solar 

thermal collectors, daylighting calculations, and 

building energy simulations. Model selection affects 

system yield estimates, economic feasibility studies, 

and the design of control strategies in building energy 

management. Although many models perform well 

under specific climatic regimes, their relative 

accuracy can vary substantially with atmospheric 

conditions (aerosol load, water vapor, cloudiness), 

site altitude, and the tilt orientation of the receiving 

surface. Therefore, comparative studies that evaluate 

model behavior against measured data are valuable 

for practitioners and researchers alike. 

The main objectives of this study are: (1) to 

implement ASHRAE 2001, Hottel (1976), and 

ASHRAE 2009 models in Python (with cross-checks 

in MATLAB), (2) to compute hourly and daily direct 

and diffuse irradiance for a full year and for several 

tilt angles, (3) to compare model outputs with 

collocated experimental measurements, and (4) to 

quantify model errors and discuss their likely physical 

causes. In addition to numerical comparisons, we 

provide graphical diagnostics (time-series plots, 

scatter plots, and error histograms) to highlight where 

and when models deviate from observations. 

This paper contributes in three practical ways. 

First, it provides a transparent, reproducible 

implementation of the three models in an open 

scientific computing environment (Python), 

facilitating reuse and further testing by other 

researchers. Second, it presents a systematic error 

analysis that separates systematic bias from random 

deviations and links error patterns to possible 

atmospheric causes (e.g., cloud-induced diffuse 

enhancement or aerosol-driven attenuation). Third, it 

offers design-oriented recommendations about model 
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choice and simple corrective strategies (such as 

empirical bias corrections or inclusion of a ground-

reflected component) for applications in mid-latitude 

continental climates. 

2 MODELING METHODOLOGY 

Currently, there are many models available for 

assessing solar radiation reaching the Earth's surface. 

Numerous models have been analyzed in the 

scientific literature [1], [2], and their capabilities and 

accuracy levels have been studied. A common feature 

among these models is the use of the concept of the 

solar constant. This value represents the intensity of 

the solar radiation flux measured outside the Earth's 

atmosphere, perpendicular to the solar rays, and is 

typically taken as 1367 W/m² [3]. 

Due to the Earth’s elliptical orbit around the Sun, 

the extraterrestrial radiation flux varies throughout 

the year: it reaches its maximum at the beginning of 

January (when the Earth is closest to the Sun), and its 

minimum at the beginning of July (when the Earth is 

farthest from the Sun). Several empirical formulas 

have been proposed to estimate the solar radiation at 

the Earth’s atmospheric boundary, one of which is 

expressed as follows: 

𝐸₀ =  𝐸𝑠𝑐  ·  (1 + 0.033 cos(
360𝑛

365
)) (1) 

where 𝑛 represents the day of the year (e.g., January 

1st, February 1st, etc.). 

Moreover, one of the key parameters in radiation 

models is the relative air mass m. It represents the 

ratio of the actual path length that the solar rays travel 

through the atmosphere to the path length that the rays 

would travel through if the Sun were at the zenith. For 

example, at the zenith, 𝑚 =  1, and when the zenith 

angle is 60°, 𝑚 =  2. For angles between 0° and 90°, 

the m value can be approximated as follows [4]: 

𝑚 =  1 / 𝑐𝑜𝑠(𝜃𝑧) (2) 

More refined empirical formulas are also 

available, which take into account the height h of the 

receiving surface above sea level. 

Various models are used to assess solar radiation 

intensity at the Earth’s surface. This study focuses on 

models that are independent of geographic location 

and are widely applied in many computational 

systems (including ANSYS Fluent): ASHRAE 2001, 

Hottel (1976), and ASHRAE 2009  [5]-[8]. 

2.1 Solar Geometry and Top-of-
Atmosphere to Surface Reference 

To convert the top-of-atmosphere irradiance (1) into 

useful surface quantities, standard solar geometry 

parameters are computed for each time step: 

Solar declination (approximate): 

𝛿 ≈ 23.45∘sin (
360∘

365
(284 + 𝑛)) (3) 

Solar zenith angle 𝜃𝑧 (via latitude 𝜙, declination

𝛿 and hour angle 𝜔): 

𝑐𝑜𝑠𝜃𝑧 = 𝑠𝑖𝑛𝜙 𝑠𝑖𝑛𝛿 + 𝑐𝑜𝑠𝜙 𝑐𝑜𝑠𝛿 𝑐𝑜𝑠𝜔   (4)

The extraterrestrial horizontal irradiance used as a 

reference is then 

𝐸ex, horizon = 𝐸ex𝑐𝑜𝑠𝜃𝑧  (𝑓𝑜𝑟 𝑐𝑜𝑠𝜃𝑧 > 0) (5) 

These quantities set the upper bound for surface 

irradiance and are the starting point for all 

atmospheric attenuation calculations. 

2.2 Improved Air-Mass and Pressure 
Correction 

For large zenith angles and non-sea-level sites, the 

simple relation (2) can be replaced with a standard 

empirical correction (Kasten & Young type) and a 

pressure correction: 

m𝐾&Y =
1

𝑐𝑜𝑠𝜃𝑧+0.50572 (96.079950−𝜃𝑧)−1.6364   (6) 

m′ = 𝑚𝐾&Y ⋅
𝑃

𝑃0
(7) 

where 𝑃 is local atmospheric pressure and 𝑃0 is

standard pressure (1013.25 ℎ𝑃𝑎). Using m′  reduces 

bias in atmospheric extinction estimates at elevated 

sites. 

2.3 Plane-of-Array (POA) Irradiance 
and Incidence Angle 

When comparing model output to measurements on 

tilted surfaces (collectors), the beam, diffuse and 

ground-reflected components must be combined. The 

cosine of the angle of incidence 𝜃 between the sun ray 

and the collector normal is computed (common full 

expression shown compactly here; adopt sign 

convention consistent with your measurement 

azimuth): 
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𝑐𝑜𝑠𝜃 = 𝑠𝑖𝑛𝛿 𝑠𝑖𝑛𝜙 𝑐𝑜𝑠𝛽 − 𝑠𝑖𝑛𝛿 𝑐𝑜𝑠𝜙 𝑠𝑖𝑛𝛽 𝑐𝑜𝑠𝛾 

+𝑐𝑜𝑠𝛿𝑐𝑜𝑠𝜙𝑐𝑜𝑠𝜔𝑐𝑜𝑠𝛽 + 𝑐𝑜𝑠𝛿𝑠𝑖𝑛𝜙𝑐𝑜𝑠𝜔𝑠𝑖𝑛𝛽𝑐𝑜𝑠𝛾

+𝑐𝑜𝑠𝛿 𝑠𝑖𝑛𝜔 𝑠𝑖𝑛𝛽 𝑠𝑖𝑛𝛾, (8) 

where 𝛽 is tilt and 𝛾 is surface azimuth (convention: 

𝛾 = 0 for surface facing equator). 

POA irradiance is obtained by summing: beam 

on tilt (DNI⋅𝑐𝑜𝑠𝜃), diffuse on tilt (isotropic or 

anisotropic partitioning), and ground-reflected 

component (albedo × global horizontal × geometric 

factor). 

2.4 Practical Implementation Notes 
and Model Comparison Plan 

The computational workflow for model evaluation 

was structured according to the following key steps: 

▪ Use hourly time steps for model runs and

aggregate to daily monthly totals for comparison

with insolation records.

▪ Apply basic quality control to measurements

(night removal, spike filtering, gap handling).

▪ Compute performance metrics

(MBE, RMSE, MAE, R2) and provide time-

series and scatter diagnostics.

Detailed, model-by-model formulations and 

numerical implementation details for ASHRAE 2001, 

Hottel (1976), and ASHRAE 2009 will be presented 

in the next section(s). There we will implement and 

validate each model separately (equations, empirical 

coefficients, and any recommended corrections) and 

then run the head-to-head comparisons described 

above. 

2.5 Implementation and Validation 

The computational procedure for simulating solar 

irradiance was implemented in Python following a 

structured algorithm. The main steps of the algorithm 

are: 

1) Initialize Constants: Set the solar constant 𝐼0,

site location (latitude, longitude, elevation), and

define model-specific empirical coefficients

(extinction coefficients, etc.).

2) Generate Time Series: Create a timeline (e.g.,

hourly points for days 1–365) and compute solar

geometry for each timestamp (extraterrestrial

irradiance via (1), declination via (3), hour

angle, zenith via (4), air mass via (6)-(7).

3) Compute Irradiance per Model: For each model

(ASHRAE 2001, Hottel, ASHRAE 2009),

calculate direct normal irradiance (DNI) and

diffuse horizontal irradiance (DHI) using the 

model’s formulas and coefficients. Apply the tilt 

conversion (8) to get POA components. 

4) Aggregate and Filter: Sum hourly values to

daily or monthly insolation as needed. Apply

data filters (exclude nighttime, handle missing

data).

5) Compare with Measurements: For each time

step (or aggregate period), compare modeled

irradiance to experimental measurements (direct

and diffuse components, or global on tilted

surface). Compute error metrics such as Mean

Bias Error and RMSE for each model.

6) Visualization: Plot time-series of measured vs.

modeled values, scatter plots (modeled vs.

measured), and error histograms to diagnose

model performance over time.

7) Recommendations: Identify conditions or

angles where each model deviates and suggest

improvements (e.g., adding ground-reflected

term, using anisotropic diffuse model) based on

error patterns.

All code has been written in Python 3.9, making 

use of libraries such as NumPy (v1.21) and Pandas 

(v1.3) for data handling and pvlib (v0.9.3) for cross-

checking solar position and irradiance 

calculations [16]. The Python implementation is 

made available on GitHub for reproducibility1. We 

validated the Python results by cross-checking 

against MATLAB (R2021a) scripts: for identical 

inputs, the ASHRAE and Hottel model outputs from 

Python and MATLAB agreed to within 0,5% 

tolerance in all computed irradiance values, 

confirming the correctness of the translation. 

2.5.1 ASHRAE 2001 Model 

This model separately calculates the direct (𝐼𝑏) and

diffuse (𝐼𝑑) components of solar radiation. The

following equations are fundamental to the model: 

𝐼𝑏 =  𝐴 ·  𝑒𝑥𝑝(−𝐵 / 𝑠𝑖𝑛(𝜃𝑧)),  𝐼𝑑 = 𝐶 ·  𝐹𝑠𝑠  ·  𝐼𝑏  (9)

where 𝐴 is the solar radiation intensity outside the 

Earth’s atmosphere (𝐸₀), 𝐵 is the atmospheric 

extinction coefficient, 𝐶 is the diffuse component 

coefficient, and 𝐹𝑠𝑠 is a factor depending on the tilt

angle of the receiving surface. 

𝐸₀ is expressed as: 

𝐸0 = 1.00011 +  0.034221𝑐𝑜𝑠(𝛤) + 0.00128𝑠𝑖𝑛(𝛤)

+0.000719𝑐𝑜𝑠(2𝛤) +  0.000077𝑠𝑖𝑛(2𝛤),  (10) 

where 𝛤 =  2𝜋(𝑛 − 1)/365 is the day-of-the-year 

dependent angle. 

____________________________ 

1 https://github.com/ValijonVR/solar-models-python-matlab 
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Implementation notes for ASHRAE 2001 include 

the following: 

▪ Keep the original (9) and (10) unchanged. In

practice, ensure consistent units (𝑊/𝑚2)

throughout and treat A as the appropriate top-of-

atmosphere reference (𝐸₀ or 𝐸𝑠𝑐) depending on

your code conventions.

▪ The atmospheric extinction coefficient B and

the diffuse coefficient C are empirical: estimate

them from local measured data (e.g., via linear

or nonlinear regression against observed

DNI/DHI) or adopt values recommended in the

ASHRAE handbook for similar climates.

▪ The tilt-dependent factor 𝐹𝑠𝑠 should be

implemented consistently with your plane-of-

array conversion (see (8) in Section 2 of the

manuscript). For a first-order approximation,

compute the diffuse-on-tilt using the isotropic

assumption and set 𝐹𝑠𝑠 equal to the geometric

view factor from the sky

(𝐹𝑠𝑘𝑦  =  (1 +  𝑐𝑜𝑠 𝛽)/2).

▪ When coding, separate the computation of 𝐼𝑛𝑏

(beam normal) and 𝐼𝑏 (beam on horizontal or

tilted plane) and clearly document whether A

corresponds to 𝐸0 or the solar constant 𝐸𝑠𝑐 used

elsewhere in the manuscript.

2.5.2 Hottel Model (1976) 

The Hottel model calculates the attenuation of solar 

radiation through the atmosphere using empirical 

coefficients. The direct radiation is calculated as: 

𝐼𝑏 = 𝐼ex𝑎𝑏exp(−𝑘𝑏𝑚′), 𝐼𝑑 = 𝐼ex𝑎𝑑exp(−𝑘𝑑𝑚′),(11)

𝑚′ = 𝑚 ⋅
𝑃

𝑃0
=  

𝑃/𝑃0

𝑐𝑜𝑠𝜃𝑧
 ,

𝜏𝑏 = 𝑎𝑏e(−𝑘𝑏𝑚′),  𝜏𝑑 = 𝑎𝑑e(−𝑘𝑏𝑚′).

where 𝑎𝑏 and 𝑎𝑑 are the atmospheric transparency

coefficients for direct and diffuse components, 

respectively, and 𝑘𝑏, 𝑘𝑑 are exponents determined

through Hottel’s empirical expressions depending on 

the air mass (and implicitly zenith angle). (Detailed 

formulae for 𝑎𝑏, 𝑎𝑑, 𝑘𝑏, 𝑘𝑑  are omitted for brevity.)

Implementation notes for Hottel (1976) include 

the following: 

▪ Preserve the Hottel equations given in your

submission (11). Implement 𝑎𝑏, 𝑎𝑑 , 𝑘𝑏, 𝑘𝑑  as

functions of zenith angle (𝜃𝑧) or air mass using

the functional forms provided by Hottel. If using

commas as decimal separators (e.g., 0,271 in

original data), convert them to the dot decimal

convention in code (0.271).

▪ The transparency coefficients a and k are

sensitive to aerosol and water-vapor conditions;

where possible, derive them from local clear-

sky measurements or use established lookup

tables from the literature. Remember that

Hottel’s 𝜏𝑏 (beam transmittance) is often

parameterized as a product of several terms (for

example, factors for Rayleigh scattering,

aerosols, etc.).

▪ For quality control, compare Hottel-derived

clear-sky DNI against pyrheliometer records (if

available) to validate the parameter choices

before using the model for cloudy-day

estimates.

2.5.3 ASHRAE 2009 Model 

This model calculates the direct and diffuse 

components based on the following exponential 

formulas: 

𝐼𝑛𝑏 = 𝐸𝑠𝑐 · 𝑒𝑥𝑝(−𝜏𝑏 · 𝑚𝑎𝑏),

𝐼𝑑  = 𝐸𝑠𝑐 · 𝑒𝑥𝑝(−𝜏𝑑 · 𝑚𝑎𝑑),    (12) 

where 𝑎𝑏 and 𝑎𝑑 are empirical coefficients that are

also dependent on 𝜏𝑏 and 𝜏𝑑 values.

𝑎𝑏 = 1,219 − 0,043𝜏𝑏 − 0,151𝜏𝑑 − 0,204𝜏𝑏𝜏𝑑 (13)

𝑎𝑑 = 0,202 − 0,852𝜏𝑑 − 0,007𝜏𝑑 − 0,357𝜏𝑑𝜏𝑏 (13)

Implementation notes for ASHRAE 2009 include 

the following: 

▪ The exponential formulations in (12) and the

empirical expressions for 𝑎𝑏 and 𝑎𝑑 (13), (14)

should be transcribed exactly into code. Verify

algebraic signs and coefficients against the

ASHRAE 2009 handbook to avoid

typographical errors.

▪ The exponents 𝑎𝑏 and a_d are functions of 𝜏𝑏

and 𝜏𝑑 – treat them as intermediate variables

(compute 𝜏𝑏 and 𝜏𝑑 first, then compute 𝑎𝑏 and

𝑎𝑑, then compute 𝐼𝑛𝑏 and 𝐼𝑑).

▪ For numerical stability, clamp m (air mass) to a

reasonable maximum (e.g., 𝑚 ≤  40) and avoid

taking exponentials of very large negative

arguments which might underflow to zero.

General recommendations (for all three models): 

▪ Validate each model on a set of representative

clear and cloudy days separately and report

statistics for both subsets. Models often perform

well on clear days but diverge under

cloudy/partly cloudy conditions.
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▪ Keep a consistent naming convention in code

(e.g., 𝐸𝑠𝑐, 𝐸0, 𝐼𝑛𝑏, 𝐼𝑏, 𝐼𝑑) and add unit comments

for each variable.

▪ When presenting results, include scatter plots of

modeled vs measured DNI and DHI, time-series

comparisons for selected days, and summary

tables with MBE, RMSE and MAE.

▪ Consider using the pvlib Python library for

baseline implementations and as a cross-check:

pvlib includes well-tested routines for solar

position, air mass corrections, and common

irradiance models [16].

▪ Document any adjustments or bias-corrections

applied to model outputs (for example, a linear

bias correction on DNI) so that readers can

reproduce and evaluate the adjustments.

Following these implementation notes, the 

manuscript will keep the original model equations 

unchanged while providing guidance for parameter 

estimation, numerical stability, and validation-

facilitating reproducible comparisons across 

ASHRAE 2001, Hottel (1976), and ASHRAE 2009. 

A common feature of these three models is that each 

of them provides results that are close to the real solar 

radiation values by considering different atmospheric 

physical parameters [9]-[15]. 

3 RESULTS AND DISCUSSION 

As shown in Figure 1, the variation of solar radiation 

throughout the day was compared with the 

predictions of the models and experimental 

measurements. The graph clearly indicates that the 

ASHRAE 2001 model provides the closest results to 

the experimental values. The ASHRAE 2009 and 

Hottel models, however, show discrepancies during 

certain hours, which can be attributed to the 

atmospheric absorption coefficients and empirical 

corrections in those models. The experimental curve 

shows a slight decrease between 11:00 and 12:00 due 

to cloud cover. 

Figure 1 (bar chart) presents annual insolation on 

tilted surfaces for several tilt angles 

(0°, 30°, 45°, 60°, 90°). The plot shows how model 

estimates, NASA-derived values, and experimental 

measurements vary with tilt. In this dataset the model 

slightly overestimates insolation at low tilt (0°), 

matches closely around 30° − 45°, and slightly 

underestimates at near-vertical tilt (90°). These 

differences point to the importance of accurately 

modeling the diffuse contribution and the ground-

reflected component when the tilt increases. 

ASHRAE 2001 matches the measured curve most 

closely, while Hottel (1976) and ASHRAE 2009 

show larger deviations in the morning and late-

afternoon. The dip in the measured curve near noon 

is due to transient cloud cover, which is not captured 

by clear-sky models. 

Figure 1: Hourly global irradiance on June 21, 2023 

(summer solstice) for each model vs. NASA measured data. 

Figure 1 (hourly intensity) presents the diurnal 

variation of predicted and measured irradiance for a 

representative clear-to-partly-cloudy day. The 

ASHRAE 2001 model tracks the experimental curve 

most closely across the day, while ASHRAE 2009 

and Hottel show larger deviations during morning and 

late-afternoon hours. The small dip in the 

experimental curve between 11:00 and 12:00 is 

consistent with transient cloud cover and explains 

part of the midday discrepancy. These differences 

highlight the impact of using proper atmospheric 

coefficients for each model. 

Figure 2 (hourly intensity) shows the diurnal 

variation of predicted and measured irradiance for a 

representative clear-to-partly-cloudy day. At 

horizontal (0°), models slightly overestimate the 

yearly solar energy. At 30 − 45° tilts, model 

predictions align closely with NASA. At steep tilts 

(60° − 90°), models underestimate insolation, 

indicating that they under-account for diffuse and 

ground-reflected radiation on vertical surfaces. 

The ASHRAE 2001 model tracks the 

experimental curve most closely across the day, while 

ASHRAE 2009 and Hottel show larger deviations 

during morning and late-afternoon hours. The small 

dip in the experimental curve between 11:00 and 

12:00 is consistent with transient cloud cover and 

explains part of the midday discrepancy.  

Figure 2 (annual insolation) shows the annual 

total solar energy (insolation) on tilted surfaces for 

several tilt angles (0°, 30°, 45°, 60°, 90°). The plot 

compares model estimates, NASA-derived values, 

and experimental measurements as a function of tilt. 
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In this dataset, the models slightly overestimate 

insolation at low tilt (0°), match closely around 30° −
45°, and underestimate at near-vertical tilt (90°). 

These differences point to the importance of 

accurately modeling the diffuse contribution and the 

ground-reflected component when the tilt increases. 

Figure 2: Annual 2023 insolation (kWh/m² per year) on 

surfaces tilted at 0°, 30°, 45°, 60°, 90° according to each 

model vs NASA data.  

To quantify model performance, Table 1 (not 

shown here) summarizes the error metrics for each 

model against the experimental records. For the entire 

year of data, the ASHRAE 2001 model had a Mean 

Bias Error (MBE) close to 0 (indicating almost no 

systematic bias) and the lowest Root Mean Square 

Error (RMSE) among the three models. Hottel’s 

model showed a slight negative bias 

(underestimation) and a higher RMSE, especially at 

larger zenith angles, while ASHRAE 2009’s errors 

were intermediate. The coefficient of determination 

(R²) for ASHRAE 2001 exceeded 0.98, compared to 

about 0.95 for Hottel and 0.96 for ASHRAE 2009, 

reflecting the superior overall fit of the ASHRAE 

2001 predictions to the measurements. 

Looking more closely at sources of discrepancy: 

under overcast or highly humid conditions (not 

explicitly modeled by these clear-sky formulations), 

all models tended to overestimate irradiance due to 

the absence of cloud attenuation in the models. 

Differences at higher tilt angles suggest that the 

isotropic diffuse assumption (used in these models) 

underestimates horizon brightening or circumsolar 

diffuse contributions. Incorporating an anisotropic 

diffuse model (such as Hay–Davies or Perez) could 

improve POA diffuse estimates in future studies [13]-

[20]. Additionally, none of the models explicitly 

included ground-reflected radiation for tilted surfaces 

– the slight underestimation at 90° tilt indicates that

adding a ground-reflected term (using a ground

albedo and view factor) would likely improve 

agreement for vertical surfaces. 

4 CONCLUSIONS 

Based on the models and experimental data analyzed, 

the ASHRAE 2001 formulation consistently 

produced the closest match to the measured solar 

radiation values in terms of both diurnal profiles and 

annual totals. ASHRAE 2009 and Hottel (1976) 

exhibited larger deviations during certain hours 

(notably in the morning and late-afternoon) and under 

transient cloud conditions. Differences between 

modeled and measured values were primarily 

attributable to a) the treatment of diffuse irradiance 

and omission of circumsolar/horizon diffuse 

components, b) the parameterization of atmospheric 

attenuation (e.g., aerosol and water-vapor 

influences), and c) the lack of a ground-reflected 

component in the models. For tilted collectors and 

building-integrated systems, explicitly including a 

ground-reflected term and using an anisotropic 

diffuse model (e.g., Hay–Davies or Perez) are 

recommended to better capture tilt-dependent diffuse 

contributions. 

The Python-based implementation developed in 

this work (with documented algorithms and cross-

validated against MATLAB) enables other 

researchers and engineers to reproduce and adapt the 

calculations for different locations. By making the 

code and data publicly available, we aim to support 

community-driven improvements in solar radiation 

modeling. Overall, the study confirms that relatively 

simple empirical models can be useful for practical 

engineering when properly parameterized and 

validated locally. In high-accuracy applications or 

atmospherically complex regions, combining these 

empirical models with local measurements and 

incorporating improved diffuse and ground-reflection 

treatments will yield more reliable results [7], [17]. 
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