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ARTICLE INFO ABSTRACT
Keywords: The urban heat island (UHI) effect underscores the importance of outdoor spaces in urban planning and design,
Aerial thermography where thermal comfort has become a critical consideration. Mean Radiant Temperature (MRT) is a dominant

Mean radiant temperature
Urban thermal comfort
Urban microclimate simulation

factor influencing human thermal perception, making its accurate simulation essential for creating comfortable
urban environments. Despite the widespread use of simulation tools, a significant gap exists in their validation,
particularly during early design stages. This study introduces a novel methodology for calibrating and validating
longwave MRT simulations using aerial thermography, providing a practical and robust approach to improving
simulation accuracy. As an example of the proposed methodology, a practical application is carried out using
Ladybug Tools® (LBT), a widely used simulation tool known for its powerful features, open access, and inte-
gration with early-stage design workflows. It was used to simulate an open space located in Huelva, Spain, under
summer conditions. The calibration process refines parameters such as albedo, shading, and grid resolution,
ensuring results align with ASHRAE guidelines. The findings demonstrate that, after calibration, LBT can
effectively predict MRT, with minor discrepancies attributed to inherent model limitations. This study highlights
the potential of aerial thermography to enhance the reliability of MRT simulations across diverse platforms,
providing urban planners and designers with a valuable framework for assessing thermal comfort. By bridging a
critical validation gap, this work supports the development of more sustainable and thermally comfortable urban
spaces, paving the way for broader applications in urban planning and climate adaptation strategies.

wind speed, radiant temperature, and humidity. These factors will affect
1. Introduction the radiant exchange between the body and the environment, affecting
the person’s sensation. Other factors not directly related to the climatic

The current climate crisis is affecting the local climate in our cities. environment, such as noise, pollution, or aesthetics in the urban settings,
The so-called Urban Heat Island (UHI) effect, defined as the higher may also affect the thermal perception of the person [4]. Different
temperatures that are found in city areas compared to surrounding rural indices have been developed to measure thermal comfort, such as the
ones, is also being exacerbated by climate change [1]. This makes out- Universal Thermal Climate Index (UTCI) [5], Physiological Equivalent
door spaces in cities even less livable, especially in extremely hot Temperature (PET) [6], and Standard Effective Temperature (SET) [7],
weather. In this sense, the design and planning of outdoor spaces are all of which consider the previously described personal and environ-
critical in order to mitigate the effects of UHI [2]. mental factors.

Research in recent years has focused on improving outdoor thermal Among the environmental factors, MRT has been consistently iden-
comfort in cities, as a parameter that is related to the use of outdoor tified as the most influential parameter in outdoor thermal comfort,
areas. If people feel no stress related to temperature, it is more likely that particularly under high solar radiation and low wind conditions typical
they will stay longer and more often in a public space. Thermal comfort of warm climates [8]. The MRT is a parameter that expresses the effects
is not only related to air temperature. Many factors intervene in the state of complex radiant environments in one temperature-dimension index,
of mind called thermal comfort [3]: there are factors related to the including both long-wave and short-wave radiation. This means that it
person (physical and mental factors, which are not under outside con- accounts for the direct and diffuse solar radiations, and the thermal
trol), and factors related to the environment. These are air temperature, radiation from the surfaces surrounding the observer, including the sky.
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Nomenclature
UHI Urban Heat Island effect
MRT Mean Radiant Temperature

LW MRT Longwave Mean Radiant Temperature
SW MRT Shortwave Mean Radiant Temperature

SDIM Six Direction Integral method (for MRT calculations)
LBT Ladybug Tools® (simulation software)

UAV Unmanned Aerial Vehicle

c Stephan- Boltzman constant (5.67E-8 W/m?K*

K; Shortwave radiation

F; View factors from each surface to the user

€ Emissivity

E; Longwave radiation

LWgea  Longwave delta, including the sky

Toy Sky temperature

T, Air temperature

ERFy, o Solar Effective Radiant Field

fefr Fraction of the body that can radiate heat (related to
posture)

Ses Fraction of body exposed to direct solar radiation

Laigr Diffuse radiation

In Global horizontal radiation

Lgir Direct solar radiation

Rioor Ground reflectance or albedo

UTCI Universal Thermal Climate Index

RMSE Root mean square error

MAPE  Mean absolute percentage error

R? Coefficient of Determination
cvRMSE Coefficient of variation of the Root Mean Square Error
nMBE Normalized Mean Bias Error

Previous literature has identified MRT as the most influential parameter
on outdoor thermal comfort, with a strong correlation with thermal
comfort indexes [9,10]. In urban settings with moderate humidity and
limited air movement, such as the Mediterranean climate of the coastal
urban areas of Spain, MRT tends to be determinant on thermal percep-
tion over the other climatic parameters [11,12]. Additionally, MRT ex-
hibits strong spatial and temporal variability, as it is highly sensitive to
urban geometry, materials, shading, and sky exposure [13]. This makes
it both crucial for design decisions and challenging to measure in situ,
especially across large or complex urban areas.

Commonly used methods to assess in situ MRT include the use of
globe thermometers, net radiometers, and thermography [14]. The
globe thermometer is a black or grey sphere-shaped tool with an internal
bulb thermometer that estimates the MRT by considering the tempera-
ture of the globe, its characteristics, and climatic data such as air tem-
perature and wind speed. This method is common and practical [15],
although previous research has stated that it can overestimate MRT
because of its greater shortwave absorptance compared to a person and
because the standing posture is represented by a sphere [10], and the
long response time of the instrument [16]. A net radiometer is a tool
consisting of a mobile shaft containing sensors such as pyrgeometers and
pyranometers, measuring respectively short and long wave radiation.
These tools can be used following different methodologies, measuring
the radiation from different directions, in order to accurately measure
the net radiation that would be received by a body. The six directions
integral method (SDIM) is considered the most accurate, although other
methods exist, given the complexity of measuring six directions in space
[17]. The use of net radiometers is considered the most accurate and
fastest, although it is not commonly used because it is costly and difficult
to implement in large-scale settings [18]. In addition, instruments such
as globe thermometers or net radiometers provide point-based mea-
surements that may not capture the full heterogeneity of the urban
environment. In this sense, infrared thermography, following the Stefan-
Boltzmann law, allows the measurement of longwave radiation in larger
areas by converting surface temperatures into radiation weighted by
view factors [19].

Recent studies have focused on the use of remote sensing technolo-
gies to measure MRT. Satellite data, one type of remote sensing, com-
bined with weather stations’ information, is useful for studying the UHI
effect and vegetation influence [20]. However, the lack of temporal and
spatial resolution makes it unsuitable for small-scale case studies. This is
overcome with the use of another remote sensing technique, aerial
thermography, which can be used to measure surface temperatures and
allows the calculation of MRT [21]. Aerial thermography is a versatile
method that facilitates the measurement of surface temperatures of
pavements and facades in a public space in a single experiment, saving

time for operators and ensuring their safety [22]. Aerial thermography
has been evaluated by the scientific community for the measurement of
surface temperatures in urban spaces and has demonstrated advantages
over satellite acquisition methods [23]. In terms of MRT calculation,
aerial thermography simplifies the in-situ acquisition of thermal images
compared to the use of hand-held thermal cameras [24], as it allows
capturing a larger dimension of the terrain from a nadir perspective and
simultaneously measuring surface temperatures in a single image [25].

In the field of urban planning, developing and validating reliable
simulation methods for MRT is essential, not only because of its central
role in comfort, but also due to the practical difficulty of measuring it
directly in real-world urban contexts. As noted in several review studies
[14,26,27], the reliability of thermal comfort simulations is highly
dependent on calibration and validation, especially for complex vari-
ables such as MRT, which are sensitive to local geometry, material
properties, and sky conditions. Lack of validation can lead to significant
deviations in key thermal indicators, which in turn may compromise
urban design decisions. As previous work has demonstrated, discrep-
ancies between predicted and observed values can be substantial if
simulations are based solely on default parameters or weather file data
without local calibration [13]. Even well-established tools like ENVI-
met and RayMan can produce diverging results if not properly cali-
brated [28].

In urban microclimate modelling, calibration involves adjusting
model parameters to ensure that simulations accurately reflect observed
conditions [13]. This can be done manually by tuning key variables such
as surface albedo, emissivity, or roughness length, or through automated
optimization techniques like genetic algorithms, Monte Carlo simula-
tions, or Bayesian calibration [29]. A common preliminary step is
sensitivity analysis, which identifies the most influential parameters to
prioritize during calibration. Once calibrated, the model undergoes
validation to assess its performance under different conditions or loca-
tions. Among the validation techniques, the most commonly used are
comparing modelled outputs, such as air temperature, mean radiant
temperature, wind speed, or thermal comfort indices, against field
measurements from weather stations, mobile sensors, or infrared ther-
mography, comparison between models that use the same forcing and
domain, a statistical assessment of model performance with indicators
such as RMSE, MAE, bias error, and R, and a sensitivity analysis of
model input parameters [30]. The validation should comprise temporal
and spatial resolution to ensure model accuracy.

In the field of simulation, the progress in computational resources
and tools has significantly enhanced our ability to forecast the perfor-
mance of outdoor spaces. This advancement empowers us with infor-
mation before designing outdoor environments, facilitating the
identification of optimal design solutions. For the assessment of MRT by
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computer simulation, there are many computer tools such as ENVI-met®
[31], RayMan® [32] or SOLWEIG® [33], validated by the scientific
community by testing in situ measurements and simulations for the
calculation of MRT [34], and specifically in outdoor environments [15].
ENVI-met® is considered the best suited for outdoor microclimate
studies [27,35] since it incorporates computational fluid dynamics
(CFD) simulation, although this reduces its suitability for the early
design process. As an alternative, among the different simulation tools
available, one of the best suited for early design is the Ladybug Tools®
(LBT) [36]. They are a set of plugins for Grasshopper®, the parametric
modeling tool for the CAD software Rhinoceros®, that links the geo-
metric model with several simulation engines in order to predict
different parameters. All these engines are open source, with the ad-
vantages that this involves. In addition, the communication between all
the tools and the model allows for addressing changes easily and in an
informed way.

LBT has previously demonstrated its capability to accurately predict
microclimate conditions in semi-outdoor spaces such as inner courtyards
of buildings, providing valuable insights for early design stages [37].
Previous studies validate its use to analyze outdoor thermal comfort,
contrasting with ENVI-met® simulations [38]. However, some other
studies showed discrepancies between the MRT predicted by this and
other software [39]. Most of the studies use the legacy version of the
software, and there are only a few studies using the current version of
the software, which has undergone major development recently. Given
the importance of the MRT parameter on outdoor thermal comfort, this
gap should be overcome in order to validate the use of this tool in the
design of outdoor spaces. Despite the large number of studies using LBT
to predict outdoor microclimate, this number is lower considering only
studies that validate the results with monitored data. Among the studies
that validate the results, even less focus on MRT. This is a consequence of
the difficulties that the measurement of MRT involves. A previous study
using LBT to validate it in MRT prediction under the shade validated it
using monitoring data from net radiometers and SDIM and found that
longwave radiation was overestimated in the simulation [40]. However,
the experiment in this study was isolated from a real urban setting,
where other parameters such as surrounding buildings reflections may
have an important influence on the results.

Considering the gaps identified in the literature (the scarcity of
validation studies for simulation tools to estimate MRT in real urban
environments, the measurement difficulties, and the untapped potential
of aerial thermography for this purpose), this study proposes a meth-
odology for validating simulated MRT using UAV-based thermal imag-
ing as reference data. The comparatively under-validated Ladybug
Tools® software is used as the case-study platform, both for its versa-
tility in early design workflows and for its explicit calculation of the
longwave MRT component, which aligns with the thermography-based
validation approach. The proposed methodology is applied to a pedes-
trian area in Huelva (Spain), a subtropical coastal city, during a typical
summer day. The workflow involves aerial thermal data acquisition,
simulation of the same area in LBT, and statistical validation of simu-
lated versus observed MRT. By combining high-resolution remote
sensing with open-source simulation, this study not only benchmarks
LBT’s performance in a real-world context but also delivers a transfer-
able validation framework that can be applied to other tools and set-
tings. This contributes to more reliable MRT modelling in urban climate
studies, ultimately supporting the design of outdoor spaces with
improved thermal comfort and resilience to UHI effects [41].

2. Materials and methods
2.1. Developed methodology
This study introduces a novel methodology for validating Mean

Radiant Temperature (MRT) simulations, with a focus on enhancing
their applicability to outdoor thermal comfort studies. The methodology
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comprises five stages. In the first stage, monitoring data is collected
through aerial thermography, following established protocols [21], to
construct a 3D surface temperature model. Concurrently, data from local
weather stations and the target simulation model are gathered. The
second stage involves setting up the simulation model and calibrating
the initial results by comparing simulated and observed surface tem-
peratures, followed by longwave MRT. Calibration adheres to ASHRAE
recommendations for energy simulations [42]. In the third stage, MRT is
calculated from the monitoring data, combining aerial thermography for
longwave MRT and weather station data for shortwave MRT using the
SDIM method. The fourth stage focuses on validating the simulation
model against ASHRAE thresholds. Finally, in the fifth stage, the vali-
dated model is employed to simulate outdoor thermal comfort indices
with greater accuracy. This workflow is diagrammed in Fig. 1. This
innovative approach provides a standardized, replicable framework for
improving the reliability of MRT simulations, enabling more precise
assessments of outdoor thermal comfort and informing better design and
policy decisions for urban environments.

In order to test the previous methodology, a case study approach is
employed, contrasting MRT values derived from field data with those
obtained through simulation, which in this specific case will be carried
out using LBT. Once validated, the simulation model is used to analyze
thermal comfort at different times of the day. This research highlights
the workflow, examines the sources of discrepancies, and discusses po-
tential improvements, offering a robust framework for enhancing the
accuracy of MRT simulations across diverse tools and scenarios.

2.2. Case study area

The methodology described in the previous sections was applied in a
case study approach, an urban square in the historic center of Huelva, in
the south of Spain (37.2620° N, 6.9427° W, 54 asl). The climate in this
city is classified as Csa according to the Koppen-Geiger classification
[43], meaning mild winters and hot and dry summers. The character-
istics of this climate make it interesting to analyze urban areas in the
summer months to examine thermal comfort under hot conditions and
improve it to enhance users’ experience.

The selected square is a historic square representing this kind of
space in the Mediterranean cities. Its dimensions are 45 m long and 25 m
wide for pedestrians and surrounded by four traffic roads, meaning a
total of 2100 m2. It is surrounded by buildings of two to four floors and
to the west there is a high church (Fig. 2). The pavement of the square is
mainly hard, consisting of granite tiles and pebbles. Around the pedes-
trian area, there are some vegetation pits where palm trees grow and
provide some shade to around 15 % of the square. The material prop-
erties covering the floor of the square are summarized in Table 2.

2.3. Data acquisition

The monitoring data for this study is obtained from a previous
publication [21]. The data acquisition took place at three different times
on the 20th of July 2021 (11.00, 15.00, and 19.00 h), corresponding to
three different positions of the sun. An aerial survey was carried out with
a UAV equipped with a thermal and RGB camera to measure surface
temperatures needed to calculate the LW MRT. Permissions from AESA,
the Ministry of the Interior, and the local City Council, were obtained in
order to perform the flight. All the legal requirements were complied
with, such as the registration of the operator, pilot, and UAV. The drone
weighed less than 10 kg, included safety items, and the flight complied
with regulations on altitude, visual line of sight, and safety distances.
The area was cordoned off to ensure public safety. Given the operational
constraints and to optimize the process, the decision was made to focus
the monitoring on a single day. Some information about the instruments
used is presented in Table 1. In addition, weather data for that day was
obtained from a nearby official meteorological station (5 km from the
case study area). This climatic data was inserted in the EPW file
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'"IIZIIIF| 3. MRT CALCULATION
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= 2. SIMULATION CALIBRATION 4. VALIDATION
Simulated MRT
LW MRT
UAV > 'S
Surface temperature
I Calculated MRT
Weather Station i- -------------- . . .
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______________________ 3 software
5. THERMAL COMFORT
APLICATION
I Cadastral information -
UTCl

Fig. 1. Methodology workflow.

Fig. 2. Location of the case study area. Up: Aerial view of the city center of Huelva. Down left: Aerial view of the square. Down right: Details of the square: The statue

in the center and the church at the back of the image.
(EnergyPlus® Weather format) used by the simulation software, and it is

represented in Fig. 3. More information about the monitoring process
can be found in the referenced publication.

2.4. Mean radiant temperature calculation

MRT calculation in the outdoor environment follows Hope’s equa-
tion (Eq. (1)), where it is derived from the longwave and shortwave

radiation received by a human body [44]:

1
MRT = \‘/ >0 (6B aKi)Fi —273.15, €8]
P

where K; is the incident shortwave radiation (W/m2), E; is the longwave
radiation (W/m?), ¢ is the Stefan-Boltzmann constant (5.67E-8 W/
m? K*), F; are the view factors from each surface to the user, ay is the
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Table 1
Materials and characteristics of the ground.
Material Coverage Percentage (%) Use Albedo
Granite tiles 16.5 Pedestrian area 0.50
Pebble stone 17.2 Pedestrian area 0.35
Terrazzo tiles 7.5 Sidewalks 0.20
Cobblestone road 46.8 Traffic roads 0.15
Dirt soil 12.0 Vegetation pit 0.20
Table 2
Measuring instrument specifications.
Measuring Model Specifications
instrument
Thermal camera Testo 875 1i Spectral band: 8—14 pm
Thermal sensitivity: < 50 mK
IR Resolution: 160 x 120 pixels
Lens: HQ 32° x 23° with manual
focus Measuring range: — 30 °C —
350 °C
Thermohygrometer RS-91 Pro Humidity range: 0.0—100.0 %
Temperature range: 20.0 °C — 60.0
°C Humidity Resolution: 0.1 %
Temperature Resolution: 0.1 °C
UAV DJI Mavic 2 Takeoff Weight (without
Enterprise accessories): 909 g
Advanced Dimensions: 322 x 242 x 84 mm

(unfolded)

Max speed: 72 km/h

Spectral band: 8—14 pm

Thermal sensor resolution: 640 x
512 pixels

Measuring range: — 40 °C — 550 °C
Digital zoom: 32x digital zoom, 16x
thermal zoom

shortwave absorption coefficient (0.7) and ¢, is the emissivity of the skin
(0.97).

Using aerial thermography, the temperatures from surrounding
surfaces can be easily measured. From them, the longwave radiation, E;,
is computed using the following equation (2) [45]:

E = £0(273.15+ T))*, o)
where T; is the temperature of the surrounding surfaces, and ¢; their
emissivity. The sky was supposed to be at the same temperature as the
air, and its emissivity was computed as a function of specific humidity in
the air [46]. With this data, LW MRT can be calculated using Eq. (1)
considering only the longwave radiation, and obtaining the view factors
from each surface through the procedure descripted in the referenced
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publication:

LWMRT = /- " (E)F;—273.15
g i=1

In this study, there was no in situ measurement of shortwave radi-
ation, aiming to propose a methodology based solely on remotely ob-
tained data. For that reason, the calculation of the shortwave radiation
was based on the solar radiation information from the weather station
(direct and diffuse). The conversion of this data to in situ data was
achieved using simulation in Ladybug Tools® and the six directions
integral method (SDIM) to obtain the shortwave radiation on a person.
The SDIM considers the human body as a prism with different view
factors, which are 0.06 for the radiation from above and below and 0.22
for horizontal directions. It is considered the most accurate method for
outdoor studies [47]. Once LW and SW radiations are obtained, MRT is
derived following Eq. (1).

3

2.5. MRT simulation

Ladybug Tools® (LBT) [48] was used in this study primarily as a case
study to apply and test the proposed methodology for validating simu-
lated longwave MRT using aerial thermography as reference data. While
LBT is increasingly adopted in urban and architectural design work-
flows, it remains under-validated in outdoor comfort applications,
particularly regarding MRT simulation accuracy. LBT was selected in
this research for several reasons. Unlike tools such as ENVI-met®, which
provide detailed CFD-based microclimate modeling but involve complex
setup and long computation times, LBT offers a more agile and trans-
parent workflow, allowing fast iteration and adjustment of boundary
conditions, surface properties, and urban geometry. Moreover, it is one
of the few simulation tools that explicitly outputs the longwave
component of MRT, which makes it especially compatible with valida-
tion methods based on aerial thermography. As an open-source, para-
metric, and flexible platform integrated with Rhinoceros® and
Grasshopper®, LBT supports rapid simulation-feedback loops that are
valuable during the early stages of urban design. However, despite its
popularity and ease of use, the current version of LBT has undergone
substantial development and still lacks comprehensive scientific vali-
dation, especially in outdoor thermal comfort studies.

The model is built in Rhinoceros based on the geometrical infor-
mation from the square. Then it is linked to a script in Grasshopper. The
components from Ladybug Tools® allow us to set up the energy model,
which is calculated using EnergyPlus engine [49], and the radiation
model, which is simulated using Radiance [50]. All these simulation
engines are controlled within the interface of Grasshopper through LBT
components, allowing a fast and versatile process to visualize and
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30.0 L 90
27.0 | 80 —~
Py X
Q 240 L0 3
% 18.0 50 g
g 15.0 T
- 10}
£ 120 40 2
T 9.0 30 2
< 60 20
3.0 10
0.0 0
O O ©O © © © ©O ©O O O O O O O O O oo o o o oo o oo o
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e Air temperature (°C)
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Fig. 3. Weather data from the official station on the 20th of July 2021.
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analyze the results. The version used in this study is LBT 1.8.

The LBT “UTCI Comfort Map” component is prepared to perform
thermal comfort calculations that also provide the mean radiant tem-
perature results [51]. The MRT (Eq. (4)) is composed of longwave
components (LW MRT and LWge,, this last one specifically for the
outdoors, as it includes heat exchange with the sky) using EnergyPlus
methods [49] and shortwave component, SW MRT, derived from the
ASHRAE SolarCal method [52].

MRT = LW MRT + LWgeaa +SW MRT 4

The longwave mean radiant temperature is calculated using Eq. (5):

LWMRT = /3" (FT{)-273.15, 5)

where T; is the temperature of each surface [K] and F; are the view
factors to each surface. On the other hand, the longwave delta is
calculated using Eq. (6):

LWdelm = 0>5*fm$:(Tsky - Ta) - 273~15-, (6)

where f;,, is the view factor calculated using HB View Factor Component
and Ty, and T, are the sky and air temperatures from the EPW weather
file. Longwave radiant temperatures are obtained by computing spher-
ical view factors from each sensor to the surfaces of the model using
Radiance engine. These view factors are then multiplied by the surface
temperatures output by EnergyPlus to yield longwave MRT at each
sensor. To account for sky radiant exchange, each sensor’s sky view is
multiplied by the EPW sky temperature.

A Radiance-based enhanced 2-phase method is used for all short-
wave MRT calculations, which precisely represents direct and diffuse
radiation by tracing a ray from each sensor to the solar position and
considering the reflected component from the surroundings. The model
follows the SolarCal (Eq. (7)) to derive the Solar Effective Radiant Field
(ERFyjqr) from which SW MRT can be obtained:

Apf besI dir Tsol QA
A D &p

ERF 0 = (O-Sfefffsw (Idiff + IthRﬂoor) + s (7)

where f.5 is the fraction of the body that can radiate heat (related to
posture), fs, is the sky view factor, fi, is fraction of body exposed to
direct solar radiation, Iy is the diffuse radiation [W/m?], I is the
global horizontal radiation [W/mz], I is the direct radiation [W/mz],
Rpoor is ground reflectance or albedo, and A, /Ap is the projection
factor determined through a look up table available at ASHRAE and is
determined by solar altitude, solar azimuth and the body’s related angle.
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The outputs of the “UTCI Comfort Map” component include UTCI
and some of the related parameters such as MRT, LW MRT, and SW MRT
delta, which are used in this study. The monitored climatic parameters
were used to morph the weather file in order to simulate the same day.
The workflow used in LBT is diagramed in Fig. 4:

2.6. Modeling and simulation set up

The simulation set up has three steps: Constructing the geometrical
model, setting up the boundary conditions and transforming the ge-
ometry into a LBT model that includes material properties to perform the
simulations.

2.6.1. Geometry modelling

Information to build the geometry model in Rhinoceros was obtained
from different sources, from cadastral information (dimensions of the
square and buildings around) to aerial images to identify materials and
distribution of vegetation. The model was constructed using one solid
per floor for each building, as recommended for urban energy simula-
tions. However, the geometry for the ground had to be carefully
modeled, building one solid per material and splitting the upper surface
into grid faces, following the geometry, to gain accuracy. These faces
were up to 2 by 2 m to ensure enough accuracy. Regarding the vege-
tation, it was modeled with prisms with a similar size of the tree canopy,
as this is the way to include them in the simulation, although it can be
considered a very limited approximation of the real tree geometry. The
geometry model of the square is shown in Fig. 5.

2.6.2. Boundary conditions

LBT utilizes an EnergyPlus (EPW) weather file to define the boundary
conditions for simulations. The appropriate EPW file for the city of
Huelva was obtained from Climate.OneBuilding.Org [53]. The hourly
data of air temperature, relative humidity, wind speed, direct solar ra-
diation and diffuse solar radiation from the official weather station
replaced the original EPW data for the day under analysis. Incorporating
on-site meteorological measurements enabled precise calibration of
boundary conditions for the simulations, minimizing variables that
could account for discrepancies between observed and simulated
outcomes.

2.6.3. LBT model

The geometry built in Rhinoceros is imported to Grasshopper to
transform it into an energy model in LBT. In this stage, material prop-
erties are defined, as well as other simulation specifications needed for

PARAMETERS

Shade transmittance

Material properties

Climate data (EPW)

MODELING

uTCI .
Shade el t

Thermal zones

SIMULATION

LW MRT

map UTCI

—-| Surface temperatures

Analysis period (7/19 to 7/20)

Body Characteristics (standing)

Radiance parameters (default)

Fig. 4. LBT simulation workflow.
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Fig. 5. Left: Image of the model for the simulation. Right: Aerial view of the square.

the energy simulation, such as programs for the buildings (residential)
or context elements. The specifications of the materials were used to
create custom materials in the software to accurately predict their per-
formance (Table 3). It is needed to mention that the vegetation was
considered as a context shade with 0.7 transparency, and not its
evapotranspiration effect, since LBT is not able to simulate that,
considering this one of the limitations of the software.

2.7. Performance parameters

In order to calibrate the simulations, the parameters that were
compared to the monitoring were surface temperature and longwave
mean radiant temperature at the times of monitoring (11.00, 15.00, and
19.00 h) on the 20th of July 2021. The surface temperatures were ob-
tained in two profiles of the squares, following the longitudinal and
transversal middle sections of the square as shown in Fig. 6a. Longwave
Mean Radiant Temperature results were calculated at 20 fictitious points
at 1.5 m above the ground in the square, as shown in Fig. 6b. The same
points were simulated to compare the results.

The accuracy between the simulation and measured results was
analyzed following diverse criteria. Given the lack of a standardized
methodology to evaluate the accuracy of this kind of simulation, the
ASHRAE Guidelines recommendations for energy model calibrations
were used [42]. This standard proposes using the coefficient of deter-
mination R?, the coefficient of variation of the Root Mean Square Error
(cvRMSE), and the normalized Mean Bias Error (nMBE). These param-
eters follow Egs. (8), (9) and (10):

>, (0= 0)(P —Py)

R? = o ®)
[CL (00~ 0)° S, (P~ P
n 2 1/2
CVRMSE = % <Z—1YEP_‘IO)> 9)
YL (0i =Py
nMBE = 7(71 10 (10)

where P; is the forecast from the simulation method, O; is the actual
value at the monitoring, O is the mean of the monitoring values, P; is the
mean of the forecasted values, and n is the number of samples.

Table 3
Material properties used in the simulation.

These guidelines state that, for hourly data collection intervals, the
R? value should be over 0.75, cvRMSE under 30 % and nMBE under =+
10 %. In addition, the Mean Absolute Percentage Error (MAPE) and the
Root Mean Square Error (RMSE) were also performed following previ-
ous research recommendations [54], using Egs. (11) and (12) [55]:

s -0
RMSE = (+> 1)
MAPE:%Z O =Pl 100 12)
i-1 i
3. Results

This section presents the results obtained from the simulations and
compares them with monitoring data. The simulations underwent a
calibration process by adjusting parameters to achieve the precision
required by ASHRAE standards. First, the results for surface temperature
are discussed. Next, the calibrated longwave MRT results are presented,
which serve as the basis for validating the simulation methodology. The
third section compares the MRT derived from monitoring data with the
MRT from the simulation to ensure methodological accuracy. Finally,
the results of the thermal comfort simulations are provided, demon-
strating the potential of the software for improving urban thermal
environments.

3.1. Surface temperature results

The two temperature profile lines are shown, West-East (Fig. 7) and
North-South (Fig. 8), comparing monitored thermal values and simu-
lated ones on the ground surface. The mean values of monitored surface
temperature were 27.0 °C, 43.1 °C and 37.4 °C while the simulated ones
were 29.5 °C, 43.6 °C and 40.8 °C. They showed good accuracy at 15:00
h and relatively higher values in the simulation than monitoring ones at
morning and evening hours. Furthermore, the monitoring data showed
faster variations in temperature due to material changes and shades, as it
can be seen in the dotted lines, which cooled down faster in the limits of
the square (building shade) or in the shade in the middle produced by
the statue. The North-South profile (Fig. 8) shows greater variations due
to shadings from vegetation, as it crosses the two lines of palm trees in

Material Density (kg/m®) Thermal conduct. (W/mK) Specific Heat capacity (J/kgK) Thermal Solar absorptance
absorptance

Granite tiles 2750 3.10 852 0.96 0.35

Pebble 2400 1.63 868 0.96 0.35

Cobblestone 2750 3.10 852 0.90 0.25

Dirt soil 1100 0.35 1200 0.90 0.30

Cement render 1860 0.72 840 0.90 0.70
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Fig. 6. a) Profile lines and b) points for the analysis of the results.
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Fig. 7. a) Simulation and monitoring floor surface results in a west-east profile. b) regression analysis and statistical error parameter results.

the square. The simulation results were able to reproduce the changes in
the surface temperature under the shade accurately. The calculation of
statistical error provided a R20f 0.7, a RMSE of 5.28 °C, MAPE of 10 %, a
cvRMSE of 14.7 % and a nMBE of — 6.9 % considering all data.

3.2. Longwave MRT results

Fig. 9 shows the calculated longwave mean radiant temperature from
thermography and simulated results at 1.5 m above the ground of the 20
points at the three hours of the analysis. The mean values of monitored
LW MRT were 21.5 °C, 29.1 °C, and 27.2 °C, while the simulated ones
were 24.1 °C, 33.3 °C, and 29.9 °C. This shows that simulated temper-
atures were generally higher at all hours, although the difference was
higher in the afternoon hours and lower in the morning and evening.
The spatial variation of LW MRT values among points was different too.
While simulated data provided lower results from east to west (1 to 5),
the calculated results tended to produce higher values in the middle
points (2). Comparing results from north to south (A to D), calculated
values provided higher values in the middle points (B and C), while
simulated ones provided more similar values in this direction, with a
slight tendency to be higher in the north part (A values).

The calculation of statistical error considering all data provided a R2
of 0.9, MAPE of 12.3 %, a RMSE of 3.4 °C, a cvRMSE of 13.2 %, and a

nMBE of — 12.2 %.
3.3. MRT results

The simulation model was used to predict the MRT (including
shortwave and longwave MRT) and it was compared to the calculated
MRT considering the longwave component obtained from aerial ther-
mography and the shortwave component using the SDIM method. The
results in each of the 20 analyzed points at the three hours of the day are
shown in Fig. 10. The mean values of monitored MRT were 55.2 °C, 70.2
°C, and 52.1 °C at 11:00, 15:00, and 19:00 h respectively, while the
simulated ones were 57.4 °C, 71.0 °C, and 53.2 °C. The simulated mean
values are higher than the monitored ones. However, analyzing each
point, there are many of them that show greater values of monitoring
than simulations, especially those points that are under the direct sun.
The effect of direct sun on MRT increases the spatial variability of the
results. Once including the shortwave radiation influence on MRT, the
spatial variation on MRT achieved differences up to 30 °C.

The calculation of statistical error considering all data provided an
R2 0f 0.93, MAPE of 6.0 %, an RMSE of 4.2 °C, a cvRMSE of 7.1 %, and an
nMBE of — 2.3 %.
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3.4. Comfort results

The LBT simulation script used allows for the calculation of the
comfort parameter UTCI. The potential of the simulation allows
extracting comfort maps at different times, as shown in Fig. 11, for the
studied day. These maps show the direct relationship between MRT and
UTCI, as the UTCI map clearly shows important differences between
shaded and exposed areas during the day. In the night, the UTCI values
are more homogeneous in the square. Maximum values of UTCI were
obtained at 16:00 h, with 38 °C in solar-exposed areas, and minimum
values were obtained during the night, with 16 °C at 3.00 h.

4. Discussion

This study proposed a calibration methodology for urban MRT sim-
ulations using Ladybug Tools® (LBT) and aerial thermography, aiming
to improve thermal comfort simulations in urban settings. The findings
show that simulated longwave MRT aligns well with monitoring data,
despite some discrepancies that highlight model limitations. These re-
sults underscore both the potential and constraints of aerial thermog-
raphy as a validation tool for thermal simulations.

The comparison between monitored and simulated surface temper-
ature data allowed for model calibration, primarily by adjusting
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Fig. 11. Thermal comfort maps (UTCI) from LBT at different times on the 20th of July 2021.

material properties and ground geometry. Aerial thermography, which
directly captures surface temperature, served as the basis for these ad-
justments. Model calibration is extremely important, as previously
demonstrated by other studies like Schoneberger et al [13], where al-
bedo calibration coupled with cloud cover calibration reduced model
RMSE from 10.17 K to 5.07 K. Other studies without calibration found
RMSE higher than 10 °C in MRT simulated with SOLWEIG, Rayman and
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ENVI-met [34]. In our case, with clear skies, albedo emerged as the
property with the greatest influence on surface temperature, as sug-
gested by previous research [56], where the authors estimated about a
4-5 °C change in MRT values per increase of 0.1 in albedo in the central
hours of the day. Other parameters, like the grid resolution for sub-
dividing the model ground surface, significantly affected result varia-
tions across profile lines. Additionally, shading properties (e.g.,
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transmittance) required correction to align simulated results with
monitored data under vegetation shade. However, the simplistic repre-
sentation of vegetation in LBT, which lacks evapotranspiration effects
and assumes air-temperature equivalence, likely contributed to inac-
curacies. Post-calibration metrics, shown in Fig. 7b and Fig. 8b, were
within ASHRAE Guidelines, except for the R? of 0.7. However, consid-
ering that only three hours of monitored data were used and the simu-
lation software limitations, these values are considered acceptable.

For longwave MRT, the simulation results shown in section 4.2
(Fig. 9) were generally higher than monitored values. While R? (0.90)
and cvRMSE (13.2 %) met ASHRAE thresholds, nMBE (—12.2 %)
exceeded them slightly. These results differ from previous studies [40],
which reported LBT underestimating longwave MRT when compared to
pyrgeometer measurements. This discrepancy may stem from differ-
ences in experimental settings, as the referenced study focused exclu-
sively on shaded areas. In the present study, the largest differences
occurred in the afternoon (15:00 h), with no clear correlation to shading
or exposure, suggesting that other factors, such as diffuse radiation, may
influence the deviations. Directly related to diffuse radiation is vegeta-
tion, and the way LBT models the vegetation can be the reason for
inaccuracies. Previous studies analyzing longwave radiation simulation
with other software, in this case ENVI-met, also found an overestimation
of simulated longwave radiation in shaded areas [13]. In contrast,
simulations with the SOLWEIG model showed underestimation of
longwave radiation [57].

Overall, MRT results shown in Fig. 10 showed better alignment be-
tween simulation and monitoring, with an R? 0f 0.93, a cvRMSE of 7.1
%, and an nMBE of — 2.3 %, all well within ASHRAE thresholds. In
addition, the Mean Absolute Error of 2.9 °C is within the + 5 °C accuracy
recommended by ISO 7726 for MRT under thermal stress conditions,
considering this standard as a benchmark. These results have important
implications. First, the higher simulated longwave MRT is offset by the
shortwave MRT, resulting in a global MRT closer to the values derived
from monitored data. This observation is crucial for interpreting the
software’s application. Second, the SDIM method, used to calculate MRT
from monitoring data and validated by prior studies [47], produces re-
sults closely matching those of the ray-tracing method employed by
Radiance in the LBT simulation. This suggests that the shortwave MRT
component in LBT may be underestimated, though the overall MRT
compensates for this discrepancy. The accuracy of the results provided
by the LBT simulation of MRT falls within the range reported by pre-
vious works that compared in situ measurements with widely used
models. For instance, [57] compared net radiometer measurements
against SOLWEIG simulations, obtaining R2 values higher than 0.9,
although with an average overestimation of 4 °C, attributed to over-
estimated lateral longwave radiant fluxes. This bias is consistent with
the slight discrepancies observed in our study under certain geometric
conditions. For ENVI-met, [13] demonstrated a consistent MRT over-
estimations, achieving RMSE = 5.07 °C in open spaces and RMSE = 1.5
°C in shaded areas.

It is interesting to analyze differences in accuracy between shaded
and sunny areas, as the previous reference study proposed. To do so,
Table 4 has been included, showing the difference between monitoring
and simulation at every point analyzed, in both MRT and LW MRT re-
sults (extracted from Fig. 9 and Fig. 10). When analyzing points without
direct solar radiation (marked in bold in Table 4), the difference be-
tween simulated and monitored MRT is greatest, particularly at 11:00
and 15:00. These trends do not correlate with differences in longwave
MRT for the same points, indicating that the deviation likely stems from
another factor, possibly the diffuse radiation component. In our study,
shaded areas were primarily provided by vegetation, suggesting that the
transparency and material properties assigned to vegetation in LBT
require further calibration to enhance accuracy. Addressing this limi-
tation represents an important avenue for future research.

Considering only the values in sunny points, the RMSE is 2.4°C,
1.8°C lower than the global RMSE of 4.2 °C when considering all points.
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Table 4
Difference between simulation and monitoring derived results of MRT and LW
MRT. The numbers in bold are points in the shade.

MRT LW MRT
Point 11:00 15:00 19:00 11:00 15:00 19:00
Al - 1.6 2.2 0.0 -39 - 54 - 4.2
A2 -13 2.5 -0.1 -31 - 54 - 3.0
A3 - 1.4 1.3 -1.4 - 3.6 - 5.6 -35
A4 - 3.4 -11 -1.6 —-41 - 6.4 - 45
A5 — 9.6 -0.9 —10.6 — 4.3 - 5.2 —4.2
B1 3.2 3.5 - 0.5 —-2.5 - 4.0 —2.1
B2 3.0 1.8 1.2 - 17 - 4.0 - 13
B3 2.7 1.3 - 1.0 - 26 —4.2 -1.8
B4 2.2 1.0 - 1.0 -29 - 54 - 3.6
B5 0.7 1.1 —-2.2 -3.7 - 4.4 -3.5
C1 1.8 2.5 — 0.4 -18 -29 — 1.6
C2 2.8 2.3 0.6 -1.2 —-24 —0.7
C3 0.5 - 0.9 0.3 —-21 - 27 -11
Cc4 1.3 - 08 -13 —24 - 4.0 -3.2
C5 -1.2 0.4 -27 - 3.4 -33 - 3.4
D1 — 6.6 3.4 - 1.1 - 2.0 - 5.0 - 2.3
D2 - 7.0 — 8.3 2.5 - 0.8 - 3.0 - 1.4
D3 —9.5 —9.0 —0.3 - 1.6 —3.2 — 1.6
D4 — 9.5 —9.5 -0.5 —2.2 —4.1 -33
D5 - 10.7 - 8.9 -2.0 -3.1 - 3.5 - 3.4

These findings suggest that although the simulated MRT is validated,
users should still consider the overestimation of MRT in shaded areas. In
addition, further analysis should be conducted in order to validate MRT
results at other times of the day, when there is no direct solar radiation,
especially during the night.

The applications of the LBT to analyze thermal comfort have been
shown, and the UTCI in the square of the monitored day was simulated
(Fig. 11). LBT is a versatile software that allows for the adjustments of
model geometry and properties, and direct feedback of the results on the
same modeling software, Rhinoceros. Hourly results are produced on
spatial maps or specific points. This makes it a perfect tool for early
design stages, but also for optimizing mitigation strategies. However,
calibration of the models is a step that is not always easy to perform.
With this new methodology using aerial thermography proposed in this
study, one major outdoor simulation handicap is overcome. The findings
of this study support and extend existing theory on the importance of
MRT as a key driver of outdoor thermal comfort, particularly in climates
characterized by high solar radiation and low wind speed.

By integrating aerial thermography with a structured calibration
process, this study demonstrates a replicable method to enhance the
accuracy of MRT simulations using Ladybug Tools®, a platform
increasingly adopted in design practice but still under-validated. This
contributes to bridging the gap between theoretical comfort modelling
and its practical application in urban planning. The method provides a
scalable and non-invasive approach for improving comfort assessment in
real urban contexts, especially where instrument-based validation is not
feasible. Regarding alternative measurement techniques, [19] devel-
oped a portable spherical thermography system based on infrared
cameras and a rotating platform, obtaining differences within 1.6 °C
compared to pyrgeometer measurements in six directions. While this
method achieved high accuracy, it covered more limited areas than our
UAV-based approach, which can capture extensive urban surfaces in a
single flight. In a similar UAV context, [58] used drones equipped with
multispectral and thermal cameras and validated results with globe
thermometers. However, globe thermometers do not differentiate be-
tween shortwave and longwave components of MRT, whereas our
approach explicitly validates the longwave component estimated from
simulations.

This study introduces a novel approach by leveraging aerial ther-
mography for the validation of MRT simulations, marking a significant
advancement in this field. By addressing existing validation gaps,
particularly in early-stage design tools like Ladybug Tools®, this



V.P. Lopez-Cabeza et al.

research enhances the reliability of these tools for urban thermal com-
fort assessments. The innovative methodology not only strengthens
confidence in simulation outputs but also provides a practical frame-
work for integrating robust calibration processes into urban planning
workflows. It can be used to calibrate any other simulation software. The
findings of this study are therefore significant both theoretically, by
reinforcing the central role of MRT, and methodologically, by offering a
new pathway to improve simulation reliability in early-stage urban
design workflows.

Despite its strengths, this approach has certain limitations. Aerial
thermography, while effective for capturing surface temperatures,
cannot measure under-vegetation conditions or directly assess the
shortwave MRT component, which relies on weather station data.
Furthermore, strict aerial flight regulations require thoughtful prepa-
ration of the monitoring campaigns and careful design of the experi-
ments. On the other hand, the simplifications and assumptions inherent
in simulation models may not fully capture the complexity of real-world
conditions, leading to discrepancies between simulated and observed
results. The difference between simulation and calculated data shows
that the setup of the model is critical. Small differences in material
properties, especially albedo, produce an important variation in the
results. This limitation could be overcome with more detailed data of the
model and more precise modelling, although this would extend the
simulation time. Additionally, vegetation modeling in LBT is overly
simplistic, neglecting key factors like evapotranspiration and tempera-
ture variations, which may explain inaccuracies in shaded areas.
Another factor to improve accuracy would be the validation with more
hours of thermography. Given that in this test only one day of monitored
data was available, the simulation was limited to that day. However,
hourly simulations would be more accurate with longer monitored data.

5. Conclusion

This study presents a novel methodology for calibrating and vali-
dating outdoor longwave mean radiant temperature simulations using
aerial thermography combined with meteorological data, providing a
robust framework to enhance the accuracy of thermal comfort assess-
ments across various simulation platforms. The calibration process re-
fines key parameters, such as albedo, shading, and grid resolution,
ensuring results align with ASHRAE guidelines. By validating the
methodology through precise comparisons between simulated and
monitored MRT, the study highlights its reliability and adaptability to
various urban contexts, directly addressing the gap in the literature
regarding MRT simulation validation, and offering a cost-effective,
versatile alternative to existing methods.

Although Ladybug Tools® was used as the demonstration platform,
the approach is broadly applicable to other simulation tools, providing
urban planners with a practical method for refining early-stage thermal
comfort evaluations. The results revealed that longwave MRT over-
estimation (RMSE = 3.4 °C) was offset by shortwave contributions,
leading to total MRT values closely aligned with the monitored data,
particularly for sun-exposed points (RMSE = 2.4 °C). The largest dif-
ferences occurred in points under vegetation shade, suggesting diffuse
shortwave deviations and emphasizing the limitation of vegetation
modelling in this software. Nevertheless, the validation of LBT simula-
tions within ASHRAE guideline thresholds confirms the robustness of
the proposed workflow.

The study contributes to the limited but growing body of research on
the validation of MRT simulations in outdoor urban spaces, providing a
practical, cost-effective, and useful method that allows spatial validation
using UAV-based thermography. By enhancing the reliability of MRT
predictions it also lays the foundation for more robust thermal comfort
assessments based on indices such as UTCI or PET. Future research
should incorporate in situ shortwave radiation measurements and
nighttime monitoring to further enhance the calibration process,
particularly regarding material properties like thermal inertia. These
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improvements are essential for accurately simulating nighttime thermal
comfort, a critical period for understanding the urban heat island effect
and its mitigation in cities.

Overall, this methodology represents a significant step forward in
urban thermal comfort modeling, offering a flexible and replicable tool
for the design of thermally comfortable and sustainable urban envi-
ronments. Its practical applications extend to smart city initiatives,
where it can be coupled with monitoring systems for dynamic adapta-
tion (such as automated shading), as well as to retrofitting strategies that
optimize vegetation, surface materials, and urban geometry. By
combining high-resolution remote sensing with open-source simulation,
this approach provides urban planners with a scalable and precise
method to enhance thermal resilience, reduce energy demand, and
support climate change mitigation in contemporary and historical cities
alike.
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