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Urban heat stress is an increasing issue with large implications for health and comfort. This study investigates
micro-scale drivers of heat stress in Novi Sad, Serbia, using mobile meteorological carts to obtain measurements
at 29 locations with diverse urban design during a hot, cloud-free summer day. Air temperature, relative hu-
midity, wind speed and six-directional short- and longwave radiation were recorded and used to compute Mean
Radiant Temperature (MRT) and Physiological Equivalent Temperature (PET). PET values ranged from 25 °C to
56 °C, indicating slight to extreme heat stress. Sensitivity analysis showed MRT as the dominant driver of spatial
differences in PET during daytime. Decomposition of radiant load revealed that longwave lateral radiation
contributed most to radiant load, but lateral shortwave contributions were most variable, because of the vari-
ability in local shading. Sky View Factor (SVF) appeared a strong predictor of MRT and PET, with a 10%
reduction in SVF lowering MRT up to 5 °C. In contrast, surface type (grass vs. impervious) had only minor effects,
limited to reduced upward longwave radiation in the afternoon and evening. Buildings and trees achieved
comparable maximum MRT reductions, though tree-induced shading exhibited greater variability. These results
show the importance of directional radiant load decomposition for identifying which radiative pathways
contribute most to heat stress and when. By distinguishing the dominant solar and longwave components—and
their dependence on SVF, shading type, and surface materials—this approach provides site-specific empirical
evidence on the radiative mechanisms that shaped pedestrian heat stress under clear-sky, low-wind conditions in
a temperate climate city.

overheating increases energy consumption and lowers air quality
(Santamouris, 2020). Heat stress is especially detrimental for population
in low-income and developing countries. Among the developing coun-
tries, Serbia has seen an increasing impact of heat stress on urban health.

1. Introduction

More than half of the world population lives in cities, and this is
expected to keep rising (United Nations Department of Economic &

Social Affairs, 2019). One of the challenges urban areas face is the
urban heat island, which is the effect that canyon layer air temperatures
in urban areas are higher than their rural surroundings (Oke et al.,
2017). This is caused by differences in surface properties and geome-
try, Sky View Factor (SVF), wind blocking, soil composition and mois-
ture, and emission of heat and air pollution in urban areas. These effects
combined with urbanization and climate change lead to an increase in
dangerous heat stress conditions in urban areas (Chapman et al., 2017).

Heat stress has a large impact on well-being and mortality, especially
of already vulnerable groups (Nazarian et al., 2022). Next to that, urban

Arsenovic et al. (2023) have shown that high summer temperatures
increase mortality rates in five cities in Serbia (Belgrade, Novi Sad, Nis,
Loznica, and Vranje). Long intense warm periods and sudden day-to-day
changes in summer temperatures have also been linked to an increase in
hospital admissions in Novi Sad (Savi¢ et al., 2023). Urban human
biometeorology, the study of the influence of weather and climate on
humans, is a growing field of research (Hondula et al., 2017) as it is
crucial to find drivers of heat stress in different climates and at different
times of the day, especially in low-, middle-income and developing
countries.
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Heat stress, as integral part of human biometeorological studies, has
been quantified and analysed using different indices. Most indices use
multiple or all four of the important biometeorological factors: air
temperature (T,), Mean Radiant Temperature (MRT), relative humidity
(RH) and wind speed (Oke et al., 2017). One of these indices is the
Physiological Equivalent Temperature (PET), which combines the four
meteorological variables with factors of the human body, such as the
metabolic rate and clothing factor (Hoppe, 1999). The PET is a useful
variable, as it quantifies thermal comfort well in different climates and is
straightforward to interpret (Matzarakis et al., 1999). The PET uses MRT
as a measure of the total radiation absorbed by the human body. MRT is
defined as the temperature that a uniform surrounding would need to
have to have the same radiative impact as the actual surrounding (ISO,
1998).

Radiation is often dominating spatial differences in heat stress during
daytime warm conditions, as shown by previous studies using biome-
teorological stations. Aleksandrowicz and Pearlmutter (2023) found
that the R? of the relationship between MRT and PET was 0.92, much
higher than T, which had an R? of 0.11. Lee et al. (2013) found that MRT
explained 89% of variation in PET during daytime, but during nighttime
T, was the most important variable explaining 89% of variation, while
MRT explained 62%. Middel and Krayenhoff (2019) found that MRT
explained 90% of PET variability and 70% of variability in another
thermal comfort index, the Universal Thermal Climate Index (UTCI).
These studies show that understanding the variability in MRT is of great
importance to understand heat stress.

Because of the importance of MRT for heat stress, shading has been
found as a very effective cooling strategy. Sangman et al. (2025) found
that a single tree reduced PET by 6.3 °C to 8.3 °C depending on the
species, mainly by a reduction in MRT. Kantor et al. (2016) found that a
tree reduced PET by 9.3 °C and MRT by 22.1 °C. Middel and Krayenhoff
(2019) found that trees even lowered the MRT by 4.0 °C for 10% of
canopy cover added during a heatwave in Phoenix, Arizona. Shading by
trees and buildings is often found to result in similar reductions in MRT
at the same SVF (Colter et al., 2019; Middel et al., 2016). Du et al. (2020)
and Middel and Krayenhoff (2019) found that trees had a lower emit-
tance of longwave radiation compared to urban structures, but Du et al.
(2020) also found that trees transmitted more solar radiation. Buildings
can also have negative effects on the perceived temperature, for example
by restricting airflow (Wang et al., 2025). Some processes also differ
during different parts of the day. During nighttime, for example, dense
tree canopies can increase heat stress by trapping the heat of the day
(Wujeska-Klause & Pfautsch, 2020) and emitting longwave radiation
(Coutts et al., 2016; Middel & Krayenhoff, 2019). Grass surfaces have
also shown to lower the MRT compared to impervious ground covers
(Lindberg et al., 2016; Middel & Krayenhoff, 2019). However, the effect
of surfaces has been shown to be complex and differs at different tem-
peratures (Fang et al., 2024; Middel et al., 2020).

MRT can be measured in multiple ways; using six-directional short-
wave and longwave radiation measurements, but also with a globe
thermometer. A globe thermometer is more affordable and provides a
decent estimate of the MRT, but the performance strongly declines
under conditions with high wind speed or incoming solar radiation
(Fang et al., 2023; Liu et al., 2022; Thorsson et al., 2007). Globe ther-
mometers also do not provide insight into the directional radiation
fluxes, which limits understanding of how the individual radiative
pathways shape human heat exposure. For these reasons, globe ther-
mometers are not the best option under the abovementioned conditions
and when insights into radiative pathways are desired. Insights in the
radiative pathways can be gathered using a 3-dimensional approach,
such as infra-red thermography, such as by Lamberti et al. (2025) or six
directional radiation flux measurements. However, this type of research
is technically demanding based on complexity of the instruments,
financially challenging in terms of acquiring this technology and having
enough human resources for field measurements and is thus rarely
implemented in heat stress research (Li et al., 2022).
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Nevertheless, six-directional radiation flux measurements have been
sporadically used for biometeorological campaigns in several cities.
Several of those studies do not have the main focus on radiation fluxes
and use it to provide a highly accurate estimate of MRT, without ana-
lysing the fluxes separately (Aleksandrowicz & Pearlmutter, 2023; He
et al., 2020; Klemm et al., 2015; Kousis et al., 2021; Steeneveld et al.,
2014). Other studies do focus on the separate fluxes using stationary
measurements at a limited number of locations (Ali-Toudert & Mayer,
2007; Du et al., 2020; Fang et al., 2023; Kantor et al., 2016, 2018).
Those studies provide great insight into the diurnal cycle of the variables
but have limited information on spatial variability. Most studies using
mobile measurements focus solely on daytime conditions (Aviv et al.,
2021; Holst & Mayer, 2011; Lai et al., 2018; Lee et al., 2014). Howev-
er, evening and nighttime heat is associated with adverse health effects
and mortality (He et al., 2022). Mobile measurements using measure-
ments outside of the window 8:00 to 18:00 are very scarce (Lee et al.,
2013; Middel & Krayenhoff, 2019). Notably, decomposition of the
total radiant load or MRT into the different fluxes to examine their
relative contributions, has — from all the aforementioned studies — only
been performed by Middel and Krayenhoff (2019). Their study focusses
on the extreme heat in Arizona, so those results might not transfer to
other climatic zones. In Pisa, Italy, a relevant study has been performed,
where the authors divided absorbed radiation into longwave radiation
and diffuse and direct solar radiation and analysed the directionality of
the fluxes, using a different measurement set-up (Lamberti et al., 2026).
Their aim was to develop an alternative for globe thermometers using a
cylinder, to achieve a simple and reliable MRT estimation. This study
also provides excellent insight in the exposure of the human body to
different types of radiation. However, since it was out of their scope, this
study did not provide insight in differences between different locations.

To summarize, the complete link from location characteristics to
radiative pathways, to MRT to heat stress has only been examined in few
studies. Consequently, it is still unclear: (i) which directional radiation
components (shortwave vs longwave; vertical vs lateral) control MRT
and heat stress at different times of day across diverse urban locations,
most importantly after sundown, and (ii) to what extent simple, trans-
ferable urban descriptors—most notably SVF as a proxy for obstruction
by trees and buildings, and pervious versus impervious ground
cover—explain the spatial variability in heat stress in temperate cli-
mates. To address this gap, we deploy Mobile Micrometeorological Carts
(MMCs) to measure air temperature, humidity, wind speed and six-
directional radiation across diverse urban micro-environments in Novi
Sad, Serbia during a heatwave, and we quantify how the relative
importance of meteorological variables, directional radiation compo-
nents, SVF and ground cover governs MRT and heat stress over four
parts of the day (from morning to evening). The aim is to uncover and
quantify the complete link from location characteristics to radiative
pathways, to MRT, to heat stress. The Novi Sad context provides the
empirical basis, but the findings speak to temperate urban climates more
broadly. By explicitly linking urban form and surface characteristics to
human thermal exposure under extreme heat, this study delivers
evidence-based insights to support heat-mitigation strategies, safeguard
vulnerable populations, and help advance the design of more climate-
resilient and socially sustainable temperate European cities.

2. Methods
2.1. Study area

The field micrometeorological measurements have been performed
in Novi Sad, Serbia (Fig. 1). It is the second largest city in Serbia with a
population of 325.000 (Milosevic et al., 2023). It is located in the
Northern part of Serbia on the Pannonian Plain (80-86 m a.s.l.). The
Danube and the Danube-Tisa-Danube Canal flow through the city. Novi
Sad has a temperate oceanic climate (Cfb) (Kottek et al., 2006) with
average monthly 2-m T, ranging from —0.3 °C in January to 21.8 °C in
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Fig. 1. Location of study area in Novi Sad (red box) & of Novi Sad in Serbia &
Europe (adapted from Dunjic¢ et al., 2021).

July (Milosevic et al., 2023). The mean annual precipitation amounts
623 mm. The study area can be described using the Local Climate Zone
(LCZ) classification system, which is used as a framework in urban
climate research (Stewart & Oke, 2012). The measurements start in the
area around the Sport complex building (SPENS) and BIG Fashion
shopping mall, which has a combination of LCZ 5 (Open midrise) and
LCZ 8 (Large low-rise). Then the trajectory goes across the Science
Technology Park and University Campus which represent LCZ 5 (Open
midrise) and finally goes toward the 'Studentski' park and Danube
riverbank as LCZ B (Scattered trees) and LCZ F (Bare soil or sand)/LCZ G
(Water) areas (Fig. 2).
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2.2. Data collection

The data has been collected using two Mobile Micrometeorological
Carts (MMCs) on 29 locations during a hot, summer day of 30th of June
2022 (Fig. 2). Based on the official weather station of Novi Sad, in
Rimski Sancevi village, located in the agricultural area, two km outside
of the Novi Sad urban area, the average daily 2-m T, was 29.8 °C, while
the maximum was 36.2 °C. Average 2-m RH amounted to 45%, average
10-m wind speed was 2.2 ms ™! and clouds and precipitation were absent
(Republic Hydrometeorological Service of Serbia, 2023) indicating ideal
conditions to study heat waves in a temperate climate. The measurement
day was in the middle of a heatwave spanning from the 27th of June to
the 5th of July.

MMCs are small weather stations on wheels, that measure T,, RH,
wind speed, wind direction and solar radiation with Davis sensors, globe
temperature with a Testo Globe sensor and short- and longwave radia-
tion in six directions with Hukseflux NRO1 sensors (Milosevic et al.,
2022) (Pictures in Table 1). Accuracy, resolution and range of sensors
installed in the MMC, and sources and photos of each sensor component
are provided in Supplementary Table S1. Mobile Carts like these are
ideal to perform measurements at many different locations in an area.
They measure the four important biometeorological variables at a micro
scale with high accuracy, making them ideal to predict heat stress.
Mobile methods have been found to have a high predictive power for
thermal sensations (Deng et al., 2025).

During the measurements, one MMC was stationary in a sun-exposed
location next to location 1 on a square. This MMC is the reference sta-
tion. Another MMC was taken along a trajectory of approximately 2 km
with 29 different locations (Fig. 2; Table 1). Those locations varied in
SVF, presence of trees and buildings and in ground cover. The diversity
of locations was intentional as the authors wanted to cover the diversity
of urban micro locations during the measurement campaign. Shading
also differed over the day, as the solar angle was changing. Measure-
ments were taken automatically every two minutes. The MMC was
stopped at each defined location to perform the measurements. The
measurements while the MMC was moving, were not considered in the

! I
0 50 100

Meter

Fig. 2. Micrometeorological measurement locations and their classified fisheye lens images of the sky at each location in Novi Sad, Serbia.
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Table 1

Description of 29 measurements locations in Novi Sad, Serbia, with their shading type, surface cover, SVF value, description of the micro-environment and photos

(Note: photos are just for illustrative purposes, and not all taken at the exact measuring moment, people were always at least 5 m away from the sensors during the
measurement).

Location Shading Surface SVF Microenvironment Photo
1 open impermeable 0.74 on a paved square
2 tree grass 0.24 in tree shade
3 open impermeable 0.79 on a paved square
4 building impermeable 0.08 under an overhang
5 open impermeable 0.8 on a paved square
6 mixed grass 0.27 in tree shade

(continued on next page)
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Table 1 (continued)
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Location Shading Surface SVF Microenvironment Photo
7 tree grass 0.67 on an open, grass field

8 mixed grass 0.43 in tree shade

9 open impermeable 0.69 on a walkway near road junction

10 building impermeable 0.01 on a passageway going through a building

11 mixed impermeable 0.49 on a paved walkway

12 tree grass 0.13 in tree shade

(continued on next page)
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Table 1 (continued)
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Location Shading Surface SVF Microenvironment Photo
13 mixed grass 0.53 on a grass field

14 mixed impermeable 0.38 on a paved walkway

15 mixed permeable tiles 0.1 under a covered bike shelter

16 mixed impermeable 0.48 on a small, paved square

17 mixed grass 0.39 on a grass field

18 tree grass 0.13 in tree shade

(continued on next page)
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Table 1 (continued)
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Location Shading Surface SVF Microenvironment Photo
19 mixed impermeable 0.49 on a small, paved square

20 building impermeable 0.04 under an overhang

21 tree impermeable 0.1 in shade of several trees

22 tree impermeable 0.3 on a small, paved square near fountain

23 building impermeable 0.05 under an overhang

24 mixed grass 0.29 in shade of a young tree

(continued on next page)
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Table 1 (continued)
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Location Shading Surface SVF Microenvironment Photo
25 mixed grass 0.57 on grass, near shrubs and parking

26 tree grass 0.54 in shade of several trees

27 open grass 0.77 on a grass field

28 open impermeable 0.82 on the quay walkway

29 open sand 0.75 on a sandy beach near the Danube River
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analysis. The trajectory took 80 min to complete including stops and was
walked from location 1 to 29 in the morning and afternoon and from
location 29 to 1 around noon and during the evening. The trajectory has
been repeated during four different times of the day: from 8:00 until
9:20 CEST (morning), from 11:00 until 12:20 CEST (noon), from 15:00
until 16:20 CEST (afternoon) and from 19:30 until 20:50 CEST (evening)
to cover different times of the day during summer.

In order to calculate the SVF, fisheye lens photos were made. All
hemispherical photographs were taken with the camera positioned 1 m
above ground level, using a LEICA SL2 camera equipped with a Canon
EF 8-15 mm f/4 L fisheye lens. The camera was oriented vertically
upward to capture the full hemispherical view. For reference, the lower
edge of the circular frame was aligned with the horizontal plane, and the
orientation of the images was recorded relative to cardinal directions.
The images were initially captured in RAW (DNG) format and subse-
quently converted using Capture One 23 with identical processing set-
tings for all images. No binarization or threshold-based conversion to
black-white canopy masks was applied; the images were used in their
processed color form. Regarding canopy transmissivity, the photographs
were taken during the leaf-on period, and thus represent the effective
canopy condition at the time of measurement. Consequently, differences
between sites reflect the actual canopy structure and obstruction of the
sky hemisphere during the measurement period rather than seasonal
leaf-off conditions.

2.3. Preprocessing and MRT and PET calculation

The observations had to be pre-processed before analysis. As previ-
ously mentioned, only data points at times when the MMC was standing
still at one of the locations were used in the analysis, the other data-
points have been discarded. A temporal correction has been performed
on the trajectory data. A second order polynomial was fitted through the
variables measured by the reference MMC. This was done separately for
the four parts of the day. For these 80-minute periods a second order
polynomial can accurately represent the temporal trend. The measure-
ments from the MMC measuring the locations were then temporally
corrected to the conditions at the start of each transect. For the T, and
RH this was done by calculating how much the value of the polynomial
at the current time-step deviates from the start of the transect. This value
was subtracted from the measurement of the MMC measuring the
transect. For the wind speed and radiation fluxes the fractional change in
the reference conditions according to the polynomial were calculated
and this fractional change was used to correct the trajectory measure-
ments. The procedure for the variables is different because of their
different nature. T, in °C has a non-absolute zero, the measurements are
not close to zero and the standard deviation is small compared to the
mean. However, wind speed and radiation fluxes can be close to or even
zero and have a high variance. Detrending them using an absolute dif-
ference would lead to unreliable results, especially for shaded locations,
and to sub-zero values.

The fisheye lens photos were converted to SVFs using the Rayman
model (Matzarakis et al., 2000). Furthermore, the MRT has been esti-
mated with the formulas below (VDI, 1994 as cited in Thorsson et al.,
2007),

6 6
Sur = ax y_KiFi+& »_ LF; m
i=1 i=1

MRT = {/(Sw/(g50)) — 273.15 @

Where ay (0.70) and €, (0.97) are the absorption coefficients for short-
wave and longwave radiation, ¢ is the Stefan-Boltzmann constant and
Sstr is the mean radiant flux density. The F; are the angular factors be-
tween a person and an object, for which the standardized values of a
standing person have been used (Thorsson et al., 2007). They are 0.22
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from the four sides and 0.06 from the top and bottom.

The PET value has been estimated using the PyThermalComfort
Python package (Tartarini & Schiavon, 2020). It uses the dry bulb air
temperature, MRT, RH and wind speed. The other variables were kept
constant at metabolic rate is 1.2, clothing level is 0.5, atmospheric
pressure is 1013.25 hPa, position is 2 (standing), age is 23, sex is 1
(male), weight is 75 kg, height is 1.8 m and wme (external work) is 0.
These values are chosen to represent a person standing at rest wearing
summer clothes. The main interest for this study is in the differences in
heat stress between the locations and not between different people, so
for the age, gender, weight and height the default values have been
taken.

To classify the thermal stress the grade of physiological stress as
introduced by Matzarakis and Mayer (1996) has been used. This is
presented in Table 2.

2.4. Data analysis

A sensitivity test has been performed to show which micro-
meteorological variable was the dominant driver for PET. The sensi-
tivity test was performed by calculating the PET, while increasing one
variable from the lowest to the highest value measured at that time of
day and keeping the other variables constant on the mean of that time of
day. The sensitivity of PET to the range of the meteorological variable
can then be seen in the magnitude of the PET difference caused by
changing only that variable. Radiant load decomposition has been per-
formed to quantify the contribution of the different directional radiation
fluxes. The contributions of each flux to Ss; were calculated separately
showing how much each contributes to the radiant load. . Linear
regression was performed to show the effect of the SVF on different
radiation fluxes, different radiation fluxes on MRT and the effect of MRT
on the PET, as is common practice in heat stress studies (Middel &
Krayenhoff, 2019). R-squared was used to show the strength of the
regression relationships and p-values were used to show significance. A
significance level of 0.05 is used during the whole study. The surfaces
were grouped into two categories: grass and impervious. ANCOVA on
SVF and the surface covers was performed to show differences between
the surfaces and calculate the significance. ANCOVA is a model that
combines ANOVA and regression and was chosen because of the domi-
nance of the effect of SVF and the covariance of the two effects. This
model prevents confounding of the effect of shading and surfaces.

3. Results
3.1. Meteorological conditions during the measurement day

The 30th of June was a hot day, with a maximum T, of 36.5 °C
measured at location 10 (breezeway), location 11 (walkway) and loca-
tion 13 (on grass) close to each other on the campus area. Table 3 shows
the summary statistics of the key MMC-recorded meteorological vari-
ables for the four parts of the day. Incoming solar radiation was strong,
since there were no clouds. The MRT was both temporally and spatially

Table 2
PET range for each grade of physiological stress (Matzarakis &
Mayer, 1996).
PET Grade of physiological stress
<4°C Extreme cold stress
4-8°C Strong cold stress
8-13°C Moderate cold stress
13-18°C Slight cold stress
18-23°C No thermal stress
23-29°C Slight heat stress
29-35°C Moderate heat stress
35-41°C Strong heat stress
>41°C Extreme heat stress
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Table 3
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Summary of meteorological conditions during morning, noon, afternoon, and evening periods over all 29 locations on the 30th of June 2022 in Novi Sad, Serbia.

Period Morning (8:00 CEST) Noon (11:00 CEST) Afternoon (15:00 CEST) Evening (19:30 CEST)

Parameters Mean Min Max Sd Mean Min Max Sd Mean Min Max Sd Mean Min Max Sd
Air Temperature ( °C) 25.3 24.3 26.5 0.6 31.4 30.8 32.1 0.3 35.6 33.9 36.5 0.7 32.8 31.8 33.9 0.6
MRT (°C) 36.6 22.7 58.5 12.2 51.6 28.2 73.0 15.4 54.2 33.9 75.2 14.9 34.8 30.5 42.0 2.9
Relative Humidity (%) 57.1 54.0 60.5 1.8 46.5 43.5 48.4 0.9 35.8 33.0 46.5 2.7 40.6 35.8 42.8 1.7
Wind Speed (m/s) 0.1 0.0 0.5 0.1 0.8 0.0 1.7 0.5 0.9 0.1 1.9 0.5 0.4 0.0 2.0 0.5
PET (°C) 32.4 24.7 47.1 6.9 38.2 29.3 48.8 6.2 423 32.2 56.3 7.2 32.8 30.0 37.0 1.6

variable. The highest measured MRT amounted to 75.2 °C at location 9
in the afternoon. The RH ranged from maximum 61% in the morning to
33% in the afternoon. The RH increased again slightly in the evening.
Wind speeds were generally very low (<1.5 ms™!) and peaked slightly
during the middle of the day. The maximum PET of the day was 56.3 °C
at 15:38 CEST at location 13 on grass near the dorms. Heat stress clas-
sification varied over the locations from slight to extreme during the
morning, moderate to extreme during the noon and afternoon and was
moderate to strong during the evening.
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3.2. Drivers of heat stress

The first goal of this research is to investigate which variables are
dominant drivers for heat stress. During most of the day this turned out
to be the MRT. The range of the calculated MRT, when keeping the other
variables constant at their mean value for that part of the day, causes a
20.7 °C, 20.1 °C and 19.6 °C difference in PET during the morning, noon
and afternoon (Fig. 3B). The MRT during the evening had little varia-
tion, causing only 5.1 °C difference in PET. PET also showed to be quite
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Fig. 3. PET sensitivity to T, (A), MRT (B), RH (C) and wind speed (D) for the different parts of the day.
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sensitive to Tg, but T, varied little spatially compared to MRT causing
only a maximum of 2.8 °C difference in the afternoon and even lower
during the rest of the day (Fig. 3A). However, the diurnal cycle of T,
caused clear temporal variation in the PET. The wind speed mainly
caused differences at very low values (<1 ms~ 1) but can still lower the
PET up to 10.9 °C around noon (Fig. 3D). The PET was the least sensitive
to RH, causing a maximum 2.2 °C difference during the afternoon
(Fig. 3C). The R%s of the MRT and PET of the measurement locations
show that MRT is indeed a dominant driver for PET for most of the day
(Fig. 4). The PET of the measurement locations did not show to be
significantly related to the T,, RH or wind speed. For wind speed log-log
linear regression was performed, since wind and PET have a power
relation.

3.3. Effect of directional radiation components

The following analysis focuses on the contribution of directional
radiation components to the total radiant load on the human body and
assesses their variability across different surroundings. The total Sy of
each site is divided into the share that each flux contributes to it, which
shows how important each directional flux is to the total contribution of
radiation to heat stress. The measurement locations are grouped based
on the characteristics of their surroundings: (A) open location over
grass, (B) open locations over paved surface, (C) open location over
sand, (D) shaded locations by buildings over paved surface, (E) shaded
locations by trees over grass, (F) shaded locations by trees over pave-
ment, (G) locations with mixed shade over grass, and (H) locations with
mixed shade over pavement. The radiant load decomposition of each
location separately can be found as Supplementary Figure S2.

Across all surroundings and times of day, lateral radiation is the
dominant directional radiation component (Fig. 5), consistent with the
large lateral surface area of the human body. Within the lateral fluxes,
longwave radiation consistently contributes more to total absorbed ra-
diation than solar radiation, yet it is spatially far less variable: its
contribution shifts only modestly between surroundings, whereas solar
radiation exhibits strong contrasts depending on shading type. The most
striking contrast is between open and building-shaded locations: under
building overhangs or tunnels (SVF ~ 0.04), solar radiation contributes
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virtually nothing to radiant load at any time of day, while open locations
(SVF = 0.75-0.77) show large solar contributions during daytime hours.
Tree-shaded and mixed-shaded locations occupy an intermediate posi-
tion, but the averaged values in Fig. 5 mask important within-group
variability: individual locations can oscillate between near-full sun
exposure and deep shade depending on the exact solar angle relative to
the canopy or building geometry, as is clearly visible in Supplementary
Figure S2. Shading also suppresses longwave radiation: building-shaded
locations show the sharpest reduction in downwelling and lateral
longwave fluxes, while tree- and mixed-shaded locations display a more
moderate but still clearly visible reduction compared to open sites. This
suggests that obstacles not only block direct solar radiation but also
reduce re-emitted thermal radiation from surrounding heated surfaces.
In the evening, solar contributions diminish across all locations and
longwave radiation becomes the primary driver of remaining differences
in radiant load. Notably, open paved locations (B) retain a markedly
higher evening radiant load than the other open sites (A, C), which
points to a heat-storage effect of paved surfaces that continues to radiate
after sunset. Differences attributable to surface cover (grass vs. paved)
are otherwise subtle throughout the day and difficult to interpret from
Fig. 5 alone, as they are confounded by co-varying shading conditions
and the limited number of sampled locations per group.

3.4. Effect of sky view factor on radiation

In this section, the effect that different urban structures and trees
have on the different radiative components and PET is examined
quantitatively. The SVF is used to quantify the amount of structures in
the surrounding of the measurement location. The T,, RH and wind
speed were also analysed this way but did not show any correlation with
SVF. The MRT is positively correlated to the SVF with the strongest fit
for the noon (Fig. 6A). A 10% reduction in SVF led to a lowering of the
MRT for the morning, noon, afternoon and evening of 3.2 °C, 5.2 °C, 4.7
°C and 0.5 °C, respectively. The PET shows a similar response to SVF as
the MRT, but with lower R-squared and slope (Fig. 6B). A 10% reduction
in SVF led to decrease of the PET for the morning, noon and afternoon of
1.7 °C, 1.8 °Cand 2.0 °C, respectively. During the evening, the PET is not
significantly related to the SVF.
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Fig. 4. Relationship between observed MRT and PET (A) for the different parts of the day.

11



M. van der Veld et al.

A
800

@
=]
S

Absorbed Radiation (W/m”2)
g 8

800

@
o
]

Absorbed Radiation (W/m”2)
3 8

800

@
o
S

N
o
S

Absorbed Radiation (W/m”2)
o
o
o

800

@
o
S

N
o
[S]

Absorbed Radiation (W/m”2)
n
o
o

Open, Grass (n=1)

SVF =0.77

Morning Noon Afternoon Evening

Open, Sand (n=1)

[}
<
T
1
)
~
o

Morning Noon Afternoon Evening

Tree shaded, Grass (n = 5)

SVF =0.34

Morning Noon Afternoon Evening

Mixed shade, Grass (n = 6)

SVF =0.41

Morning Noon Afternoon Evening

Upwelling Solar

Downwelliing Solar [l] Lateral Solar

Sustainable Cities and Society 149 (2026) 107717

Open, Paved (n = 5)
800

SVF =0.77

o
S
o

Absorbed Radiation (W/m”2)
S 5
o o o

Morning Noon Afternoon Evening

Building, Paved (n = 4)
800

SVF =0.04

o
S
o

Absorbed Radiation (W/m”2)
S 5
o o

Morning Noon Afternoon Evening

Tree shaded, Paved (n = 2)
800

SVF=0.2

o
S
o

Absorbed Radiation (W/m”2)
S 5
o o o

1
|

Morning Noon Afternoon Evening

Mixed shade, Paved (n = 5)
800

SVF =0.39

[}
S
o

Absorbed Radiation (W/m”2)
S 5
o o o

Morning Noon Afternoon

Evening

Upwelling Longwave . Downwelling Longwave . Lateral Longwave

Fig. 5. Directional decomposed radiant load over the measurement day (30th June 2022) in Novi Sad, Serbia. Locations are grouped by surrounding: A) open
location over grass, B) open locations over paved surface, C) open location over sand, D) shaded locations by buildings over paved surface, E) shaded locations by
trees over grass, F) shaded locations by trees over pavement, and G) locations with mixed shade over grass, and H) locations with mixed shade over pavement.

12



M. van der Veld et al.

A
N *
*
O -
T . o A= 2 ¢
60- — e .
= Ll .0
4 = Z ® A .
—~ _ —
£ 40 L-"x o T AT,
< 40- : !
'ﬂ_f C.’.l‘ A _.t,._.’_.‘_"_._._ - ==
= o-fek = = LR . oA R
L 4 a % a®
B
20-
R?=0.48, P<0.001
R?=0.67, P<0.001
0- R%?=0.17, P=0.028
00 02 04 06 08
Sky View Factor(-)
C
R?=0.14, P=0.044
R?=0.66, P<0.001
o
A750' R?=0.47, P<0.001 . v° ° i s o
Dy A
E . .
e
£
”
Z 500- |
c
© ” .. * .
5 e - a -
2 250- > -
(D e - = = - *
”’,p",—. ‘.i_:ﬁ. d O
o, e T Lot 2 A% o
'd
00 02 04 06 08
Sky View Factor(-)
250-
R?=0.20, P=0.016
R?=0.62, P<0.001
200- R2- 040, P<0.001
~ ol
E L]
£ 150- L
L4 ',
= A% 1
het 2 )
3 100- A - q
Pl
© - .
© L z - 4 i
A -
@ & - 3 — -
50- - % - ar
4 - - - A
i - : AT ° %, .
—
0- eulalf— — =od— -{:—'—’.-o.-_ SR DSOS 2
00 02 04 06 08
Sky View Factor(-)
G
300- R?=0.34, P<0.001 .
R?=0.65, P<0.001° B .
AR
— R?=0.46, P<0.001 A . Al 2 ::
L .
(E A (1] P A
S 200- . ” - "
= ) Ll
o _ _
9 “ ” - - =
© o _- A
7’
S 100- > e
© z ° _ ==
”
@ s /’ . -
» -
- * o 4 .
% - A . o R
Dl ¥ a® e A we
A S S =
00 02 04 06 08
Sky View Factor(-)
shading ¢ open ® buiding 4 tree & mixed

Sustainable Cities and Society 149 (2026) 107717

L]
.
* *
° * -
A K o le 2" % *
Ae - ' N L
o - *
40 ] AA— - 'S 4 -
—_ cimie £ by °, e =" i
© bl =0} Loy S i ol mUnl il e S
= A - ()
[ " T a ® o a®
i [ N
o
20-
R?=0.42, P<0.001
R?=0.53, P<0.001
0- R?=0.02, P=0.444
0.0 02 04 06 0.8
Sky View Factor(-)
600-
N
<E L]
. |
Ss0. et
=t ri'é.‘__ A .“~‘._... A
= Sl e Sa -~
S — " A —- .ch ‘? o trge
- - L PG
g "A- ‘-—.~-_ A $ s
g 400- . S o T Wemnntye,
(o)}
5 R%=0.79, P<0.001
- R?=0.86, P<0.001
2 _
300- R*=0.80, P<0.001
00 02 04 06 08
Sky View Factor(-)
° K »
600- i = -
N P SRS
< A s
E —_- “o® .- g . °.
3 Ty A% = A -—— -
T500- EMIEL - A g = T - - T =
3 * 2 o 4 I A e
2 Sl N _————F - ©
§ Lo xam T T e .o Y
(o2}
2 400-
S]
| R?=0.38, P<0.001
R§ =0.60, P<0.001
300- R?=0.07, P=0.178
00 02 04 06 08
Sky View Factor(-)
600-
N A . -
E [ e - _A_ —0—'—.:0- = = s _..-0 -
Ss00- Ca"% a® e & Ao 1~ ¢
= S = At sisE L . “
[ . Ao T T —=— =
z = Ae 80 |©
?‘\: o - S - === Ll et =5 —pe
>
©
g 400-
(o]
S 2
S R?=0.03, P=0.335
R§ =0.32, P=0.001
300- R?=0.15, P=0.039
00 02 04 06 08

Sky View Factor(-)

moment =* morning noon =#* afternoon =# evening

Fig. 6. MRT (A), PET (B) and radiation components (C—H) compared to reference plotted against SVF. NOTE: Different colours indicate different parts of the day,

while different shapes indicate different shading obstacles.

The directional radiation fluxes also show clear patterns when
plotted against SVF. At lower SVFs, all solar radiation fluxes decreased
towards O for all periods of the day (Fig. 6C, E and G). The downwelling
and lateral solar radiation show clustering. There is one group with
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medium to high SVFs and minimal reduction in radiation and a group
with low to medium SVFs and a big reduction in radiation. The long-
wave radiation shows different patterns for the different directional
components. A decrease in SVF causes an increase in downwelling
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longwave radiation (Fig. 6D), but a decrease in the other components
(Fig. 6F and H). The fit for the downwelling longwave radiation is best
out of all radiation components (R? > 0.79). The lateral longwave ra-
diation shows the poorest fits, with even no fit at all in the morning. For
lateral longwave radiation, the trend is reversed in the evening
compared to the other times of day. Longwave radiation shows smaller
responses to SVF than the solar radiation as can be seen by the magni-
tude of response in Fig. 6C-E (30 - 100 W/m? for longwave and 200 - 900
W/m? for solar radiation).

Fig. 6 also shows whether a location is mainly open or has trees,
buildings or a combination nearby, as is represented by the shapes of the
datapoints. Open locations have the highest SVF, and these locations are
similar to the reference for all fluxes. Locations shaded by built obsta-
cles, such as tunnels and overhangs, have the lowest SVF. These are
amongst the coolest, having a decrease compared to the hottest open
locations of up to 45 °C for MRT and 24 °C for PET. Tree and mixed
shade locations have sizeable spread in their SVF. The building, tree and
mixed shaded locations do not show differences in their average
reduction of MRT and PET at the same SVF, but the spread around the
trendline is largest for tree and mixed shaded areas with a SVF between
0.2 and 0.6.

3.5. Effect of surfaces on radiation

The surfaces in urban areas are also expected to have an influence on
the radiation balance. In this study, only the surface cover below the
MMC was noted and not the surface cover at the sides. The results of
statistical testing using ANCOVA between grass and impermeable sur-
faces can be seen in Table 4, the model also included SVF to avoid
confounding. Shading type was not included in the model, since there
was no difference in shading strength between the different shading
types at the same SVF (Section 3.4). For albedo, only measurements with
downwards solar radiation larger than 50 W/m? for the morning and
100 W/m? for the noon and afternoon were used to make sure the albedo
could be correctly estimated. Albedo was not analysed in the evening,
since incoming solar radiation is very low for all locations at that time.
The upwards longwave radiation, which is emitted by the surface, was
lower over grass than impervious surfaces, which was significant for the
afternoon and evening. The fraction of solar radiation that is reflected
(albedo) was higher for grass surfaces, but not significantly. For the total
radiation to a human body (MRT), there was also no significant differ-
ence between grass and impermeable surfaces (lowest p-value (evening)
= 0.085).

Table 4

Difference in radiation components between grass and impermeable locations
with p-value. Positive differences mean that impermeable locations have higher
values than grass locations. NOTE: Bold text indicates statistically significant p-
values.

Moment Difference between grass and impermeable P-value (ANCOVA)

Longwave Radiation Up (W/m2)

Morning -6.99 0.263
Noon —15.46 0.063
Afternoon —28.59 0.004
Evening —-18.75 0.013
Solar reflectance(albedo) (-)

Morning 0.03 0.247
Noon 0.06 0.206
Afternoon 0.06 0.122
MRT ( °C)

Morning -1.25 0.733
Noon —0.98 0.734
Afternoon -1.5 0.683
Evening —1.85 0.085
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4. Discussion

In this research, heat stress was analysed using detailed micro-
meteorological measurements during a hot summer day in Novi Sad,
Serbia. PET was used to quantify the heat stress. First, the sensitivity of
PET to different meteorological variables will be discussed (4.1). Then
the focus will be on the importance of the different radiation compo-
nents (4.2) and their response to the surrounding (4.3 & 4.4). The dis-
cussion will end with a reflection on the limitations of the methodology
(4.5).

4.1. Drivers of heat stress

Although PET was sensitive to both MRT and T, spatial variability in
heat stress was primarily explained by MRT due to its larger variation
between locations. This confirms our hypothesis and is in accordance to
results in similar studies which all find MRT as the most important
spatial variable (Aleksandrowicz & Pearlmutter, 2023; Ali-Toudert &
Mayer, 2007; Holst & Mayer, 2011; Kantor et al., 2016, 2018; Lai
et al., 2018; Lee et al., 2013; Middel & Krayenhoff, 2019; Sangman
et al., 2025). Differences exist between climates; in the hot desert
climate (BWh) of Phoenix, Arizona, for example, differences were
overall larger, causing larger differences in PET. Additionally, wind
speed and PET had a positive relationship in their study (Middel &
Krayenhoff, 2019). These differences are consistent with the difference
in climate, since wind speed is known to be able to increase heat stress in
extremely hot and arid climates (Foster et al., 2022). Previous literature
have often found T, as important to PET, with only a slightly lower
importance than MRT. For example, Lee et al. (2014) found that MRT
(R2=0.69) explained PET slightly better than T, (R%=0.64), which was a
large deviation from results from their previous work in 2013 (R?=0.89
for MRT and R?=0.59 for T,) (Lee et al., 2013). They proposed that this
small difference is because they averaged variables over six hours in the
2014 study and over 1 hour in the 2013 study, stressing the importance
of timescale of the measurements. This highlights the importance of
considering the diurnal cycle when interpreting PET sensitivities. Since
this work uses instantaneous PET values, the extremely high sensitivity
to MRT could be expected. PET also exhibited sensitivity to wind speed,
but the relationships between PET and wind speed for the trajectory data
were not significant. However, we must note that research with MMCs is
less suitable for analysing the effect of surrounding on wind speeds,
since longer time-series or models are needed to characterize the fluc-
tuating nature of wind speed.

4.2. Effect of directional radiation components

Radiation decomposition revealed that lateral radiation fluxes
dominated radiant load. This can be explained by the fact that human
bodies, on average, have 88% of their area on the sides (Thorsson et al.,
2007). Although longwave radiation contributed most to absolute
radiant load, spatial variability was primarily driven by solar fluxes.
These results are comparable to the results by Middel and Krayenhoff
(2019) and confirm that also in a temperate heatwave lateral solar ra-
diation is responsible for most variation in radiant load and thus MRT.
Locations with few obstacles nearby had a lot of incoming solar radia-
tion. Those locations also experienced higher longwave radiation fluxes.
This suggests that lack of shading also causes nearby surfaces to heat up
more and thus emit more longwave radiation, adding to the heat stress.
Longwave radiation changes persisted for individual locations even after
shading conditions changed and into the evening after sunset. This is in
agreement with the results by Lee et al. (2014), who found that down-
ward solar radiation already explained 90% of variation in MRT and
Fang et al. (2023) who found that downward solar radiation explained
95% of variation in MRT for unshaded locations and 67% for shaded
locations. These results show that, despite lateral longwave radiation
being the largest contributor to radiant load, decreasing incoming solar
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radiation is a very effective way to reduce heat stress because of its
covariance with the other radiation fluxes.

4.3. Effect of sky view factor on radiation

The observed relationships between SVF and the radiation fluxes
were consistent with theoretical expectations, and most have strong
correlations, especially during the noon and afternoon at which time all
RZs except for lateral longwave radiation are above 0.5. All significant
correlations were positive during the day except for the downwelling
longwave radiation. This pattern is expected because a high SVF means
less shading so increased incoming and reflected solar radiation and
consequently leads to more heating up of surrounding surfaces and thus
emission of longwave radiation. However, downwelling longwave ra-
diation increases when there are obstacles above the MMC, since trees
and urban structures have a higher longwave radiation emission than
the clear atmosphere. Solar radiation turned out the be clustered, with
mostly very high or very low values of downwards and lateral solar
radiation. This is expected, since blocking of direct sunlight is important
to reduce these fluxes. Low SVF locations were generally shaded,
whereas intermediate SVF locations showed greater variability
depending on solar geometry. Built structures provided more consistent
shading than vegetation, although both achieved comparable cooling
effects at similar SVF values. Other studies have also found similar
cooling effects at the same SVF between trees and buildings (Colter
et al., 2019; Middel et al., 2016). This indicates that trees and urban
structures are both effective options for thermal stress reduction. In the
evening, the forementioned system worked differently, since there was
almost no solar radiation. However, downwards and lateral longwave
radiation were increased during those times at places with a lot of ob-
stacles (= low SVF). This effect has also been observed in previous works
(Coutts et al., 2016; Middel & Krayenhoff, 2019). Although obstacles
indeed slightly increased evening MRT through longwave radiation
trapping, this did not produce a significant relationship between SVF
and PET. This effect is an important consideration in heat stress reduc-
tion, but did not negate the strong heat stress reduction during daytime.

4.4. Effect of surface on radiation

Consistent with earlier findings, the effect of the surface on the
different radiation components was limited compared to the effect of
shading. Grass was shown to emit significantly less longwave radiation
than impervious surfaces during the afternoon and evening. Solar
reflectance was higher over grass and MRT was lower during all periods,
but this was not significant. Emission of longwave radiation during the
noon and MRT during the evening approached statistical significance
(0.05 < p-value < 0.1). While surfaces are commonly found as much less
influential than shading, our finding are less strong than of related
literature. The maximum (non-significant) MRT reduction of 2 °C over
grass, is notably <5 °C as found by Lindberg et al. (2016) or 3 °C to >10
°C - depending on conditions — as found by Middel and Krayenhoff
(2019). However, the effect of surfaces is complex and differs at
different temperatures (Fang et al., 2024). Surfaces that are more
reflective, have reduced longwave radiation emission, but increased
solar reflection (Middel et al., 2020). Our findings reflect this pattern,
although it is only significant during the afternoon. This means that the
total effect on MRT is a trade-off of these effects. Soil and plant moisture
status also plays a large role, with the difference between grass and
concrete becoming smaller and even reversing during dry periods
(Hoffmann et al., 2025). During the measurement campaign, most of the
grass cover in Novi Sad was dry and yellow, which influences its radi-
ative properties. The results of the surface analysis do align well with the
earlier discussed strong correlation between solar radiation and MRT,
suggesting that most variation, especially early in the day, could already
be explained by solar irradiation. Future research should additionally
investigate lateral surfaces, since lateral radiation fluxes turned out to be
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very dominant.
4.5. Limitations

These data have given various insights in heat stress and especially
the role that different radiation fluxes play, but the methods also have
limitations. Mobile micrometeorological measurements are sensitive to
issues with sensor response time (Parlow & Foken, 2021). This may
introduce temporal lag effects in measurements taken with an MMC.
This was already considered by stopping for each location, but research
shows that longer stops make the measurements more accurate (Qi et al.,
2021). However, longer stops make it hard to compare multiple loca-
tions within the same conditions, since measurements will take much
longer. The whole trajectory took around 80 min using the current
method, which already must be corrected for by the temporal
de-trending using a reference MMC, but there is a limit to how much of
the effects of different conditions and solar altitude this can remove.
Therefore, taking a longer time will make the impact of this larger.
Samples measured on a trajectory also inherently have spatial correla-
tion. The combination of spatial and temporal dependence of the sam-
ples means the independence assumption is not completely met and
some temporal variation and solar-geometry effects might still be pre-
sent even in the corrected data. This is especially the case for the
morning and evening in which the conditions are changing faster. This
could result in overstating of statistical significance. Additional sources
of measurement uncertainty that could be researched are the distance
between radiation sensors and obstacles and tilting of the device. A
limitation of the methodology is that lateral surface cover was not
recorded, so while lateral radiation did show great importance to heat
stress, the contribution of lateral surface cover to the differences in ra-
diation could not be quantified. The mobile method is not suitable to
gain insight into wind speed as discussed before. To get a complete view
of the urban climate it is therefore important to use multiple types of
measurements and models. It is also important to consider the broader
urban and meteorological context, such as the urban heat island effect,
nearby water bodies and the atmospheric dynamics within the city.

5. Conclusion

In this research mobile meteorological carts were used to measure T,,
RH, six-directional radiation and wind speed at diverse urban locations
in Novi Sad, Serbia, which has a temperate oceanic climate. All locations
were visited four times during a cloud-free summer day. The meteoro-
logical variables were used to uncover the patterns in urban heat stress
and to answer the question which meteorological variable was the
dominant cause of spatial differences in heat stress in summer under
clear-sky, low-wind conditions. The most important meteorological
variable for spatial differences in PET showed to be the MRT causing a
decrease in PET of up to 20.7 °C (morning). T, and RH caused mainly
temporal differences in heat stress, with those of RH being small. Wind
also caused moderate differences in PET at low wind speeds, but this
effects levels of at higher wind speeds. The mean radiant flux density
was decomposed into the different directional radiation components, to
see which has the largest contribution to heat stress. Lateral radiation
has the largest directional contribution to radiant load. Solar radiation
fluxes have smaller, but more variable, contributions to radiant load
than longwave radiation fluxes. Blocking of direct incoming solar radi-
ation is the most important factor in the surrounding and already pre-
dicts most of the differences in absorbed radiation during daytime
conditions. Locations under built structures have the lowest SVFs and
are consistently among the coolest. Trees can reach the same cooling
capacity but provide more variable shading. Surfaces were less impor-
tant for radiation than was expected from literature. Emitted longwave
radiation was significantly lower over grass than over impervious ma-
terials during the second half of the day. Reflected shortwave radiation
was higher and MRT was lower over grass, but this could not be proven
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significant. Overall, directional radiant load decomposition provides
process-based insight into which radiative pathways and urban features
most strongly shaped heat stress under the studied conditions, and can
therefore support more evidence-based, context-specific heat-mitigation
assessment. However, this study does not consider lateral surfaces, nor
does it take into account variability in surface conditions within a class.
More thorough research into surface effects, with less strong variability
in other variables, could uncover stronger links between surfaces and
heat stress.
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