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Highlights

What are the main findings?

• Persistent topographic shading is identified as a primary driver of frost and ice persis-
tence on mountainous road pavements, independent of regional climatic conditions.

• High-resolution solar incidence modelling, validated with UAV-based thermal
orthophotos, reliably detects micro-scale cold-prone road segments.

What are the implications of the main findings?

• Shadow persistence mapping enables proactive winter maintenance planning, allow-
ing targeted de-icing, signage placement, and resource optimization.

• The methodology provides a decision-support framework for selecting priority road
segments for climate-resilient interventions, including geothermal road-heating systems.

Abstract

Winter road safety is critically influenced by microclimatic factors that determine where
frost and ice persist on pavement surfaces. Among these, shadow duration plays a deci-
sive yet often under quantified role in mountainous regions, where complex topography
and variable solar exposure create localized cold zones. This study presents a GIS-based
methodology for detecting and characterizing shadow-prone areas along high-altitude
roads, extending previous national-scale models of winter risk toward local, geometry-
driven analysis. Using high-resolution Digital Terrain Models (DTM02) and solar radiation
simulations, four representative mountain roads (CL-505, AV-501, and CA-820) were ana-
lyzed to evaluate how orientation, slope, and surrounding relief control solar incidence.
The resulting shadow maps were validated through UAV-derived thermal orthophotos
and ground-based temperature measurements, confirming strong correspondence between
simulated low-irradiance areas and observed cold surfaces. The integration of geometric
and radiometric data demonstrates that topographic shading is a reliable predictor of
frost persistence and can be incorporated into winter maintenance planning. By combin-
ing high-resolution terrain analysis with empirical thermal validation, this approach not
only enhances predictive accuracy but also provides actionable insights for prioritizing
road sections at greatest risk. Ultimately, it offers a scalable, data-driven framework for
improving infrastructure resilience, optimizing maintenance operations, and mitigating
winter hazards in cold-climate mountainous environments, supporting both safety and
cost-effectiveness in road management strategies.
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1. Introduction
Winter road safety continues to be one of the most pressing challenges in the manage-

ment of modern transportation infrastructure, as icy and snow-covered roads can lead to
increased accident rates, traffic disruptions, and significant economic losses [1,2]. Adverse
winter conditions not only compromise the mobility of commuters and freight transport
but also strain maintenance resources, requiring timely interventions such as de-icing,
snow removal, and monitoring of hazardous road sections. Moreover, the complex inter-
play of meteorological, topographical, and infrastructural factors makes predicting and
mitigating winter hazards particularly challenging, highlighting the need for advanced,
spatially explicit modelling approaches and targeted risk management strategies [3,4]. In
this sense, the simultaneous occurrence of icing, reduced pavement temperatures, and
limited driver visibility is particularly pronounced in shadowed areas, where the absence
of solar radiation prevents surfaces from warming during daylight hours. These shaded
road sections often retain frost and ice long after adjacent, sun-exposed areas have thawed,
thereby increasing the likelihood of accidents and necessitating disproportionately high
maintenance interventions. In mountainous regions, where complex topography amplifies
microclimatic variability, shading emerges as a critical factor influencing pavement surface
conditions. Despite its significance, shading remains one of the least quantified param-
eters in conventional road infrastructure assessments, limiting the ability to implement
targeted risk mitigation strategies. Understanding the spatial and temporal dynamics of
shaded areas is therefore essential to enhance winter road safety and optimize maintenance
resource allocation [5–8].

Across Europe, the social and economic impacts of adverse winter conditions are
substantial. Studies indicate that frost- and ice-related accidents represent a significant
percentage of road incidents during cold months, while maintenance operations to mitigate
these risks consume large portions of public budgets [9]. In Spain, for example, the annual
cost of snow and ice control in the national network has steadily increased due to the
climatic variability and the rising frequency of extreme meteorological events [10]. Beyond
direct economic losses, such conditions compromise mobility, disrupt logistics, and increase
greenhouse gas emissions due to congestion and detours [11,12]. The combined effects
of accidents, mobility restrictions, and environmental impacts illustrate the multifaceted
nature of winter hazards, emphasizing the need for advanced risk assessment strategies.
These challenges highlight the critical importance of accurate, spatially explicit tools capable
of predicting and mitigating winter hazards.

In this context, previous research has demonstrated that elements such as low tem-
peratures, elevation, and precipitation are the main drivers of winter road hazards across
large territories [13,14]. Additionally, different national-scale models integrating factors
such as altitude, climatic zones, average winter precipitation, and satellite-derived sur-
face temperatures have been widely used to identify areas most exposed to frost and ice
formation. These models provide a predictive framework for winter risk management
by combining topographic, climatic, and remote sensing datasets through multivariate
Geographical Information System (GIS) analysis, including normalization, raster algebra,
and correlation matrices, to generate continuous winter risk indices. Such approaches
effectively delineate cold-exposed regions and can be validated against operational winter
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maintenance plans and infrastructure data, such as the distribution of salt storage facilities
and other relevant actions [15–17].

However, while these models provide a robust national-scale perspective, they also
reveal a key limitation: the persistence of frost at a local scale is not solely dependent on
temperature and elevation but is strongly influenced by solar exposure. Even within the
same climatic zone, variations in slope orientation, road alignment, terrain configuration,
and nearby obstacles (such as cut slopes, embankments, or tree cover) create microenviron-
ments where shading significantly alters the surface energy balance [18]. These localized
effects can determine whether a road segment remains icy for hours after adjacent areas
have thawed. Nevertheless, few large-scale studies explicitly address the spatial and tem-
poral behavior of shadows on road infrastructure, despite their critical influence on winter
hazard formation and persistence [19,20].

Recent advances in solar radiation modelling and high-resolution terrain data have
made it possible to simulate shading conditions with unprecedented precision. Using
Digital Terrain Models (DTM), solar geometry equations, and radiative transfer algorithms,
it is possible to estimate the duration and intensity of sunlight received by each point on the
surface for specific dates and times [21]. In parallel, the development of Unmanned Aerial
Vehicle (UAV)-based thermal photogrammetry has provided a valuable means to validate
these simulations empirically [22,23]. Thermal orthophotos obtained from drones equipped
with infrared sensors capture surface temperature patterns that directly reflect shadow
persistence and the differential heating of pavements, allowing quantitative comparison
with modelled shading maps [24]. This synergy between modelling and direct observation
enables a more complete understanding of how topography and solar incidence influence
winter risk at the micro-scale.

Building on the discussion above, the present research addresses the mentioned gap
by focusing exclusively on the identification and characterization of shadow-prone areas,
and by validating the results through a multi-scale observational strategy. This approach
combines UAV-based thermal orthophotos with ground-based temperature measurements
and terrestrial thermal imaging. The objective is not to estimate absolute heat fluxes but
to detect, classify, and compare zones of persistent shade that favor ice retention under
winter conditions. Using high-resolution Digital Terrain Models (DTM25) provided by the
Spanish National Geographic Institute (IGN), solar radiation simulations were performed
to map hourly and seasonal shadow patterns. The methodological framework is based
on a national-scale winter risk modelling approach, extending it to a local, microclimatic
perspective where empirical validation using UAV and in situ thermal measurements
ensures the robustness of the results.

The remainder of this paper is organized as follows. Section 2 describes the datasets
and methodological workflow used to detect and quantify shaded areas, detailing the
solar radiation modelling process, the configuration of UAV flights, and the procedures for
ground-based thermal and temperature validation. Section 3 presents the results obtained
for the four selected mountain road segments, highlighting the spatial distribution of
shadows and their correspondence with the thermal observations. Section 4 discusses the
implications of these findings for winter road management and infrastructure planning
in mountainous environments. Finally, Section 5 summarizes the main conclusions and
outlines future research directions aimed at integrating shadow persistence analysis into
broader geospatial risk assessment frameworks.
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2. Materials and Methods
2.1. Baseline Datasets and Previous Winter Risk Layers

As mentioned above, this research builds upon previous developments by the authors,
which establish a national-scale geospatial framework to evaluate the vulnerability of road
infrastructure to winter conditions across mainland Spain. That earlier study integrated
multi-source climatic and topographic information into a Winter Risk Index (Rx) designed
to quantify the relative exposure of each area to frost and ice formation.

The model was constructed using four key environmental variables that jointly de-
scribe the spatial distribution of cold risk factors:

• Altitude (m): obtained from the Digital Terrain Model at 25 m resolution (DTM25),
provided by the Spanish National Geographic Institute (IGN). Elevation plays a fun-
damental role in determining local temperature gradients, atmospheric pressure, and
precipitation phase (rain vs. snow). Vegetation height was additionally represented us-
ing the official Vegetation Digital Surface Model provided by the IGN, the MDSnV v2.5
dataset (also referred to as NDSM–VEGETATION), in order to include canopy-induced
shading effects in forested road segments.

• Climatic zonation: derived from the national climatic atlas and regional classification
schemes, identifying distinct thermal regimes based on long-term averages of temper-
ature and continentality. This variable captures the macroclimatic context and defines
the general spatial limits of cold-prone regions.

• Mean January precipitation (mm/h): calculated from GPM IMERG V6 satellite data
(2013–2023). Precipitation during the coldest month was selected as a proxy for the
frequency of potential snow or freezing rain events, directly influencing the likelihood
of ice formation on roads.

• Minimum land surface temperature (◦C): extracted from satellite thermal datasets,
filtered to emphasize areas that regularly drop below the critical freezing threshold.
This layer provided spatially continuous thermal information, complementing point-
based meteorological data.

Each variable was normalized to a common scale between 0 and 1, ensuring compa-
rability across datasets with different physical units. The variables were then combined
using a weighted additive model [25], where altitude (NH) and temperature (NT) were
given dominant influence, while precipitation (NR) was introduced with a smaller weight
(0.1), as expressed by the following Equation (1):

RW = NH + NT + (0.1·NR) (1)

The resulting Winter Risk Index (RW) provided a synthetic representation of the
country’s relative susceptibility to winter-related hazards. Figure 1 illustrates the main
input layers: altitude (a), temperature (b), and precipitation (c) and the final composite
maps (d,e). Red and orange tones indicate areas of high winter hazard, corresponding
primarily to mountain systems such as the Cantabrian Range, the Iberian System, and the
Pyrenees, as well as certain elevated plateaus of the Central System.

Validation of that national-scale model demonstrated a proper agreement with official
winter maintenance networks, salt storage locations, and known zones of frequent frost,
confirming its utility as a predictive tool for strategic planning. However, the index was
conceived for regional to national analysis, with a spatial resolution sufficient to identify
cold regions but not to describe the microclimatic variability occurring at the road scale.
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Figure 1. (a) Altitude; (b) Filtered minimum temperature; (c) Mean January precipitation (GPM
IMERG V6); (d) Composite winter risk index; (e) Index applied to the national road network. Nor-
malized values 0–1 indicate relative severity.

In the present study, the outputs of that framework are not recalculated but are instead
used as reference layers. They serve to contextualize the selection of four representative case
studies located in areas of high winter risk, as identified by the previous model. Each case
corresponds to a mountain road segment characterized by steep terrain, strong orientation
gradients, and limited solar exposure, conditions under which the persistence of shade is
expected to enhance ice formation and delay surface thawing.

The choice of these locations allows for a focused local-scale analysis where spatial
resolution and topographic complexity require more detailed modelling. By moving from
a nationwide, statistically driven approach to a site-specific, physically based model, the
present research aims to isolate the effect of terrain shading as a critical factor in winter road
hazard dynamics. Unlike the previous framework, which estimated thermal vulnerability
indirectly through temperature proxies, this work explicitly quantifies shadow duration
and persistence, providing a geometrically derived indicator that complements the earlier
thermal-based risk assessment.

In summary, based on the previous developments (identifying where cold-prone
areas are most likely to occur), the current research investigates why and how certain
locations within those areas experience prolonged icing conditions due to solar obstruction.
This methodological continuity ensures methodological coherence, linking large-scale risk
mapping with detailed local diagnostics applicable to winter maintenance planning and
road safety management.

2.2. Shadow Mapping Methodology

For the validation phase of the proposed methodology, a mountain road section
particularly affected by severe winter conditions were selected as a representative case study.
This area exhibits frequent frost and ice accumulation, providing an ideal environment to
test the accuracy and operational relevance of solar incidence and shading models under
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real conditions. The objective is to verify the correlation between theoretical solar exposure
(derived from geometric and radiative models) and empirical surface temperature data
collected in the field.

The study begins with a geometric segmentation of the road into homogeneous sub-
sections based on design and morphometric parameters. This segmentation is performed
in 2 m sections, corresponding to the spatial resolution of the DTM02 used, which allows
for capturing geometric and morphometric variations accurately without additional inter-
polation. For each segment, three primary geometric descriptors are calculated: orientation
(aspect), slope, and superelevation (cant). These parameters define how each portion of
the pavement interacts with incoming solar radiation, determining its energy balance and
potential for frost persistence.

Subsequently, for every road segment, solar incidence angles can be computed at
hourly intervals throughout the day and for representative periods of the year (for each
study case angles have been calculated depending on the flight period and time). This
temporal simulation provides an estimate of the effective energy exposure of the surface
and helps identify zones that receive limited sunlight. The methodology allows capturing
shorter-term transitions, such as brief shadow-edge effects, provided that the solar position,
the orientation of each analyzed point, and the instantaneous shadow pattern are simulated
for each time step. The precision of the irradiance assessment can be increased as desired,
as long as the corresponding parameters are explicitly included in the calculation for every
simulation step.

To ensure radiative accuracy, atmospheric attenuation is also integrated into the model
through the Kasten and Young [26] formulation, which corrects irradiance according to
solar elevation and atmospheric path length. This correction is especially relevant under
winter conditions, when the solar altitude remains low for most of the day, amplifying the
influence of aerosols, humidity, and air density on radiation transmission. The analytical
results are later contrasted with empirical data acquired through thermal technologies:
UAV-based infrared imagery, terrestrial thermal cameras, and in situ contact thermometers
embedded in the asphalt. These datasets provide independent observations that serve as
ground truth, enabling quantitative assessment of model reliability [27,28].

Finally, a series of thematic maps are generated showing the effective irradiance and
relative solar exposure of each road segment. These maps highlight critical cold spots where
the geometric configuration and atmospheric conditions combine to reduce solar input,
thereby increasing frost risk. The identification of such sections supports maintenance
planning, resource allocation, and preventive safety measures. The following Figure 2
illustrates the general workflow summarizing the main steps of the proposed methodology.

Figure 2. Workflow diagram of the road irradiance analysis methodology.
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2.2.1. Solar Incidence and Irradiance Models

The estimation of solar incidence is fundamental for understanding the thermal dy-
namics of pavement surfaces. Solar energy input governs the rate at which surfaces heat
and cool, directly influencing the persistence of frost and the probability of ice formation.
Road sections that remain shaded or exposed to low incidence angles tend to exhibit lower
surface temperatures, sustaining hazardous conditions for longer durations.

Geometric basis of solar incidence

The geometric framework of the road surface determines how sunlight reaches it. Each
segment is defined by its slope (β), orientation or aspect (γ) and superelevation, which
modify the local inclination relative to the horizontal plane. In the northern hemisphere,
south-facing slopes receive greater irradiance, while north-facing slopes are often shaded,
particularly during winter months.

These geometric attributes are combined with the solar elevation angle (α) (the height
of the sun above the horizon) and the solar azimuth (ϕ) (its direction relative to true
north) to compute the angle of solar incidence (θ) for any moment of the day or year
(Equation (2)) [29]:

θ = cos−1(sinα · cosβ + cosα · sinβ · cos(ϕ − γ)) (2)

Values of θ close to 0◦ indicate perpendicular radiation and maximum energy input,
whereas those approaching 90◦ correspond to grazing incidence and minimal heating. By
applying this formulation over time, a continuous map of effective solar exposure can be
derived, revealing areas that remain under low-angle illumination or complete shadow.

Atmospheric attenuation and air mass correction

While the geometric model defines potential exposure, it does not account for atmo-
spheric attenuation, the process by which solar radiation is scattered and absorbed before
reaching the surface. Scattering is primarily caused by air molecules and aerosols, whereas
absorption results from gases such as ozone, water vapor, and carbon dioxide. These
effects intensify when the solar elevation is low, precisely the condition that characterizes
high-latitude winters and mountainous terrain.

To incorporate this attenuation, the air mass factor (m) is used, representing the relative
path length of sunlight through the atmosphere compared with its minimum at zenith.
The empirical model proposed by Kasten and Young [26] provides a widely validated
expression for this factor (Equation (3)):

m =
1

cosα + 0.50572 · (96.07995 − α)−1.6364 (3)

In the previous Equation (3), α is expressed in degrees. As α increases (sun higher in
the sky), m approaches 1, indicating minimal atmospheric thickness. Conversely, when α

decreases near sunrise or sunset, m increases rapidly, signifying a longer optical path and
greater attenuation of solar irradiance.

The original Kasten and Young [26] equation assumes a reference where 0◦ corre-
sponds to zenith and 90◦ to the horizon. In this study, the convention is inverted, with 0◦

corresponding to the horizon and 90◦ to the zenith. To maintain consistency, the expression
is reformulated as follows (Equation (4)):

m =
1

sinα + 0.50572 · (α + 6.07995)−1.6364 (4)

The above adjustment ensures mathematical equivalence with the original formulation
and compatibility with the elevation convention used in the model.
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Corrected solar irradiance

Once the air mass factor is known, the effective irradiance (I) reaching the surface can
be estimated according to (Equation (5)) [30]:

I = I0·e−k·m (5)

where:
I0 = is the extraterrestrial solar irradiance (≈1367 W/m2).
k = is the atmospheric attenuation coefficient, depending on aerosol content and

humidity. A standard value of 0.14 is used under static reference conditions to estimate the
fraction of energy received, without considering dynamic atmospheric variations.

m = is the air mass, as computed above.
Because this study focuses on relative spatial variability rather than absolute energy

flux, irradiance values are normalized so that I0 = 1. The resulting dimensionless parameter
expresses relative transmissivity between 0 (maximum attenuation) and 1 (no attenuation),
providing a consistent scale for integration with other normalized geospatial variables.

Practical implications for road analysis

The combination of the geometric incidence (θ) and the atmospheric correction (I)
allows the creation of spatiotemporal irradiance maps representing the effective solar input
for each road segment. These maps identify sections with consistently low energy receipt,
which correspond to areas most prone to frost persistence.

The practical implications that this analysis involves are considerable:

• Safety prioritization: highlighting critical segments supports targeted deployment of
de-icing materials, signage, and monitoring systems.

• Temporal analysis: evaluating solar input across seasons reveals when and where
shadow effects are most significant.

• Design and maintenance optimization: understanding illumination patterns aids deci-
sions on road alignment, vegetation management, and material selection to mitigate
long-term risks.

Vegetation effects were incorporated into the shading simulations using official vegeta-
tion height information provided by the IGN. Specifically, we employed the Vegetation Dig-
ital Surface Model MDSnV v2.5 (2nd coverage), also referred to as NDSM–VEGETATION.
This product is a LiDAR derived normalized digital surface model representing vegetation
height above ground level.

To account for canopy obstruction, the vegetation height raster was combined with
the 2 m Digital Terrain Model (DTM02) through raster algebra in QGIS v3.4, generating
an enhanced elevation surface that integrates both terrain morphology and above-ground
vegetation structures. This vegetation-adjusted surface was subsequently used as input
for solar radiation and shadow simulations performed with the GRASS GIS (Geographic
Resources Analysis Support System) toolset, an open-source geospatial analysis frame-
work widely used for terrain-based environmental modelling. In particular, the modules
r.sunmask and r.sun.insoltime were applied to model shadow persistence and solar expo-
sure more realistically in forested road corridors.

By integrating the geometric and radiative modelling of solar incidence with comple-
mentary climatic and precipitation data and validating the outcomes through UAV and
ground-based thermal observations, the proposed framework establishes a comprehensive
strategy for identifying road sections most exposed to persistent frost. Its modular design
enables straightforward adaptation to diverse geographical contexts and climatic regimes.
Furthermore, the methodology can be extended to assess the potential evolution of winter
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hazards under projected climate change scenarios, thereby offering a practical and scalable
tool for enhancing the long-term resilience and safety of transportation infrastructure.

2.2.2. UAV-Based Thermal Surveys and Photogrammetric Processing

To empirically validate the proposed model, an aerial campaign was conducted using
a DJI Matrice 350 RTK UAV (DJI company, Shenzhen, China) equipped with a Zenmuse
H20T multisensor payload (DJI company, Shenzhen, China), combining high-resolution
RGB and radiometric thermal imaging. The flight plan consisted of parallel paths with
approximately 80% forward and 70% side overlap, at altitudes of 100 m AGL, providing
ground resolutions between 10–20 cm/pixel. The onboard RTK system ensured centimetre-
level georeferencing accuracy [31,32].

Thermal and RGB datasets were processed using GRAPHOS v2.0.0.beta.8 (inteGRAted
PHOtogrammetric Suite), following a standardized photogrammetric pipeline [33]:

1. Radiometric pre-processing of thermal images and synchronization with RGB frames.
2. Automatic feature extraction and tie point matching across both datasets.
3. Bundle adjustment integrating RTK metadata to refine orientation and camera parameters.
4. Dense point cloud generation through multi-view stereo reconstruction.
5. Ortho-mosaicking and thermal calibration, producing georeferenced thermal orthophotos.

These orthophotos provide a spatially continuous depiction of surface temperature
variations, allowing direct comparison between predicted low-irradiance zones and ob-
served cold surfaces. The correlation between modelled shading and thermal anomalies
serves as a validation metric for the methodology.

2.2.3. Ground-Based Thermal and Temperature Measurements

Complementing the aerial surveys, ground-based thermal and temperature observa-
tions were performed to obtain high-accuracy reference data. A FLIR T540 handheld ther-
mal camera (Teledyne FLIR LLC, Wilsonville, OR, USA) (infrared resolution 464 × 348 px,
thermal sensitivity < 0.04 ◦C at 30 ◦C, and absolute accuracy ± 2 ◦C or ±2% of reading)
was used to capture detailed surface temperature distributions at selected points along the
road, particularly during dawn and dusk, when contrasts between shaded and sunlit areas
are most pronounced. These thermal images allow the identification of localized cold spots
such as shaded gullies, forested edges, and cut slopes that tend to accumulate frost.

In parallel, Testo 110 probe-type contact thermometers (measurement range −50 ◦C
to +400 ◦C, accuracy ± 0.3 ◦C, resolution 0.1 ◦C) (Testo SE & Co. KGaA, Titisee-Neustadt,
Germany) were embedded directly into the asphalt at fixed intervals. Temperature was
logged at 1–5 min intervals during the daily heating–cooling cycle. Paired sensors were
systematically positioned in shaded and sun-exposed micro-sites within the same road
section to quantify the temperature differential and determine the thermal lag associated
with persistent shadowing.

The integration of these two complementary measurement systems (high-resolution
thermal imaging and direct contact thermometry) provided a robust multi-scale dataset for
cross-validation. While the FLIR T540 imagery offered continuous spatial coverage, the
Testo 110 sensors delivered precise temporal point data, enabling detailed quantification of
the relationship between modelled solar exposure and observed pavement temperature.
This combined evidence significantly reinforces the reliability and applicability of the
proposed methodology.

2.3. Study Areas and Site Description

Four mountain road sections located in central and northern Spain were selected
to validate the proposed methodology (Figure 3). These segments represent a range of
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geomorphological and infrastructural conditions that affect shadow persistence, including
orientation, slope, elevation, and surrounding topography. All are located in areas where
winter hazards (particularly frost and ice) frequently jeopardize road safety and necessitate
intensive maintenance operations.

Figure 3. Location of the four study zones used for model validation. The background map represents
the national Winter Risk Index (Rx), where red areas indicate higher exposure to frost and ice. Insets
show the positions of the selected road segments: Zone 1 (CL-505, Ávila–Madrid corridor), Zones 2
and 3 (AV-501, located in the Sierra de Malagón within the broader Sierra de Guadarrama system),
and Zone 4 (CA-820, Sierra de la Demanda).

2.3.1. Zone 1—CL-505 (Ávila (Ávila Province)—Community of Madrid)

The CL-505 connects the city of Ávila with the Community of Madrid, acting as a key
communication axis between the northern Meseta Central and the metropolitan area of the
Spanish capital. The road traverses a complex topographic gradient, descending from the
Ávila highlands (above 1100 m a.s.l.) through successive terraces and valleys toward lower
elevations. This altitudinal transition creates pronounced thermal contrasts and recurrent
temperature inversions during the winter months.

Several segments of the CL-505 are north-facing or bordered by deep road cuts, lim-
iting solar exposure and promoting persistent frost accumulation. Additionally, sections
adjacent to forested embankments exhibit highly variable surface temperatures over short
distances. These geomorphological and climatic characteristics make the CL-505 a particu-
larly representative example of mountain roads affected by limited solar radiation.

2.3.2. Zone 2 and Zone 3—AV-501 (Aldeavieja—Navalperal de Pinares, Ávila Province)

Zones 2 and 3 correspond to two distinct segments of the AV-501, a regional road
connecting the municipalities of Aldeavieja and Navalperal de Pinares. The route ascends
through the Malagón mountain range, traversing the Puerto de la Lancha pass, a charac-
teristic high-elevation corridor within this sector of the Sierra. This portion of the Sierra
de Ávila features steep gradients, abrupt orientation changes, and significant variations in
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vegetation cover, all of which contribute to pronounced differences in solar exposure and
surface temperature behavior.

Although both sections belong to the same stretch of the AV-501, their geomorpholog-
ical settings differ substantially. Zone 2 is located on the southern slope of the Malagón
range, with road orientations predominantly between the southeast and west, which allows
for relatively favourable sun exposure under clear-sky conditions. However, the presence
of dense forest cover and the steepness of the adjacent terrain significantly reduce this
potential, creating extended shadow periods even during midday.

In contrast, Zone 3 lies on the northern slope, with orientations mainly between the
north and east, a configuration that naturally limits direct solar radiation during winter
months. Unlike Zone 2, this section is largely open and lacks vegetation cover, meaning
that shading is controlled almost exclusively by the mountain’s topography rather than
canopy obstruction.

This clear dichotomy (south-facing but forested versus north-facing and open) pro-
vides an ideal framework for assessing how vegetation and slope aspect interact to modu-
late radiative inputs and microclimatic behaviour under otherwise comparable regional
environmental conditions.

The Puerto de la Lancha, located above 1485 m a.s.l., frequently experiences persistent
frost and snow accumulation, emphasizing the critical role of shadow persistence in winter
road safety. The AV-501 alternates between open ridges exposed to direct sunlight and
narrow valleys prone to extended shading, illustrating how micro-topographic variations
modulate thermal response.

Zones 2 and 3 were therefore selected to assess the combined influence of orientation,
slope, and vegetation on shadow duration and its spatial distribution. Compared with
the CL-505, the AV-501 presents a more sinuous geometry and heterogeneous land cover,
providing a robust test for evaluating the model’s ability to capture local-scale differences
in shadow persistence and thermal heterogeneity within mountainous road environments.

2.3.3. Zone 4—CA-820 (Reinosa–Fontecha, Cantabria Province)

The CA-820 is a regional mountain road located in Cantabria, connecting the towns of
Reinosa and Fontecha. This stretch lies within a narrow valley system enclosed by steep
mountain slopes that rise several hundred meters on both sides of the road. The alignment
follows the natural topography of the valley floor, resulting in limited solar exposure for
much of the day, particularly during winter months when the solar altitude is minimal.

Due to this enclosed configuration, the CA-820 represents one of the most critical
scenarios for shadow persistence. The adjacent ridges cast long, continuous shadows,
producing sections of pavement that remain under low or zero direct irradiance for ex-
tended periods, especially during morning and afternoon hours. In addition, temperature
inversions are frequent, with cold air accumulating in the valley bottom, further reinforcing
frost formation and ice stability.

The surrounding landscape alternates between pasture areas and patches of mixed
forest, which contribute to differential heating and enhance microclimatic variability. These
characteristics make the CA-820 an ideal site for testing the response of the shadow-
detection model under conditions of extreme topographic confinement and minimal solar
input. The following Table 1 provides an overview of the evaluated study areas.
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Table 1. Main characteristics of the evaluated study areas.

Zone 1 Zone 2 Zone 3 Zone 4

Length 850 m 2160 m 1340 m 1250 m

Altitude Range Max: 1391 m
Min: 1364 m

Max: 1429 m
Min: 1337 m

Max: 1426 m
Min: 1373 m

Max: 1008 m
Min: 930 m

Aspect NE, SE SE-SW NE S

Vegetation Dense, evergreen
crown Wide canopy, with leaf Non-existent or

almost non-existent Scarce in the vicinity

Flight date and time 5 Nov 11:14 a 11:29 4 Nov 8:54 a 9:18 4 Nov 9:44 a 10:25 10 Nov 9:14 a 10:05

3. Results
3.1. Spatiotemporal Simulation of Solar Exposure Across the Four Mountain Roads

To characterize the influence of topography on winter solar availability, a continuous
hourly simulation of solar incidence was performed for each of the four selected road
segments (Zones 1–4). At every time step, the model evaluated the orientation, slope,
and superelevation of the pavement, together with surrounding terrain geometry derived
from the DTM02 (2 m DTM provided by the National Geographic Institute (IGN)) [34],
to determine whether each cell received direct sunlight or was obstructed by terrain
or vegetation.

The hourly outputs were subsequently aggregated to compute the total number of
effective sunlight hours for a representative winter day. The resulting maps (Figure 4) reveal
substantial differences in solar exposure between the analyzed roads, driven primarily by
aspect variations, valley confinement, and slope asymmetry.

 

Figure 4. Winter cumulative sunlight hours along the four analysed mountain road segments. Light
tones indicate longer solar exposure, while dark tones mark persistent shading caused by topography
and vegetation. Top-left: Zone 1 (CL-505). Top-right: Zone 2 (AV-501 forested sector). Bottom-left:
Zone 3 (AV-501 open sector). Bottom-right: Zone 4 (CA-820, Reinosa–Fontecha).
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In the mentioned Figure 4, lighter tones denote segments with prolonged irradiance,
while darker tones identify areas that remain in persistent shadow. These low-irradiance
sectors correspond to locations where the pavement receives insufficient energy input to
warm effectively during daytime, thereby increasing the probability of frost survival into
late morning or even early afternoon.

Zone 1—CL-505 (Ávila–Madrid corridor)

The CL-505 displays alternating illuminated plateaus and deeply shadowed cuts.
North-facing bends and steep embankments create continuous winter shading, particularly
in the upper section approaching the Ávila plateau. These conditions align with field
observations identifying this stretch as a recurrent site of frost persistence.

Zone 2—AV-501 (Forested south-oriented sector)

This segment, surrounded by dense woodland, shows an extensive distribution of
shadows even during midday. Terrain shading is compounded by canopy obstruction,
significantly limiting effective irradiance. As a result, several subsections accumulate less
than two hours of daily sun exposure.

Zone 3—AV-501 (Open north-oriented sector)

Although located along the same road corridor as Zone 2, the microclimatic behavior
of Zone 3 differs profoundly due to its topographic configuration. This section occupies a
high-elevation slope oriented predominantly toward the northeast, a setting that inherently
restricts winter solar incidence. Because the sun remains low along the southern horizon
during the cold season, the pavement surface receives only brief and highly oblique
radiation, resulting in near-permanent shading throughout the day.

Unlike Zone 2, where a south-facing aspect would typically allow substantial irradi-
ance but is heavily mitigated by dense forest cover, Zone 3 has no vegetation capable of
contributing additional shading. Nevertheless, its unfavorable aspect, elevation, and the
shielding effect of the surrounding terrain combine to yield some of the lowest effective
solar exposure values across the entire study area.

Zone 4—CA-820 (Reinosa–Fontecha, Cantabria)

This road shows the most extreme shading conditions. Enclosed between two steep
mountain walls, large portions of the CA-820 remain in shadow throughout the day during
winter. Some micro-valleys receive less than one hour of direct sunlight, confirming this
area as an exceptionally cold corridor.

3.2. Solar Incidence and Shading Integration

To refine the assessment of winter solar availability, a second phase of analysis was
conducted to integrate the effects of road geometry with the shadowing produced by
surrounding terrain and vegetation. Unlike the cumulative sunlight hours shown in
Figure 4, this stage focuses on the normalized solar incidence factor, which quantifies the
proportion of potential irradiance a road segment actually receives once shading effects
are applied.

The first step in the process involved calculating the theoretical irradiance expected
from each segment solely on the basis of geometric parameters, namely slope, aspect,
and superelevation. Under this configuration, roads facing south or southwest showed
comparatively high incidence values, as their orientation allows for more direct interaction
with the low winter sun.

However, when terrain- and vegetation-induced shading was incorporated into the
model, the resulting irradiance distribution revealed substantial spatial variability that
was not apparent from sunlight-hour maps alone. Even in road segments that receive a
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similar number of daylight hours, the effective solar input can differ markedly due to the
combined influence of slope aspect, surrounding relief, and canopy obstruction. In several
areas (particularly deeply incised valleys, densely forested corridors, and north-facing em-
bankments), the persistent shading generated by adjacent terrain or vegetation significantly
reduces the proportion of usable irradiance reaching the pavement. This demonstrates
that equal exposure in terms of daylight duration does not necessarily translate into equal
radiative conditions, as the geometric interaction among the solar path, slope orientation,
and topographic obstacles plays a decisive role in modulating the real amount of energy
available for surface heating.

• The largest discrepancies between theoretical irradiance and shadow-adjusted irra-
diance were observed in: Zone 1 (CL-505), where road cuts and north-facing curves
significantly lower solar incidence;

• Zone 2 (AV-501, forested sector), where dense vegetation creates long periods of shade;
• Zone 3 (AV-501, open sector), where orientation remains the limiting factor rather than

canopy obstruction;
• Zone 4 (CA-820, Reinosa–Fontecha), where the road’s layout between two steep ridges

produces shade almost all day.

These results underscore the importance of microtopographic confinement in deter-
mining the persistence of shadow and, consequently, the duration of surface freezing.
Even when meteorological conditions are similar, the geometric configuration of each road
segment produces markedly different irradiance regimes.

Following the hourly simulations, the shading and solar incidence maps were com-
bined to generate an effective solar irradiance index normalized between 0 and 1 (Figure 5).
This index integrates both the geometric incidence angle (θ) and atmospheric attenuation
(as described in Section 2.3.1), providing a synthetic measure of the real energy input
received by the pavement surface.

 

Figure 5. Combined solar incidence factor and shading maps for the four study areas. The composite
index (0–1) is a normalized measure of relative irradiance that highlights which segments receive
comparatively greater or lesser solar exposure. The colors reflect relative trends, not absolute energy
values, so even small real differences are visually distinguishable, allowing for easy identification of
critical areas of low irradiance.
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The spatial distribution of this index shows that the combination of high slope and
unfavorable orientation can reduce irradiance by more than 60%, even under clear-sky
conditions. This attenuation is especially pronounced in concave terrain forms and densely
forested sectors. In contrast, convex or open south-facing slopes maintain higher irradiance
levels and therefore lower susceptibility to persistent frost.

3.3. UAV-Based Thermal Data Acquisition

Thermal surveys were conducted over the four study zones to obtain high-resolution
radiometric data suitable for validating the modelled shadow and irradiance patterns
(Figure 6). All flights were performed during October and November 2025, a period
selected to ensure the presence of early-winter thermal conditions while maintaining
operational safety.

 

Figure 6. Thermal orthomosaics generated from UAV surveys conducted in October–November 2025
under low-wind conditions. All missions were flown at 100 m AGL with terrain-following based on
a 1 m DTM, using a DJI Matrice 350 RTK and Zenmuse H20T thermal sensor. The final orthomosaics
achieved a GSD of 10 cm.

To minimize geometric instability and thermal noise, flight operations were restricted
to days without significant wind, and missions were run in the early hours of the day after
sunrise, when pavement temperature gradients are more uniform and direct solar heating
is still minimal.

A DJI Matrice 350 RTK equipped with a Zenmuse H20T multisensor payload (ra-
diometric infrared, accuracy ±2 ◦C/±2%) was used for all acquisitions. Flights were
performed at a constant altitude of 100 m above ground level, using a terrain-following
mode based on a preloaded 1 m DTM (IGN). This ensured consistent ground sampling
distance and correct imaging geometry across steep, mountainous segments.

Mission planning employed 80% forward overlap and 70% side overlap, guaranteeing
sufficient redundancy for photogrammetric reconstruction. After acquisition, all thermal
frames were processed using a structure-from-motion workflow adapted for radiometric
imagery, including: radiometric correction of thermal frames, tie point extraction and
bundle adjustment with RTK metadata, dense matching of thermal pixels, and thermal
orthomosaic generation.
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The final orthophotos achieved a Ground Sampling Distance (GSD) of approximately
10 cm, providing spatial detail adequate for identifying micro-scale temperature variations
along the road surface.

The resulting radiometric orthomosaics serve as the reference dataset for validating
the GIS-based shadow persistence model and for confirming the location of cold-prone
road segments.

Once the thermal orthophotos were generated from the UAV surveys, an on-site
validation campaign was carried out to verify the accuracy and radiometric consistency
of the aerial temperature data. This validation was essential to confirm that the spatial
patterns detected in the orthomosaics corresponded to real thermal conditions on the
pavement surface.

Ground truth measurements were collected immediately after the flights using two
complementary instruments:

• A FLIR T540 handheld thermal camera, used to capture oblique thermal images of
the road surface. These images provided qualitative confirmation of temperature
gradients, shadow-induced cooling, and the thermal contrast between sunlit and
shaded sections.

• A calibrated Testo 110 contact thermometer, equipped with a surface probe, used
to obtain precise point temperature readings directly on the asphalt. Measurements
were taken at multiple points along the UAV flight path, including both shaded and
illuminated segments.

To minimize temporal deviation between aerial and terrestrial data, field measure-
ments were conducted within 30–45 min after UAV acquisition, as illustrated in Figure 7.
Although small deviations may occur under rapidly changing thermal conditions, especially
near sunrise, reducing the time gap further was not feasible given the flight conditions and
operational constraints. The comparison between the contact measurements, ground-based
thermal images, and UAV-derived temperatures showed strong agreement in the relative
distribution of thermal patterns, indicating that the temporal gap does not significantly
affect the comparability of the results.

 

Figure 7. Ground validation of UAV-derived thermal orthophotos (Zone 1). (a) Location of mea-
surement points along the surveyed road section. (b,c) Ground-based thermal images acquired with
a FLIR T540 camera, showing temperature contrasts between shaded and illuminated pavement.
(d) Contact measurements using a Testo 110 surface thermometer, obtained minutes after the UAV
flight. The correspondence between UAV temperatures and field observations confirms the validity
of the thermal orthomosaics.
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Areas identified as cold zones in the orthophotos consistently corresponded to field-
measured low temperatures, confirming the adequacy of the radiometric calibration and
processing workflow.

This combined validation demonstrates that the thermal orthophotos accurately rep-
resent the spatial variability of pavement temperature and are suitable for evaluating
shadow-induced cooling effects along mountainous road segments.

3.4. Comparison Between Modelled Irradiance and UAV Thermal Observations

To evaluate the reliability of the shadow–irradiance model, a comparative analysis was
carried out between the normalized solar incidence index and the thermal orthomosaics
generated from UAV surveys. Figure 8 provides a side-by-side visualization for each study
area, where modeled irradiance patterns (left column) are directly contrasted with the
corresponding road surface temperatures captured by the drone (right column).

 

Figure 8. Comparison between the normalized solar incidence index (left column) and UAV-derived
thermal orthomosaics (right column) for the four study zones. The spatial agreement between
low-irradiance areas and colder pavement temperatures demonstrates strong consistency between
modelled and observed patterns, validating the shadow-persistence detection methodology.
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Despite describing fundamentally different physical quantities (irradiance potential
vs. measured radiometric temperature) the spatial configuration of both datasets exhibits
a consistent correspondence across the four zones. Locations identified by the model as
low-irradiance sectors (purple tones) systematically align with the coldest areas in the
thermal orthophotos.

This agreement is especially notable in:

• Zone 1 (CL-505), where shaded cut slopes and north-facing bends appear as continuous
low-incidence corridors in the model and coincide with colder pavement strips in the
UAV mosaics.

• Zone 2 (AV-501, forested segment), where the thermal data visibly reflects the cooling
effect of dense canopy cover, matching the extensive shadow persistence predicted for
the same sector.

• Zone 3 (AV-501, open segment), where thermal variations remain primarily gov-
erned by geometric orientation, again following the irradiance gradients simulated
by the model.

• Zone 4 (CA-820, Reinosa–Fontecha), where the road is constrained between two steep
ridges; both the irradiance map and the thermal orthophoto register a marked cooling
pattern along these confined sections.

Across all four cases, the thermal observations corroborate the model’s indication
that topographic confinement, northward orientation, and forest canopy obstruction are
the dominant drivers of surface cooling. The close spatial overlap between simulated
low-irradiance zones and UAV-detected cold patches confirms that the method effectively
captures the microclimatic behavior of each road segment.

This validation demonstrates the suitability of the proposed approach for identifying
shadow-persistent road sections that are prone to frost retention. Moreover, the concordance
between modeled irradiance potentials and thermal measurements supports the use of the
shadow index as an operational proxy for winter hazard detection in road infrastructure.

4. Discussion
The combined evaluation of solar incidence, terrain-induced shading and UAV-based

thermal observations demonstrate with high clarity that winter road behavior is governed
by microtopographic and environmental conditions that operate at much finer scales than
those captured by traditional climatic or meteorological datasets. While national or regional
winter hazard models tend to focus on large-scale variables such as temperature, precipita-
tion or elevation, the present study shows that the persistence of shadows (driven by slope
configuration, valley geometry and vegetation cover) plays a decisive role in determining
the capacity of pavement to warm during winter days. As a result, shadow persistence
emerges as one of the most critical predictors of frost retention along mountainous roads,
often outweighing the influence of purely climatic factors.

The spatial patterns identified across the four study areas reveal that microtopographic
confinement exerts the strongest influence on winter solar availability. In deeply incised
valleys, canyon-like sectors or narrow corridors bracketed by steep lateral slopes, sunlight is
obstructed for most of the day regardless of the nominal orientation of the road surface. This
phenomenon is clearly visible in Zones 1 and 4, where long-lasting shading persists even
under completely clear skies. These environments create thermal bottlenecks where the
pavement remains cold for extended periods, thereby extending the lifetime of frost patches
and increasing the likelihood of ice formation during early morning or evening hours. Such
behavior cannot be anticipated using meteorological records alone, underscoring the need
for high-resolution topographic modelling.
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The contrast between Zones 2 and 3 highlights the different mechanisms through
which shading affects winter solar availability. Zone 2, located on the south-facing slope
of the Malagón range, receives potentially abundant sunlight, but dense forest canopy
and the surrounding relief reduce effective solar access during much of the day. In this
case, vegetation plays a dominant role in prolonging shadow duration and moderating
pavement warming.

In contrast, Zone 3 occupies a higher-elevation, north-facing slope where the terrain
itself produces near-permanent shading. Here, the absence of forest cover does not translate
into greater irradiance: the combination of unfavorable aspect, increased altitude, and
the screening effect of the surrounding mountain geometry results in persistent low solar
exposure, independent of land cover. This setting is known for maintaining frost and snow
for extended periods, consistent with its orientation and cold microclimatic conditions.

The observed strong correspondence between modelled irradiance patterns and UAV-
derived thermal orthomosaics, evaluated visually through spatial overlap, provides confi-
dence in the validity of the simulation approach. The development of detailed numerical
agreement metrics could be explored in future studies, as it requires a labor-intensive pro-
cess of spatial and thermal data integration. Even though irradiance represents a theoretical
potential for energy input and thermal data reflect instantaneous surface temperatures, both
datasets exhibit highly consistent spatial patterns of cold-prone segments. Shaded curves,
forested corridors, and narrow mountain passes appear identically as low-irradiance zones
in the model and as cold patches in the thermal imagery. This convergence confirms that
the irradiance model effectively captures the microclimatic behavior of pavement surfaces
and can reliably predict areas with increased risk of frost persistence.

These findings have immediate and highly relevant implications for winter road
management. Identifying the exact locations where shadows persist and where pavement
temperatures remain low enables road authorities to prioritize maintenance efforts, allocate
de-icing materials more efficiently, and plan targeted interventions during the hours of
highest risk. This approach allows winter services to optimize their resources, reducing
unnecessary salt spreading while focusing treatments on the stretches most likely to retain
ice. Beyond operational efficiency, this contributes to increased road safety by enabling
more accurate forecasting of hazardous conditions and earlier deployment of preventive
actions such as the installation of warning signs or variable message panels.

In the current Spanish road management practice, warning signs for ice hazard (“Peli-
gro por hielo”) are typically installed only after maintenance crews have repeatedly ob-
served frost formation on a given segment or once several accidents attributable to ice
have already occurred. This reactive approach means that signage often appears only
after hazardous conditions have already been demonstrated in the field. The methodology
presented in this study offers a major improvement by enabling the proactive and assisted
identification of shadow-dominated, cold-persistent road sections. By mapping these zones
before incidents occur, road authorities can assign ice-warning signs strategically and early,
reducing dependence on anecdotal observations and improving the overall prevention
capacity of the road network.

The results of this research also hold significant strategic value for the national GEO-
ROAD project [35], which focuses on developing geothermal-assisted heating systems
for road infrastructure. The shadow and irradiance analysis presented here serves as a
critical first step for the selection of candidate locations where pavement heating systems
would be most beneficial. By identifying persistent cold zones with the highest exposure
to shading and microclimatic cooling, the methodology makes it possible to pinpoint
the road segments that would gain the greatest operational advantage from geothermal
heating. This spatial preselection is essential because it allows engineers to restrict detailed
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geological, thermal and geotechnical investigations to only the most critical areas, thereby
reducing project costs and improving the efficiency of system design.

Furthermore, understanding the degree of shading and the local energy deficit at
each segment provides insight into the expected heating demand of future geothermal
installations. Segments with extreme shadow persistence, such as those in Zones 1 and
4, will require higher heating loads and more robust thermal designs, whereas partially
illuminated sectors like Zone 3 may allow for more moderate configurations. This makes
irradiance modelling an indispensable tool for tailoring the technical characteristics of
geothermal heating systems, including pipe layout, circulation rates, heat pump sizing and
the expected seasonal performance of the installations. Additionally, combining shadow
maps with geological information (such as bedrock depth, soil thermal conductivity and
groundwater availability) will enable the GEO-ROAD project to evaluate the feasibility
and long-term performance of each potential installation.

In a broader context, the methodology developed in this study contributes to the
emerging field of climate-resilient road infrastructure. As winter conditions in many
regions of Europe become increasingly variable due to climate change, the ability to quantify
microclimatic drivers such as shadow persistence becomes essential for anticipating future
risk patterns. Irradiance modelling can be combined with climate projections to estimate
how changes in solar trajectory, cloud cover or snowmelt dynamics might alter frost
persistence in the coming decades. This opens the door to long-term planning strategies in
which road design, maintenance scheduling and heating technologies can be adapted to
evolving environmental conditions.

It is convenient to clarify that different DTMs with different resolutions are used in
this research. DTM25 is employed for the quantification of the winter risk. DTM02 is used
for the calculation of the irradiance factor, providing sufficient spatial detail to resolve
geometric and morphometric variations along the road. Finally, the 1 m DTM is preloaded
in the drone to accurately determine its position during data acquisition.

Despite its strengths, the approach presented here is subject to certain limitations.
Modelling assumes clear-sky conditions and does not directly account for atmospheric
variability, such as cloudiness or wind-driven convective cooling, which may lead to
overestimation of surface irradiance under certain conditions. Vegetation is treated as a
static object, although seasonal leaf cover variations (particularly in deciduous forests)
could influence shading patterns and local irradiance. UAV thermal surveys, while highly
detailed, capture only morning conditions; this limited temporal sampling may reduce
accuracy in capturing short-term thermal variations. Potential mitigations include per-
forming repeated UAV flights under different times and seasonal conditions, incorporating
dynamic vegetation models, and refining irradiance calculations with high-frequency solar
position updates.

In summary, the integration of high-resolution solar radiation modelling, shadow
persistence analysis and UAV-based thermal validation provides a powerful framework
for understanding winter road hazards at the micro-segment scale. The research reveals
how terrain geometry, slope orientation and vegetation interact to generate cold-persistent
zones highly prone to frost formation. The demonstrated agreement between the mod-
els and thermal observations validates the methodology and confirms its suitability for
both operational winter maintenance and long-term strategic planning. Importantly, the
approach offers direct applications for public administration and critical added value for
the GEO-ROAD project, where the identification of shadow-dominated road segments
constitutes the foundation for designing geothermal road-heating systems. Through the
precise detection of cold-prone areas, this methodology supports more efficient resource
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allocation, improves road safety, and advances the development of sustainable, low-carbon
heating technologies for transportation infrastructure.

5. Conclusions
This study demonstrates that winter road hazard assessment cannot rely solely on

large-scale climatic indicators but must incorporate high-resolution analyses of shadow
persistence, terrain geometry and localized irradiance deficits. By integrating hourly solar
incidence modelling with terrain-induced shading and validating the results through
detailed UAV-based thermal orthophotos and ground measurements, the research provides
a robust methodological framework capable of identifying microclimatic cold-persistent
road segments with high spatial precision.

The four mountainous road sections analyzed exhibit markedly different irradiance
regimes despite sharing similar regional climatic conditions. This variability is driven
primarily by local topographic factors (such as valley confinement, slope asymmetry, em-
bankments and cut slopes) as well as vegetation cover. The strong spatial correspondence
between modelled low-irradiance zones and UAV-detected cold patches confirms that
shadow persistence is one of the dominant controls on pavement temperature during
winter, and thus a key predictor of frost survival and ice formation. The validation process
demonstrates that the combined model reliably captures the microclimatic behavior of each
segment, making it a dependable tool for operational decision-making.

From an applied perspective, the methodology provides actionable information for
road authorities responsible for winter maintenance. The capacity to map, with geospatial
accuracy, the segments most prone to shadow-induced cooling enables more efficient
allocation of de-icing materials, targeted deployment of salt spreaders and snowploughs,
and proactive risk mitigation in areas where frost is most likely to persist. Unlike general
climatic datasets, the proposed approach identifies hazards at a scale that matches real
maintenance operations, offering immediate operational benefits for public administrations
and roadway managers.

Beyond winter service optimization, the results have further strategic impact within
the framework of the current GEO-ROAD project. The detection of shadow-dominated
corridors with recurrent cold persistence serves as a fundamental input for selecting
suitable locations for geothermal-assisted road heating systems. By isolating the stretches
with the highest thermal deficit, the model allows for precise planning of where heating
infrastructures would be most effective. These priority zones then become candidates
for deeper geological and geotechnical evaluation, ensuring that subsequent analyses
and pilot installations focus on segments with the highest operational need and the most
favorable subsurface characteristics. The irradiance maps also provide insight into the
expected heating demand of each segment, supporting the design and optimization of
geothermal configurations, including pipe arrangement, heat pump sizing and expected
thermal performance.

Overall, the research highlights that integrating topographic modelling, solar analy-
sis and UAV thermography can significantly advance our understanding of winter road
dynamics. This multi-scale approach yields a level of diagnostic precision not attainable
through conventional meteorological monitoring and opens new pathways for design-
ing infrastructure-level climate resilience strategies. As climatic variability continues to
alter winter patterns across Europe, methodologies capable of capturing microclimatic
drivers (such as shadow persistence) will be essential for ensuring safe and sustainable
transportation networks.

Future research should aim to incorporate seasonal changes in vegetation, cloud cover
variability, and continuous multi-temporal UAV surveys to further refine the model. Never-

https://doi.org/10.3390/rs18030476

https://doi.org/10.3390/rs18030476


Remote Sens. 2026, 18, 476 22 of 23

theless, the results presented here provide compelling evidence that shadow-based hazard
mapping is a valuable and operationally mature tool for winter road management, mainte-
nance planning and the development of next-generation geothermal heating technologies
for cold-prone mountain infrastructure.
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