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Abstract. Urban canopy models with trees often represent radiation exchange with idealized street canyon geometry. These
models clarify tree shading, canopy interception, and multiple reflection, but they cannot directly resolve the 3D arrangement

of buildings and tree crowns across real city districts. URAY addresses this limitation as a city-scale 3D Monte Carlo model
for urban shortwave radiative transfer that resolves both buildings and tree crowns. The model extends a building-resolving

5 shortwave solver by adding ellipsoidal tree crowns as transmissive participating media, Woodcock tracking for stochastic
canopy interactions, bounding volume hierarchy (BVH) acceleration for complex urban meshes, and GPU parallel photon
tracing. The coupled framework resolves explicit building surfaces and tree crowns in one 3D radiative transfer domain and
diagnoses both scene albedo and absorbed shortwave radiation for ground, walls, roofs, and tree canopies. Two validation
experiments test the canopy transmissivity formulation and the coupled building—tree albedo response in a 3D urban block.

10 URAY reproduces the observed radiative behavior in both cases. We then apply URAY to Guangzhou, a subtropical city with
high building density and dense urban tree cover, using resolved 3D building and canopy geometry. This city-scale simulation

demonstrates that GPU-parallel URAY can efficiently resolve component-level shortwave absorption across an entire city.

1 Introduction

Urban shortwave radiation is a central control on urban surface energy balance. Increasing roof and pavement albedo has
15 widely been proposed as a strategy to modify urban shortwave radiative forcing (Akbari et al., 2009; Menon et al., 2010;
Yang et al., 2015). However, the effectiveness of this strategy depends on the geometric context of urban surfaces, which can
trap radiation and reduce effective albedo relative to a flat surface of the same material (Aida and Gotoh, 1982; Arnfield,
1982). Additionally, urban trees modify shortwave redistribution through shading, interception, absorption, transmission, and
scattering (Krayenhoff et al., 2014; Meili et al., 2020; Wang et al., 2021). The net effect of trees on urban albedo is therefore not

20 only a function of tree density and leaf optical properties, but also of the geometric arrangement of buildings and tree crowns.
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The dependence of building geometry has been recognized since early urban canyon studies. Scale model experiments and
2D numerical simulations showed that urban structures can trap solar radiation and reduce effective albedo relative to a hori-
zontal surface of the same material (Aida and Gotoh, 1982). Subsequent radiation budget models formalized the roles of direct
and diffuse shortwave reflection, longwave exchange, and multiple reflection in urban canyon forms (Arnfield, 1982, 1988).
Later studies extended this line of work to diurnal effective albedo, cool pavement applications, and canyon albedo calcula-
tions under direct and diffuse radiation (Sailor and Fan, 2002; Fortuniak, 2008; Qin, 2015; Salvati et al., 2022). Together these
studies establish that canyon aspect ratio, solar angle, wall and road reflectance, and exchange between surfaces all control the
apparent albedo of urban fabric. However, many of these formulations are still based on idealized 2D canyons, regular arrays,
or reduced view factor calculations.

Urban trees amplify the mismatch between 2D canyon assumptions and the geometric complexity of real urban scenes.
Trees are widely used in urban design, yet their shortwave radiative role extends beyond shading. They reduce irradiance on
ground and walls, but they also intercept, absorb, transmit, and scatter sunlight, thereby modifying both apparent urban albedo
and the internal redistribution of absorbed shortwave energy. A scene with trees exhibits higher albedo when canopy scattering
increases upward shortwave flux, and lower albedo when additional solar energy is trapped and absorbed within the canopy.
Either outcome can still coincide with reduced loading on hard surfaces if absorption is shifted away from ground and walls.
For urban climate applications, the key question is therefore not only whether trees raise or lower albedo, but also where the
redirected energy is ultimately absorbed.

Several urban canopy models have introduced trees into this radiation problem, but most remain tied to 2D street canyon
geometry. Radiation models for urban neighbourhoods with multiple vertical layers and trees have used ray tracing and Monte
Carlo view factor calculations to represent interactions between trees and radiation (Krayenhoff et al., 2014). UT&C represents
urban vegetation, water balance, and energy exchange in an infinite canyon framework and computes tree effects through
canyon scale radiation, hydrological, and physiological processes (Meili et al., 2020). More recently, a single layer urban
canopy model (SLUCM) introduced transmissive radiation exchange between trees and street canyons (Wang et al., 2021).
These studies demonstrate that urban vegetation is represented more physically as a transmissive and absorbing medium than
as an opaque block. However, these models still rely on idealized canyon geometry. Consequently, they cannot directly resolve
finite building layouts, irregular tree placement, crown overlap, roof and wall exposure, or the spatial heterogeneity of real 3D
city districts.

Models for 3D radiative transfer have improved urban radiation representation by resolving complex geometry and calculat-
ing radiative exchange with Monte Carlo or ray-tracing methods. Panao et al. (2007) coupled matrix radiosity with Monte Carlo
techniques to estimate view factors and solve the net radiative balance of an urban block. Manni et al. (2020) developed and
validated a Monte Carlo numerical model to analyse solar radiation in urban canyon configurations. Overby et al. (2016) used
GPU-accelerated ray tracing to simulate radiation transfer across complex urban domains at practical runtimes. Villefranque
et al. (2022) formulated urban radiative and heat transfer as a Monte Carlo path-integral problem, enabling complex urban
geometry to be represented without reduction to canonical facets. Caliot et al. (2024) applied this Monte Carlo formulation

to resolve coupled heat transfer in urban geometry under direct and diffuse solar irradiance. Schoetter et al. (2023) compared
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urban canopy radiative-transfer calculations to quantify how model approximations propagate into uncertainty in calculated
radiation budgets. Landier et al. (2018) combined remote-sensing data with the DART model to calibrate urban canopy albedo
and reconstruct three-dimensional shortwave radiation budgets. Wang et al. (2024) extended DART with three-dimensional
Monte Carlo surface—atmosphere radiative transfer to simulate coupled radiation propagation through urban surfaces and the
atmosphere. These developments demonstrate Monte Carlo ray tracing as a strong methodological basis for urban radiative
transfer modelling. However, combining city-scale execution, explicit building geometry, resolved transmissive tree crowns,
and component-level shortwave absorption diagnostics in one workflow remains technically demanding. This combination is
especially relevant in high-density subtropical Asian cities where compact urban form and extensive tree cover jointly shape
shortwave redistribution.

To address this gap, Mei et al. (2025) introduced a shortwave solver for resolved buildings based on three-dimensional
urban morphology. The current URAY builds on that solver and extends it to a city-scale radiative transfer framework that
includes both buildings and trees. The model no longer relies on a 2D street canyon or on a reduced set of bulk morphological
parameters. Instead, it represents urban surfaces as explicit triangulated geometry, treats resolved ellipsoidal tree crowns as
participating media, applies Woodcock tracking for stochastic canopy interactions, accelerates building and ray intersections
with a bounding volume hierarchy (BVH), and traces photons in parallel on the GPU. This design allows scene albedo to
be diagnosed together with absorbed shortwave radiation by ground, wall, roof, and canopy components. The Guangzhou
application demonstrates how the validated model computes urban area albedo and ground absorption ratio from explicit 3D
building and canopy geometry in a subtropical city with high building density, abundant trees, and strong neighbourhood-scale
morphology contrasts.

The manuscript are organized as follows. First, Section 2 describes the model development, including the city-scale imple-
mentation framework, Monte Carlo ray tracing for urban surfaces, tree transmissivity and Woodcock tracking, BVH accelera-
tion and GPU parallelization, and the Guangzhou application. Second, Section 3 presents two validation experiments that test
the canopy transmissivity formulation and the coupled building—tree albedo response in a 3D urban block. Third, Section 4
presents the Guangzhou application, including city-scale albedo and absorbed shortwave radiation diagnostics, morphology-
stratified analysis, and the role of trees in modifying shortwave redistribution. Finally, Section 5 summarizes the advances and

limitations of URAY.

2  Model development
2.1 City-scale implementation framework from GIS data

Figure 1 summarizes the framework for implementing URAY at city scale. The workflow begins by dividing city-scale GIS
layers into approximately kilometre-scale tiles containing building footprints and heights, tree cover, and tree canopy height
data. In the Guangzhou application, the building footprint and height information is taken from the 3D-GloBFP global three-
dimensional building footprint dataset (Che et al., 2024), while the tree canopy layer is derived from the very high resolution

global canopy height product of Tolan et al. (2024). For each tile, the building footprints, building heights, and canopy height
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information are transferred from GIS into a three-dimensional model in which buildings are represented as explicit surface
geometry and tree crowns are represented as ellipsoids. These three-dimensional surfaces and crown objects form the ray-
tracing domain used by URAY. The model is then forced with solar geometry and shortwave radiation data, executed tile by

tile with the URAY solver, and mapped back to GIS space to diagnose scene albedo and absorbed shortwave radiation by

component.
URAY Model Development — 3D Urban Geometry for Digital Twin
|

Monte Carlo Ray Tracing J )

Multiple Reflections Tree cz(lg(;];})f height Building fO(EtCI}JIrér;t and height

Tree C T itt
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URAY Model Validation —
3D tree model 3D building model
Full-Scale Isolated Tree (Ellipsoids) (STL)
Scaled Buildings & Trees 3D Input Input
> Urban Radiation Model (URAY )

City-Scale Evaluation of Urban Tree Radiative Effects

Figure 1. City-scale workflow of URAY with resolved buildings and tree crowns. Building footprints and building heights from 3D-GloBFP
(Che et al., 2024), together with tree canopy height data derived from Tolan et al. (2024), are converted into explicit 3D building surfaces
and resolved crown objects for urban shortwave radiative transfer simulation. The framework couples Monte Carlo ray tracing for buildings
with transmissive radiative transfer through tree canopies, allowing scene albedo and absorbed shortwave radiation by ground, wall, roof,

and canopy components to be evaluated from validation cases to city-scale Guangzhou applications.

URAY calculates shortwave radiation by tracing photons through urban surfaces, which requires explicit 3D geometry for
buildings and tree crowns. Figure 2 shows the preprocessing workflow that converts GIS building and tree layers into a format
suitable for ray tracing. The workflow converts a 1km x 1km tile in Guangzhou into a 3D model suitable for ray tracing.
The process of building geometry generation and tree canopy generation is handled separately, as the former produces explicit
surface meshes while the latter produces compact ellipsoidal crown objects for participating media.

Building footprints and heights are converted to an STL urban surface model with explicit wall, roof, and ground classes. The
polygons are transformed to a metric projected coordinate system when needed, shifted to a local origin, filtered to remove very
small patches, and simplified to convex hull footprints before extrusion. For each footprint edge, the preprocessing workflow
calculates an outward horizontal normal so that wall facets retain a consistent orientation in the exported mesh. The workflow
then writes an STL in which walls, roofs, and the background ground plane are stored as separate named solids, allowing

URAY to ingest the city scene as a triangulated urban mesh and accumulate absorbed shortwave radiation by surface class.
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Tree canopies are converted from raster-derived crown segments to analytic ellipsoids described by crown centre coordi-

nates, horizontal and vertical semi-axis lengths, leaf area density (LAD), and a leaf angle distribution parameter x . The tree

pipeline smooths the canopy height raster with a Gaussian filter, detects tree tops through a local maximum search, and applies

watershed segmentation on the inverted canopy surface to delineate individual crowns. Each segmented crown is exported as

a polygon for GIS checking and then converted to one ellipsoid whose horizontal radii are inferred from the crown footprint

and whose vertical radius is set from crown height. The resulting tree table stores the ellipsoid centre coordinates, semi-axis

lengths, and canopy radiative parameters required by URAY.

This design allows the city-scale workflow to preserve explicit building surfaces while representing trees in a compact form

for participating media that remains computationally feasible for large numbers of tiles. The resulting STL meshes and tree

CSV files are then read by the URAY solver for each tile, which computes scene albedo and absorbed shortwave radiation by

ground, wall, roof, and canopy components. The outputs are then mapped back to GIS space to produce city-scale diagnostics

of how trees modify shortwave budgets in real urban scenes.
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(a) GIS building and tree height inputs (b) Generated three-dimensional scene

Figure 2. Generation of the three-dimensional building and canopy geometry for a representative Guangzhou simulation tile. Panel (a)

shows the source GIS layers, with building height represented by footprint polygons and tree height represented by the canopy height raster.

Panel (b) shows the corresponding URAY scene after buildings are extruded into wall and roof surfaces and tree crowns are converted into

volumetric ellipsoids.

2.2 Monte Carlo ray tracing for urban surfaces

URAY inherits the urban shortwave solver with resolved buildings from Mei et al. (2025). Urban surfaces are represented

explicitly as triangulated meshes, and direct and diffuse solar radiation are simulated with forward Monte Carlo ray tracing.

120 Buildings are imported from STL and split into wall, roof, and ground surfaces by reading named solids from the geometry
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file. Each surface is stored as a triangle mesh with outward unit normals, and the GPU kernels track index ranges for each
surface class so that absorbed energy can be accumulated independently by component. Surface reflectance is determined by
the albedo assigned to each surface class (e.g., walls, roofs, and ground surfaces). In the current version, the base albedo can
also be adjusted for solar incidence angle using a correction based on pv1ib in the preprocessing workflow (Holmgren et al.,
2018).

Figure 3 illustrates the core ray tracing design used by URAY. The model traces direct and diffuse solar photons through
urban canyons containing explicit building surfaces and participating tree crowns. Building facets are treated as opaque re-
flecting and absorbing boundaries: when a ray intersects a ground, wall, or roof triangle, the photon is either absorbed by that
surface class or reflected back into the urban scene. Tree crowns are treated differently, as transmissive ellipsoidal volumes. A
ray that enters a crown is not stopped at the ellipsoid boundary; instead, it travels through the crown volume, where absorption,
scattering, null collisions, or complete transmission are sampled along the internal path. Building intersections are accelerated
with a bounding volume hierarchy (BVH), while photon transport inside tree crowns is handled with Woodcock tracking so

that scattering, absorption, null collisions, and continued transmission can be sampled stochastically along the ray path.

(a) Uray:

(b) Ray Tracing Acceleration
Urban Radiative Transfer Model with Buildings and Vegetation

Bounding Volume Hierarchy

(BVH)
/’/ Diffuse Solar Radiation
Direct Solar Radiation /
/
I /
\ /
/ Lambertian
/ reflection
y
(¢) Woodcock tracking
O
iof .. Interaction
o Ray origin (scatter or absorb)
O Tree transmission °© o
(Woodcock tracking) 5 o)
Kd O
§ O
Null collision
(continue tracing)

Tree transmission

Figure 3. Schematic of the URAY photon tracing framework. Panel (a) shows the coupled urban radiative transfer problem with direct and
diffuse solar radiation, Lambertian surface reflection, and transmission through tree canopies. Panel (b) illustrates BVH acceleration for ray
tracing in building geometry. Panel (c) shows the Woodcock tracking path used to sample stochastic photon interactions inside a participating

tree crown.

Following the formulation of Mei et al. (2025), each photon is launched from a random point on the upper boundary of
the computational domain. As shown in Figure 3 (a), direct photons follow the solar vector, while diffuse photons are emitted
from the same top plane with a sampled downward hemispherical direction. The ray is then marched through the scene until
it is absorbed. If the ray leaves the top of the domain, reaches the maximum reflection count used in the kernel, the marching

process is interrupted. At building surfaces, this marching process is interrupted by the absorption and reflection test described
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below. At tree crowns, the ray first intersects the ellipsoid entry and exit points and then propagates through the participating
volume between those points, so transmission through the crown is represented as a path process rather than as a binary shadow.
Lateral boundary crossings are treated periodically by moving the photon to the opposite side of the tile, allowing a finite tile
to approximate a repeating urban fabric.

At every surface hit, URAY performs a stochastic absorption—reflection test. Let p; be the reflectance assigned to the inter-
sected surface class j, where j € {g,w,r} denotes ground, wall, and roof. A uniform random number R; € [0,1] is generated.
If By > p;, the photon is absorbed by that surface class and the photon history terminates. If 2; < p;, the photon is reflected
and continues to the next interaction. This event-based accounting is the basis for both scene albedo and the absorbed shortwave
partition among urban surface classes.

Surface reflection is treated as Lambertian. Two additional random numbers, Rs and Rj3, are used to sample a reflected

direction over the hemisphere oriented by the local surface normal:

¢ =27 Ry, ey

n = arccosy/1 — Rg, 2)

where ¢ is the azimuthal angle and 7 is the polar angle from the surface normal. This sampled vector is rotated from the
local upward hemisphere to the hit triangle normal and then used as the new ray direction. Because reflected photons remain
active until absorption or escape, multiple reflection and radiation trapping among ground, walls, roofs, and tree crowns are
represented explicitly rather than through view-factor closure.

For each radiation component and time step, URAY records whether each photon is absorbed by ground, wall, or roof. If £}
and Fjd are the numbers of direct and diffuse photons absorbed by surface class j, and N is the number of photons traced for

each component, then the direct and diffuse absorption ratios are

Fe Fa
o__ ") d__ "
Y=y AT ®

Here j = g, w,r denotes ground, wall, and roof, so A9, A%, and A? are the direct-beam fractions absorbed by ground, wall,
and roof, while Ag, Al and A? are the corresponding diffuse-sky fractions. The returned instantaneous surface absorption
ratios are
A AoT,+ Ajly 4 - A0 T, + Al _ AL +Aﬁ]d. @
g I,+1; v I,+1; " I,+1,
These quantities are dimensionless fractions of the incident shortwave forcing absorbed by each urban surface class during the
simulated time step.
The corresponding direct and diffuse albedos are computed from the numbers of photons that do not escape the upper

boundary. Let Q° and Q? be the direct and diffuse photon counts that terminate by absorption in either an urban surface or a

tree crown. Then

a,=1—— ag=1——. )
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The same direct and diffuse shortwave components are then used to combine the two photon ensembles for scene albedo:

aoIo+adId
- A d 6
I,+1; (6)
A%l + A%l
j=— )
Io+-[d

The compact form A; is used when referring to any one of the three surface classes. The daylight summary used in the tile

tables is then calculated from the sunlit hourly records, for example

_ 1 ——d 1
al == alt), A =D A1), ®)
day jep day ycp

where D is the set of time steps with positive downward shortwave forcing and Ng,y is the number of such time steps. The

wall and roof daylight absorption summaries are calculated in the same way.
2.3 Tree transmissivity and Woodcock tracking

Trees are introduced as transmissive participating media rather than opaque shading objects. Each crown is represented as
an idealized ellipsoid defined by centre coordinates (z,y, z), semi-axis lengths (r,r,,7,), leaf area density (LAD), and a
directional foliage projection parameter x. The tree list is read from CSV and converted into an array of analytic crown
objects. This compact representation is suitable for large urban scenes while preserving the first order canopy controls required
for attenuation, scattering, and transmission.

For each photon, the solver finds the nearest urban triangle, the nearest tree crown intersection, and the nearest lateral
boundary event. If a crown is encountered before an urban surface, analytic ray and ellipsoid intersection gives the entry and
exit distances through the crown. In the absence of an accepted interaction, the photon is transmitted through the crown and
continues through the urban scene. This means canopy transmissivity emerges from crown path length, LAD, and leaf angle
rather than being imposed as a fixed shading factor.

Stochastic interactions inside the crown are sampled with Woodcock tracking, also known as delta tracking. As shown in

Figure 3 (c), after the ray is advanced to the ellipsoid entry point, the available path length inside the crown is
Lerown = texit — tentry- (9)

Candidate collision distances are sampled from an exponential free-path distribution using a majorant extinction coefficient

Jmax'

71HR0

Umax

As =

) (10)

where Ry € (0,1] is a uniform random number. The cumulative distance inside the crown is updated as s « s+ As. If s >
Lcrown, NO canopy interaction occurs before the ray leaves the ellipsoid, and the photon is transmitted to the exit point. If s <
Lerown, the candidate point is treated as a canopy collision. In the present homogeneous ellipsoid implementation, oy,,x = 0,

so every candidate collision is accepted. More generally, for a spatially varying crown extinction field, a candidate event would
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be accepted with probability o, /0max, and otherwise treated as a null collision. Within the crown, the extinction coefficient is

evaluated as
oy =LADG(0), (1)

where G(6) is evaluated from x and the incoming ray direction.

At an accepted canopy event, a photon is absorbed with probability 1 —wy,p. Otherwise it is scattered, with a specular
branch of probability wys/wrp and a diffuse branch for the remainder. The scattered photon is then traced further so that
canopy transmission, canopy absorption, and subsequent building interactions remain fully coupled. The probabilities wy,p
and wrg therefore control the leaf-scale non-absorption and scattering-direction partition used by the crown module. This
approach avoids voxelizing the canopy or explicitly meshing individual leaves, while still allowing crown path length, LAD,
and leaf angle projection to control stochastic transmission.

The canopy optical probabilities are linked to optical properties at leaf scale with a PROSPECT family leaf optical model
(Jacquemoud and Baret, 1990; Feret et al., 2017). In the demonstration case, PROSPECT is run with a representative green
broadleaf parameter set: leaf structure parameter N = 2.0, chlorophyll content C,;, = 35, carotenoid content C,- = 12, brown
pigment content Cl,.or, = 0.0, equivalent water thickness C,, = 0.01, and dry matter content C,,, = 0.12. The resulting leaf
reflectance p(\) and transmittance 7(\) spectra are averaged over the shortwave range 400-2500 nm, and the probability of a

collision without absorption is estimated as

WLD = P400—2500 T T400—2500- (12)

For the representative green broadleaf parameter set used here, this spectral averaging gives wrp = 0.80, which is adopted as
the baseline value in the validation and Guangzhou simulations. The second optical parameter, wz, g, is not a direct PROSPECT
output. It partitions the events that are not absorbed into a specular branch and a diffuse branch, and is therefore prescribed as
an effective parameter for scattering direction. The validation and Guangzhou runs reported here use wr g = 0.30 as a baseline
effective value rather than as an independently measured leaf optical property. Thus 1 —wrp, wrs, and wpp — wr g represent

the probabilities of canopy absorption, specular scattering, and diffuse scattering, respectively.
2.4 BVH acceleration, GPU parallelization, and output diagnostics

The main acceleration strategy for urban geometry is a bounding volume hierarchy (BVH). This acceleration is necessary
because ray tracing at the neighbourhood scale, for example over a 1 km x 1km tile, can involve thousands to tens of thousands
of building triangle surfaces. Testing every photon against every triangle would make the simulation prohibitively expensive.
As shown in Figure 3b, a BVH is a tree of nested axis aligned bounding boxes: each internal node encloses a subset of triangles,
and each leaf node stores only a small number of triangle indices. URAY builds the BVH over the full urban triangle set on
the host before the time loop starts. Triangles are recursively partitioned by centroid position along the axis with the largest
spatial extent until a maximum leaf size is reached. Each node stores its bounding-box minimum and maximum coordinates,

child-node indices, or the start and count of the triangle indices contained in the leaf.
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During photon tracing, the GPU kernel traverses this hierarchy with an explicit stack. A ray is first tested against bounding
boxes, and triangle intersection tests are performed only for leaves whose boxes are intersected and whose entry distance is
closer than the current closest hit. This replaces the brute-force search over all urban triangles with a hierarchical rejection
process, which is critical for city tiles containing thousands to tens of thousands of wall and roof facets. Tree crowns are
handled separately through analytic ellipsoid intersections, so the BVH exclusively accelerates the building surface part of the
coupled workflow.

GPU parallelization follows the natural independence of Monte Carlo photon paths. The wrapper allocates one output slot
per photon for direct and diffuse albedo contribution and for ground, wall, and roof absorption flags. It launches separate direct
and diffuse CUDA kernels. Each thread tracks one photon history, including surface intersections, lateral periodic wrapping,
Lambertian reflection, crown intersections, Woodcock events, absorption, and escape. After the kernels finish, the host sums
the per photon arrays to obtain direct and diffuse albedo and component absorption ratios, then combines them with I, and /.
Because photon histories do not need communication during tracing, this strategy maps efficiently to the GPU and allows the

city-scale batch workflow to retain explicit 3D geometry.
2.5 City-scale implementation

This section shows how URAY can be implemented at city scale, using Guangzhou as an example application. Guangzhou is
suitable for this demonstration because districts with dense buildings, open residential neighbourhoods, and green areas coexist
within the same regional climate, creating strong heterogeneity in both building morphology and canopy cover. Canopy cover
is most continuous in the northern and northeastern parts of Guangzhou, where forested and hilly areas dominate, and is more
fragmented across the central and southern urbanized corridor. In contrast, the building layer is densest in the central-western
urban core and along the main developed corridor toward the south, while the northern and northeastern green areas contain
much lower building density. This heterogeneity provides a representative testbed for evaluating how contrasting combinations
of buildings and trees shape urban radiative exchange at the city scale.

The two city-scale GIS inputs used by URAY provide the structural context for this application. The tree input is a canopy
height layer derived from the very high resolution canopy height map of Tolan et al. (2024), and the building input is a
footprint and height layer from the 3D-GloBFP dataset of Che et al. (2024) (Figure 4). Together, these layers define the
physical scene passed to the model: the building data determine the explicit wall, roof, and ground geometry, while the canopy
height data determine the location and size of resolved tree crowns. The Guangzhou application comprises 6761 completed
1 km x 1 km simulation tiles. The building dataset contains 1,310,254 qualifying building polygons after applying the same
10 m? minimum-area filter used for geometry generation, and the processed URAY tile set contains 7,657,880 resolved tree

crowns.

10
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(a) Tree canopy height GIS layer (b) Building footprint and height GIS layer

Figure 4. Full-city Guangzhou GIS inputs used to generate the URAY simulation tiles. Panel (a) shows the tree canopy height distribution
derived from the very high resolution canopy height product of Tolan et al. (2024), and panel (b) shows the building footprint and building
height data from 3D-GloBFP (Che et al., 2024). These layers are clipped to the same 1 km grid before each tile is converted into explicit

three-dimensional building STL geometry and ellipsoidal tree crown inputs for the Monte Carlo albedo simulation.

First, the city-scale building and tree GIS layers are projected to a metric coordinate system and clipped to a common
regular grid, with each cell assigned a unique tile identifier. Second, each valid tile is converted into model geometry: building
footprints and heights are extruded into wall, roof, and ground STL surfaces, while the tree canopy height layer is segmented
into individual crowns and exported as ellipsoidal tree parameters in a CSV file. Third, URAY runs the diurnal shortwave
simulation for each tile using the matched STL, tree CSV, surface optical parameters, and hourly solar forcing. This step
produces albedo and component absorption diagnostics for every daylight time step. Fourth, the tile outputs are joined back to
the original GIS grid using the same tile identifier, allowing maps, city-scale statistics, and morphology-stratified comparisons
to be generated from physically traceable simulation results.

The same tile identifier is preserved from the split GIS layers to the STL geometry, tree CSV, hourly output tables, and final
albedo summary. This identifier makes each mapped simulation result traceable to its corresponding physical location and to

the building and tree geometry used in the ray-tracing calculation.

11



275

280

285

290

295

300

https://doi.org/10.5194/egusphere-2026-5226
Preprint. Discussion started: 9 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

The Guangzhou simulations were run for 29 January 2024 00:00 to 1 February 2024 23:00 local time (UTC+8) at hourly
resolution, giving 96 time steps and 44 sunlit time steps for each tile. The city-scale run used 10° photons per time step and
assigned the same baseline shortwave albedo of 0.28 to ground, wall, and roof surfaces. This value represents the high-solar-
elevation, near-normal-incidence material albedo; for lower solar elevations, the model increases the effective material albedo
using the Snell-Fresnel incidence-angle dependence, so the ray-tracing calculation accounts for solar-elevation effects through
both hourly solar geometry and angle-dependent surface reflectance. The tree parameters used a uniform LAD = 3.0 m?m—3
and G(0) = 1, corresponding to the angle-independent projection assumption used in the baseline simulation. Across the 6761
completed simulation tiles, the generated urban geometry comprised 18,309,620 surface elements in total. On a workstation

equipped with an NVIDIA GeForce RTX 5090 D GPU, the batch runtime was 44,692.54 s, or 12.4 h in total, corresponding to
an average of 465.55 s per hourly city-scale time step for all 6761 completed tiles.

3 Model validation

The validation is designed to test whether URAY can reproduce the main radiative processes required for coupled building
and tree shortwave transfer: transmission and scattering within a tree crown, and three-dimensional radiation exchange in finite
urban block geometry. No single experiment constrains both processes, so this study uses two complementary evaluation cases.

The first is the IsoTree benchmark of Bailey et al. (2014), which tests whether the canopy formulation can reproduce reflected
shortwave fluxes above the canopy and transmitted photosynthetically active radiation within the canopy. The second is a SO-
MUCH three-dimensional block experiment in Guangzhou, which tests whether the coupled model can reproduce albedo over
a finite building array with trees. Together, these two benchmarks provide evidence that the model can represent canopy attenu-
ation and scattering as well as three-dimensional building—tree radiation exchange before it is applied to city-scale Guangzhou

simulations.
3.1 IsoTree canopy validation

The IsoTree experiment is used first to validate the tree transmissivity and scattering formulation in URAY. The experiment
was conducted by Bailey et al. (2014) at the University of Utah campus. It measured the transmitted solar radiation within an
isolated tree crown and the reflected shortwave radiation above the canopy. The IsoTree measurement geometry is plotted in
Figure 5. In this experiment, an isolated Freeman maple with an approximately ellipsoidal crown was considered. Bailey et al.
(2014) report that the crown was centered about 4.0 m above ground level and had a horizontal radius of 2.0 m and a vertical
radius of 3.25 m. They also report a leaf area density of 0.8 £0.7 m~! from LAI2000 measurements. Following Bailey et al.
(2014), the projection factor G(6) was set to equal to 1.

The transmissivity of the tree crown was measured by two PAR sensors. PAR1 was installed just above the canopy along
a pole aligned with the trunk, where it measured the incoming radiation incident on the crown. PAR2 was placed inside the

crown, 1.8 m from the trunk, 85° clockwise from north, and 2.0 m above ground, where it measured the transmitted PAR after
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radiation passed through the crown volume. The observed canopy transmissivity is therefore calculated from the ratio of PAR2

to PARI.

Horizontal radius = 2.0 m

(a) Top view T (b) Side view *
N

Vertical radius = 3.25 m

85° clockwisd

ﬂ
1.8 m

CNRI1+PAR1
above canopy

PAR 2 sensor
inside canopy

E

Crown center

) PAR 2 sensor
Center height =4.0 m

Ground

Crown diameter = 4.0 m
——>
1.8 m from trunk

Figure 5. IsoTree benchmark geometry and sensor layout based on Bailey et al. (2014). The crown is represented as an ellipsoid with a
horizontal radius of 2.0 m, a vertical radius of 3.25 m, and a center height of 4.0 m. The lower PAR sensor is located 1.8 m from the trunk,
85° clockwise from north in plan view, and 2.0 m above ground in side view, while the CNR1 radiometer and the upper PAR sensor are

mounted above the canopy along the trunk axis.

In the IsoTree validation, URAY is evaluated by comparing the radiation at PAR2. The PAR1 measurement above the canopy
is used as the incoming radiation input, while the single tree is represented in URAY as an ellipsoidal participating medium
with the geometry described above. The model then predicts the transmitted PAR at the PAR2 location inside the crown.
Figure 6 compares the measured and simulated PAR2 time series, showing that URAY captures the broad diurnal variation of
under-canopy radiation. This validation demonstrates the capability of URAY to represent the time-varying transmittance of a

complex three-dimensional tree crown.
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Figure 6. IsoTree validation for the canopy component of URAY. The figure compares incoming PAR1, simulated PAR2, and measured

PAR2, with MAE, RMSE, and Pearson correlation coefficient r reported for the simulated and measured PAR2 comparison.

3.2 SOMUCH three-dimensional block albedo validation

The second validation uses a scaled outdoor experiment conducted at the SOMUCH (Scaled Outdoor Measurement of Urban
Climate and Health) platform in Guangzhou. The experiment adopts a finite three-dimensional building layout rather than
an idealized two-dimensional canyon section. This setting is used to test whether URAY can reproduce albedo over a block
scale urban geometry with explicit buildings and tree crowns after the canopy transmissivity formulation has been tested with
IsoTree. The paired treatments without and with vegetation provide a direct comparison of the same building arrangement
under different canopy conditions. The validation focuses on the 2.0 m radiometer level, where the case without vegetation
and the case with vegetation provide paired upward and downward shortwave measurements. Albedo is calculated as KT/ K+
during daytime.

Figure 7 shows the experimental setup for the SOMUCH three-dimensional block validation, which was conducted in
Guangzhou, China, from 29 October to 26 November 2023. The layout consists of a finite array of 12 building blocks ar-
ranged in three columns and four rows. The trees are represented by ellipsoidal crowns with a centre height of 0.55 m and a
horizontal diameter of 0.5 m, arranged in three rows between the building columns. The CNR4 radiometer is mounted above
the canopy at 2.0 m height and provides the upward and downward shortwave fluxes used for albedo calculation.

In URAY simulations of the SOMUCH validation, the same building and canopy geometry is reconstructed from the experi-

mental layout, and the same shortwave forcing is applied. The canopy parameters are LAD = 3.5 m?m~3 and x = 1. Ground,
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wall, and roof albedos are all set to 0.24, and the canopy optical probabilities use the same baseline values as in the model
description, wr,s = 0.30 and wr,p = 0.80.

The radiometer records total downward shortwave radiation K+, but URAY requires separate direct and diffuse horizontal
irradiance. For each time step, Kt is treated as global horizontal irradiance, the solar zenith angle 6, is calculated from the
timestamp and the Guangzhou site coordinates, and the Boland diffuse-fraction model is used to estimate diffuse horizontal
irradiance and direct normal irradiance. The direct and diffuse components are then used to launch the corresponding photon

ensembles in URAY, and the simulated albedo is compared to the observed albedo at 2.0 m height for both the no-tree and tree

cases.
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Figure 7. SOMUCH outdoor experimental setup used for the three-dimensional block albedo validation in Guangzhou. The figure shows
the street layouts without and with trees, the corresponding plan view arrangement of buildings and tree crowns, and the side view CNR4

radiometer setup used to measure shortwave albedo.

Figure 8 compares SOMUCH measurements with URAY simulations for the full validation period, while Table 1 separates
the statistics by solar elevation and surface-weather regime. Solar elevation was calculated from each 10 min timestamp and the
site coordinates. The primary validation regime was defined as solar elevation > 15°, while records between 0° and 15° were
reported separately as the low-sun regime. Rain-affected records were also separated based the observed rain days 29 October
and 10-11 November 2023. Metrics were calculated from all paired records within each stratum rather than by averaging daily

metrics; bias is defined as simulated minus observed albedo.
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Under dry conditions with solar elevation > 15°, the empty-street case had MAE = 0.0209, RMSE = 0.0244, and bias
= —0.0004, while the tree-street case had MAE = 0.0172, RMSE = 0.0226, and bias = 0.0121. These error statistics show that
URAY reproduced the observed albedo magnitude closely under dry, high-sun conditions; the remaining temporal mismatches
are visible in Fig. 8. During rain at the same solar-elevation threshold, MAE increased to 0.0495 for the empty street and
0.0381 for the tree street, with positive biases of 0.0472 and 0.0192, respectively, consistent with surface optical states that
differ from the prescribed dry-material albedos. The low-sun dry regime produced RMSE values of 1.0348 and 0.6328 despite
substantially smaller MAE values of 0.2300 and 0.1868 for the empty and tree streets, confirming that a small number of
extreme ratio residuals dominate the unfiltered full-period RMSE. Because albedo is calculated as KT/K*, these records are

especially sensitive to measurement noise, timing mismatch, and local shading when K* is small.
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Figure 8. Continuous SOMUCH three-dimensional block albedo validation for 29 October—26 November 2023. The upper panel shows the
street layout without trees and the lower panel shows the street layout with trees. Nighttime periods are omitted, vertical dashed lines separate
consecutive days, the numbers above each day indicate the Pearson correlation coefficient 7, and the blue shaded periods indicate rainy
days. The comparison uses the 2.0 m measurement level and tests whether URAY reproduces observed albedo in a finite three-dimensional
experimental layout. The 1-4 November 2023 records provide a representative daily sequence in which simulated and observed albedo are
compared for the street layouts without and with trees, illustrating how the model reproduces the observed daytime albedo evolution and the

difference between the two layout cases.
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Table 1. SOMUCH albedo validation statistics stratified by solar elevation and weather regime. Metrics are pooled across paired 10 min

records. Rain denotes 29 October and 10—11 November 2023; all other dates are classified as dry. Bias is simulated minus observed albedo.

Case Solar elevation Regime N MAE RMSE Bias
Empty street > 15° Dry 1341 0.0209 0.0244 -0.0004
Empty street > 15° Rain 155 0.0495 0.0559 0.0472
Empty street 0-15° Dry 360 0.2300 1.0348 -0.0691
Empty street 0-15° Rain 42 02102 0.5101 0.0061
Tree street > 15° Dry 1341 0.0172 0.0226 0.0121
Tree street > 15° Rain 155 0.0381 0.0436 0.0192
Tree street  0-15° Dry 368 0.1868 0.6328 -0.0446
Tree street  0-15° Rain 42 0.1758 0.3144 -0.0333

3.3 GPU acceleration, numerical convergence, and model sensitivity

This section first quantifies the computational advantage provided by GPU photon tracing. We used the representative Guangzhou
tile shown in Figure 2 to compare a sequential CPU ray-tracing implementation with the GPU implementation under the same
BVH-off setting. The benchmark was run on an Intel Core Ultra 9 285K CPU and an NVIDIA GeForce RTX 5090 D GPU. The
selected benchmark time step was 1 February 2024 12:00 local time. The scene contained 767 resolved tree crowns and 18,656
surface elements, and the photon number was varied from 10 to 10 while keeping the geometry, tree optical parameters,
surface albedos, solar direction, and direct and diffuse irradiance fixed. The CPU case traces photons sequentially and tests
each ray directly against the surface elements. The GPU case uses the same BVH-off ray-tracing logic but evaluates photons
in parallel.

Figure 9 shows that GPU parallelization becomes increasingly advantageous as the photon count grows. At 103 photons,
GPU launch overhead made the GPU case slower than the sequential CPU case (5.46 versus 2.44 s). For 104, 10°, and 10°
photons, however, runtime decreased from 23.254, 222.023, and 2190.716 s on the CPU to 1.538, 2.254, and 11.042 s on
the GPU, corresponding to speedups of 15.1, 98.5, and 198.4, respectively, calculated from the unrounded runtimes before
BVH acceleration was introduced. Because Monte Carlo radiative transfer relies on large photon ensembles to obtain stable

estimates, GPU parallelization is a necessary part of making this method computationally practical for city-scale simulations.
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Surface elements: 18,656
CPU: Intel Core Ultra 9 285K 2191s
GPU: NVIDIA GeForce RTX 5090 D

Simulation time (s)

Number of photons

Figure 9. CPU and GPU runtime comparison for the BVH-off ray-tracing case in the representative Guangzhou tile. The benchmark uses the
maximum-irradiance sunlit time step, 18 656 surface elements, and photon counts from 10 to 10°. Both cases disable BVH acceleration;
the CPU case traces photons sequentially, while the GPU case traces photons in parallel. GPU launch overhead dominates at 10° photons,

whereas the GPU implementation is 15.1-198.4 times faster than the sequential CPU implementation for 10*~10° photons.

A second performance test evaluated whether BVH acceleration changes the radiative solution or only the cost of ray—
building intersection. The test used the same representative tile, geometry, radiative parameters, and 96 h forcing period, and
increased the photon number to 10° per time step to reduce Monte Carlo noise when comparing acceleration settings. The scene
contained 18 656 triangular urban surfaces. We compared a BVH-off reference with BVH-enabled simulations using maximum
leaf sizes of 1, 2, 4, 8, 16, 32, and 64. The maximum leaf size is stored in a terminal BVH node before traversal switches from
hierarchy traversal to direct triangle-intersection tests. Smaller leaf sizes create deeper hierarchies with fewer primitives per
leaf, whereas larger leaf sizes reduce hierarchy depth but require more direct intersection tests in each terminal node. As shown
in Figure 10, enabling BVH changed daylight mean albedo and ground absorption by only 10~°~107° relative to the BVH-off
reference. In contrast, BVH acceleration reduced the wall-clock time for the full 96 h test from 650.6 s to 48.8—-60.6 s. The weak
dependence of the radiative diagnostics on maximum leaf size indicates that the BVH setting primarily controls computational
efficiency, not the interpreted radiation budget. This measured acceleration is a conservative implementation result rather than
an algorithmic upper limit, because further improvements in BVH construction, node layout, traversal order, and GPU memory

access could increase the speedup.
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Figure 10. BVH acceleration sensitivity test for the representative Guangzhou tile shown in Figure 2. Panel (a) compares daylight mean
scene albedo and ground absorption ratio using a double y axis; formula labels show the differences between each BVH-enabled simulation
and the BVH-off reference. Panel (b) shows the corresponding wall-clock time for the full 96 h simulation. Maximum leaf size denotes the

upper limit on the number of triangular building primitives stored in a terminal BVH node.

The GPU and BVH benchmarks establish the computational basis for applying URAY to city-scale Guangzhou tiles, but the
radiative diagnostics must also be checked for numerical and physical sensitivity. The numerical sensitivity comes from the
Monte Carlo solver: too few photons would make albedo and absorption diagnostics fluctuate because of sampling noise rather
than because of geometry or tree effects. Photon number is therefore tested to identify a practical ensemble size for large batches
while confirming that the interpreted signals are not dominated by random sampling error. The physical sensitivity comes from
canopy structure: canopy attenuation is controlled mainly by crown path length, LAD, and the leaf angle parameter x, but LAD
and y are effective structural parameters in the city-scale workflow rather than directly measured for every tree. Sensitivity tests
for LAD and x are therefore used to quantify how uncertainty in canopy structure propagates into scene albedo and ground
absorption.

The photon number test was conducted with the representative Guangzhou tile shown in Figure 2. The same building geom-
etry, tree crown parameter, radiative parameters, weather forcing, BVH settings, and time window were held fixed for all cases.
Only nphotons Was varied, using eight logarithmically spaced values: 10,000, 26,827, 71,969, 193,070, 517,947, 1,389,495,
3,727,594, and 10,000,000 photons per time step. For each photon count, the simulation ran the full hourly sequence from
29 January 2024 00:00 to 1 February 2024 23:00 local time, giving 96 hourly records and 44 daylight time steps.

Figure 11 compares the hourly albedo and ground absorption ratio for all photon counts, while the daylight mean diagnostics
are summarized in panels (c) and (d). The hourly records show that the 10* photon case differs slightly from the 10 photon

reference, while the 10° photon case is visually indistinguishable from the reference. The simulation also runs efficiently for
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this complex urban tile. The two largest photon cases required 4.18 s per time step for 3.73 x 10% photons and 9.80 s per time

step for 107 photons.
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Figure 11. Photon number sensitivity test for the representative Guangzhou tile shown in Figure 2, which contains both buildings and tree
crowns. Panels (a) and (b) compare hourly scene albedo and ground absorption ratio for all photon counts. Panels (c) and (d) summarize
daylight mean total absorption and ground absorption as functions of photon count. The weak dependence of the mean diagnostics above the

operational 10° photon scale indicates that the city-scale batch setting is not dominated by Monte Carlo sampling noise.

The daytime mean diagnostics exhibit clear convergence at 10> photons. Relative to the 107 photon reference, the 10* photon
case differs by 7.5 x 10~ in mean albedo and 5.0 x 10~* in mean ground absorption. For photon counts near the operational
105 scale, the differences remain on the order of 10~%. This level of variation is small compared with the expected spatial
contrasts between scenes with and without trees in city-scale applications, indicating that nphotons = 100,000 per time step is
an appropriate computational compromise for large batches.

Together, the photon-count analysis and acceleration benchmarks separate numerical sampling and computational settings
from the remaining physical assumptions. Two additional sensitivity tests for canopy structure were conducted for LAD and

G(0), because these parameters were treated as assumptions in the validation cases. The purpose of these tests is to evaluate
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how much the assumed canopy density and leaf projection behaviour can influence the radiation budget when the model is
applied to a real urban configuration with dense tree and building cover. Since LAD and G(6) enter the crown extinction
coefficient through oy = LAD G(6), their values can alter photon interception, canopy absorption and transmission, ground
absorption, and the resulting scene albedo at tile scale. The tests used the same representative tile, geometry, forcing period,
surface albedos, optical probabilities, and operational photon number of nph0t0ns = 100,000 per time step.

First, LAD was multiplied by a perturbation factor,
LAD' = frapLADy,

while crown geometry, tree location, y, canopy optical probabilities, surface albedos, forcing, and photon number were held
fixed. Eight LAD cases were evaluated: fyap = 0.25,0.5,0.75,1.0,1.25,1.5,1.75, and 2.0. This factor range spans from very
open to dense crowns around the baseline derived from GIS data without changing the crown volume itself. For Guangzhou,
the factors are applied to each tile’s own baseline LAD so that spatial differences in crown density are preserved.

Second, the assumption G(6) = 1 is tested. The projection function is (Campbell, 1986)

G(9) = X

vV x2 cos26 +sin2 6

During the simulation, we assume G(#) =1 for all incident directions, so the canopy extinction becomes o; = LAD and
angular effects of leaf projection are suppressed. Eight y cases were evaluated: y = 0.25,0.5,0.75,1.0,1.25,1.5,2.0, and 4.0.
The central range y = 0.5-2.0 represents leaf-angle structures ranging from more horizontal to more vertical, while x = 0.25
and 4.0 are retained as wider structural stress tests. Across solar zenith angles this range brackets substantially different G(0)
responses, with x =1 as the angle independent baseline. The LAD and y tests are evaluated with the same daylight mean
diagnostics as the photon number test, including scene albedo, ground absorption ratio, wall and roof absorption, canopy

absorption, and tile level differences relative to the baseline case.
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Figure 12. Sensitivity test for canopy structure in the representative Guangzhou tile shown in Figure 2 using 10° photons per time step. Panel

(a) shows the sensitivity to the LAD multiplier fr,ap, and panel (b) shows the sensitivity to the leaf angle parameter .

The results show that both diagnostics are most sensitive when the canopy is made substantially more open than the baseline.
Reducing LAD to 0.25LADy increases daylight mean albedo from 0.2064 to 0.2237 and increases mean ground absorption
from 0.1725 to 0.1774, whereas increasing LAD beyond the baseline produces a weaker and saturating response, with albedo
decreasing to 0.2053 and ground absorption to 0.1720 at 2.0LADy. The x perturbation shows a similar but smaller monotonic
effect: changing x from 0.25 to 4.0 decreases albedo from 0.2171 to 0.2057 and decreases ground absorption from 0.1753 to
0.1722. Thus, for this dense tile with trees, the current y = 1 assumption is not the dominant source of variation relative to
large LAD reductions, but canopies with low x still modify the tile scale radiation budget enough to justify retaining y as an

explicit sensitivity parameter.

4 City-scale shortwave redistribution in Guangzhou

The Guangzhou experiment tests whether explicit building—tree shortwave radiative transfer can be used as a city-scale diag-
nostic. Using the workflow described in Section 2.5, URAY was run over Guangzhou from 29 January 2024 00:00 to 1 Febru-
ary 2024 23:00 local time at hourly resolution. The batch simulation used 10° photons per time step and processed 6761 valid
1 km tiles on an NVIDIA GeForce RTX 5090 D GPU, with a total runtime of 44,692.54 s and an average of 465.55 s per hourly
city-scale time step.

Figure 13 shows the simulated albedo and ground absorption ratio across Guangzhou. Because the simulations span multiple
days, both metrics were first averaged over daytime hours for each day and then used to map their spatial patterns. The results
reveal strong spatial heterogeneity in both albedo and ground absorption ratio. In mesoscale models, the surface energy balance

is usually represented mainly through albedo, but this treatment can overlook the redirection of solar energy by urban geometry.
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By resolving three-dimensional urban geometry, URAY not only estimates surface albedo but also reveals how solar energy is
redistributed within urban areas. Compared with albedo, the ground absorption ratio more directly represents how much solar
energy is absorbed by ground surfaces, and therefore may better indicate processes related to near-surface air temperature, heat
storage, shading effects, and urban heat exposure.

Opverall, the albedo and ground absorption ratio maps show similar spatial patterns, with areas of low albedo generally
corresponding to low ground absorption ratio. Notably, these low-value areas are mainly found in forested regions rather than
built-up areas. This indicates that, in Guangzhou’s urban environment, low albedo does not necessarily imply stronger ground-
level solar absorption; vegetation cover and shading effects also strongly influence the amount of solar radiation received and

absorbed by ground surfaces.

Mean albedo Mean ground absorption ratio
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Figure 13. City-scale simulation results generated by URAY. Each polygon is a 1 km grid tile of Guangzhou. Panel (a) maps the mean daytime
scene albedo of each tile over 29 January—1 February 2024. Panel (b) maps the corresponding daytime mean fraction of incident shortwave
radiation absorbed by the ground surface. Panel (c) maps the daytime mean wall absorption ratio, and panel (d) maps the daytime mean roof
absorption ratio. Scene albedo can exceed the 0.28 reference material albedo because surface reflectance is incidence-angle corrected and o

is a scene-level escape fraction.

To further examine the relationship between ground shortwave absorption and albedo, we performed a regression anal-
ysis between mean daytime albedo and mean daytime ground absorption ratio across the 6,761 completed simulation tiles
in Guangzhou. The two diagnostics are strongly and nearly linearly correlated (r = 0.942, R? = 0.888), with a fitted linear

relationship of A, = 1.377a + 0.054, where A, is the mean ground absorption ratio and « is the mean scene albedo. This
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relationship does not imply that higher albedo causes greater ground shortwave absorption. Instead, the regression indicates
that albedo and ground absorption ratio are shaped by shared spatial controls, including urban form, land cover, and shading
conditions. High albedo and high ground absorption tend to occur together in open or weakly vegetated tiles, where short-
wave radiation can both reach the ground and escape upward after reflection. As a check against daylight averaging, the same
relationship was evaluated at 13:00 local time on 29 January 2024 and remained strong (A, = 2.018a + 0.062, r = 0.959,
R? = 0.920; Appendix A).

We further stratified the regression analysis by urban morphology to test whether the city-wide albedo—ground absorption
relationship changes with building density and tree density. Tiles were divided into four classes using median splits of building
surface count and tree count: high and low building density were defined relative to the median building surface count, and
high and low tree density were defined relative to the median tree count.

The morphology-stratified results in Figure 14 show that the positive albedo—ground absorption relationship persists within
each morphology class, but its slope, scatter, and occupied range vary with building and tree density. Within the high-building-
density class, the relationship is stronger for tiles with high tree density (r = 0.914) than for those with low tree density (r =
0.733). Thus, abundant trees strengthen the relationship within densely built tiles while shifting its occupied albedo and ground-
absorption ranges. Trees and buildings affect shortwave redistribution through different mechanisms. For trees, the canopy
intercepts, absorbs, and scatters incoming shortwave radiation; as tree density increases, more energy is absorbed by the canopy,
and less shortwave radiation reaches the ground. For buildings, consistent with the three-dimensional morphology controls
described by Mei et al. (2025), deep canyons in high-density areas promote multiple reflections and trap more shortwave
radiation. At the same time, a higher roof-area fraction can increase the amount of reflected shortwave radiation escaping
upward. Thus, the effect of building density on albedo and ground absorption ratio is not unidirectional, but depends on the
combined effects of canyon trapping, roof reflection, and ground shading.

Urban albedo is widely used as an indicator of urban heat exposure and surface energy balance, with lower albedo generally
associated with greater heat absorption and stronger urban heat island effects. However, the Guangzhou results show that low
albedo does not necessarily correspond to high ground absorption, which is more directly linked to pedestrian heat exposure. In
dense built-up areas with abundant trees, this relationship becomes more complex, highlighting the need to explicitly resolve

shortwave absorption redistribution in complex three-dimensional urban geometry.
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Figure 14. Morphology-stratified relationship between daytime mean scene albedo and daytime mean ground absorption ratio for the 6,761

completed Guangzhou simulation tiles. Tiles are divided into four classes using median splits of building surface count and tree count: high

and low building density are defined relative to the median building surface count of 945, and high and low tree density are defined relative

to the median tree count of 1071. Each panel shows one morphology class, with points representing 1 km simulation tiles. The black line

shows the least-squares linear fit; panel annotations report sample size, Pearson correlation coefficient, and fitted slope. The stratification

shows that the positive albedo—ground absorption relationship persists within morphology classes, while dense buildings and abundant trees

shift the range and slope of the relationship.
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5 Discussion

The Guangzhou city-scale simulation was designed as a showcase to test the feasibility of applying URAY to building- and
tree-resolving shortwave radiative transfer across an entire city. Accordingly, several limitations define the scope of the current
implementation and the interpretation of its results. First, tree-crown optical properties are represented using a simplified
parameterization. The PROSPECT-based mapping uses a generic green broadleaf optical state rather than species-specific
measurements for Guangzhou trees, and it averages p(A) + 7(\) over 400-2500 nm without resolving leaf age, water stress,
seasonal pigment change, or solar-spectrum weighting. The parameter wy, g, which partitions specular and diffuse scattering in
the Monte Carlo kernel, is not directly returned by PROSPECT and therefore introduces additional uncertainty. These optical
assumptions affect the balance among canopy absorption, upward scattering, and radiation transmitted to ground and walls.

Second, the Guangzhou simulation assigns a uniform baseline albedo to ground, walls, and roofs. This choice isolates
building—tree radiative interactions but does not represent spatial variations in material type, ageing, colour, coating, or mois-
ture state. The SOMUCH validation shows that wet urban surfaces can alter albedo, making rainfall and wet-surface optical
properties important sources of uncertainty. The resulting city-scale maps should therefore be interpreted as scenario diag-
nostics conditioned on the prescribed surface properties rather than as a definitive reconstruction of Guangzhou’s radiative
state.

Third, GIS-derived tree crowns are reconstructed with a segmentation and ellipsoid-fitting algorithm that does not fully
represent crown-shape complexity, species differences, branch structure, or within-crown heterogeneity. The IsoTree and SO-
MUCH experiments evaluate crown attenuation and block-scale albedo, respectively, but they do not independently validate
city-wide component absorption under heterogeneous real-world conditions. In addition, URAY currently resolves shortwave
radiation only; it does not simulate longwave exchange, the complete surface energy balance, air temperature, or thermal
comfort. Consequently, the present results cannot be interpreted directly as estimates of cooling or planning benefits.

Despite these limitations, three conclusions remain useful within clearly defined boundaries. First, the validation and per-
formance experiments support the methodological conclusion that explicit building surfaces and transmissive tree crowns can
be coupled within a three-dimensional Monte Carlo framework and evaluated at city scale. BVH-accelerated intersections and
GPU-parallel photon tracing preserve component-level radiative diagnostics while making simulations over thousands of urban
tiles computationally practical. This conclusion concerns model architecture and computational feasibility and does not depend
on treating the Guangzhou optical inputs as exact observations.

Second, the Guangzhou application supports a diagnostic conclusion: scene albedo alone does not identify where non-
reflected shortwave energy is absorbed. Across the completed simulation tiles, scene albedo and ground absorption were
positively correlated (r = 0.942) because open, sparsely treed areas allowed more sunlight to reach the ground and more
reflected radiation to escape upward.

Third, the morphology-stratified analysis provides a useful hypothesis about the role of trees in dense urban settings. Within
high-building-density areas, the albedo—ground absorption correlation increased from r = 0.733 under low tree density to

r = 0.914 under high tree density. This contrast shows that the relationship between reflected and ground-absorbed shortwave
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radiation varies systematically with tree density. URAY can therefore identify morphology-dependent radiative patterns and
guide future paired simulations or field measurements designed to test their mechanisms.

Future development should combine higher-resolution crown geometry from drone LiDAR or comparable observations with
mapped urban materials, moisture-dependent surface properties, species-specific optical measurements, and uncertainty prop-
agation across geometric and optical inputs. Within its current scope, URAY is most useful as a physically explicit framework

for analysing shortwave redistribution, testing hypotheses, and identifying where additional observations are needed.

6 Conclusions

URAY is a city-scale three-dimensional Monte Carlo model that resolves both buildings and trees for urban shortwave radia-
tive transfer. It represents buildings as explicit triangulated surfaces and tree crowns as participating media, combined with
Woodcock tracking and BVH acceleration on a GPU, so that scene albedo and absorbed shortwave radiation are diagnosed per
surface component without relying on idealized two-dimensional canyon assumptions. The model was evaluated against two
benchmark cases and then applied to a city-scale simulation. The IsoTree validation demonstrates that URAY captures canopy
attenuation and scattering behaviour, while the SOMUCH case shows that the model reproduces realistic shortwave response
in a three-dimensional urban block with trees.

The Guangzhou implementation demonstrates shortwave radiation analysis with explicit three-dimensional building and
canopy geometry at city scale. In the city-scale simulation, URAY processed 6761 completed 1 km? tiles containing approxi-
mately 1.3 x 10° building polygons, 7.7 x 10° resolved tree crowns, and 18 x 10° surface elements. A complete hourly city-scale
time step required approximately 465.55 s on a consumer-class GPU. In the performance benchmarks, GPU parallelization was
approximately 198 times faster than sequential CPU computation at 10% photons, while BVH acceleration reduced wall-clock
time by approximately one order of magnitude. Together, these acceleration strategies make city-scale three-dimensional Monte
Carlo radiative-transfer simulations computationally practical.

The Guangzhou application reveals how urban morphology and tree cover shape shortwave redistribution. Across the city,
scene albedo and ground absorption were positively correlated (r = 0.942) because open, sparsely treed areas both exposed
more ground to sunlight and allowed more reflected radiation to escape upward. Within high-building-density areas, this cor-
relation increased from = 0.733 under low tree density to » = 0.914 under high tree density, highlighting the role of canopy
interception in regulating shortwave redistribution. These results demonstrate the importance of explicit three-dimensional

geometry in accurately modeling urban shortwave radiation.

Appendix A: Instantaneous Guangzhou diagnostics at 13:00 local time

Figure Al shows the instantaneous Guangzhou scene albedo and ground absorption ratio at 13:00 local time on 29 Jan-
uary 2024. The corresponding tile-scale relationship between instantaneous albedo and ground absorption ratio is shown in
Figure A2.
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Figure A1. Instantaneous city-scale URAY diagnostics at 13:00 local time on 29 January 2024. Panel (a) maps scene albedo, and panel (b)

maps the corresponding fraction of incident shortwave radiation absorbed by the ground surface.
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Figure A2. Relationship between instantaneous scene albedo and instantaneous ground absorption ratio at 13:00 local time on 29 Jan-
uary 2024 for the 6761 completed Guangzhou simulation tiles. Panel (a) colours each tile by log, transformed tree count, and panel (b)
colours each tile by log,, transformed building surface count. The black line shows the least-squares linear fit, with the Pearson correlation

coefficient reported in each panel.
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