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A B S T R A C T

Under the dual pressures of rapid urbanization and global warming, the management of solar radiation has
become an urgent issue to address. In this context, the potential regulatory role of urban street networks on solar
radiation has garnered widespread attention. However, existing research lacks an understanding of the impact of
street direction. By utilising street view data and solar trajectory simulation technology, it becomes possible to
facilitate the revelation of spatiotemporal differences in solar radiation across streets with different direction.
The results show that solar radiation is generally lower on north–south streets than on east–west streets. In terms
of spatial differences, the average solar radiation in the fifth ring of Beijing is 25.38% higher than that in the
second ring. Temporally, the average solar radiation in August, the highest month, is 15.98% greater than in
October, the lowest month. Additionally, solar radiation on east–west street direction shows more intense var-
iations in summer. A periodic variation in solar radiation was also discovered in relation to street angles, with
different frequencies and amplitudes at 30◦ and 180◦. This study is the first to focus on the directional attributes
of roads at an urban scale. By utilising 100,000 street view images, it calculates and analyses the spatiotemporal
distribution of solar radiation in Beijing during summer across different direction. The findings provide new
insights into the relationship between the distribution of solar radiation and the morphology of urban roads.

1. Introduction

Every tree and building in a street shapes a unique microclimate
environment under the influence of solar energy, constantly impacting
the living experience of urban residents and their perception (Li, 2021).
The amount of thermal radiation in street canyons will affect residents’
preference for outdoor activities (Huang et al., 2015; Hwang et al., 2011;
Jin et al., 2017; Lin et al., 2013). It is also a key parameter that in-
fluences human thermal comfort (Hodder and Parsons, 2006; Kurazumi
et al., 2013). During the hot summer season, exposing to sunlight for a
long time leads to the thermal discomfort for citizens and reduce their
opportunity for outdoor activities (Hwang et al., 2011; Lin et al., 2013,
2010), which is a more urgent issue in the context of global warming.
The extreme heatwave in summer will also have a significantly negative
impacts on human well-being and daily life (Jin et al., 2017; Kurazumi
et al., 2013). Therefore, understanding the spatio-temporal variations in
solar radiation in high-density urban areas are crucial for creating

livable and sustainable urban environments.
The study of the impact of urban built environment on urban solar

radiation has attracted considerable interest in the fields of urban sci-
ence and environmental science. Various studies have been conducted to
explore and examine the relationship between various built environ-
ment factors and solar radiation in street canyons. For example, solar
radiation in street canyons is influenced by factors such as sun trajec-
tory, tree coverage, and the direction of street networks (Carrasco-
Hernandez et al., 2015; Hwang et al., 2011; Johansson, 2006; Lin et al.,
2013). Plants can absorb sunlight and undergo photosynthesis, as well as
influence microclimates through evaporation of water (Onishi et al.,
2010). Tall tree canopies can provide shade and prevent direct solar
radiation on the ground (Armson et al., 2013). The geometric charac-
teristics of urban roads, such as road density and intersection quantity,
can influence human travel levels and preferences (Chen et al., 2022; Li
et al., 2023). Areas with higher road accessibility typically have more
shading facilities. Additionally, the radiation reaching the ground is also
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influenced by building blocks within street canyons (Ali-Toudert and
Mayer, 2006; Sanusi et al., 2016; Zhang et al., 2017). These studies
highlight the importance of built environment elements such as vege-
tation, buildings, and roads, providing necessary insights for urban de-
cision-makers.

In addition to analyzing the relevant factors that affect solar radia-
tion, identifying and measuring of solar radiation efficient are also
crucial. However, empirical research methods for measuring solar ra-
diation rely on specialized equipment (Acuña Paz et al., 2021). Although
empirical studies are highly reliable, they are time-consuming and
cannot be conducted on a large scale. In addition, it is inaccurate to use
solar radiation measurement in a small area to predict the whole urban
area, especially some urban street canyons with very complex structure.
Therefore, there is an urgent need for effective, accuracy, and reliable
methods to measure and understand the spatio-temporal distribution
solar radiation in urban environments.

In recent years, street view images have been proven to be a reliable
tool for observing the urban built environment, providing a low-cost
solution for on-site visual measurements, which is also shows a great
potential for large-scale measurement and computation of solar radia-
tion. Researchers have utilized street view images to study various urban
phenomena and applications. For example, urban spatial perception
measurement (Wang et al., 2022; Zhang et al., 2018), assessment of
greening structures in street canyons (Sun et al., 2021; Zhang et al.,
2023; Zhu et al., 2023), prediction of urban crime rates (Yao et al., 2023;
Zhang, 2021), estimation of object positions in street canyons (Liu et al.,
2023; Lumnitz et al., 2021), and analysis of the built environment (Gao
et al., 2023; Liu and Liu, 2022). Meanwhile, the rapid development of
computer science has facilitated the extraction of hidden features from
street view images. For example, deep learning methods based on
Transform have been developed to detect limb obstacles in urban areas
(Hu et al., 2023). Building age prediction from street view images using
publicly available government data has been achieved (Sun et al., 2022).
Image semantic segmentation has been used to identify the colors of
buildings in street views and generate color maps (Zhai et al., 2023).

In contrast to the gaps present in previous research, our work pri-
marily addresses the following four research questions to enhance the
understanding in the field of solar radiation and urban morphology:

1. How can the distribution of solar radiation be calculated using street
view images that contain temporal and directional information?

2. What are the trends in solar radiation changes across different
months of summer for streets direction in various directions?

3. Is there consistency in the changes of solar radiation across different
street direction between inner and outer urban areas?

4. What insights do the distribution characteristics of solar radiation in
different street direction offer for urban planning and environmental
optimization?

The innovation of this study is mainly reflected in the following as-
pects: Firstly, it employs large-scale street view image data to provide a
low-cost and highly efficient method for measuring solar radiation in
different street orientations. Secondly, this work not only focuses on the
spatial distribution of solar radiation but also delves into the temporal
variation of radiation across different months of summer. Lastly, by
introducing the analysis of periodic variations in street orientations, it
reveals how minor changes in street angles significantly impact solar
radiation, offering a new perspective for the refined management of
urban thermal environments.

Specifically, we first collect panoramic street view images of nearly
100,000 street points in Beijing fromMay to October during the summer
seasons from 2015 to 2022. These images represent the urban built
environment. Next, we convert the panoramas into fisheye images and
calculate the sun’s trajectory within the fisheye images. By utilizing the
National Solar Radiation Database, we accurately calculate the solar
radiation for the entire city. Considering the spatiotemporal

heterogeneity, it is crucial to differentiate the spatial and temporal
distribution and mechanisms of solar radiation. To achieve this, we
divide the space based on the boundaries of the city’s fifth ring road and
divide the time based on the summer months, allowing for an in-depth
analysis of the variations in solar radiation and street network di-
rections. These findings not only enrich the theoretical framework of
solar radiation research but also provide practical guidance for urban
planning and sustainable development.

2. Related works

2.1. Solar radiation simulation and calculation

With technological advancements, researchers have proposed and
developed various methods and tools to calculate solar radiation levels
within street canyon networks. Numerical simulation models can cap-
ture spatial heterogeneity variations (Gál and Kántor, 2020). Compu-
tational fluid dynamics (CFD) software models such as FLUENT have
been widely used to study urban climate and solar radiation levels
(Blocken, 2015). However, simulating cities in built environments
(including buildings, vegetation, and public infrastructure) requires
higher computational power and longer analysis time. Due to the high
requirements for computer performance and computational costs, CFD
models are difficult for non-experts to use or apply in large-scale urban
models (Mirzaei, 2021). Another classic approach is based on remote
sensing imagery to calculate parameters such as tree canopy coverage
and vegetation indices to explain the microclimate regulation in urban
street canyons (Chen et al., 2006; Kong et al., 2014b, 2014a). However,
this method only reflects remote sensing imagery during a specific time
period and cannot simulate the precise solar radiation values consid-
ering the complex canopy structure and accurate sun trajectory within
street canyons. With the widespread availability of high-resolution
digital model data, it has become possible to simulate precise solar ra-
diation values within street canyons. However, these digital city models
often do not include the canopy layer of street trees (Li et al., 2018).

Matzarakis et al., (2010) employed ground-based hemispherical
images combined with field measurements to accurately measure solar
radiation and thermal environment within urban street canyons. They
demonstrated that ground-based hemispherical images serve as a valu-
able supplementary data source for simulating and measuring solar ra-
diation within urban street canyons. The use of ground-based
hemispherical images allows for better consideration of solar incidence
angles. Building upon this, Li and Ratti measured solar radiation using
urban street view images (Li and Ratti, 2019). In another study, the solar
photovoltaic potential of urban roads was measured using street view
images (Liu, 2019).

2.2. Influence of street network on thermal radiation

Urban morphological patterns, including street patterns and street
density, influence urban functioning and microclimate (Li et al., 2023).
However, due to various of natural environment, socio-economic envi-
ronment, and historical planning, street network patterns. Existing
research has shown that variations in street network patterns have sig-
nificant influence for traffic safety (Marshall and Garrick, 2011), public
health (Marshall et al., 2014), energy consumption (Mohajeri et al.,
2015), and crime safety (Summers and Johnson, 2017). Previous studies
have proposed various methods to identify street network patterns.
Marshall (2004) defined five street types, which is linear, dendritic,
radial, cell, and hybrid. Other studies have measured ring (Heinzle et al.,
2006), grid (Yang et al., 2010), and complex changing patterns (Zhou
and Li, 2015). More recently, entropy concepts have been employed to
measure the global patterns (order or disorder) of street networks.
Directional entropy, which measures the variation in street directions, is
considered an important indicator of street network patterns and their
associated urban forms. Directional entropy has been used to study 100
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cities worldwide, revealing that cities in the United States and Canada
resemble grid patterns more than other locations (Boeing, 2019). Cou-
trot et al. (2022) further explained human spatial direction abilities
based on directional entropy.

Street networks have obvious influence on solar radiation. Theoret-
ically, east–west- direction streets receive longer sunlight durations as
they align with the direction of the sun’s movement (Zhang et al., 2017).
Studies have found that street trees distributed along east–west- direc-
tion streets provide stronger cooling effects for street canyon microcli-
mates (Sanusi et al., 2016). Another study developed a three-
dimensional urban surface model (3D-USM) for spatiotemporal simu-
lation of climatic environments. It quantified the solar radiation levels
varying with street directions, providing insights for effective urban
cooling strategies in the face of urbanization and climate change (Yun
et al., 2023). Existing research evidence indicates that long-term access
to comfortable street spaces contributes to residents’ physical activity
(Hickman, 2013). Comfortable streets also enhance people’s aesthetic
appreciation of urban streets and can reduce personal stress (Carmona
et al., 2018). The positive factors brought by high-quality streets have
led scholars and urban planners in various fields to paymore attention to
creating streets with a good sensory experience (Hagen and Tennøy,
2021). Therefore, considering the intensity of street radiation is a pre-
requisite for street renovation and reconstruction projects. Identifying
the influence of street network directions on solar radiation helps un-
derstand the current state of urban development and study how different
street network directions impact our urban climate and environment
(Araújo De Oliveira, 2022).

3. Study area and data description

This study selects the urban area of Beijing City as the research area,
primarily encompassing the area within the Fifth Ring Road (Fig. 1). The
Fifth Ring Road serves as a boundary between the urban and suburban
areas and is an important criterion for land use zoning. The research area
enjoys abundant sunshine, with an annual average of 2000–2800 h of
sunshine. Most of roads in the research area are in a north–south or

east–west direction, exhibiting a relatively regular pattern (Yang et al.,
2021). Additionally, the research area includes diverse types of urban
canyons, including tall buildings and narrow alleyways, which
contribute to the complexity of solar radiation conditions (Liu, 2019).
All these factors make the analysis of solar radiation in Beijing an
important issue.

We utilized Baidu Street View Images (BSVIs) as our source of street
view data. Baidu, being one of the primary providers of street view data
in China, offers comprehensive street view imagery covering almost the
entire city of Beijing. They regularly update their data, making it one of
the primary sources for street view research in the region (Biljecki and
Ito, 2021).

Considering that plant growth is influenced by seasonal changes. The
shedding of leaves in winter significantly impacts the results obtained
through the solar trajectory method used in this study to measure solar
radiation. Moreover, this research does not focus on comparing solar
radiation levels between summer and winter. Therefore, we filtered and
retained only the street view data for the summer period (May to
October). We obtained the road network within the Fifth Ring Road of
Beijing from OpenStreetMap (OSM) and used this road network data to
create street view sampling points at 50-meter intervals (Fig. 1(c)), from
which we obtained street view images. Following this method, we
collected a total of 436,592 street view images from 157,732 sampling
points, with each image captured as a panoramic view.

Next, we filtered the sampling points based on their acquisition time
between May and October from 2015 to 2022 (Fig. 2(b)), resulting in a
final dataset of 98,910 panoramic street view images that met our
criteria. One of the main focal points of this study is the impact of street
direction on solar radiation. By parsing the metadata, we can obtain the
angle (Angle) between the direction of the car’s movement and the
geographic north direction in the spatial domain, as illustrated in Fig. 2.

Fig. 1. Study area. (a)China, (b)Beijing, (c)Study area of Beijing fifth ring road.

L. Wang et al.



International Journal of Applied Earth Observation and Geoinformation 132 (2024) 104058

4

4. Methodology

4.1. Generation of fisheye image

The collection of panoramic street view images was accomplished by
filtering based on season and year, while recording the metadata of each
street view. To compute the sun trajectory, we converted these pano-
ramic street view images from equidistant cylindrical projection to
equidistant azimuthal projection, creating a fisheye image (Li and Ratti,
2019). This image conversion method is particularly suitable for this
research as it can simplify complex urban environments into computable
geometric models, thereby more accurately simulating the distribution
of solar radiation on city streets. This conversion not only enhances the
precision of calculating the solar trajectory but also enables us to more
reliably predict the impact of different street direction on solar radiation
reception. Specifically, by converting images into fisheye projections,
we can more accurately analyze the interference of plant shadows and
reflections on solar radiation, thus providing more reliable data support
for the analysis.

The mathematical model for this transformation is detailed in Fig. 3
(a). Here, Wc and Hc represent the width and height of the panoramic
image, so the radius of the fisheye image is given by r0 = Wc

2π , and the
width and height of the fisheye image are Wc

π . Consequently, the center of
the fisheye image (Cx, Cy) can be calculated using Eq. (1). For any pixel

position (xf , yf ) in the fisheye image, its corresponding pixel position (xc,
yc) in the panoramic image can be obtained using Eq. (2).

Cx = Cy =
Wc

2π#
(1)

xc =
θ
2πWcyc =

r
r0
Hc# (2)

For any given coordinate (xf , yf ) in the fisheye image, the angle θ with
respect to the starting position and the radius r from the center can be
calculated using Eqs. (3) and (4) respectively:

θ =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

3π
2

− arctan
(
yf − Cy

xf − Cx

)

, xf < Cx

π
2
− arctan

(
yf − Cy

xf − Cx

)

, xf > Cx

# (3)

r =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(
xf − Cx

)2
+
(
yf − Cy

)2
√

# (4)

Based on the aforementioned model, the panoramic street view images
are transformed into fisheye images. However, the resulting fisheye
images do not have the actual north direction aligned at the top.
Therefore, it is necessary to calculate the rotation angle based on the

Fig. 2. Street view image metadata acquisition and filtering based on summer time. (a)Street view image metadate acquisition, (b)Filter summer street view by
shooting time.
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camera’s angle with respect to the north direction, as captured in the
metadata. The rotation angle can be calculated using Eq. (5). The images
are then processed using OpenCV tools to perform a counter-clockwise
rotation, aligning the fisheye image’s top towards the actual north di-
rection in the geographical space (Fig. 2(c)).

RotateAngle =

{
180 − Angle,Angle ≤ 180

540 − Angle,Angle > 180
# (5)

In Eq. (5), Angle represents the angle derived from the metadata of the
Baidu Street View panoramic image. The Rotate Angle, on the other
hand, is the calculated angle for counter-clockwise rotation of the image
using OpenCV (as shown in Fig. 2(c)). It is worth noting that since all
images need to follow the same clockwise rotation direction, when
Angle > 180, we use 540 degrees instead of 360 degrees. This ensures
that the rotated fisheye image and the sun trajectory have the same
coordinate system in the 2D plane. This alignment enables the overlay of
the sun trajectory on the fisheye image, facilitating the calculation of
solar radiation in this study.

4.2. Calculation of solar radiation

The movement trajectory of the sun in the sky on a specific date can

be calculated based on precise longitude and latitude coordinates. By
overlaying the sun trajectory on the fisheye image, we can compute the
direct and scattered solar radiation. This information is used to represent
the solar radiation at that particular location. When calculating solar
radiation, it is necessary to consider the sky’s contribution to the fisheye
image. Previous studies have employed threshold segmentation
methods to identify the difference in pixel colors between vegetation
and the sky. In our research, we utilize a sophisticated pretrained deep
learning model (Zhou et al., 2018) (Fig. 3(c)) for image semantic seg-
mentation. This model achieves an accuracy of 80.91 % in segmenting
images, meeting the precision requirements for our study. Thus, we
overlap the sun’s movement trajectory with the fisheye image to mea-
sure the sun’s exposure time. Fig. 3(c) illustrates the sun’s movement
trajectory for a single location in the year 2020, covering the period
from May to October, with the middle 15 days of each month selected.
The sun’s position is calculated at 10-minute intervals along the tra-
jectory. Our study assumes ideal conditions of clear weather and no
cloud cover, which may cause some deviations from the actual physical
environment of the city.

Solar radiation consists of two components: direct radiation and
diffuse radiation (Anderson, 1964; Fu and Rich, 2002). Fisheye images
generated from panoramic street view images can be used to reasonably
predict solar radiation in urban streets (Rich, 1989). Therefore, in this

Fig. 3. Fisheye diagrams are used to calculate Solar Radiation and thermal comfort. (a)Panorama covert fisheye image formula, (b) example of fisheye image angle
and mask correction, (c) the trajectory of the sun from May to October to calculate solar radiation.

L. Wang et al.
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study, we utilize fisheye image data from recent years’ summer seasons
to calculate street radiation.

For direct radiation, we calculate it based on the intersection ratio
between the sun’s trajectory and the sky pixels in the fisheye image. The
calculation process can be expressed by Eq. (6). In the equation, h1
represents the sunrise time, h2 represents the sunset time. θh denotes the
solar zenith angle at time h. Bhrepresents whether the sun is obstructed
at time h, which is represented as a boolean value of 0 or 1.

PD =

∑h2
h=h1Bh⋅cosθh
∑h2

h=h1 cosθh
# (6)

Diffuse radiation is the form of solar radiation that is scattered in the
atmosphere. It can be estimated by considering the distribution of
shading obstacles and the diffuse sky (Rich, 1989). Assuming a uniform
distribution of diffuse radiation in the sky, the sky can be divided into an
8x16 grid to create a sky chart. The proportion of diffuse radiation
reaching the ground can be predicted using Eq. (7). In the equation, Ga,z
represents the proportion of visible sky obtained from image semantic
segmentation, θa,z,2 and θa,z,1 are the upper and lower boundaries of the
sky sector, and θz is the solar zenith angle at the centroid of the sky
sector.

PF =

∑15
a=0

∑7
z=0Ga,z⋅

(
cosθa,z,2 − cosθa,z,1

)
⋅cosθz

16
# (7)

The total radiation on a street can be calculated by adding the total
direct radiation from the sun and the total diffuse radiation from the sun
(Richards and Edwards, 2017). In Eq. (8), the total direct radiation from
the sun (Raddi) and the total diffuse radiation from the sun (Raddif) are
calculated using unobstructed ground station data for a 24-hour period.
This data is obtained from the National Solar Radiation Database
(https://www.nrel.gov/rredc/). By using this data, we can calculate the
average daily direct radiation and diffuse radiation in Beijing from May
1st to October 31st, 2020, which are 4549.34 Wh/m2 and 2288.03 Wh/
m2, respectively.

Rmonth = PD⋅Raddi + PF⋅Raddif# (8)

Finally, we calculate the average total solar radiation between May and

October, represented by Rmay and Roct respectively. The average radia-
tion over the five months is denoted as Rc in Eq. (9), which serves as an
indicator for solar radiation.

Rc =
RMay + RJun. + RJul. + RAug. + RSep. + ROct.

6
# (9)

4.3. Street direction threshold

The specific quantification of street direction is depicted in Fig. 4. As
mentioned earlier, we utilize metadata captured along with street views
to determine the direction of the street network. When vehicles travel on
north–south streets, the recorded angle data falls within three ranges:
0◦<Angle< 30◦, 150◦<Angle< 210◦, and 330◦<Angle< 360◦. To avoid
ambiguity and facilitate calculations, we treat 360◦ and 0◦ as separate
values. On the other hand, when vehicles travel on east–west streets, the
recorded angle data falls within two ranges: 60◦<Angle < 120◦ and
240◦<Angle < 300◦.

Our study area comprises a total of 98,910 street view points. To
explore the inner and outer city divisions shown in Fig. 5, we divide the
area based on the five concentric ring roads of Beijing. We then conduct
street direction statistics for each region. For the street view points
within the 5th Ring Road and 4th Ring Road, there are 44,686 points,
with 17,555 points oriented in the north–south direction and 19,429
points oriented in the east–west direction, accounting for 82.76 % of
valid data. Within the 4th Ring Road and 3rd Ring Road, there are
23,485 street view points, with 9,713 points oriented in the north–south
direction and 10,805 points oriented in the east–west direction, ac-
counting for 87.37 % of valid data. Within the 3rd Ring Road and 2nd
Ring Road, there are 15,767 street view points, with 7,034 points ori-
ented in the north–south direction and 7,263 points oriented in the
east–west direction, accounting for 90.68 % of valid data. Within the
2nd Ring Road, there are 14,971 street view points, with 6,206 points
oriented in the north–south direction and 8,122 points oriented in the
east–west direction, accounting for 95.71 % of valid data.

Fig. 4. Quantification and definition of road and fisheye street view direction. (a)North-South direction angle calculation, (b)East-West direction angle calculation.

L. Wang et al.
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5. Results

5.1. Spatial distribution of solar radiation under different street directions

The method we proposed enables the precise measurement of solar
duration and solar radiation distribution at a city scale. In this study, in
addition to quantitative analysis, we also investigated the spatial dis-
tribution of solar radiation in the urban areas. To visually display the
geographical distribution of solar radiation, in Fig. 6 we show the
geographical spatial level of solar radiation for each street view point.
First, we remove the outliers where the solar radiation is zero from the
data. Using the maximum and minimum values as the range, we apply
the natural breaks classification method. We use a five-color gradient to

represent different levels of solar radiation, with the gradient ranging
from cool to warm tones. Cool tones represent the lowest level of solar
radiation, while warm tones represent the highest level.

Fig. 6 on the left shows the spatial distribution of solar radiation at all
street sampling points in the central urban area of Beijing. To visualize
the spatial pattern more clearly, in Fig. 6 on the right, we further
aggregated the site-level solar radiation into hexagonal grids with a
diameter of 300 m by calculating their average values. Hexagonal grids
with an average value of 0 were excluded. Hexagonal grids, compared to
square grids, have more edges and can better represent the spatial ag-
gregation of solar radiation.

Overall, the distribution of solar radiation in Beijing shows a pattern
of higher radiation in the outer periphery, gradually decreasing towards

Fig. 5. Beijing five ring roads towards statistics.

Fig. 6. Spatial distribution of solar radiation in Beijing Fifth Ring Road. In the left we used the original street view point coordinates. In the right, we use hexagons
for mean statistics.

L. Wang et al.
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the inner side, and then increasing again towards the center. Addition-
ally, the distribution of solar radiation exhibits clustering. The five
concentric ring roads that divide Beijing show a relatively equal distri-
bution of high solar radiation. There is a noticeable clustering of low
solar radiation in the northern and northwestern parts of the city. The
low solar radiation area in the north corresponds to the Beijing Olympic
Forest Park, while the northwestern area is home to nearly 20 higher
education institutions such as Tsinghua University and Beijing Forestry
University. From the perspective of public service facilities, parks and
the architectural blocks and green spaces of universities have a signifi-
cant positive impact on reducing solar radiation. The central area of the
city is occupied by Chang’an Avenue, with the street width reaching 48
m. The street width is a major factor leading to the higher solar radiation
in the central area.

In order to discuss the impact of street network direction on the
geographical distribution of solar radiation, we separately selected
street sampling points in the north–south and east–west directions. In
Fig. 7, the sampling points and hexagonal grid solar radiation for the two

different directions are visualized. To achieve visual comparability, we
also standardized the data classification rules. In Fig. 7(a), the overall
solar radiation level of the north–south streets is significantly lower
compared to the east–west streets in Fig. 7(b). From the comparison in
the figure, it can be observed that the reduction of solar radiation in the
inner city is more obvious in the north–south direction compared to the
outer city. These spatial distributions are related to the development
period of Beijing and indicate that the early-built communities in the
inner city provide more street shading from buildings and vegetation,
which have had a longer time to grow. In contrast, the reduction of solar
radiation in the outer city, especially in the southwest direction of the
southern region of Beijing, is more gradual. This indicates that the
proportion of vegetation and buildings in the outer city changes less in
the fisheye view, demonstrating that the trends in solar radiation vari-
ation reflect changes in the physical environment of certain areas.
Analyzing the spatial distribution of solar radiation in these north–south
and east–west streets helps consider the influence of the urban physical
environment, thus providing insights into the complex mechanisms

Fig. 7. Geospatial distribution of Solar Radiation in different street network direction. (a)The distribution of Solar Radiation in the North-South street network, (b)
The distribution of Solar Radiation in the West-East street network.

L. Wang et al.
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underlying these attributes.
Moreover, these differences significantly impact urban planning,

development, and human behavior. For instance, the height and density
of buildings can affect sunlight obstruction, leading to variations in solar
radiation from different directions. Planners can utilize solar radiation
data to optimize building layouts and the design of urban green spaces,
as well as establish regulations on building heights to enhance energy
efficiency and residential comfort. Furthermore, changes in sunlight
duration and intensity may influence travel habits and outdoor activity
schedules. Therefore, an in-depth exploration of the causes of solar ra-
diation differences and their potential impacts on urban planning and
human behavior will provide crucial scientific evidence for sustainable
urban development.

5.2. Spatio-temporal variation of solar radiation

There is a significant spatial difference in solar radiation in different
street directions during the summer in Beijing. In Fig. 8(b), we plotted
the comparison of this difference. From the Fifth Ring Road to the
Second Ring Road, the east–west streets have higher solar radiation than
the north–south streets at different locations. Both directions also show
an increasing trend of solar radiation from the inner city to the outer
city. The average solar radiation in the Fifth Ring Road of Beijing is
25.38 % higher than that in the Second Ring Road. In Fig. 8(a), it can
also be observed that in addition to the increasing trend of solar radia-
tion, the standard deviation of radiation in the inner city is larger, while
the radiation distribution in the outer city is more concentrated.

In Table 1, we compiled the data characteristics of solar radiation in
different directions at various locations. For the Second Ring Road, the
average solar radiation of north–south streets is 2634.92 Wh/m2, with a
median of 2646.37 Wh/m2. In contrast, the average and median solar
radiation of east–west streets are significantly higher, at 3301.79 Wh/
m2 and 3574.13 Wh/m2, respectively. For the Third Ring Road, the
average solar radiation of north–south streets is 2747.76 Wh/m2, while
it is 3260.52 Wh/m2 for east–west streets. Both directions show an in-
crease in solar radiation from the Second Ring Road to the Third Ring
Road, but the east–west direction still remains significantly higher than
the north–south direction. Moving to the Fourth Ring Road, the average
solar radiation for north–south streets further increases to 3094.79 Wh/
m2. In comparison, the average solar radiation for east–west streets is
3604.54 Wh/m2, indicating a larger disparity with the north–south di-
rection. On the Fifth Ring Road, the average solar radiation reaches

3460.54 Wh/m2 for north–south streets, while it is 3982.89 Wh/m2 for
east–west streets. This area represents the highest solar radiation among
the four ring roads, particularly in the east–west direction.

By conducting a comparative analysis, we can clearly observe that
solar radiation on north–south streets is generally lower than that on
east–west streets, which is consistent with our previous research find-
ings. Several factors contribute to the significant differences in solar
radiation among different street directions:

1. Urban history and development: Beijing, as an ancient capital of
China, has a long history of urban development, and the street layout
is influenced by ancient planning. Early-built communities in the
inner city typically have narrow streets and high building density,
providing more shading and reducing solar radiation. In contrast, the
streets and building layouts in the outer city are relatively newer,
potentially resulting in higher solar radiation.

2. Distribution and height of buildings: Buildings in the city center
are usually more dense and taller, which provides more shading for
the streets and reduces solar radiation. In the outskirts, especially
along the Fifth Ring Road, the distribution and height of buildings
may differ from the inner city due to more relaxed land use regula-
tions, leading to increased solar radiation.

3. Vegetation coverage: Vegetation can effectively absorb and diffuse
solar radiation. The inner city has significant vegetation coverage,
such as the Beijing Olympic Forest Park, which acts as a green shade
umbrella for the city. Additionally, areas with abundant green spaces
in university campuses contribute to a reduction in solar radiation.

4. Street direction and physical environment: Beijing’s streets pre-
dominantly run in the north–south and east–west directions. Due to

Fig. 8. Analysis of spatial variation of Solar Radiation with different street direction in summer.

Table 1
Spatial Variation in Solar Radiation (wh/m2) for Different Street Directions in
Summer.

Spatial
Location

Direction Mean Median Min Max S.D.

Second ring
road

N-S 2634.92 2646.37 0.0 5505.66 1194.95
W-E 3301.79 3574.13 0.0 5494.95 1323.41

Third ring
road

N-S 2747.76 2808.57 0.0 5570.65 1249.27
W-E 3260.52 3544.90 0.0 5478.76 1320.32

Fourth ring
road

N-S 3094.79 3146.82 0.0 5552.73 1153.47
W-E 3604.54 3874.81 0.0 5521.99 1218.29

Fifth ring road N-S 3460.54 3558.95 0.0 5624.31 1166.94
W-E 3982.89 4221.56 0.0 5644.16 1107.99
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the Earth’s rotation and geographical location, north–south streets
may often be in the shadow of buildings, resulting in reduced solar
radiation for most of the day. East-west streets, on the other hand, are
exposed to direct sunlight during morning and evening hours, lead-
ing to increased solar radiation.

5. Specific regional characteristics: For instance, Chang’an Avenue
has a width of 48 m. Such wide streets allow more direct sunlight to
reach the ground, leading to increased solar radiation.

These factors collectively contribute to the distinct variations in solar
radiation among different street directions, providing insights into the
complex mechanisms of urban physical environments.

5.3. Impact of street direction on solar radiation

In Beijing, there are also significant temporal differences in solar
radiation for different street directions during the summer. In Fig. 9(b),
we applied a quadratic curve fitting to illustrate this trend. Generally,
east–west streets have higher solar radiation from May to September,
but in October, there is a sudden decrease due to the change in the sun’s
trajectory. Overall, the solar radiation variation is more pronounced for
east–west streets during the summer. On the other hand, the solar ra-
diation changes more gradually for north–south streets. Additionally, as
shown in Fig. 8(a), it can be observed that the standard deviation of solar
radiation variation is greater for east–west streets, which results in a
more variable perception of heat for urban residents on these streets.

In Table 2, we have compiled the data characteristics of solar radi-
ation in different directions at various time periods. By examining the
data for different months, we can observe the trends in solar radiation
from May to October. For north–south streets, the average solar radia-
tion is highest in August, while it is lowest in October. The solar radia-
tion in August is 15.98 % higher compared to May. In contrast, for
east–west streets, there is a noticeable decrease in solar radiation in
October. This trend indicates that as the summer progresses, the solar
radiation on the streets gradually decreases, following a pattern of initial
increase and subsequent decrease. Furthermore, there are variations in
the standard deviation of solar radiation among different street di-
rections, suggesting differences in the variability of solar radiation. East-
west streets exhibit higher variability in solar radiation during
September and October.

When considering the periodic variation in street angles, our analysis
must ensure the continuity of the fitted curve at both ends. To ensure a
continuous fitting between 0◦ and 360◦, we adopted a specific strategy

to expand the data set from − 30◦ (330◦) to 390◦ (30◦). Subsequently, the
plotted curve range was truncated to 0◦ to 360◦. The formula is as fol-
lows:

Anglenew =

{
Angle − 360◦

,330◦

≤ Angle ≤ 180◦

Angle+ 360◦

, 0◦

≤ Angle ≤ 30◦
# (10)

In Eq. (10), “Angle” represents the angles in the original data set, and
“Anglenew” represents the expanded data set. We take the data between
330◦ and 360◦ and subtract 360◦ from the corresponding angles to
obtain new data ranging from − 30◦ to 0◦. Similarly, we take the data
between 0◦ and 30◦, and add 360◦ to the corresponding angles to obtain
new data ranging from 360◦ to 390◦. However, when plotting Fig. 10, we
only display the range from 0◦ to 360◦.

As shown in Fig. 10(a), we analyze the quantified data of street di-
rections and solar radiation in a two-dimensional coordinate system for
each streetscape point. Each grey dot represents a street view point，the
x-axis represents the street direction angles corresponding to the
streetscape points, while the y-axis represents the computed solar ra-
diation values. Similar to the distribution of the street network in Bei-
jing, the streetscape points are predominantly distributed in the
north–south and east–west directions. The solar radiation levels are
significantly lower in the north–south directions (0◦/360◦ and 180◦) on
the y-axis compared to the east–west directions (90◦ and 270◦). It’s
worth noting that besides the primary distribution in the four main di-
rections, there are also minor distribution angles indicated by red boxes

Fig. 9. Analysis of time variation of Solar Radiation with different street direction in summer.

Table 2
Temporal Variation in Solar Radiation (wh/m2) for Different Street Directions in
Summer.

Spatial
Location

Direction Mean Median Min Max S.D.

May N-S 3143.71 3212.09 0.00 5691.53 1263.16
W-E 3847.75 4188.11 0.00 5694.51 1228.61

June N-S 3095.86 3158.62 0.00 5688.12 1257.42
W-E 3719.77 4005.21 0.00 5694.04 1203.47

July N-S 3108.52 3172.51 0.00 5684.82 1256.89
W-E 3758.32 4060.04 0.00 5694.04 1208.67

Aug N-S 3153.70 3236.93 0.00 5688.92 1258.70
W-E 3894.39 4315.60 0.00 5693.93 1271.93

Sep N-S 3152.47 3235.07 0.00 5691.65 1276.05
W-E 3724.98 4231.68 0.00 5688.99 1510.26

Oct N-S 3081.21 3149.57 0.00 5696.96 1277.71
W-E 2996.83 3167.51 0.00 5691.30 1647.49
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in the figure. These angles occur at approximately 30◦, 130◦, 220◦, and
310◦, which align with the street layout in Beijing. Streets in these four
angle directions serve as connections between the east–west and
north–south directions.

Fig. 10(b) analyzes the six-degree polynomial fitting curves for the
average relative solar radiation variation within each one-degree angle.
We compiled and calculated the mean solar radiation represented by all
the grey dots within a one-degree angle, with this mean value indicated

by solid green dots. Similarly, the x-axis represents the corresponding
street direction angles of the mean values, and the y-axis represents the
calculated mean solar radiation. We then connect them with dashed
lines of the same color, depicting the overall variation of solar radiation
across all street direction angles in the city. To smooth out the process,
we employ a six-degree polynomial curve for fitting. The fitting results
show that the troughs of the polynomial curve are in the north–south
directions, with two troughs occurring in these directions. Interestingly,

Fig. 10. Correlation analysis of street network direction Angle and Solar Radiation. (a)The Angle and Solar Radiation of each street view are plotted to visually show
the distribution, (b) Analyze of the periodic change of Solar Radiation with increasing Angle.
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we can observe more variation cycles besides the two peaks and troughs,
which are worth noting and can be further analyzed using Fourier
transform. In the entire vibration frequency, there are two major vi-
bration frequency curves. Each of these curves contains multiple vi-
brations within the two cycles, occurring at 0◦ (180◦), 30◦ (210◦), 60◦

(240◦), 90◦ (270◦), 120◦ (300◦), 150◦ (330◦), and 180◦ (360◦).
From this, we can observe an interesting phenomenon. Starting from

0◦, every 30◦ increase represents one vibration cycle. Although the vi-
bration curve at 30◦ in the figure is not perfectly regular, we can still
identify a certain pattern. As the street direction angle changes, every six

small vibration cycles form a complete solar radiation variation cycle.
Therefore, the increase in solar radiation from north-south roads to
east–west roads is not linear but rather periodic and gradually
increasing. These findings provide a novel perspective for understanding
the relationship between street directions and solar radiation.

Fig. 11. Selected samples of calculating solar radiation from a street view panorama with different street network direction.
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6. Discussion

6.1. Summary of the research phenomenon

As shown in Fig. 11, we calculated the solar radiation in different
directions of urban street spaces using panoramic street view data and
traced the path of the sun. Based on the computational results, this study
revealed the geographic spatial distribution and temporal variation of
solar radiation at the city scale, particularly in metropolitan areas like
Beijing. Through in-depth analysis of the relationship between street
network directions and solar radiation, several key phenomena were
observed. Firstly, the solar radiation distribution in Beijing exhibited
significant heterogeneity in geographic space, with pronounced differ-
ences in solar radiation intensity between the central area and the pe-
riphery. This distribution pattern was closely related to factors such as
the city’s building layout, green coverage, and street width. For
example, Beijing’s central axis, Chang’an Avenue, due to its unique
width and historical significance, had noticeably higher solar radiation
intensity compared to other areas. Secondly, the directional nature of
streets had a significant impact on solar radiation. In Beijing, north-
–south streets generally received lower solar radiation compared to
east–west streets, which was attributed to the Earth’s axis of rotation
and Beijing’s specific geographic location, resulting in more time spent
in the shadow of buildings for north–south streets. Additionally, from a
temporal perspective, the intensity of solar radiation was influenced not
only by seasonal factors but also by street direction. In summer, the
variation in solar radiation intensity was more pronounced between
different months for east–west streets, while it remained relatively sta-
ble for north–south streets. This phenomenon revealed the need for
urban planning to consider seasonal and temporal changes when opti-
mizing residents’ perception of radiation by street layout. Finally,
through the analysis of the correlation between street angles and solar
radiation, it was found that there was periodic variation in solar radia-
tion with street angles. This phenomenon indicated that even small
changes in street direction could have a significant impact on solar ra-
diation, thereby affecting the daily lives of city residents.

Different directions of solar radiation also have various other impacts
on the urban environment. For example, in the rental and real estate
markets, properties facing north or south usually command higher pri-
ces. This is because residents believe that such directions provide longer
exposure to sunlight, enhancing the living experience in the rooms.
However, from a building design perspective, walls facing the west
receive intense sunlight in the summer, leading to higher indoor tem-
peratures. These findings provide valuable insights for urban planning
and management, emphasizing the importance of considering solar ra-
diation in street design and reconstruction. Particularly in the context of
global warming and the exacerbation of urban heat island effects, they
offer more targeted strategies for sustainable development in cities
worldwide.

6.2. Policy implications for urban development

With the acceleration of urbanization, considering residents’ thermal
perception and quantifying management of solar radiation in urban
design and planning has become an urgent task. This study provides us
with an in-depth understanding of the variations of solar radiation in
different street directions and over time, thereby offering valuable in-
sights for urban policymakers and planners.

Importance of urban history and development: The intertwining of
Beijing’s ancient city structure with the processes of modernization,
particularly the differences in solar radiation between the inner and
outer city, provides an interesting revelation. It highlights the pivotal
role of urban history and development trajectories in influencing the
distribution of solar radiation. Therefore, when considering future urban
planning, it is essential to value the preservation of the city’s historical
and cultural heritage while ensuring that new development projects

harmonize with the existing urban structure and environment.
Integration of green spaces and architectural design: This study

emphasizes the impact of vegetation and buildings on solar radiation. To
optimize the radiation status of cities, we should encourage the inte-
gration of green spaces and architectural design in urban planning. For
example, measures such as increasing urban green areas, rooftop
greening, and vertical greening can be implemented. Enhancing
greening in fundamental public facilities like campuses and parks can
effectively influence solar radiation and provide a more comfortable
living environment for urban residents.

Comprehensive consideration of street direction and physical envi-
ronment: Considering the significant influence of street direction on
solar radiation, future urban planning should pay more attention to the
relationship between street direction and the physical environment. For
instance, north–south streets may be more suitable for high-density
buildings to provide more shading and reduce solar radiation, while
east–west streets may require more green spaces and open areas to in-
fluence solar radiation.

Human Activities and Housing Prices:Research indicates that the
direction of a house directly impacts its energy consumption and living
comfort. For instance, houses facing south can receive more solar heat
during winter, thus reducing the demand for heating and improving
energy efficiency. Consequently, such houses often command higher
prices in the market. Conversely, houses facing north, while they avoid
excessive direct sunlight in summer and reduce the frequency of air
conditioning use, receive less natural light and are not favored by
homebuyers. Additionally, street direction significantly affects human
activity patterns. If urban public spaces can effectively utilize solar ra-
diation direction, the outdoor activity experience of citizens can be
significantly enhanced. For example, greenways and squares facing
southeast can provide ample sunlight in the morning, which not only
promotes morning exercise among citizens but also increases the fre-
quency of use of these public spaces. These examples fully illustrate the
importance of solar radiation and street orientation in the housing
market and human activities. Future research could further quantify
these impacts and explore how to better utilize the analysis results in
urban planning and architectural design to improve residents’ quality of
life and urban sustainability.

7. Research limitations and future works

However, there are limitations to this study. It primarily focuses on
the summer season and may not account for variations in solar radiation
during other seasons. Besides street direction, urban development, and
vegetation coverage, there are many other factors that can influence
solar radiation, such as cloud cover and atmospheric pollution. While
polynomial fitting and Fourier transform can describe certain charac-
teristics of the data, they may oversimplify and fail to capture all the
nuances.

In future research, it is equally important to supplement and refine
the distribution of solar radiation for other seasons to obtain a
comprehensive annual perspective for analysis. Expanding the study
area to verify the research conclusions is also crucial. By measuring
different urban morphologies, more precise patterns of how street di-
rection affects solar radiation distribution can be discovered. With
continuous technological advancements, especially the development of
deep learning models, these advanced technologies can significantly
improve the description and prediction of solar radiation distribution.

In this field of study, we can introduce deep learning models such as
Convolutional Neural Networks (CNN) and Long Short-Term Memory
networks (LSTM) to analyze and process complex solar radiation data.
These models have significant advantages in capturing nonlinear re-
lationships and spatiotemporal features within the data, thereby
enhancing prediction accuracy. Furthermore, deep learning technology
can integrate multi-source data, including meteorological data, satellite
images, and historical radiation data, to provide more comprehensive
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and detailed radiation distribution predictions. Future research could
further explore how to optimize these models to achieve high-precision
predictions of solar radiation distribution, thereby providing stronger
support for related fields.

8. Conclusion

This study delves into the impact of street network direction on solar
radiation in high-density metropolises like Beijing, China. We found that
the distribution of solar radiation is significantly influenced by street
direction in terms of geographic spatial distribution. Solar radiation is
higher in areas closer to the urban periphery compared to the inner city.
In terms of temporal distribution during the summer, there are signifi-
cant variations in solar radiation intensity along east–west streets, while
north–south streets exhibit relatively stable patterns. Through correla-
tion analysis between street direction and solar radiation, we discovered
periodic patterns, which provide valuable insights for urban planning
and design. By analyzing large-scale street-level data, this study offers a
more detailed and comprehensive geographic spatial distribution map of
solar radiation. It reveals the close relationship between street direction,
especially in the north–south and east–west directions, and solar radi-
ation, which aids in the construction of people-centric cities. Addition-
ally, this paper analyzes how factors such as Beijing’s urban
development history, building distribution and height, and vegetation
coverage affect solar radiation. By employing polynomial fitting and
Fourier transform, this study reveals the periodic patterns between solar
radiation and street direction.

CRediT authorship contribution statement

Lei Wang: Writing – review & editing, Writing – original draft,
Visualization, Methodology, Formal analysis, Data curation, Conceptu-
alization. Ce Hou: Writing – review & editing, Writing – original draft,
Software, Methodology. Yecheng Zhang: Writing – review & editing,
Writing – original draft, Software, Methodology, Formal analysis,
Conceptualization. Jie He: Validation, Supervision, Project adminis-
tration, Funding acquisition.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

The code and sample dataset used in this research have been released
openly on https://github.com/LandscapeWL/SHAPClab_SolarRadiati
on_StreetOrientation.

Acknowledgements

Supported by the Research Initiative Fund for Newly Introduced
Talents of Harbin Institute of Technology, Shenzhen. 2023-2025
(#ZX20230488)

References

Acuña Paz, Y., Miño, J., Duport, N., Beckers, B., 2021. Pixel-by-pixel rectification of
urban perspective thermography. Remote Sensing of Environment 266, 112689.
https://doi.org/10.1016/j.rse.2021.112689.

Ali-Toudert, F., Mayer, H., 2006. Numerical study on the effects of aspect ratio and
orientation of an urban street canyon on outdoor thermal comfort in hot and dry
climate. Building and Environment 41, 94–108. https://doi.org/10.1016/j.
buildenv.2005.01.013.

Anderson, M.C., 1964. Studies of the Woodland Light Climate: I. The Photographic
Computation of Light Conditions. Journal of Ecology 52, 27–41. https://doi.org/
10.2307/2257780.

Araújo De Oliveira, V.M., 2022. Urban Morphology: An Introduction to the Study of the
Physical Form of Cities, The Urban Book Series. Springer International Publishing,
Cham. doi: 10.1007/978-3-030-92454-6.

Armson, D., Asrafur Rahman, M., Roland Ennos, A., 2013. A Comparison of the Shading
Effectiveness of Five Different Street Tree Species in Manchester. UK. AUF 39.
https://doi.org/10.48044/jauf.2013.021.

Biljecki, F., Ito, K., 2021. Street view imagery in urban analytics and GIS: A review.
Landscape and Urban Planning 215, 104217. https://doi.org/10.1016/j.
landurbplan.2021.104217.

Blocken, B., 2015. Computational Fluid Dynamics for urban physics: Importance, scales,
possibilities, limitations and ten tips and tricks towards accurate and reliable
simulations. Building and Environment 91, 219–245. https://doi.org/10.1016/j.
buildenv.2015.02.015.

Boeing, G., 2019. Urban spatial order: street network orientation, configuration, and
entropy. Appl Netw Sci 4, 67. https://doi.org/10.1007/s41109-019-0189-1.

Carmona, M., Gabrieli, T., Hickman, R., Laopoulou, T., Livingstone, N., 2018. Street
appeal: The value of street improvements. Progress in Planning 126, 1–51. https://
doi.org/10.1016/j.progress.2017.09.001.

Carrasco-Hernandez, R., Smedley, A.R., Webb, A.R., 2015. Using urban canyon
geometries obtained from Google Street View for atmospheric studies: Potential
applications in the calculation of street level total shortwave irradiances. Energy and
Buildings 86, 340–348.

Chen, L., Lu, Y., Ye, Y., Xiao, Y., Yang, L., 2022. Examining the association between the
built environment and pedestrian volume using street view images. Cities 127,
103734. https://doi.org/10.1016/j.cities.2022.103734.

Chen, X.-L., Zhao, H.-M., Li, P.-X., Yin, Z.-Y., 2006. Remote sensing image-based analysis
of the relationship between urban heat island and land use/cover changes. Remote
Sensing of Environment 104, 133–146. https://doi.org/10.1016/j.rse.2005.11.016.

Coutrot, A., Manley, E., Goodroe, S., Gahnstrom, C., Filomena, G., Yesiltepe, D.,
Dalton, R.C., Wiener, J.M., Hölscher, C., Hornberger, M., Spiers, H.J., 2022. Entropy
of city street networks linked to future spatial navigation ability. Nature 604,
104–110. https://doi.org/10.1038/s41586-022-04486-7.

Fu, P., Rich, P.M., 2002. A geometric solar radiation model with applications in
agriculture and forestry. Computers and Electronics in Agriculture 37, 25–35.
https://doi.org/10.1016/S0168-1699(02)00115-1.
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