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Abstract
The present study investigated the impacts of urban geometry on incident solar radiation on building envelopes. A three-
dimensional model was developed and applied to examine these relationships, with implications for building landscapes as a
potential heat source for urban heat islands. In the model, we classified building envelopes into three types, including ground,
roofs, and building façades. Satisfactory model performance was confirmed by comparing measured and predicted incident solar
radiation results. Furthermore, we developed the Incident Solar Radiation Prediction Index (ISRPI) to address relationships
between urban geometry and incident solar radiation. Our overall results showed the solar irradiance incident on building
envelopes was significantly affected by urban geometry. Building façades consistently shared a large amount of the
building landscape’s total surface area and therefore determined more influence on variation in incident solar radiation.
Weather conditions showed strong influence on incident solar radiation, primarily due to variation in atmospheric transmittance.
Diffuse radiation demonstrated a larger share of incident solar radiation on the cloudy sampling day. ISRPI, which cumulatively
combined the strengths of several traditional urban morphological metrics, exhibited a strong linear relationship with incident
solar radiation under sunny and cloudy weather conditions. This index provided a more convenient approach to estimate the
spatial-temporal variations of solar radiations at urban scale.
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1 Introduction

During rapid urbanization, tremendous land cover modi-
fication, and mass anthropogenic heat flux emissions re-
model the energy balance of urban areas and lead to the
formation of urban heat island (UHI). Many studies have
revealed the plurality of environmental problems associ-
ated with UHI, including but not limited to increased en-
ergy consumption, air and water quality degradation, and
negative impacts on public health [3, 10, 29, 35]. We can
simply classify urban landscapes into impervious surfaces

(e.g., roads, roofs, façades) and natural landscapes (e.g.,
vegetation, water bodies). These surfaces are distinctly
different in physical surface energy exchange processes.
In contrast with natural landscapes, artificial impervious
surfaces composed of asphalt and concrete are generally
dark surfaces with higher thermal inertia and prone to
absorb and store more solar radiation [20]. The solar
absorbed by impervious surfaces is favorably partitioned
into sensible heat rather than latent heat fluxes [26]. A
greater percentage of impervious surfaces thus imply
higher risk of degradation in urban thermal environment.
Accurately calculating the percentage of impervious sur-
faces and the amount of incident solar radiation on these
surfaces can contribute to the effective evaluation of po-
tential heat risk.

There are multiple mitigation strategies that can be used to
improve urban thermal environment. One of the most obvious
approach is to revert back to the environment of the past [21].
More trees not only cool the air through evapotranspiration
but also intercept solar radiation and mitigate the heating up of
land surfaces [4, 37]. Other forms of greenery such as rooftop
gardens and vertical greeneries have gained popularity in

* Zhifeng Wu
iamwuzf@hotmail.com

1 Key Laboratory of Urban Environment and Health, Fujian Key
Laboratory of Watershed Ecology, Institute of Urban Environment,
Chinese Academy of Sciences, Xiamen 361021, China

2 University of Chinese Academy of Sciences, Beijing 100049, China
3 State Key Laboratory of Urban and Regional Ecology, Research

Center for Eco-Environmental Sciences, Chinese Academy of
Sciences, Beijing 100085, China

https://doi.org/10.1007/s10666-020-09707-9

/ Published online: 2 July 2020

Environmental Modeling & Assessment (2021) 26:113–123

http://crossmark.crossref.org/dialog/?doi=10.1007/s10666-020-09707-9&domain=pdf
mailto:iamwuzf@hotmail.com


recent years in fighting UHI [2]. With regard to impervious
surfaces, cooling effects can be achieved by using modified
pavement material such as reflective pavements, evaporative
pavements, and phase change material impregnated pave-
ments [26]. These mitigation strategies can be implemented
in post-construction phase. At the pre-construction phase, the
assessment of solar energy on building envelopes is essential
to support the early decision making [22]. The level of solar
exposure and energy performance of the built environment is
strongly influenced by various factors including buildingmor-
phological characteristics. Investigating the impacts of urban
geometry on incident solar radiation on building envelopes
helps to understand the spatial-temporal variations of solar
radiations, identify the hotspots of solar potential, and apply
appropriate mitigation technologies on targeted surfaces.

Accurately describing the urban landscape is vital for en-
vironmental studies and urban planning and management to
gain a better understanding of the underlying mechanisms of
UHI formation [6]. A considerable amount of studies has been
conducted to investigate the interactions between various in-
dicators of urban topography and land use/cover change and
characteristics of urban thermal environment [9, 25, 36, 39].
One of the shortcomings in previous UHI related research is
that limited emphasis has been placed on the three-
dimensional features of urban area because of data and other
technical problems [11]. Although several three-dimensional
metrics such as sky view factor (SVF) and street canyon as-
pect ratio (H/W) have long been used to predict the variation
of near surface air temperature, different studies have obtained
contradictory results [34]. Nault et al. (2015) reviewed the
performance of multiple urban morphological metrics for the
solar potential and indicated that there are obvious limitations
associated to using only one metric to describe the solar ex-
posure levels and suggested upcoming work should attempt to
integrate multiple simple metrics to improve the prediction
performance [22].

The primary objectives of the present study were to
evaluate the potential direct and diffuse solar radiation ag-
gregated at building envelopes and analyze the impacts of
canyon geometry on incident solar radiation. A numerical
model derived from Geographical Information Systems
(GIS) was constructed and a new geometric metrics was
designed to address the following three questions: (1) how
does building geometry affect surface area variation, which
receives solar radiation; (2) how does building geometry
influence incident solar radiation on different types of sur-
faces under different weather conditions; and (3) how can
urban planners minimize solar radiation absorption? Our
overall aim was to provide a scientific basis to accurately
predict the redistribution of solar radiation under complex
urban building aggregations and offer useful suggestions
for urban planners and designers in the application of mit-
igation strategies.

2 Methodology

2.1 Location Description

Beijing is located in the northern region of the North China
Plain, from 39° 28′ N to 41° 04′ and 115° 25′ E to 117° 30′ E.
Beijing is characterized as a humid, continental climate with
large seasonal temperature differences. The Köppen Climate
Classification subtype for this climate is “Dwa,” i.e., Hot
Summer Continental Climate. Beijing has experienced rapid
urbanization over the last 30 years, with the urban area
expanding from 801 km2 in 1980 to 2452 km2 in 2010 [30],
and the population increasing sharply from 8.7 million in
1978 to 21.1 million in 2013 [16]. The urban thermal environ-
ment continues to suffer severe pressure from ongoing urban-
ization. Liu et al. (2007) compared air temperatures between
Beijing’s urban and rural areas and indicated the UHI effect
has progressively intensified for decades [18]. In addition, Ma
et al. (2014) showed Beijing’s rapid urbanization led to in-
creased heat wave days and simultaneously decreased precip-
itation during summer months [19].

To reduce the population pressure in the central districts of
Beijing, several large residential areas have been constructed
in suburban areas (e.g., the Tiantongyuan-Beiyuan
Residential Area (TBRA)) to accommodate the growing num-
bers of immigrants to the city (Fig. 1a, b). On-site field mea-
surements were conducted in a typical residential quarter
(Wangchunyuan) located in TBRA from 10 to 18 August
2014 (Fig. 1c). This period was selected to obtain variable
climatic data for typical summer days. An Onset HOBO®
U30 weather station was positioned in an open space in a
typical residential quarter. This mobile meteorological station
measured a wide range of weather parameters, including
shortwave solar radiation. Station data were used to verify
the model results for estimating incident solar radiation.
Although building configuration impacts on incident solar
radiation were likely different for cities other than Beijing,
the general relationship trend was expected to be similar.
Thus, the results obtained here might be suitable for extrapo-
lation to other situations.

2.2 Incident Solar Radiation Estimates on Building
Envelopes

Urban development leads to redistribution of incident solar
radiation on building envelopes. The building envelopes in
the present study primarily included ground, roofs, and
façade surfaces. Solar radiation loss on ground surfaces from
the shading effects of surrounding buildings was compensated
by the addition of solar radiation on vast roof and façade areas.
The variation in losses and gains in shortwave radiation re-
sulted in highly heterogeneous surface fluxes, which have the
potential to effect local climate [24].
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Fig. 1 a The administrative map of Beijing. b Aerial view of the Tiantongyuan-Beiyuan Residential Area. cWangchunyuan residential quarter and the
location of meteorological observations
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In this study, we built a numerical model to estimate inci-
dent shortwave radiation on building envelopes. The basic
algorithm to estimate solar radiation was implemented follow-
ing [33]. Atmospheric transmittance is estimated using Eqs.
(1) and (2). Incident shortwave radiation is the sum of direct
and diffuse irradiance (3). Direct and diffuse irradiance are
calculated using Eqs. (4) and (5):

I standard ¼ I0 � e−K�x ð1Þ
P ¼ Imeasured=I standard ð2Þ
I estimated sum ¼ I estimated direct þ I estimateddiffuse ð3Þ
I estimated direct ¼ I0 � P1=sinh � cosθ ð4Þ

I estimated diffuse ¼ −0:5 � I0 � sinh � 1−P
1=sinh

1−1:4lnP
ð5Þ

where I0 is the solar constant with a value of 1367 W/m2;
K is the extinction coefficient, referring to the light ab-
sorption measure through atmosphere by water vapor and
aerosol; x is distance through the atmosphere, which is
calculated applying solar altitude (h) and solar incidence
angle (θ); Istandard is solar radiation striking earth’s surface
under the assumption of a completely transparent atmo-
sphere (K = 1); P is atmospheric transmittance estimated
by comparing measured and predicted solar radiance
(Table 1); and Iestimated _ sum, Iestimated _ direct, and Iestimated

_ diffuse are estimated total solar radiation, estimated direct

solar radiation, and estimated diffuse radiation reaching
ground surfaces, respectively.

Different building configuration scenarios were built on the
ArcGIS® platform. All surfaces, including the ground, the
façades, and the roofs, were divided into regular square grids.
Each element of the grid corresponds to an area of 1 × 1 m.
Python was used to automate the calculation of incident solar
radiation on surfaces every 10 min during the selected daytime
period on ArcGIS® platform. Direct and diffuse solar radiation
reached at each surface typewas calculated. The study conducted
by Yan and Zhao (1986) indicated low solar altitude effected the
accuracy of results [33]; therefore, we selected the time interval
from 7:00 to 18:00 in summer to calculate incident solar radia-
tion.Using thismodel, we obtained active surface areas receiving
direct solar radiation, direct and diffuse solar radiation cast on
each surface type, and variation in incident solar radiation.

2.3 Different Urban Geometry Scenarios

Figure 2 presents the main morphometric parameters, includ-
ing building height (H), building interval (I), and building
width/length (W) used to define the urban geometry scenarios.
Nine buildings were evenly distributed on a square land parcel
(84 × 84 m) (Fig. 2).

The influence of urban geometry on incident solar radiation
was evaluated in three different scenarios. The A and B scenar-
ios were designed to examine building impacts on incident
solar radiation in terms of area building density and height
variability (Fig. 3). Both scenario series exhibited increased
floor area ratio (FAR), decreased SVF, and varied surface area
receiving solar radiation. The following parameters were
established for each scenario (A, B, and C): Scenario A varied
building width/length and building interval, while building
height remained constant; scenario B maintained building
width/length and intervals remained unchanged (16 m and
18 m), respectively, while building height increased linearly
from 18 m to 90 m; scenario C fixed building width/length
and building interval, but integrated two building heights to
study the effects of height irregularities on lower building roof
solar densities. In addition, FAR and SVF were calculated for
each scenario to indicate the variation of urban morphology
(Table 2). FAR was calculated using Eq. (6). SVF is a param-
eter frequently used in urban thermal environment studies. It
measures the degree the sky is observed from a given point.
This parameter is a dimensionless index with scores rangingFig. 2 Description of urban geometry parameters

Table 1 P values in different weather conditions

Time 7:00 8:00 9:00 10:00 11:00 12:00 13:00 14:00 15:00 16:00 17:00

P in different weather conditions

Sunny 0.306 0.473 0.576 0.645 0.597 0.642 0.709 0.790 0.855 0.866 0.971

Cloudy 0.027 0.026 0.014 0.031 0.010 0.049 0.031 0.051 0.037 0.871 0.689
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from 0 to 1, where 0 represents absolutely no sky seen from the
target point and 1 represents a complete view of the sky [17].
We calculated SVF using Rayman, developed by the
Meteorological Institute, University of Freiburg [13]. We cal-
culated not only the SVF of the ground area of the square land
parcel that has not been occupied by buildings but also the
ground area surrounding the land parcel in consideration of
the shading effect of buildings on this region. An 84-m-deep
border was added to the perimeter of the square land parcel, and
the whole landscape structure was used to calculate SVF using
Rayman.

FAR ¼ ∑n
i¼1 Number f � Area fð Þ

Areap
ð6Þ

where Numberf is the number of floors. Areaf is the floor area,
and Areap is the land parcel area (84 × 84 m).

Two weather conditions (sunny and cloudy) with different P
values (Table 1) were selected to represent the influence of water
vapor or atmospheric particulates on incident solar radiation.

2.4 Derivation of Incident Solar Radiation Prediction
Index

In addition to the abovementioned two urban morphological
metrics, a new metric (Incident Solar Radiation Prediction
Index—ISRPI) was constructed to describe the incident solar
radiation levels casted on all types of building landscape sur-
faces with different urban geometry. The definition of the new
parameter (ISRPI) took three important factors (surface area,
building height, and SVF) into consideration. SVF, which
represents the proportion of the sky that is visible from a target
point, has been used for estimating the solar energy potential
in urban environments in previous study [8]. ISRPI is a non-
dimensional parameter. With the value of ISRPI increases
from zero, the urban geometry will transform from low-rise
and high-density type to high-rise and low-density type.
ISRPI was calculated using Eq. (7).

ISRPI ¼ Areat
Areap

� �
� Heightave

Heightmax

� �
� SVF ð7Þ

where Areap represents the land parcel area where nine build-
ings were evenly distributed (84 × 84 m) and Areat is the total
surface area of all buildings. Heightave is the average height of
all nine buildings and Heightmax is the maximum building
height on the ground parcel (Heightmax=90 m in this study).

Fig. 3 Urban geometry of the study scenarios (W, building width/length; I, building interval; H, building height)

Table 2 The values of FAR and SVF for each scenario series

Name Value

Floor area
ratio (FAR)

Scenario A1 A2 A3 A4 A5

0.49 1.10 1.96 3.06 4.41

Scenario B1 B2 B3 B4 B5

1.96 3.92 5.88 7.84 9.80

Scenario C1 C2 C3 C4 C5

1.96 2.83 3.70 4.57 5.44

Sky view
factor (SVF)

Scenario A1 A2 A3 A4 A5

0.845 0.738 0.606 0.442 0.24

Scenario B1 B2 B3 B4 B5

0.606 0.497 0.466 0.453 0.447

Scenario C1 C2 C3 C4 C5

0.606 0.54 0.509 0.492 0.481
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3 Results

3.1 Model Validation

Model verification was conducted based on field measure-
ment data. We chose one sunny and one cloudy day (10 and
14 August 2014, respectively) to estimate incident shortwave
irradiance at ground surface.We compared measured and pre-
dicted shortwave solar irradiance at ground surface from 7:00
to 18:00. On the sunny day, the model performed better during
10 : 00 t o 17 : 00 , w i t h t h e r e s i dua l e r r o r r a t i o

(Ipredicted−Imeasured

Imeasured
� 100% ) varying between 1.1% (15:00) and

4.6% (16:00), than the hours before 10:00 and after 17:00,
particularly between 6:00 and 8:00 a.m. The average differ-
ence between measured and predicted results was 21.1 W/m2.
Figure 4 shows the relationship between measured and pre-
dicted solar radiation with a high R2-value for the sunny day
(R2 = 0.99). On the cloudy day, however, the residual error
ratio increased for the entire day, but it remained a strong

relationship (R2 = 0.95) between measured and predicted
values. These results indicated the empirical model met the
research requirements for estimating incident shortwave
irradiance.

3.2 Variation in Surface Area and Incident Solar
Radiation

We here present the variation in surface area and the amount
of incident solar radiation in post-construction phase, in con-
trast with the undeveloped state of the land parcel without any
building on it.

The total surface areas (Areat) included ground surfaces not
occupied by buildings and roof and façade areas, which
ranged from 12240 to 22,608 m2 for scenario A, 17,424 m2

to 58,896 m2 for scenario B, and 17424 m2 to 35,856 m2 for
scenario C. Compared with the square land parcel area (84 ×
84 m = 7056 m2) where buildings were distributed, results
indicated the increase in surface areas that can receive solar

Fig. 5 Area percentage of the
three different surfaces

Fig. 4 The relationship between
measured and predicted solar
radiation at ground surface. a
Sunny day. b Cloudy day
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radiation was at least 73.4% (scenario A1), with a maximum
of 734.7% (scenario B5). Among the three types of surfaces,
façades consistently showed a large amount of the total sur-
face area (Fig. 5) and with the increase of FAR, the façades'
area increased markedly. For example, the façade area for
scenario B5 reached as much as 88.02% of total surface area.
The variation in roof and ground surface areas, however,
showed different trends. For scenario A series (from A1 to
A5), results revealed with increased FAR, roof area also in-
creased gradually, however ground surface decreased accord-
ingly. Scenarios B and C series showed a downward trend in
roof and ground surfaces.

Building construction leads to the redistribution of incident
solar radiation. Some ground surfaces could no longer receive
solar radiation due to building coverage. Ground surfaces lost

direct solar radiation by shading of surrounding buildings.
Other two surface types increased the potential reception of
incident solar radiation. Figure 6 represents the loss and in-
crease of incident solar radiation under different scenarios
developed in this study. For all three scenarios, the increase
exceeds the loss of solar radiation. Scenario A shows a grad-
ually increasing trend for both loss and gain of solar radiation
from scenario A1 to scenario A5. There were 4.11 MW (A1),
5.97 MW(A2), 7.82 MW(A3), 9.60 MW(A4), and
11.37 MW(A5) more incident solar radiation comparing with
pre-construction phase. The loss of solar radiation in scenario
B series maintained almost unchanged, while the amount of
incident solar radiation on building façades and roofs showed
notably increase. Building façades accounted for a much larg-
er portion of the gain of solar radiation. There were 7.82 MW,

Fig. 7 Incident solar radiation variation under two different weather conditions

Fig. 6 Incident solar radiation
variation under different urban
geometric scenarios
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16.27 MW, 25.22 MW, 34.53 MW, and 44.10 MW more
incident solar radiation respectively for scenario B series.
Similarly, there were obvious increase of incident solar radia-
tion in scenario C series.

3.3 Incident Solar Radiation Variation Under Different
Weather Conditions

We calculated incident solar radiation casted on all surfaces
using three geometric scenarios under two weather conditions,
i.e., sunny and cloudy days (Table 1). The total incident solar
radiation, including direct and diffuse irradiance measured
from 7:00 to 18:00, was summed as one value for each sce-
nario. For three scenario series, the incident solar radiation
values under the sunny day were 2.81 (scenario A), 2.68 (sce-
nario B), and 2.57 (scenario C) times the amount of irradiance
reaching surfaces under the cloudy day. Scenario A series’s
solar radiation ratio between sunny and cloudy days showed a
tendency to decrease with FAR increase. For scenario B and C
series, however, the ratio represented a gradually increased
trend from scenario B1 (C1) to scenario B5 (C5) (Fig. 7).

3.4 Relationship Between Incident Solar Radiation
with Traditional and Newly Developed Indices

We analyzed the relationships between incident solar radiation
and two commonly used indices that represent building den-
sity (Fig. 8). The results showed incident solar radiation casted
on total surfaces of all three geometric scenario series

increased linearly with FAR. Scenarios B and C represented
similar increases, followed by scenario A, where results dem-
onstrated a lower increased rate. When the FAR was 4, for
example, the incident solar radiation for three geometric sce-
narios were 17.56 MW, 16.87 MW, and 11.02 MW, respec-
tively. The relationship between incident solar radiation and
SVF, however, is not that explicit. For scenario A, incident
solar radiation decreased with increased SVF. Scenarios B and
C showed a non-linear relationship with SVF.

However, incident solar radiation exhibited a strong linear
relationship with ISRPI, regardless of sunny (R2 = 0.979) or
cloudy (R2 = 0.982) days, which indicated the index was a
reliable predictor of incident solar radiation (Fig. 9).

4 Discussion

4.1 Implications for Urban Planning

Researchers and urban planners have widely viewed
greenspaces as one of the most effective strategies to counter-
act the effects of urban warming trends [1, 23]. Many
greenspace types, including urban forests, parks, roadside
trees, private and public gardens, and vegetated roofs/
façades, are applied to circumvent the massive transformation
of natural surfaces to impervious alternatives [2, 7]. By ratio-
nal selection of plant species and optimizing greenspace loca-
tions, researches demonstrated the cooling effects of vegeta-
tion on specific areas were improved [31, 38]. However, it

Fig. 8 Incident solar radiation
variation for different floor area
ratio and sky view factor (SVF)

Fig. 9 Incident solar radiation
variation for different ISRPI
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should be noted most greenspace rearrangements are based on
certain impervious surface landscape patterns. Therefore, the
contributions of the impervious surface landscape pattern to
UHI altitude influences the potential cooling power of specific
greenspaces [27]. Under these circumstances, researchers and
urban planners should consider the impacts of artificial struc-
tures on urban thermal environments from a project’s onset.
Optimizing impervious surface patterns, especially building
patterns, is a promising strategy from the perspective of mit-
igating UHI effects [15, 28, 32]. In the present study, we
investigated incident solar radiation impacts based on building
patterns by constructing three building geometric scenarios
representing two distinct urban development modes.
Scenario A, which has lower building height and varying
building intervals, is still common in suburban and some ur-
ban areas. Scenarios B and C are becoming mainstream in
commercial and residential development, especially in central
urban areas. Our results showed three scenarios have different
growth rates of incident solar radiation, with increased FAR.
Scenario A showed lower incident solar radiation for the FAR
from 1.96 to 4.41 compared with scenarios B and C; therefore,
this geometric scenario likely absorbed less solar radiation and
contributed reduced sensible heat flux into the surrounding
atmosphere. However, the increased FAR revealed for scenar-
io A was due to the reduced interval between neighboring
buildings, consequently it can only change within a certain
range under fixed building height. It might be necessary for
urban planners to make a tradeoff between scenario A and
scenarios B and C to accommodate continuous population
growth in urban areas and to improve the urban thermal envi-
ronment, the current target. Roofs and building façades played
different roles in the gain of solar radiation in different scenar-
ios. In scenario A, the roofs had greater potential in receiving
incident solar radiation comparing with building façades. For
scenario B and scenario C, however, building façades contrib-
uted more to the variation of total incident solar radiation. It
can help us to determine the priority in implementing horizon-
tal or vertical greening systems for improving local thermal
environment.

Solar radiation is the driving force of surface thermal flux
processes and surface temperature depends primarily on inci-
dent solar radiation levels [34]. Thermal characteristics of ur-
ban landscapes might efficiently be described by accurate es-
timates of incident solar radiation. Previous studies related to
solar availability on urban surfaces and surface temperatures
employed numerous variables to describe variation in urban
geometry. Chatzipoulka et al. (2016) analyzed the relation-
ships among ten variables, including site area coverage, mean
building height, building compactness, and solar availability
on ground and façades [9]. Their results showed diverse build-
ing arrangements significantly effected incident solar radia-
tion, which was influenced by different variables for specific
surfaces (ground and façades), and seasons (winter and

summer). Guo et al. (2016) used variables to describe varia-
tion in ground surface temperatures derived from infrared re-
mote sensing images, including building height and density
and SVF [14]. Previous research presented complex relation-
ships between urban geometry and solar availability or surface
temperature and therefore it remains inaccurate to use one
single index or linear equation to describe this relationship.
Non-linear relationships are often tricky in prediction due to
uneven rates of change. In the present study, we developed a
new index, which integrates building density and height het-
erogeneity to characterize the variation in incident solar radi-
ation reaching urban surfaces. Our index provides a more
convenient approach to estimate the spatial distribution of
incident solar radiation, and helps to identify the hotspots of
solar potential at urban scale. Furthermore, this index might
help to improve accuracy of forecast and early warning
against thermal stress in summer season.

We also examined the incident solar radiation of three sce-
narios under two different weather conditions. Results showed
the incident solar radiation under the sunny sample day was
roughly 2.6 times the amount from the cloudy sample day.
The much larger atmospheric transmittance difference be-
tween two weather conditions (Table 1) indicated diffuse irra-
diance is an important solar resource variable [5] and should
not be excluded when improving urban thermal comfort
levels, i.e., not just direct irradiance.

4.2 Advantages and Limitations

Our study employed GIS based on ArcGIS® to investigate
how urban geometry influenced incident solar radiation casted
on all surfaces, including ground surfaces, roofs, and façades.
The technique exhibited some advantages compared with oth-
er methods used for this purpose. First, our method was based
on vector models, which are more straightforward and accu-
rate in describing building outlines than those based on raster
models. Second, the methods based on common GIS plat-
forms bridge the gap between urban climatology research
and urban planning processes. Building volumes are recog-
nized as polygons, where building heights are stored in attri-
bute tables. This method avoids, to a large extent, complicated
modeling and mathematics. However, several limitations re-
main, which should be improved in future study. First, pursuit
of a simple and practical modeling method resulted in the
sacrifice of some complicated processes, such as multi-
reflection among surfaces, but the method maintained rela-
tively high accuracy (Fig. 3). Second, we only conducted the
research in one city and the model was developed to assess
incident solar radiation differently on urban surfaces with var-
iation in solar altitude. However, our model and ISRPI were
feasible to apply because it only required building landscape
data in a city.
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This study was conducted in Beijing, which is located at
the northern hemisphere. All direct solar radiation was casted
on east, south, and west wall. There was nearly no direct solar
radiation can be received by the north wall even on the sum-
mer solstice. There is significant difference of incoming solar
radiation on urban surfaces of cities locate on different lati-
tudes. Further studies should be carried out to verify ISRPI’s
availability on other cities. Another limitation of this study is
the absence of vegetation. The distribution and coverage of
vegetation can significantly affect the calculation of solar po-
tentials on urban surfaces. Researchers have developed a
method to calculate solar-related indicators (e.g., SVF) based
on detailed building and vegetation database [12]. The data-
base was obtained using digital photogrammetric methods for
tree height measurement and spectral information from aerial
photograph. The influence of vegetation, especially trees, on
solar potentials on urban surfaces will be considered in future
studies of ISRPI.

5 Conclusions

A three-dimensional model for incident solar radiation casted
on urban surfaces, including ground, roofs, and façade sur-
faces, was developed and applied to assess the potential im-
pact of urban geometry on UHI effects. The results showed
the following: (1) urban geometry exhibited notable influence
on variation in building landscape surface area; a marked
share of the total surface area was consistently occupied by
façades and therefore this surface showed a high contribution
to receiving incident solar radiation; (2) incident solar radia-
tion was markedly decreased under the cloudy sample day in
contrast with the sunny sample day; however, the difference
between incident solar radiations was smaller than the differ-
ence in atmospheric transmittances between the two weather
conditions, which indicated the diffuse solar radiation occu-
pied an important position in total incident solar radiation; and
(3) results demonstrated the newly developed index, ISRPI,
which comprehensively combined FAR, building height het-
erogeneity, and SVF, was more accurate in predicting incident
solar radiation for specific building landscapes. Furthermore,
some suggestions have been proposed in view of existing
problems of urban form optimization and urban greening.
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