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Abstract: A scientific and logical tunnel entrance lighting environment is an important guarantee 
for the safety of drivers entering tunnels as well as an essential element for the sustainable develop-
ment of the tunnel. At present, most of the highway tunnel entrance lighting environment focuses 
on the road surface luminance and does not consider the variation of correlated color temperatures 
(CCT) on the driver’s vision in the tunnel access zone. This study analyzes the temporal and spatial 
variation of the ambient CCT in the driver’s 20° field of view during the approach to the tunnel 
through field dynamic tests of existing tunnels in the Beijing area. As a result, the CCT received by 
the driver’s eyes when approaching the tunnel peaks at the midpoint of the tunnel access zone, after 
which it decreases slowly up to the tunnel portal. Moreover, a calculation model of the CCT outside 
the tunnel with the solar irradiance, the distance from the tunnel portal, and the CCT of tunnel 
interior lighting as the input parameters is established. The modeling methodology was validated 
in a new tunnel, and the calculation model’s average absolute error is within 5%, which could pro-
vide guidance for the selection of the tunnel interior lighting CCT and a basis for the design of 
intelligent control of sustainable lighting systems in tunnels. 
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1. Introduction 
1.1. Tunnel-Luminous Environment 

With the acceleration of the urbanization process, the increase in transportation de-
mand, and the development of technology, more and more countries and regions are in-
creasing their investment in highway tunnel construction. There are more than 24,850 ex-
isting road tunnels with a length of 26.78 million meters, and among them are 1582 new 
ones with 2.08 million meters in China [1–3]. The increase in the number and length of 
tunnels makes the problem of tunnel traffic safety gradually more prominent. As a special 
section of the highway, the tunnel has the particularities of a semi-closed channel, narrow 
space, and blocked vision. These factors determine that there is a great difference between 
tunnel lighting and general road lighting. The driver is able to produce a series of special 
visual effects and problems when passing through the tunnel, such as “black hole”, “white 
hole”, “visual lag”, stroboscopic effect, etc. [4–6]. According to Lai et al., the three periods 
with the most accidents in the tunnel section are 9:00~10:00, 11:00~12:00, and 13:00~15:00, 
accounting for about 7.70%, 8.52%, and 14.46% of the total accidents throughout the day 
[7]. The main causes of the accident are the speed illusion and distance illusion caused by 
the visual disparity and the driver’s inadaptability to the difference in light environment 
inside and outside the tunnel. In order to ensure that the driver has a good visual envi-
ronment and traffic safety in the tunnel driving process, a reasonable and practical tunnel 
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light environment is crucial to ensuring driving safety [8–10]. According to CIE technical 
report 100-1992 [11], visual information found in the fovea of the macular eye depends 
not only on the brightness of the object but also on the color of the object. According to the 
basic principle of optics, the correlated color temperature (CCT) in the tunnel light envi-
ronment also has an important influence on human eye vision. 

1.2. Traffic Color Environment 
At present, the specification and research of tunnels at home and abroad mainly focus 

on the tunnel luminance, but studies have proved that the color of the traffic environment 
is also one of the important factors affecting traffic safety [12–16]. In 1987, Zube et al. [17] 
studied the influence of road color information on the visual psychological effect of driv-
ers through a 3DMax simulation experiment and found that the psychological effect of 
road color is universal for different drivers, and the color psychological effect of drivers is 
proportional to the driving speed. In 1994, Chapanis et al. [18] found that color affects the 
driver’s perception of road information, and bright objects on the surface could help driv-
ers identify roads faster. In 1999, Mcgwin and Brown [19] set horizontal deceleration signs 
on the colored road surface at the access zone, which can improve the effective control of 
the driving speed at the access zone, thus reducing the demand for visual distance during 
the deceleration process. Similarly, reducing the probability of visual discomfort caused 
by significant color differences inside and outside the tunnel can also reduce the occur-
rence of traffic accidents [20–22]. It is known that the CCT outside the tunnel changes over 
time, and the CCT inside the tunnel can be adjusted. Whether the matching between the 
CCT inside the tunnel and the CCT outside the tunnel will have a better impact on the 
driver’s visual performance is crucial as a basic study. 

1.3. Tunnel Access Zone CCT 
Some scholars started with tunnel lighting and carried out a series of reaction-time 

experiments to study the impact of CCT on driving vision. Zhang et al. [23] investigated 
the effect of CCT on the visual performance of tunnel lighting through reaction time ex-
periments, and within a certain range of CCT, it was concluded that the higher the CCT 
of tunnel lighting, the shorter the reaction time of the driver. Based on the results of the 
influence of LED lighting on human visual performance, Liang et al. [24] established a 3D 
proportional model that simulates the lighting environment of a highway tunnel, meas-
ured the reaction time under different luminance values and CCT, and found that appro-
priately increasing the CCT of the light source could improve visual performance. How-
ever, when examining the effects of CCT on drivers, non-visual manifestations in addition 
to visual manifestations are important. Recently, Li et al. [25] proposed a VR-based frame-
work to assess the effects of CCT on visual and non-visual performance in normal driving 
and accident situations. In this study, a tunnel model with seven different CCTs was built 
to analyze participants’ non-visual and visual performance. The results show that the CCT 
of light sources in the tunnel has a significant effect on participants’ non-visual perfor-
mance as well as on visual performance when drivers are involved in rear-end collisions. 
Based on this study, some scholars have proposed a CCT suitable for LED light sources 
with different regional luminance levels by combining the influence of long tunnel visual 
performance with non-visual effects. Liu et al. [26] set five different LED CCTs in the tun-
nel, analyzed the relationship between the CCT and the reaction time and pupil area dif-
ference, and concluded that LED lighting with a CCT of 5100 K in the access and transition 
zones and 3800 K in the interior zones of long tunnels is more favorable to traffic safety. 
At the tunnel access zone, human eye dark adaptation has an important impact on the 
visual ability and safety of drivers. Reasonably setting the CCT of lighting in the tunnel 
can enable the driver to quickly adapt to the change of color inside and outside the tunnel 
and improve the dark adaptation at the access zone. Zhang et al. [27] conducted static 
identification experiments in different lighting environments, applied K-means clustering 
to analyze the identification time and lighting performance, and obtained the conclusion 
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that improving the color rendering (CRI) of lamps can improve visibility and reduce the 
dark adaptation time. Dong et al. [28] analyzed the mechanism of dark adaptation, de-
scribed the light color characteristics of LED, and experimentally studied the effect of LED 
CCT and CRI on human visual dark adaptation at the access zone. They found that LEDs 
with low CCT and high CRI2012 had positive effects on shortening the reaction time and 
color discrimination time in the human eye. The above is about the study on the CCT of 
lighting in the tunnel. In order to obtain the specific situation of CCT outside the tunnel 
and realize the smooth transition of CCT inside and outside the tunnel, Xu et al. [29] pro-
posed the tunnel outside CCT measurement method based on the solar radiation and at-
mospheric science-related theory and research results, put forward the theory model un-
der the condition of the solar radiation spectrum, and through the experimental test of the 
tunnel outside the scenery spectral reflection characteristics, put forward a research 
method based on the radiation measurement of tunnel luminance and CCT. However, this 
method needs to obtain the three-stimulus value or reflection spectral power distribution 
of all scenes outside the tunnel. It is difficult to calculate the large amount of data, and 
each tunnel is different, so the prediction model has defects in practical application. From 
a theoretical perspective, the design of CCT in the tunnel necessitates an understanding 
of the variation pattern of CCT outside the tunnel. However, current research focuses on 
matching the CCT of the artificial light source inside the tunnel to the external CCT, and 
there is a lack of research exploring the variation patterns of the CCT in the external por-
tion of the tunnel from actual measurements. In order to better regulate the CCT inside 
the tunnel so that drivers have a safer and more comfortable driving environment, it is 
imperative to clarify the changing patterns of CCT outside the tunnel. 

1.4. Proposal of This Study 
In the context of the vehicular transition from external to internal environments of 

tunnels, the abrupt change in light conditions, which is marked by variations in back-
ground luminance and differences in CCT, can significantly affect a driver’s visual per-
ception. This visual disparity often results in a perceptible lag, a phenomenon that poses 
a considerable risk to driving safety. The human eye, during the adaptation to darkness, 
endures heightened physiological demands, which not only tax the driver’s visual system 
but also extend reaction times, thereby escalating the likelihood of traffic accidents. 

To investigate the color performance within drivers’ eyes outside tunnels, which has 
not yet been revealed, this study analyzed the temporal and spatial variations of CCT re-
ceived by drivers’ eyes when approaching the tunnel through a field test and established 
a computational model for the CCT in the tunnel access zone, taking the distance from the 
tunnel entrance, the solar irradiance, and the CCT of tunnel interior lighting as input pa-
rameters. The results could provide theoretical support for the selection of the CCT light-
ing source in the tunnel entrance section. 

2. Materials and Methods 
2.1. Measurement 

Tunnel 1 (Luhua Road Tunnel, Beijing) and Tunnel 2 (Tongzhou Beiguan Tunnel, Bei-
jing) were selected as test tunnels (Figure 1) to investigate the spatiotemporal variation 
characteristics of CCT in the tunnel access zone. Vertical illuminance and solar irradiance 
were recorded at the same time. On the winter solstice, the sun’s altitude angle in the 
Beijing area will reach the minimum of the year, resulting in a higher probability of the 
sun appearing in the driver’s field of view when approaching the tunnel, further impact-
ing driving safety. Accordingly, the study selected clear days in December as the experi-
mental dates. The test date for Tunnel 1 is December 5, 2023 (Date 1), and for Tunnel 2, it 
is December 29, 2023 (Date 2). 
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(a) (b) 

Figure 1. Tunnel photos: (a) The Luhua Road Tunnel in Beijing. (b) The Tongzhou Beiguan Tunnel 
in Beijing. 

The information about the two field-measured tunnels is shown in Table 1. 

Table 1. Information on the two field-measured tunnels. 

Name Location Orientation Slope 
Luhua Road Tunnel 116.3° E, 39.8° N 15° North by West 3% 

Beiguan Tunnel 116.6° E, 39.9° N 28° South by East 4% 

The field test process is illustrated in Figure 2 and can be divided into the following 
steps: 
1. Select a typical tunnel (Beijing Luhua Road Tunnel is taken as an example in Figure 

2), determine the stopping sight distance of the tunnel by consulting the charts; 
2. Position the Spectral Flickering Irradiance Meter on a tripod with a stopping sight 

distance (SSD) along the tunnel axis 1.5 m above the road surface, hold it perpendic-
ular to the road, and orient the receiving end towards the tunnel portal. Place the 
Irradiance Meter on a horizontal surface and ensure that the device is not obscured; 

3. Record the CCT, the vertical illuminance, and the horizontal solar irradiance outside 
the tunnel; take a photograph facing the tunnel portal; 

4. Move the Spectral Flickering Irradiance Meter forward 10 m; 
5. Repeat steps 2 to 4 until the test position is at the tunnel portal; 
6. Repeat steps 2 to 5 in sequence every half hour until all tests for the day are com-

pleted. Determine the area share of each scene within the driver’s 20° view angle at 
different positions from the photographs taken in step 3. 

 
Figure 2. Schematic diagram of a field test. 

The SFIM-400 type Spectral Flickering Irradiance Meter produced by EVERFINE 
(Hangzhou, China) of China was used to measure the CCT and the vertical illuminance 
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of each test position. The HD2102.2 type irradiance meter produced by DELTAOHM (Ca-
selle di Selvazzano, Italy) of Italy was used to measure the solar irradiance. The primary 
parameters of the test instrument are shown in Table 2. The testing period was from about 
9:00 a.m. to 5:00 p.m., and a set of CCT tests were conducted every 30 min. 

Table 2. Primary parameters for the devices used in this research. 

Instrument Picture Test Content Parameter Value 

Spectral Flickering Irradiance Meter  

 

CCT 
Range 1518~100,000 K 

Accuracy ±3% 

Vertical illuminance 
Range 1~220,000 l× 

Accuracy ±3% 

Solar irradiance meter 

 

Solar irradiance 

Range 0.01~2000 W/m2 

Accuracy ±2% 

2.2. Error Calculation and Modeling Methods 
To evaluate the measurement accuracy of the CCT calculation model, two evaluation 

indexes, RMSE and MPAE, were selected to evaluate the prediction effect. RMSE indicates 
the sample root-mean-square error, which is more sensitive to the outliers in the data, and 
MAPE indicates the mean absolute percentage error; it is more sensitive to the relative 
error, which can be calculated by Equations (1) and (2). 

( )2
i i

i 1

1 y z
N

RMSE
N =

= −  (1) 

i i

i 1 i

y z1 100%
z

N

MPAE
N =

−= ×  (2) 

where yi is the calculated value, zi is the measured value, and N is the total number of 
measured data points. 

The Spearman correlation analysis method was used to evaluate the nonlinear relation-
ship between two variables, such as the CCT received by the driver’s eyes, the vertical illu-
minance at the driver’s position, and the sun’s position information. Spearman’s correlation 
coefficient between the two parameters (x and y) can be calculated by Equation (3). ρ ൌ ∑ ሺx୧ െ xሻሺy୧ െ yሻ୧ඥ∑ ሺx୧ െ xሻଶ ∑ ሺy୧ െ yሻଶ୧୧  (3) 

where x and y is the average value of x and y. 
In this research, the data were analyzed using Origin, and the linear multivariate data 

fitting method was used to establish the CCT calculation model for the tunnel access zone. 

2.3. Extension and Application of the CCT Calculation Model 
Just Noticeable Difference (JND) represents the smallest change in the CCT that the 

human eye can distinguish, which is known to be a function of color temperature, denoted 
by E(T). The results of Judd et al. [30] show that JND as a function of CCT (T) can be 
expressed by Equation (4). 𝑑𝑇𝑑𝐸 ൌ 5.5𝑇ଶ ൈ 10ି଺ (4) 

let the function 𝑀ሺ𝑇ሻ ൌ 10଺ ൈ 𝑇 (5) 



Sustainability 2024, 16, 4838 6 of 17 
 

then, 𝑑𝑀𝑑𝑇 ൌ െ10ି଺ ൈ 𝑇ଶ (6) 

and substituting into Equation (4) yields a functional relationship between M and E as 
shown in Equation (7). 𝑑𝑀𝑑𝐸 ൌ െ5.5 (7) 

defining M as the Micro Reciprocal Degree (MRD) of color temperature with units of 
mired, or MK−1, in the sense that the minimum discernible difference for the human eye is 
5.5 mireds. 

2.4. Technical Route 
The research process is illustrated in Figure 3 and can be divided into the following 

steps: (1) select a typical tunnel (Tunnel 1) as the test object and follow the test steps in 
Content 2.1 to take a field test. Record the CCT received by the driver’s eye in the approach 
section of the tunnel at different times, solar position parameters, solar irradiance, and 
vertical illuminance at the driver’s position; (2) investigate the variation rules of CCT re-
ceived by the driver’s eyes and vertical illuminance at the driver’s position during the 
approach to the tunnel from a temporal and spatial perspective; (3) analyze the correlation 
between the CCT received by the driver’s eyes in the tunnel access zone and other param-
eters, and identify the input parameters of the CCT calculation model; (4) data fitting 
based on measured data, establish the CCT calculation model of the tunnel access zone, 
and evaluate the accuracy of the model; (5) repeat steps (1)–(4) for a new tunnel (Tunnel 
2) to verify the feasibility and scientific validity of the research methodology. 

 
Figure 3. Overall flow chart of the study. 
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3. Results 
3.1. Temporal and Spatial Variation Rules 
3.1.1. CCT in the Tunnel Access Zone 

Tunnel 1 was selected as the test subject and recorded the CCT values at various dis-
tances from the tunnel entrance and different times, as illustrated in Figure 4. In Figure 
4a, the horizontal axis represents the moments of testing, the vertical axis indicates the 
CCT, and data points of different colors signify the distances to the tunnel entrance. In 
Figure 4b, the horizontal axis represents the distance to the tunnel entrance, and the ver-
tical axis indicates the CCT. Shaped data points, such as squares, circles, and triangles, 
represent the moments of testing. 

  
(a) (b) 

Figure 4. The spatiotemporal variation pattern of CCT in the tunnel access zone: (a) Different time. 
(b) Different distances. 

In Figure 4a, it can be observed that between 8:00 and 15:00, the fluctuations in CCT 
are relatively minimal. Subsequently, beyond the 15:00 mark, there is a discernible down-
ward trend in the CCT values. According to Figure 4b, it is evident that as one approaches 
the tunnel entrance, the CCT exhibits a trend of initial increase followed by a decrease, 
with the peak CCT observed at a distance of 50 m from the tunnel entrance. Within 20 m 
and below the tunnel entrance, the CCT varies more uniformly over time, without signif-
icant oscillations. This stability is due to the fact that the CCT in the space within 20 m 
from the tunnel entrance is mainly influenced by the tunnel’s internal lighting. Con-
versely, the CCT in the space above 20 m from the tunnel entrance exhibits more pro-
nounced fluctuations over time, suggesting that the area above 20 m is primarily affected 
by solar radiation. 

The reason for this phenomenon can be attributed to a combination of factors that 
influence the interplay of light sources and the environment within the vicinity of the tun-
nel. Firstly, the proximity to the tunnel entrance allows for an increased influence of nat-
ural light, particularly from the sun, which has a higher CCT and can raise the overall 
CCT of the area. As one moves closer to the entrance, the intensity and angle of the sun-
light change, leading to variations in the CCT. Secondly, the internal lighting of the tunnel, 
which typically has a lower CCT, starts to exert a more significant influence as one gets 
closer to the entrance. This internal lighting provides a stable and consistent source of 
light that can affect the CCT in the surrounding area. The interplay between these two 
light sources—natural sunlight and artificial tunnel lighting—creates a transition zone 
near the tunnel entrance where the CCT fluctuates. The highest CCT observed at 50 m 
from the entrance could be due to the optimal balance between the natural sunlight’s in-
fluence and the tunnel’s artificial lighting at that specific distance. Additionally, environ-
mental factors such as the presence of vegetation, the reflectance of surrounding surfaces, 
and atmospheric conditions can also impact the CCT. For instance, vegetation and other 
surfaces can reflect and absorb light differently, altering the CCT in the process. 
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As can be seen from Figure 4, the CCT of the tunnel access zone in the morning and 
afternoon is symmetrical in the spatiotemporal variation rule. Therefore, to more visually 
demonstrate the spatiotemporal variation of the CCT received by the driver’s eyes in the 
process of approaching the tunnel, based on the test data in the morning, the 3D wall 
charts with time as the X-axis, the distance from the tunnel entrance as the Y-axis, and the 
CCT as the Z-axis were drawn, in which the color from yellow to red indicated the test 
time sequence from early morning to noon, as shown in Figure 5. 

 
Figure 5. CCT 3D wall charts of Tunnel 1. 

As shown in Figure 5, the CCT of the access zone of Tunnel 1 rises from the stopping 
distance, reaches the maximum value of the CCT of the entire approaching section at 40 
m from the tunnel portal, and then begins to fall slowly when it reaches 10 m from the 
tunnel and gradually stabilizes to the minimum value of the CCT at the tunnel portal. In 
terms of temporal, the CCT at any point in the access zone of the Luhua Road Tunnel 
shows a slow increasing trend as the morning test time progresses, and the peak of the 
day’s CCT occurs at around 12:00 noon. 

3.1.2. Vertical Illuminance at the Driver’s Position and Solar Irradiance 
In addition, a 3D wall plot of the change in vertical illuminance at the driver’s posi-

tion during the approach to the tunnel is drawn, as shown in Figure 6. Where X-axis is 
time, Y-axis is distance from the tunnel portal, and Z-axis is vertical illuminance. The color 
from yellow to blue indicates the test time sequence from morning to noon. 

As can be seen from Figure 6, at the spatial level, the vertical illuminance at the 
driver’s position slowly decreases from the stopping distance and rapidly decreases at 
about 50 m from the tunnel portal until it reaches the minimum value at the tunnel portal. 
At the temporal level, the vertical illuminance at the driver’s position shows an overall 
increasing trend as the test time in the morning progresses, which is determined by the 
law of solar movement. As the sun’s altitude angle increases, the horizontal solar irradi-
ance on the ground also increases gradually, and the overall ambient luminance gradually 
rises, resulting in an increase in the vertical illuminance. 
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Figure 6. Vertical illuminance 3D wall charts of Tunnel 1. 

Vertical illuminance refers to the level of illumination on a vertical surface, which 
affects the visual brightness inside and outside the tunnel and the visual adaptation of the 
driver. This implies that it can influence the driver’s perception of the environment out-
side the tunnel, thereby indirectly affecting the sensation of CCT. Vertical illuminance is 
considered a potential factor influencing the CCT exterior at the tunnel entrance. In this 
context, a comprehensive analysis of the spatiotemporal dynamics of illuminance has 
been conducted, as depicted in Figure 7. The horizontal axis is designated to reflect the 
measurements of vertical illuminance, while the vertical axis corresponds to the various 
temporal points of observation during the testing phase. 

 
Figure 7. Vertical illuminance and irradiance in the tunnel access zone. 

Figure 7 indicates that the vertical illuminance at different positions in front of the 
tunnel entrance and the solar irradiance follow a similar trend of change, both increasing 
first in the morning, peaking at noon, and then dwindling in the afternoon as time pro-
gresses. This suggests that vertical illuminance and solar irradiance are closely related, 
both being influenced by the position of the sun, atmospheric conditions, and other envi-
ronmental factors. Solar radiation encompasses a broad spectrum, ranging from ultravio-
let to infrared. CCT is a physical quantity that describes the color of a light source and is 
related to the spectral composition emitted by the source. The spectral components of so-
lar radiation vary with changes in factors such as the solar altitude angle, atmospheric 
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conditions, and cloud cover, which in turn can affect the perception of CCT. Figure 8 
demonstrates the relationship between CCT and solar irradiance, with the horizontal axis 
indicating solar irradiance and the vertical axis representing CCT. 

 
Figure 8. The variation pattern of CCT and irradiance in the tunnel access zone. 

Based on Figure 8, it can be observed that within 20 m of the tunnel entrance, the 
variation in CCT is minimal with changes in solar irradiance, indicating that in this section 
of the road space, the CCT is largely influenced by the illumination within the tunnel. In 
the road space ranging from 20 to 50 m away from the tunnel entrance, the changes in 
solar irradiance led to moderate fluctuations in CCT, suggesting that in this area, the CCT 
is affected by a combination of tunnel lighting and solar radiation. From 50 m to the stop-
ping sight distance, the changes in solar irradiance result in significant variations in CCT, 
demonstrating that in this stretch of road space, the CCT is predominantly influenced by 
solar radiation. 

3.2. CCT Calculation Model 
3.2.1. Correlation Analysis and Input Parameter Identification 

To investigate the synergistic relationship between the CCT of the tunnel access zone 
and the solar irradiance, the vertical illuminance at the driver’s position and the sun’s 
position at the test time (solar altitude angle and solar hour angle) at the temporal level. 
In addition, in order to investigate the synergistic relationship between the CCT of the 
tunnel access zone and the vertical illuminance at the driver’s position, the sky area share 
within the driver’s 20° field of view and the distance of the test point from the tunnel 
portal at the spatial level. The Spearman correlation coefficients between the above pa-
rameters were calculated using the Luhua Road Tunnel as an example, and the correlation 
heat map has been plotted, as shown in Figure 9. 

As can be seen from Figure 9a, the Spearman correlation coefficients between CCT 
and solar irradiance, vertical illuminance at the driver’s position, and solar altitude angle 
are all greater than 0.6, and the correlation coefficient with vertical illuminance at the 
driver’s position reaches 0.726. It can be found that the correlation coefficients between 
solar irradiance, vertical illuminance at the driver’s position, and solar altitude angle are 
all greater than 0.96, which shows a strong linear positive correlation. Moreover, as shown 
in Figure 9b, the CCT of the tunnel approach section is spatially non-linearly positively 
correlated with the above parameters, and the correlation coefficient with the sky area 
share reaches 0.633. Meanwhile, Spearman’s correlation coefficients of the vertical illumi-
nance at the driver’s position, the sky area shared within the 20° field of view of the driver, 
and the distance of the test point from the tunnel portal are all up to 0.98. 

100 150 200 250 300 350 400 450 500

4400
4600
4800
5000
5200
5400
5600
5800
6000
6200
6400

CC
T 

(K
)

Solar Irradiance(W/m2）

 80
 70
 60
 50
 40
 30
 20
 10
 0



Sustainability 2024, 16, 4838 11 of 17 
 

  
(a) (b) 

Figure 9. The correlation heat map of CCT and other parameters: (a) Temporal parameters. (b) Spa-
tial parameters. 

3.2.2. Correlation Analysis and Input Parameter Identification 
Combining the results of the correlation analysis between the tunnel access zone CCT 

and each characterization parameter in both temporal and spatial aspects, as mentioned 
above, the vertical illuminance at the driver’s position is taken as the input parameter, the 
distance D from the tunnel portal is selected as the spatial characterization parameter, and 
the solar irradiance Ht is taken as the temporal characterization parameter. The tunnel 
access zone CCT is taken as the dependent variable, and it is fitted with Ht, D, and the 
CCT of tunnel interior lighting (CCTin) in a multivariate linear fashion to further establish 
the CCT calculation model of the tunnel access zone. The data-fitting results are shown in 
Equation (8). CCT ൌ 1.3H୲ െ 2.4 CCT୧୬D ൅ 5618 (8) 

To evaluate the calculation ability of the model, a scatter plot is plotted with the meas-
ured values as the horizontal coordinates and the calculated values as the vertical coordi-
nates. The dashed line indicates that the percentage of relative error of the data on that 
line is 0%. The pink area indicates that the percentage of absolute error of the data points 
in the area is less than 6%, which is shown in Figure 10. 

 
Figure 10. Comparison between measured and calculated CCT of Tunnel 1. 
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As can be seen from Figure 10, most of the errors of the data points in this calculation 
model are within ±6%, which indicates that the model possesses a relatively high meas-
urement capability. According to Equations (1) and (2), the RMSE value of this CCT cal-
culation model is 293 K, and the MAPE value is 4.19%. In addition, through the data trace-
ability, it can be found that most of the data outside the error range of ±6% are concen-
trated in the stopping sight distance and 50 m from the tunnel portal. This is due to the 
fact that in the stopping sight distance, the area of the tunnel portal within the driver’s 
field of vision is relatively small, and at this time, the CCT received by the driver’s eyes is 
less affected by the tunnel internal lighting CCT, which leads to a deviation of the calcu-
lation results. According to Figure 6, the CCT peaks at 50 m from the portal of the tunnel, 
which is the critical position where solar radiation and the CCT of the interior tunnel light-
ing alternately affect the CCT received by the driver’s eyes, resulting in large fluctuations 
in the data. 

3.3. Validation of Research Methods 
Tunnel 2 was selected to verify the scientific validity as well as the feasibility of the 

method of establishing the CCT calculation model. Based on the test data in the morning, 
the 3D wall charts are drawn with the same formality as Figures 6 and 7, which is shown 
in Figure 11. 

  
(a) (b) 

Figure 11. Three-dimensional wall charts of Tunnel 2: (a) CCT and (b) vertical illuminance. 

As shown in Figure 11, the variation rule of Tunnel 2 access zone CCT is similar to 
that of Tunnel 1, which is also 40 m away from the tunnel portal as the inflection point, 
with the CCT increasing gradually before 40 m and decreasing gradually after 40 m. How-
ever, in contrast to the variation rule of the CCT of the Tunnel 1 access zone, as the test 
time in the morning passes, the overall CCT in the access zone of Tunnel 2 shows a slowly 
decreasing trend and reaches the minimum value of the CCT in a day at about 12 o’clock 
in the middle of the day. It is analyzed that this is caused by the direction of the tunnel. 
Previous research has shown that the range of daytime sky CCT under clear sky condi-
tions is generally 8000 K~18,000 K [31], which is much higher than the CCT of the reflected 
light on the surface of each ground scenery outside the tunnel; therefore, the tunnel access 
zone CCT is mainly determined by the CCT of the sky facing the direction of the tunnel. 
In addition, the test direction of Tunnel 1 is from south to north, while the test direction 
of Tunnel 2 is from north to south, which leads to the change of the sky color within the 
field of view of the driver in the approaching process of the tunnel to show the opposite 
rule of variation, which makes the rule of variation of the overall CCT opposite. In addi-
tion, the temporal variation rule of the CCT of the two tunnels is not obvious at their re-
spective portals, which is due to the fact that the CCT measured in the experiment is the 
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CCT received in the vertical plane facing the tunnel where the driver’s eyes are located, 
and the determining factor of the CCT has already been changed from the sunlight to the 
artificial lighting inside the tunnel when arriving at the portals of the tunnels. Meanwhile, 
the lighting sources in both tunnels are stationary, and their illumination parameters do 
not change. Therefore, the CCT at both portals is maintained at about 4700 K at any time 
of the day, and the variation is kept within a small range. Moreover, the spatiotemporal 
variation rule of vertical illuminance at the driver’s position is the same as that of the 
Luhua Road Tunnel. 

According to Component 3.2, a multiple linear fit is performed using measured data 
from Tunnel 2. The data-fitting results are shown in Equation (9). CCT ൌ െ3.3H୲ െ 1.1 CCT୧୬D ൅ 7216 (9) 

To evaluate the calculation ability of the model, a scatter plot is plotted in the same 
manner as in Component 3.2.2, which is shown in Figure 12. 

 
Figure 12. Comparison between measured and calculated CCT of Tunnel 2. 

As can be seen from Figure 12, compared to the CCT calculation model of Tunnel 1, 
the data fit of Tunnel 2 is relatively better. According to Equations (1) and (2), the RMSE 
value of this CCT calculation model is 324.4 K and the MAPE value is 4.01%, which indi-
cates that the model is capable of good CCT calculation. It also proves that the establish-
ment method and process of the CCT calculation model are of scientific validity. 

3.4. Suitable CCTin for Irradiance 
3.4.1. Relationship between CCT and Solar Irradiance 

From Figures 5 and 11, it can be found that a driver traveling at a speed of 60 km/h 
experiences a dramatic shift in CCT from 6200 K to 6800 K and subsequently to 4700 K 
within 5 s. Such a pronounced transition from natural daylight to artificial lighting im-
pedes the driver’s capacity to swiftly acclimate to the novel lighting conditions, further 
exacerbating the visual lag. Therefore, the phenomenon of sudden changes in the CCT can 
be solved by replacing the lighting fixtures in the tunnel threshold zone with CCT adjust-
able fixtures and setting the CCTin to a range close to the CCT outside the tunnel. 

Take Tunnel 2, for example; according to Equation (9), the CCT received by the 
driver’s eye at 40 m from the tunnel portal under any solar irradiance environment can be 
calculated, and then combined with Equation (9), the range of values of illumination color 
temperature that makes the driver’s eye more comfortable can be calculated. For example, 
when the solar irradiance is 800 W/m2, the CCT received by the driver’s eye at 40 m from 
the tunnel portal is about 4600 K. Under this environment, the range of the CCT that the 
human eye can distinguish is 4484 K to 4717 K; therefore, adjusting CCTin to this range 
will result in a smooth transition in the CCT of the driver’s eyes. 
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3.4.2. The Optimal Range of CCTin Values 
Following the calculation steps in Content 3.4.1, the suitable CCTin at different irra-

diance levels can be derived. However, in the actual tunnel lighting, excessively high or 
low CCT environments will also lead to driver discomfort, and the CCT adjustment range 
of common tunnel lighting LED luminaires is 4000 K to 6500 K. Therefore, the value range 
of the suitable CCTin is adjusted accordingly on the basis of the calculation formula. The 
adjusted comfort CCTin range is shown in Figure 13. The black dashed line indicates the 
best CCTin value for Tunnel 2, and the pink area indicates the appropriate CCTin value. 

 
Figure 13. Suitable CCTin of Tunnel 2. 

As shown in Figure 13, when solar irradiance is between 300 W/m2 and 800 W/m2, 
the value of CCTin is determined by the CCT of the tunnel’s external environment, which 
ranges from 4400 K to 6300 K. Irradiance below 300 W/m2 occurs mostly in the early morn-
ing and late afternoon, when the CCT of the sky in the driver’s facing direction is relatively 
high. During this time period, the value of CCTin needs to be adjusted to between 6000 K 
and 6300 K. When solar irradiance is greater than 800 W/m2, a relatively low CCTin (4500 
K) will allow the driver to adapt more quickly to changes in the light environment. 

4. Discussion 
4.1. Recommendations for Tunnel Lighting Based on CCT Variation 

The human eye is highly sensitive to variations in CCT, especially under dynamic 
driving conditions. CCT refers to the warmth or coolness of light and has a significant 
impact on drivers’ visual perception and comfort. A higher CCT, typically associated with 
cooler, bluish light, can enhance contrast and visibility but may also lead to increased glare 
and visual fatigue over time. Conversely, a lower CCT, characterized by warmer, yellow-
ish light, can provide a more comfortable and relaxed visual environment but may reduce 
contrast, especially in low-light conditions. 

Therefore, it is imperative to not only enhance the luminance within the tunnel but 
also to ensure consistency between the CCT inside the tunnel and that outside. Content 
3.4 describes the methodology for determining the optimal CCTin range by solar irradi-
ance. According to the Spearman correlation analysis result in Figure 10, the solar irradi-
ance has a strong positive correlation with the sun hour angle; therefore, the values of 
CCTin taken at different time periods can be plotted based on Figure 13. The new CCTin 
control logic can be represented by Figure 14. 
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Figure 14. Recommended control logic for tunnel threshold zone CCT. 

The CCT outside the tunnel exhibits minimal fluctuation during the daytime, gener-
ally hovering around 6000 K. Consequently, it is recommended that the lighting at the 
tunnel entrance during the daytime employ LED light sources with a CCT of 6000 K. Dur-
ing dawn and dusk, there is a noticeable decrease in the CCT outside the tunnel, although 
it typically remains around 5000 K. As such, it is preferable that the lighting at the tunnel 
entrance during these times of day utilize LED light sources with a CCT of 5000 K. This 
approach ensures optimal visual conditions for drivers entering or exiting the tunnel, 
thereby enhancing overall driving safety. 

4.2. Application Scenarios and Potential of the Proposed Model 
This study proposes a method to establish a CCT calculation model for the access 

zone of a tunnel based on field measurements. Each tunnel has its own unique CCT cal-
culation model due to the different external scenery of the tunnels. After establishing the 
CCT calculation model of a tunnel, the calculation equation applicable to the selection of 
the CCT of the tunnel interior lighting can be derived. Further, depending on the actual 
situation, the CCTin can be controlled according to solar radiation or according to the time 
of day. 

5. Conclusions 
The research presented in this paper contributes significantly to the field of road 

safety and lighting design, particularly in the context of tunnel access zones. By establish-
ing a comprehensive CCT calculation model based on field test data, this study has pro-
vided a robust framework for understanding the dynamic interplay between natural light 
and artificial lighting within the critical approach to tunnels. 
1. The CCT calculation model of the tunnel access zone has been established based on 

field test data, the modeling method has been validated, and the mean absolute per-
centage error can be controlled within 5% with verification, which can accurately cal-
culate the CCT of the tunnel access zone. 

2. For an urban tunnel that includes the sky in the driver’s 20° field of view at the stop-
ping sight distance, the CCT received by the driver’s eye varies in the range of 
4500~7300 K. Within 20 m from the tunnel portal, CCT is mainly influenced by light-
ing sources inside the tunnel; in the section space between 20 and 50 m from the tun-
nel portal, CCT is influenced by a combination of solar radiation and lighting sources 
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inside the tunnel portal; beyond 50 m from the tunnel portal, CCT is mainly influ-
enced by solar radiation. 

3. As a result of Spearman correlation analysis, the CCT received by the driver’s eyes 
during the approach to the tunnel is related to the solar irradiance, the distance from 
the tunnel portal, and the CCT of the tunnel interior lighting. 
The implications of this research extend beyond the immediate benefits of improved 

tunnel lighting. It offers a methodological approach that can be adapted and applied to 
other areas where the integration of natural and artificial light is crucial. Furthermore, the 
study’s focus on the temporal and spatial aspects of CCT variation provides a valuable 
reference for future research endeavors in the field of spatiotemporal lighting dynamics. 

Moving forward, the application of the insights gained from this research will not 
only lead to the development of more effective lighting strategies for tunnel access zones 
but will also contribute to the broader discourse on sustainable and energy-efficient light-
ing solutions. The potential for integrating smart lighting technologies that respond to 
real-time environmental conditions presents an exciting avenue for future innovation, 
promising a safer and more comfortable driving experience for all road users. 
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