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Hong Kong CIE sky classification and prediction by accessible
weather data and trees-based methods

SLou, DHW Li% JC Lam

Building Energy Research Group, Department of Architecture and Civil Engineering,
City University of Hong Kong, Tat Chee Avenue, Kowloon, Hong Kong SAR, China

E-mail: bedanny@cityu.edu.hk

Abstract. Solar irradiance and daylight illuminance are important for solar energy and
daylighting designs. Recently, the International Commission of Illuminance (CIE) adopted a
range of sky conditions to represent the possible sky distributions which are crucial to the
estimation of solar irradiance and daylight illuminance on vertical building facades. The
important issue would be whether the sky conditions are correctly identified by the accessible
variables. Previously, a number of climatic parameters including sky luminance distributions,
vertical solar irradiance and sky illuminance were proposed for the CIE sky classification.
However, such data are not always available. This paper proposes an approach based on the
readily accessible data that systematically recorded by the local meteorological station for
many years. The performance was evaluated using measured vertical solar irradiance and
illuminance. The results show that the proposed approach is reliable for sky classification.

1. Introduction
Daylight data are essential to the designs of daylight-linked artificial lighting controls in energy-
efficient buildings [1] by reducing the lighting power consumption and interior heat gain. For
daylighting applications, the skylight is always preferred since it has less potential to cause glare. The
scattered daylight, however, can be a non-uniform light source whose intensity in terms of luminance
varies over the whole sky hemisphere [2]. The anisotropy of skylight can cause significant differences
of the daylight via fenestrations in different orientations. It is important to predict the sky luminance
distributions. Since both sky luminance and solar radiance are of similar characteristics, the same
mathematical approaches for determining daylight illuminance can also be applied to solar irradiance
[3].

Sky distributions can be influenced by factors including solar position, turbidity and cloud amount.
A usual approach to estimate the distribution is by the corresponding sky condition, since specified
sky conditions induced from climatic factors at approaching levels are featured by similar luminance
(and radiance) distributions. Generally, the sky conditions can be interpreted into overcast, partly
cloudy and clear skies. In 2003, the International Commission on Illumination (CIE) adopted 15
standard skies proposed by Kittler and his colleagues [4]. Each of the CIE Standard Sky has its well
defined luminance distribution pattern by mathematical expressions which have been reviewed by
measurements in a number of world-wide regions [5-7]. Many studies reported that the 15 CIE
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Standard Skies provide good and comprehensive frameworks of the actual skylight luminance
distributions in the world.

The usual instrument for measuring sky luminance distribution is by mean of a sky scanner that
records the luminance levels of 145 points of the whole sky dome. However, the sky-scanner is costly
and maintenance intensive while the 145 points are not recorded simultaneously. Sky classifications
based on different climatic indices were also proposed [3, 8, 9]. Sky luminance distributions
particularly for the whole sky are seldom available for the sites under consideration or exist for very
limited periods. It is expected that an approach based on the readily accessible horizontal solar
radiations and available meteorological data would be more appropriate. This paper studies the CIE
sky classification using measured data in our measuring station [10] and the Hong Kong Observatory
(HKO) [11]. A sky classification approach was developed by the algorithm of Classification Tree
(C _Tree). The performance of the proposed method was evaluated against measured data. The
findings and design implications are discussed.

2. CIE Standard Skies
The set of 15 CIE Standard Skies [12] predicts the ratio between luminance at any point of the sky
hemisphere (L,4) to that at the zenith point (L, ). Since daylight is the visual part of solar radiation,

tthe same mathematical models can also be used for the radiance distribution calculation. The standard
formula of the ratio (/,) is the product of a relative gradation expression ¢(Z)/¢#(0) and a relative

scattering indicatrix function f(y)/f(Zs)as expressed in Equations 1 to 3.
L f z
b f)6(2) o
L, f(Zs)¢(0)
$(Z) 1+aexp(b/cosZ)
#(0)  l+aexpb

)

f(z) 1+c[exp(dy)—exp(dz/2)]+ecos’ x
f(Z,) 1+c[exp(dZ)—exp(dx/2)]+ecos’ Z

©)

Where Z is the zenith angle of the sky point under consideration (rad), Z =7/2—« ; Z is zenith angle
of the sun; a, b, ¢, d and e are coefficients, the values of which can be adjusted to describe the 15 CIE

Standard Skies from heavy overcast to clear skies; y is the shortest angular distance between the sky
element and the solar disc, i.e. scattering angle (rad), which can be calculated as:

x =arccos(cos Z, -Cos Z +sin Z -sin Z - cos|p — gy ) (4)

Where ¢, and ¢ are the azimuth angle of the sun and the sky point under consideration, respectively.
Detailed angles are given in Figure 1.



2016 International Conference on New Energy and Future Energy System (NEFES 2016) IOP Publishing
IOP Conf. Series: Earth and Environmental Science 40 (2016) 012018 doi:10.1088/1755-1315/40/1/012018

AL o = Reference
v direction

Figure 1. The angles of sun and sky elements

The gradation function (Equation 1) describes the sky luminance variation between horizon and
zenith. In terms of overcast skies, greater luminance can be found at zenith. The trend is opposite for
clear skies. The indicatrix function (Equation 2) peaks at the position of sun and drops rapidly when
the scattering angle increases. By adjusting the value of coefficients from a to e, 15 groups of
equations can be generated to denote the luminance distribution of a range of sky conditions, including
5 clear, 5 partly cloudy and 5 clear skies. The coefficients of the skies and their features are listed in
Table Al (Appendix A).

3. SKky classification by luminance

The most straightforward and comprehensive approach of sky classification is by comparing the
luminance distribution pattern between the 15 CIE Standard Skies with measurement. The data of
luminance distribution are usually acquired by a sky scanner which measures the luminance of 145
circular sky patches (L;, cd m 2, i = 1 to 145). As mentioned by Tregenza [13], using the measured
zenith luminance (L7, cd m ™) as the basis of a Standard Sky can cause uncertainty, because the
measured L; may be biased due to the direct sunlight when the sun is close to zenith point. It is
proposed to normalize L; and the ratio of the CIE Standard Skies (/;) by the corresponding horizontal
sky-diffuse. The normalized distributions of the measurement (L, ,,,) and the CIE Standard Skies (/; ,.-)
are illustrated in Equations 5 and 6.

I‘i nor — h (5)
il Vh

Ii nor = - (6)
' V,

h

Where V), is the horizontal illuminance from all the 145 sky luminance by measurement, v, is the
horizontal illuminance from all the 145 sky luminance under individual CIE Standard Skies with L set
as one. Detailed calculations of the V), and v, by L; and /; were illustrated by Tregenza [13]. The
Standard Sky is identified as the one with the minimum root mean square error between L; ,, and /; .,
as given in Equation 7.

1 145 2
rms:\/EZ(l‘i,nor _Ii,nor) (7)

i=1

Figure 2 shows the frequency of occurrence (FOC) of sky classified by the aforementioned approach.
The sky luminance data were 10-minute readings recorded at the City University of Hong Kong
(CityUHK) in 2004. Details of the station can be found in our previous work [10]. In total, 21,089 sets
of data were employed, among which 37.4, 39.8 and 22.8% were identified as overcast, partly cloudy
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and clear skies, respectively. The most representative skies were Skies 1, 8 and 13 with the FOC of
20.1%, 31.9 and 15.7%, respectively. The results are consistent with a previous study by others [14].

40%

30%

20% -

10% - I
O% - T T |.| T T T 1

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Sky Type

Frequency of Occurrence

Figure 2. The frequency of occurrence of CIE Standard Skies in Hong Kong.

4. Sky classification by meteorological data

The classification by scanning the luminance distribution is perhaps the most comprehensive method
but it has a number of limitations [3]. For instance, the long-term luminance measurements are rarely
available while the meteorological features of a place are normally determined by the data recordings
for 25 to 30 years [15]. To develop a long-term database of the CIE Standard Sky according to the
accessible HKO measurements, the algorithm of Classification Tree was used to correlate the
meteorological data sets with the sky classification results in previous section (Figure 1).

4.1. The Classification Tree

The algorithm of Classification Tree (C_Tree) was first developed by Breiman et al [16]. The
algorithm categorizes data sets with a number of variables (Var;, Var,, ...) into various groups by a
sequence of binary partitions (i.e. splits). Figure 3 illustrates a split that separates a single group with
N; data sets to two child groups according to the value of the selected jth variable (Var;). The variable
and its value for the split are selected to maximally reduce the size-weighted impurity of the CIE Skies
in the child groups. By quantifying the impurity as the Gini index (G) defined in Equation 8, the
reduction of size-weighted impurity can be quantified as Equation 9.

G-1->[p(K)] (®)

- Gi+2 Ni+2 (9)

Where p(k) is the fraction of datasets with sky type & that reaches a node. G is positive for a node that
has more than a single type of the CIE Standard Sky. The classification by a single split repeats until
the data in the node have purified a particular sky type, or the tree structure being established reaches
the designated complexity.

AG=GN, -GN,

i+1° Vi+l
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Spliti
Size of data sets: Ni
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Figure 3. The topography of a single split in Classification Tree.

The complexity of the C_Tree can be controlled by the minimum leaf size (L) [17], which stops the
splitting when the size of data sets in its child node is less than the setting. A lower L,y allows the
algorithm to do more detailed classifications by a more complexed C Tree which can improve the
purity of sky type in a signal group. However, the model developed with too small L,y could be
complicated to interpret and even over-fitted, which may give poor performance for new data sets. It is
preferably to optimize the L,y in a case by case manner. In present study, the C_Trees were trained
with LM]N from 10 to 1,000

4.2. The Development Classification Tree

The development of C Tree that correlates the types of CIE Standard Sky with the meteorological
data (variables) was implemented by the Machine Learning Toolbox of MATLAB 20154 [18]. The
variables summarized in Table 1 were enrolled without a pre-selection since there was little
knowledge on the importance of the variables and the algorithm itself can eliminate the unnecessary
ones. The clearness index K, and the diffuse fraction K are defined in Equations 10 and 11.

K=Es/Ee (10)
K, =Eg/Eg (11)

Where E; is the horizontal global irradiance, Ef is the horizontal extraterritorial irradiance and Ej is
the horizontal diffuse irradiance. The irradiance data were measured in our measuring station
(CityUHK) every 10 minutes while the data of other variables were recorded by the HKO in 1-hour
interval. The data from HKO were converted into 10-min by a shape-preserving piecewise cubic
interpolation [19] based on the values of neighbouring points in MATLAB 20155 [20].

Table 1. Input variables for the development of Classification Tree (C_Tree)

Parameter Notation Unit Parameter Notation Unit
Solar altitude angle a; ° Relative humidity rh %
Clearness index K Visibility Vvis m
Diffuse fraction K Wind speed v m/s
Sunshine duration hour H hour Mean sea level pressure P Pa
Air temperature T, T Cloud amount cld %

To reduce the burden of computation, simplify the structure of C_Tree and improve reliability of
the results, the framework given in Figure 4 were adopted to develop the approach for sky
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classification by C_Tree. As given in the figure, C_Tree 0 was developed to categorize the overcast
(Skies 1 to 5), partly cloudy (Skies 6 to 10) and clear (Skies 11 to 15) before 3 C Trees 1 to 3 were
established to further specify the 15 Skies.

Sky
1
— Overcast — C_Tree 1l E
Sky . Sky
5 6
Datasets —* C_Tree0 —— Cloudy —— C_Tree?2 .
Sky
Sky .
10 ( n
— Clear —— C_Tree3 s
L Sky
15

Figure 4. The framework of proposed sky classification approach by Classification Trees (C_Tree)

To evaluate the expected performance of every C Tree with different Ly, we repeated a 5-fold
cross validation [21] for 1,000 times which can reduce the uncertainty of random training data
selection in sensible time and RAM consumption. The results include the median and range of
percentage of skies being misclassified (%Mis) i, and the average number of splits with Luvbeing set
from 10 to 500 as shown in Figures 5 to 8 for C_Trees 0 to 3.

For the development of all C_Trees, the %Mis drops initially then rises gently as L,y increases.
The C_Trees are not powerful enough when L,y is too small and over-fitted when L,y is too large.
The number of splits, however, reduces drastically when L,y increases indicating that less complexed
trees are formed with the setting of lower L,;y. Although the minimum %Mis can be identified for
each C_Tree, the corresponding number of splits may be overwhelming. Setting L,y slightly greater
can significantly lower down the number of splits and tree complexity, which makes the C_Trees more
interpretable though the quality of prediction may be sacrificed slightly. By compromising the tree
complexity against the performance, the L,y were set 130, 150, 425 and 100 for the C_Trees 0, 1, 2
and 3, respectively. The far larger %RMSE of C_Tree 1 compared with other C_Trees (i.e. C_Tree 0,
C _Tree 2 and C_Tree 3) implies that it would be quite difficult to further identify the inconspicuous
differences between the classified overcast skies (i.e. Skies 1 to 5) via meteorological data, especially
based on the horizontal solar irradiance. The numbers of splits were controlled in a sensible level,
which were around 27, 12, 3 and 7 respectively for C Trees 0, 1, 2 and 3. The C_Trees developed by
the designated settings are given in Figures B1 to B4 in Appendix B.

Number of splits

20% 115 52 35 28 24 20 14 11 8
‘ Results within Min and Max ) =
19% | wle = ’/”‘"
== — Median
g 18% Complex gl
= C_Tree i
& 17% - e PO :
g | % of Misclassification: 16.3%
16% \l/-"'—"""f —————————— R e e
‘ I Selected Ly =130
15% ‘ !
0 50 100 150 200 250 300 350 400 450 500

Minirnum leaf size (Lyzy)

Figure 5. The percentage of misclassification (%Mis) of the CIE Overcast, Cloudy and Clear Skies
by C_Tree 0 with different minimum leaf size (Lyy).
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Number of splits

4% 85 30 24 18 11 g 5 4 3
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& 2% R
] -
& 1o ) =T
\_,....f"'"'"'""" T T ™ T T o o Misclassification: 40.7% |
40% | o of Misclassification: 40.7%
| Selected L, =150
39% l
0 50 100 150 200 250 300 350 400 450 500
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Figure 6. The percentage of misclassification (%Mis) of Sky 1 to 5 by C_Tree 1 with different
minimum leaf size (Lygy)

Number of splits
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21| 8 esult within Min and Max
\ "
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®
17% *Ma- — /0/' "M ifi on: %%
o e P oo -~ % oI;_M_lsc_la sification:|16.65%
16% I Selected Lyp=425
$ Mo I
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Figure 7. The percentage of misclassification (%Mis) of Sky 6 to 10 by C_Tree 2 with different
minimum leaf size (L)
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Figure 8. The percentage of misclassification (%Mis) of Sky 11 to 15 by C_Tree 3 with different
minimum leaf size Ly
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5. Performance evaluation

For the development of vertical building integrated photovoltaic panels and evaluation of solar heat
gains and daylighting designs, accurate vertical global solar irradiance and illuminance data are
required. To evaluate whether the skies are correctly identified, the global components for the vertical
planes facing the 4 cardinal directions were modelled based on the sky types classified by the two
approaches [3, 22]. The global solar irradiance and illuminance incident on a vertical surface (Eyc) is
the sum of direct beam (Ey3), sky-diffuse (£yp) and ground reflected components (Eyz), which can be
expressed as Equation 12.

Ec =Eg+Ep +Ep 12)

The calculation of Ey; is based on the solar altitude ( «g ) angle, azimuth angle ( ¢, ) and the surface
azimuth angle (¢, ). For the estimation of Eyz, it is assumed that the vertical plane receives half of the

irradiance and illuminance being reflected isotropically from the ground. Denoting the ground
reflectance p of 0.2 is a reasonable assumption in dense urban environment and adopted by a number

of researchers [23-25], the 2 components can be calculated by Equations 13 and 14.
Eys =[ (Ec —Ep)/sinas |cosag cos(d — ¢, ) (13)
Er =pEs/2 (14)

The numerical method was used to compute Eyp [3]. The performance was assessed by the root
mean square error with respect to the average of the simultaneously measured global solar irradiance
and illuminance (%RMSE) and the results are summarized in Table 2. It is found the %RMSE of
vertical irradiance and illuminance on vertical planes facing all directions are less than 20% and 25%
respectively. The %RMSE of proposed approach is slightly greater than the luminance based approach
and the difference is less than 2% for the four cardinal orientations. The findings show that the
proposed approach can give reliable prediction of the CIE Standard Skies and the vertical illuminance
and irradiance.

Table 2. %RMSE for vertical solar irradiance based on Skies classified by the 2 approaches

%RMSE Vertical irradiance Vertical illuminance

N E S W N E S W
Luminance by sky 5, 17% 13% 14% 23% 11% 12% 14%
scanner
Proposed 16% 19% 14% 15% 24% 13% 13% 16%

6. Conclusions

An approach that classifies the sky conditions of CIE Standard Skies was developed by the algorithm
of Classification Tree, which correlates the readily accessible meteorological data with individual CIE
Standard Skies. The CIE Skies being employed to develop the model were identified by the luminance
data of a sky scanner. The solar radiation, daylight illuminance and sky luminance data were acquired
in the City University of Hong Kong and the meteorological data were measured by the Hong Kong
Observatory in 2004. The skies identified by the proposed approach give good estimations of
irradiance and illuminance on vertical planes with the root mean square error of less than 25%. The
findings show that the proposed approach is appropriate to classify the CIE Standard Sky in Hong
Kong using readily accessible meteorological data. Future work will be conducted to reduce the
complexity of C_Tree structure and sensitivity analysis will be implemented to introduce more
important variables and remove those rarely used in the model.
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Appendix A
The coefficients and features of the 15 CIE Standard Skies are given in Table Al

Table Al. The general features of the 15 CIE Standard Skies

Sky Gradation For indicatrix Type of sky
a b c d e Gengral . Description of luminance distribution
classification
1 4.0 07 0 -1 0 Overcast Steep gradation, azimuthal uniformity
2 4.0 07 2 -1.5  0.15 Overcast Steep gradation, slight brighten around sun
3 1.1 0.8 0 -1 0 Overcast Gentle gradation, azimuthal uniformity
4 1.1 -0.8 2 -1.5 0.15 Overcast Gentle gradation, slight brighten around sun
5 0 -1 0 -1 0 Overcast Uniform
6 0 -1 2 -1.5 0.15 Partlycloudy No gradation, slight brighten around sun
7 0 -1 5 25 03 Partly cloudy = No gradation, brighter circumsolar region
8 0 -1 10 -3 0.45 Partlycloudy No gradation, distinct solar corona
9 -1 -0.55 2 -1.5 0.15 Partlycloudy Sun position shaded/obscured
10 -1 -0.55 25 03 Partly cloudy  Brighter circumsolar region
11 -1 -0.55 10 -3 0.45 Clear White-blue sky, distinct solar corona
12 -1 -0.32 10 -3 0.45 Clear Low turbidity
13 -1 -0.32 16 -3 0.3 Clear Polluted atmosphere
14 -1 -0.15 16 -3 0.3 Clear Cloudless turbid sky, broad sun corona
15 -1 -0.15 24 -2.8 0.15 Clear White-blue turbid sky, wide sun corona
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Appendix B
Structure of the Classification Trees (C_Trees 0 to 3) are given in Figures B1 to B4
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Figure B3. The C_Tree that determines the Sky 6 to 10 for the classified Cloudy Skies (i.e. C_Tree 2)
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Figure B4. The C_Tree that determines the Sky 6 to 11 for the classified Clear Skies (i.e. C_Tree 3)
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