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ABSTRACT

Despite progress in the development of standard skies, there has been limited development on how these new 
models will be implemented in design. Without this the tolerances associated with modelling could be greater 
than the expected benefits. Practical daylighting design comes not from the instantaneous application of a 
standard sky for all possibilities but from a technique that embeds variation. To this end, cumulative luminance 
distributions have been explored.  Such distributions can be generated from measured data, and examples are 
given for Sydney, or synthetically generated from appropriate sky models.

INTRODUCTION

The dynamic nature of daylight means that its 
description involves variability. It has been 
possible to use measured and derived 
quantities, such as cloud cover (oktas), cloud 
ratio (D/G) and Linke turbidity factor (TL), to 
distinguish some general and specific 
characteristics of daylight climate. For 
example, the bi-modality of Sydney skies,  
dominated by clear skies (0 to 1 okta cover) 
and overcast skies (7 to 8 okta cover), is 
demonstrated by both cloud cover and cloud 
ratio data, as shown in Figures 1 and 2 [1]. 
However, much of this data has limited 
applicability where orientation plays a role, as 
in the prevailing aspects of windows in 
buildings. This requires that the spatial 
distribution of daylight be studied.

A number of sky luminance distributions have been 
developed for a variety of sky conditions and 
validation of these models has been carried out 
between predicted and measured horizontal 
illuminances or measured sky luminance distributions. 
Such comparisons are typified by the analysis of 
Sydney data where:

1. Good zenith sky simulation predicts diffuse 
horizontal illuminances accurately but poor 
horizon modelling has serious effects on side 
lighting estimation in interiors. 

2. The CIE Clear Skies are robust providing good 
fit to 3 or 4 oktas cloud cover under a wide 
range of sky types as others, eg. Pulpitlova [2], 
have found. Although this appears to be not 
universal as Littlefair has found a lesser fit for 
UK skies [3].
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Figure 1. Cloud amount distribution for Sydney



3. The CIE Overcast Sky is a good fit for 
fully overcast darker (multi-layer Stratus) 
skies with no obvious solar position 
brightening. However, most ‘overcast’ 
skies are characterised by an increase in 
luminance towards the sun.

4. Composite models based upon weighting 
of CIE skies do not fit measured data 
except at the extremes when the 
weighting plays little or no role.

5. Bright overcast skies are not modelled 
well at all.

6. Even coverage of cloud may be handled 
well but only over a limited range, eg. 5 
to 7 oktas for the Japanese Intermediate 
Sky [4], but all models fail when skies 
become inhomogeneous, particularly 
with partly cloudy skies of 4 to 7 oktas.

The development of models to cover the wide range 
of instantaneous situations, eg a ‘Bright Overcast 
Sky’, is limited by the random component in real sky 
distributions and the use of data sets which can reflect 
characteristics of local daylight climates. Even though 
these sets may be large they may not cover all 
possibilities and, hence, may limit general model 
creation. For example, the data originally used by 
Perez et al [5] from Berkeley (California) does not 
include the specific sky conditions found in Sydney, 
such as direct sun but low sky brightness and high 
solar zenith angles. In addition, many climates, such 
as in the maritime climate of the main state capitals of 
Australia [6] and elsewhere [7], are a dynamic 
mixture of sky types. ‘Universal’ sky models, eg. by 
Perez, Kittler et al [8], may address this issue by 
describing a daylight climate as a mix of up to fifteen 
sky types.

The problem is that unless a climate is entirely 
reliable, which many are not, it is not possible to 
predict what sky will occur at what time of day or 
year. ‘Universal’ models can easily predict what sky 
conditions might result in a worst or best case but this 
requires exhaustive iteration to assess the range of 
possibilities. For example, even if only 4 models are 
checked at hourly intervals during the day over a year 
there are over 17,000 possibilities. Some form of data 
pooling is required, such as:

1. Averaging by solar altitude, but this can be 
problematic as it mixes morning and afternoon 
skies which may be significantly different for a 
specific daylight climate.

2. The mean of all sky conditions, but this does 
not describe the range of common possibilities.

3. A mean day in a month or season, as used in 
thermal modelling, could indicate overall 
trends in a daylight climate but still suffers 
from lack of description of dynamic range. 

Furthermore, daylighting designers need tools that 
describe the performance of windows which face a 
particular aspect of the sky, day in and day out, ie. 
long-term statistical characterisation [9]. This is not a 
new problem in daylighting design and a well known 
approach exists.

Cumulative distributions

Time-based cumulative illuminance distributions have 
been created for many locations, from Ankara [10] to 
Nagoya [11], and can be applied to vertical as well as 
horizontal data. They describe the yearly daylight 
climate at a particular location for a defined time 
frame, such as the working year between 9.00 and 
17.00 hours, and can provide the external reference 
levels used in daylighting design techniques such as 
the Daylight Factor Method. Comparisons can be 
made between cumulative distributions (Figure 3) , 
eg. Sydney and Broken Hill have similar latitudes 
(34° and 31° respectively) but different daylight 
climates [12]. A steeper drop off in available 
illuminances in Broken Hill is the result of a 
dominance of clear skies whereas Sydney has a more 
diverse climate. Such distributions have also proved 
themselves to be extremely flexible because if the 
illuminance frequencies for various solar altitudes are 
known at one location then distributions can be 
computed for other sites with a similar daylight 
climate [13]. 

The concept of cumulative analysis of sky luminance 
distributions has had very limited application in the 
Japanese Intermediate Sky [14], Brunger and 
Hooper’s mean sky radiance [15] and Harrison’s 
mean luminance distribution [16] but only for average 
conditions. It has not been applied in the percentile 
manner suggested by Phillips forty years ago [17]:
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Figure 2. Frequency distribution histogram of cloud 
ratio (D/G) for Sydney 1991-1992



“The sky luminance for the locality of building 
should be analysed in terms of the relative 
frequency of different luminance levels, related 
to the types of sky that produce them...A value 
should be selected which will be exceeded for, 
say, 95% of the time during which it is 
reasonable to depend on daylight illumination.” 

Sky luminance measurements taken in Sydney, with a 
Krochman Sky Scanner, as part of the International 
Daylight Measurement Programme (IDMP) have been 
analysed to this end [1]. A year’s worth of scans made 
at half hour intervals were accumulated by initially 
rotating each set of scan data to fit a fixed reference 
(true north) version of the standard IDMP sky 

luminance grid as the standard scanner scan pattern 
always starts in the direction of the solar azimuth at 
the time of measurement. The data from each of the 
145 points of the transformed scans was then binned 
into the appropriate point of the fixed structure. Each 
point bin could then be separately analysed such as 
calculating maxima, minima and percentiles. Three 
sets of figures were produced from Sydney data as 
typical of time-based distributions, ie. dawn till dusk; 
8:00 to 16:00 hours and 9:00 to 17:00 hours. The last 
time frame is common for office working hours 
whereas the second is the closest to both the usual 
industrial working hours (7:30 to 15:30) in Australia 
and the summer (actual) time working day. Five 
specific percentiles per time frame were calculated 
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Figure 3 Cumulative illuminance distributions for Sydney and Broken Hill [12]

Figure 4. Dawn to dusk or all-day 50th and 90th percentile distributions 



(10th, 25th, 50th, 75th and 90th) to demonstrate major 
changes in sky luminance availability. Examples of 
the resulting distributions are shown in Figures 4 and 
5 using values relative to zenith luminance for ease of 
readability.

The basic differences between the the distributions are 
the result of luminance and azimuth differences. Table 
1 summarises the mean, maximum and diversity of 
luminances for these distributions. As can be seen, the 
absolute magnitude of the all-day distribution is 
always lower but there is little difference between the 
8:00 to 16:00 and the 9:00 to 17:00 distributions 
except in orientation. This azimuth variation is the 
result of the symmetry of the time frames about solar 
noon. For both the all-day and the 8:00 to 16:00 time 
frame, the average sun position is approximately one 
degree to the east corresponding to the difference in 
latitude between Sydney and the local time meridian. 
The 9:00 to 17:00 distribution shows this effect plus 
its asymmetry of one hour about noon.

The distributions provide a picture of the variation of 
sky luminance about a Mean Sky (50th percentile) 
and, hence, an indication of the ‘average’ spatial 
dynamic. For example, a daylight climate dominated 
by clear skies alone would show an obvious “average’ 
sun path even in the lower percentile distributions 
whereas a very overcast daylight climate would, most 
likely, show little variation in pattern between 
percentile levels just variation in magnitude. (This 
conjecture is currently being tested by the creation of 
cumulative distributions from ‘synthetic’ data, ie. 
developed from a year’s worth of data simulated using 
various standard sky models, such as the CIE Clear 
Sky). 

The other features of these distributions reflect major 
features of the daylight climate of Sydney. The 10 
percentile all-day distribution could act as a 
reasonable minimum sky luminance distribution as it 
represents the state that would be exceeded 90 percent 
of the time. It is characterised by symmetry about the 

Figure 5. 8:00 to 16:00 and 9:00 to 17:00 hours 50th percentile distributions

Percentile Property All-day 8.00 to 16.00 9.00 to 17.00

10 Mean luminance (cdm-2) 929 2107 1590

Maximum luminance (cdm-2) 1230 2698 2572

Minimum to maximum ratio 1: 1.75 1: 2.24 1: 2.5

25 Mean luminance (cdm-2) 2387 3389 3111

Maximum luminance (cdm-2) 3519 5480 5298

Minimum to maximum ratio 1: 2.57 1: 3.44 1: 3.56

50 Mean luminance (cdm-2) 4555 5616 5362

Maximum luminance (cdm-2) 6887 8541 8425

Minimum to maximum ratio 1: 2.5 1: 2.79 1: 2.95

75 Mean luminance (cdm-2) 8472 9742 9474

Maximum luminance (cdm-2) 11522 14277 13979

Minimum to maximum ratio 1: 2.19 1: 2.23 1: 2.56

Table 1. Summary of cumulative luminance distribution properties



solar meridian and a small amount of north - 
south difference. In general, the sky brightens 
from a dark area close to the zenith to 18° above 
the horizon at a ratio of 1:1.75 then drops off 
slightly (the opposite of the Standard Overcast 
Sky as the zenith region here is the darkest part 
of the sky and the horizon is close to twice as 
bright as the zenith). There is, however, a bias 
between west and east with up to 25 percent 
higher luminances in the south west (Figure 6). 
This is evident throughout the range and for the 
other distributions and is a local climatic 
phenomenon . With each step up the percentile 
scale there is an overall increase in mean and 
maximum sky luminances. Additionally, there is 
increasing north to south asymmetry as forward 
scattering from the circumsolar region begins to 
have an effect and the darker region of the sky 
away from the sun drops towards the horizon 
from the zenith. This demonstrates the important 
influence that solar presence plays in the 
daylight climate of Sydney even though the 
‘mean’ sun path does not become apparent until 
the 75th and above percentiles.

One of the advantages of these design skies is that 
they can be formulated easily and, consequently, 
easily incorporated into analysis techniques. For 
example, the 8:00-16:00 hours 10th percentile 
luminance distribution appears to approximately 
follow a cosine squared altitude function with a cosine 
azimuth variation yielding an optimised function, with 
a 0.981 r2 correlation:

  LP = LZ 0.8 + 0.25 cos A + 1.005 cos2 γP

where
A = azimuth difference of sky element and 

percentile solar position
gP  =  altitude of sky element 
Lz = 1400 cdm-2 for absolute  calculations

Applications of this approach have been most fruitful 
where sky luminance is the direct concern as in 
providing data for the analysis of potential problems 
due to sky glare and the need for control. In these 
cases a high percentile design sky, eg 90th, provides a 
more ‘reasonable’ design condition than an average 
sky and compare well with on site measurement. 
Examples are the design analysis of the roof of stadia 
for the Sydney Olympics, in particular the potential 
glare control of translucent partial coverings, and the 
background luminance of the entry and exit portals of 
Melbourne’s new East-West Link Tunnel. It has been 
less successful when resultant illuminance is the 
dominant concern, except for small openings that have 
restricted sky views, in that it can underestimate 
answers.

The problem is that the cumulative technique assumes 
that each point is independent of its neighbours which 
only occurs if there are completely random sky 
luminance distributions for the whole year, ie. no 
underlying pattern which is unlikely. It results in 
values of computed cumulative diffuse illuminances 
that are increasingly lower, than that separately 
measured, below approximately the fifty percentile 
range. However, the ratio of vertical plane 
illuminances, in the cardinal directions, is much more 
reliable. This implies that the problem is one of 
overall magnitudes and not a failing in the spatial 
distributions of luminances. A number of approaches 
are now under being undertaken to investigate this 
problem including non-linear recodings of the design 
percentiles and sky type grouping, eg clear, partly 
clear, partly overcast and overcast.

Conclusion

The expectation that a complex phenomenon such as 
daylight climate can be described simply is probably 
asking the impossible given its dynamic and random 
content. It is apparent that the complexity of a model 
is no guarantee of success at modelling skies and 
simpler models may provide adequate performance 
particularly when long-term, orientation dependent 
modelling is required. On going analysis of the results 
of a simple time-based cumulative sky luminance 
distribution approach appear to describe daylight 
conditions in a specific location such as Sydney and 
could be informative for other locations with a similar 
climate. Further development is being carried out to 
improve the accuracy of prediction of resulting 
illuminances for lower percentile distributions.
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Figure 6. East-west asymmetry in all-day 10th percentile
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