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Abstract

Environmental laws mandate the protection of visibil
conditions in national parks, and wilderness areas f
atmospheric haze due to the emissions of anthropogen
pollutants. To calculate the improvement in visibility th
results from the reduction of these air pollutants, it
necessary to quantify the relationship of haze to the c
appearance of objects being viewed through it. To this 
a field study was conducted in the Great Smoky Mount
National Park in eastern Tennessee. Color appearanc
objects was quantified by color matching with a vis
colorimeter. The Hunt94 color appearance model prove
be an invaluable tool that allowed color appearance
natural targets determined by an observer with a vi
colorimeter to be compared to the color appeara
predicted from the observed spectra of the target. 
variable outside adapting conditions were quantified
terms of the model parameters by finding the values of
parameters that gave the best agreement between ob
and spectrophotometer for a set of standard color ca
These model parameters were then applied to the na
targets. In this way, the differences between the adap
and observing conditions of the visual colorimeter and 
natural outside environment could be reconciled. T
apparent hue, colorfulness, and lightness of objects see
distance through haze are strongly dependent on perc
transparency of the atmosphere. The hue is approxim
constant with changes in the optical depth of the h
Lightness behaves similarly to hue. Colorfulness decre
exponentially with optical depth.

1. Introduction

This article discusses the manner in which the Hunt94 c
appearance model1 was utilized in a color matchin
experiment that was conducted to understand the perce
effects of atmospheric haze on color appearance of obj
Although this research has applications in diverse fie
such as transportation, machine vision, digital imaging e
our interest was in improving current air quality-visibili
models, which are used to evaluate the effect of chang
air pollution on atmospheric visibility. Protection 
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visibility has been an important issue since t
Environmental Protection Agency promulgated the fir
visibility laws in 1977 and continues to be important due
the recent promulgation of a new regional haze rule that w
place further emphasis on visibility protection. Current a
quality-visibility models are based on the CIE XYZ colo
matching system and the delta E-LUV color differen
method. These systems may be reliably used in indoor c
applications, but may not apply to the variable a
uncontrolled outdoor viewing conditions.

2. Method

Rather than relying on laboratory studies of color percept
or the CIE system, we have conducted field studies with 
site observers using a special outdoor colorimeter 
quantify the color perception of objects. The outdo
colorimeter that was used for color matching was called 
Visual Colorimeter for Atmospheric Research (VICAR) an
consists of a small color monitor placed in an aluminu
box.2 A 2 degree color spot is generated against a wh
background, whose color appearance can be altered
means of a mouse and computer software. One eye vi
this color spot through an eyepiece, while the other e
views the object to be matched. The color matching
asymmetric in the sense that one eye is adapted to the 
luminance and variable outdoor conditions, while th
second eye is adapted to the low luminance, but cons
VICAR conditions. At the same time that the color mat
was being made, the spectra of the targets were meas
with a high-resolution telespectrophotometer. Six referen
color cards and four natural targets were matched by eac
the observers. The color cards were matched before 
after matching the set of natural targets. In addition 
serving as a reference (because of their proximity to 
observers), the color card matches were used to de
optimal adapting conditions that served as inputs to 
Hunt94 color appearance model, as discussed next.

One goal of the study was to develop a psychophys
model for natural targets that relates spectral measurem
to colorimetric matches and the light attenuating propert
of the atmosphere. Two problems need to be overcome
to determine the unknown chromaticity of the outdo
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adapting conditions, and 2) to transform from the variab
outdoor conditions to the constant, known adapt
conditions of the VICAR. These problems were addres
by utilizing the Hunt94 color appearance model. A mo
detailed presentation of the approach can be fo
elsewhere.3

If the outdoor adapting conditions were known, t
Hunt94 color appearance attributes of hue, colorfulness
brightness can be calculated, which should approxima
equal those calculated from the VICAR color match
Since the outdoor conditions are variable and unkno
non-linear optimization techniques were utilized for ea
color matching set to find the adapting conditions wh
resulted in the best fit between the hue, colorfulness 
brightness derived from spectral measures and VIC
matches. After using the color cards to calculate the outd
adapting conditions, spectral and perceived co
appearance of the natural targets were calculated.

Color Appearance Modeling
Spectral measures of the color cards and natural tar

were made under natural daylight conditions while t
colorimeter matches were made under the adap
conditions of the VICAR. The three important differences
the adapting conditions between the VICAR and dayli
are the chromaticity of the illuminant, the luminance lev
to which the eye is adapted, and the surround of the ob
The screen on the CRT viewed in the VICAR is wh
except for the 2-degree color spot. At a color temperatur
9400K, the chromaticity of the screen is bluer than tha
outside daylight. The screen luminance of the CRT is 1
cd/m2 while the luminance outdoors has an average in
thousands of cd/m2. A third difference is that the co
monitor is placed in a dark enclosure inside the VICAR,
that the CRT screen is viewed in a dark surround. Befo
comparison can be made between the color spot in
VICAR and the color coordinates derived from the spec
corrections for the different adapting conditions are need
The Hunt94 color appearance model provides th
corrections.

The Hunt94 color appearance model for related col
was used. This is because the 2 degree color spot 
viewed against a 15.8 x 21.6 degree white background. 
inputs to the Hunt94 color appearance model are the 
color coordinates of the object x and y and its lumina
factor Y, along with values that describe the field in whi
the object is being viewed. The important parameters wh
describe the field are the reference white chromatic
(xw,yw), color temperature (CT), adapting luminance (La),
chromatic (Nc) and brightness (Nb) surround induction
factors and the chromatic (Ncb) and brightness (Nbb)
background induction factors . It then outputs sev
measures of color appearance defined as the hue 
colorfulness (M), brightness (Q), saturation (s), chroma 
lightness (J) and whiteness-blackness (Qwb). An eighth
parameter called the hue-composition (Hc) specifies the
composition in terms of the four unique hues; blue, gre
yellow and red. R. W. G. Hunt provides a detail
253
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description of the Hunt94 model and its outputs in 
book.1

The CIE coordinates of the objects in the vista can
derived from the spectral measurements. To compare
CIE coordinates derived from the spectra with tho
recorded by the colorimeter both are input to the Hun
model. The Hunt94 model was applied in the two co
fields; the VICAR field V and the outside field O and o
two groups of targets; the color cards and the nat
targets. In the following a subscript of V will denote t
VICAR field and O the outside field. Thus, LaV is the
adapting luminance of the VICAR and NbO is the brightness
surround induction factor for outside conditions.

The input parameters for the V field are all constant 
known and predicting the color appearance of the c
cards and natural targets in this field utilizing the Hun
model is straightforward. Table 1 shows the values of 
adapting conditions for the V field. The values of t
adapting luminance, color temperature and reference w
shown for the V field are those of the white background
the CRT in the VICAR on which the 20 color spot 
viewed. The x, y values for the illuminant, adapting fie
background and proximal field are set equal to those of
reference white. The values of Ncv and Nbv were set equal to
1 and 25 as recommended by Hunt for CRT displays in d
surrounds.

Table 1. Hunt input constants for the VICAR field.

Lav CTv NcV NbV xwV ywv YwV

150 cd/m2 9500 K 1 25 0.3 0.315 100

The application of the Hunt94 model for the color ca
and natural targets in the outside or O field is not 
straightforward since the adapting daylight conditions 
variable. The Hunt model parameters were estimated
each set of color matches. Luminance values in the O 
were found to vary by up to a factor of 5. The values of 
adapting luminance and color temperature for the O f
are obtained from the measurements made by 
spectrophotometer. The values of xwO and ywO, NcO, NbO are
more difficult to obtain. Before the color appearance
objects in the O field can be calculated, optimal values
xwO and ywO, NcO, NbO must be estimated. These values 
obtained from the color matching results of the color ca
by employing an optimization procedure given below.

Calculating Optimized Hunt94 Parameters for the O Field
A sensitivity analysis of the model indicates that hue

is very sensitive to changes in the reference w
coordinates xw, yw. Similarly, values of colorfulness M an
saturation s are sensitive to Nc while the brightmess and
lightness values Q, J, c and Qwb are sensitive to Nb. Thus,
optimal values are estimated from the following non-lin
least squares procedures:

Optimal values of the outside adapting wh
chromaticities xwO, ywO were obtained by minimizing th
mean square difference between the hues of the color c
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under the VICAR conditions, which are known, and t
hues given by the Hunt94 model for outside conditions. T
optimal value of the chromatic surround induction fac
NcO was obtained similarly by minimizing the mean squa
difference between the observed values of colorfulnessV

of the color cards and that predicted by the Hunt model
the outside conditions. Finally, the optimal value of t
brightness surround induction factor NbO is obtained by the
same minimization as before expect that it is the lightn
numbers that are being fit. All the calculations were ma
using an Excel spreadsheet version of the Hunt94 m
and the minimization of the mean squared differences w
done with the Solver nonlinear optimization function.

After the optimized values for xwO and ywO, NcO, NbO are
obtained, the Hunt94 outputs for the natural targets in th
field (i.e. HO, MO, and JO) can be obtained and the results c
be compared with the results from the V field (HV, MV, and
JV ).
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Figure 1. Chromaticity diagram of optimal reference whites 
outside conditions as determined by observer SM.

3. Results

Results for Outside Reference White and Surround
Induction Factors

Figure 1 is an x, y chromaticity diagram which sho
the calculated optimal reference whites (xwO, ywO) for
observer SM plotted in relation to the gray ca
measurements. The reference white points for daylight w
obtained from the algorithm described in the last sect
The average of the (xwO, ywO) values is (0.337,0.343). It is
seen that this value is less bluish than that for the VIC
white (0.3, 0.315). For the sake of comparison the x
values of the gray card measured by the spectrophotom
354
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are also shown in the same graph. It is seen that ther
moderately good agreement between the derived .refere
whites and the measured gray card values. Overall, 
average of the gray card values (0.326,0.337) is somew
more bluish than the average of the reference whites. 
results for observer SU are similar to observer SM.

y = 0.051x + 122.52
R2 = 0.6225
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Figure 2. Plot of optimized outside brightness surround inducti
factor NbO vs outside adapting luminance LaO for observer SM.

Figure 2 is a plot of NbO vs. LaO for observer SM. It is
seen that the optimized brightness surround induction fac
increases linearly with the level of daylight adaptin
luminance with an r value of about 0.77. The average of 
NbO values is 211 (ranging from 113 to 306), larger than 
value of 75 recommended by Hunt for “normal scene
The average chromatic surround induction factor NcO value
obtained is 1.3 (ranging from 1.1 to 1.6). The results for NcO

and NbO are similar for observer SU.

Results for Color Appearance of Color Cards

Table 2. Comparison of Mean Hunt94 Model Color
Appearance Parameters for the Color Cards from
Direct Matching Using a Visual Colorimeter (VICAR)
and from Spectrophotometer Measurements Corrected
to VICAR Conditions Using Optimized Hunt94 Model
Parameters.

Card No. Method Hue Colorfulness Lightness
1 VICAR 96B 4G 15 39

Spectroph. 95B 5G 16 41

2 VICAR 97B 3R 60 47
Spectroph. 98B 2R 59 47

3 VICAR 87Y 13G 32 60
Spectroph. 93Y 7G 41 57

4 VICAR 87G 13Y 29 58
Spectroph. 89G 11Y 40 62

5 VICAR 60R 40B 31 56
Spectroph. 60R 40B 34 55

6 VICAR 62B 38G 25 59
Spectroph. 80B 20G 37 56
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The average color appearance results for h
colorfulness and brightness for the color cards are show
Table 2. The values shown in the Table are the mean va
of 29 measurements for observer SM. The results for
measurements by observer SU are similar. Hunt94 m
results are given for two methods. The VICAR meth
gives the color appearance calculated using 
chromaticities and Y determined by color matching with 
visual colorimeter under conditions given in Table 1. T
spectrophotometer method gives the color appeara
determined by the spectaphotometer measurements o
color cards, using Hunt94 model parameters optimized
give as close an agreement between the two method
possible. The results for the two methods should be 
same if the Hunt model corrected perfectly for t
differences in the conditions between the visual colorime
and the variable outside conditions and the observers w
perfect in their color matching. Clearly, the results we
good enough to allow the use of the Hunt94 mo
parameters determined by the spectrophotometer metho
be used with some confidence to calculate the co
appearance of the natural targets under the vis
colorimeter conditions. Thus making it possible to comp
the color appearance as determined by the observer wit
color appearance as determined by the spectrophotm
which was the main purpose of this study.
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Figure 3. Chromaticities of the red barn determined 
spectrophotometer and a visual colorimeter (Video Vicar)

Results for Natural Targets
Figure 3 shows chromaticity data for one of the natu

targets, the rust-red roof of a barn about 3.5 km distant. 
observer tended to see the barn as red even when
spectrophotometer indicated that the barn was ne
achromatic. In fact it was found that the color appearanc
all the natural targets as determined by the observer with
visual colorimeter was not at all close to that as determi
by the spectrophotometer measurements. This proved
the appearance of natural objects seen at a distance
affected by some factor not included in the Hunt94 mod
455
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This factor is the semi-transparent nature of the air thro
which the object is seen.

Due to transparency effects, the hue and brightnes
objects perceived by the observer remain constant w
changes in the optical depth. This is because the hue
brightness of the path radiance are perceptually discou
by the observer while perceiving the object. Path radianc
the radiance that is scattered into the line of sight by f
particles present in the atmosphere. Path radiance
predominantly blue because the fine particles enrich sho
wavelengths and it has a strong component from skylig
On the other hand, spectral hue as determined by 
spectorphotometer varies depending on the amount of 
radiance. At large optical depths (dense haze), the spe
hue approaches blue. At small optical depths (light ha
the spectral hue equals the perceived hue because o
lack of a transparency effect. In brightness perception, 
brightness of the path radiance is discounted, wh
perceiving the brightness of the object. Spectral brightn
is the sum of the brightness of the haze layer and bright
of the object, so perceived brightness is always smaller t
or at most equal to spectral brightness.4 Perceived
colorfulness is the only attribute that changes as h
changes, and it decreases exponentially with optical dep5

4. Conclusions

The Hunt94 color appearance model proved to be 
invaluable tool that allowed color appearance of natu
targets determined by an observer with a visual colorim
to be compared to the color appearance predicted from
observed spectra of the target. The variable outside adap
conditions were quantified in terms of the model parame
by finding the values of the parameters that gave the 
agreement between observer and spectrophotometer 
set of standard color cards. These model parameters 
then applied to the natural targets. In this way, 
differences between the adapting and observing condit
of the visual colorimeter and the natural outsi
environment could be reconciled. Although the Hunt
model proved to be well suited to this rather unus
application, other more recent color appearance mo
such as CIECAMS97s should prove just as servicea
However, the Hunt94 model is particularly well suited 
this application because the adjustable parameters 
related to the hue, colorfulness, and lightness in a way 
makes it relatively easy to optimize the parameters.

Although not the main subject of this pape
understanding the color appearance of natural objects 
through atmospheric haze was the driving force of t
work. This study found that apparent hue, colorfulness, 
lightness of objects seen at a distance through haze
strongly dependent on perceived transparency of 
atmosphere. The hue is approximately constant w
changes in the optical depth of the haze. Lightness beh
similarly to hue, and colorfulness decreases exponenti
with optical depth.
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