Research Article

Vol. 37, No. 5/ May 2020 / Journal of the Optical Society of America A 813

Journal of the

Optical Society

of America

OPTICS, IMAGE SCIENCE, AND VISION

Blue hues don’t bring the blues: questioning
conventional notions of color-emotion

associations

KAREN B. ScHLoss,>* CHRISTOPH WITZEL,®

AND LESLIE Y. LAI*

"Department of Psychology, University of Wisconsin-Madison, 1202 W. Johnson St. Madison, Wisconsin 53706, USA
2Wisconsin Institute for Discovery, University of Wisconsin-Madison, 330 N. Orchard St. Madison, Wisconsin 53715, USA

3Department of Psychology, University of Southampton, England, UK

“Department of Cognitive, Linguistic, and Psychological Sciences, Brown University, 190 Thayer St. Providence, Rhode Island 02912, USA

*Corresponding author: kschloss@wisc.edu

Received 18 November 2019; revised 9 March 2020; accepted 15 March 2020; posted 16 March 2020 (Doc. ID 383588);

published 23 April 2020

Itis commonly held that yellow is happy and blue is sad, but the reason remains unclear. Part of the problem is that
researchers tend to focus on understanding why yellow is happy and blue is sad, but this may be a misleading char-
acterization of color—emotion associations. In this study, we disentangle the contribution of lightness, chroma, and
hue in color-happy/sad associations by controlling for lightness and chroma either statistically or colorimetrically.
We found that after controlling for lightness and chroma, colors with blue hue were no sadder than colors with yel-
low hue, and in some cases, colors with blue hue were actually happier. These results can help guide future efforts to

understand the nature of color—emotion associations.
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1. INTRODUCTION

Which hue is happiest? And, which is saddest? You probably
answered yellow for happy and blue for sad, and according to
several studies on color—emotion associations, you would be
correct [1-5]. Yellow—happy and blue—sad associations are
also found in popular culture. The Disney film “Inside Out”
portrays orbs storing happy memories as yellow and sad memo-
ries as blue. And, phrases like “I feel blue” are synonymous
with feeling sad [6]. However, the origin of these associations
is unknown, and researchers have been perplexed about why
adults would associate blues with sadness [7], given that blues
are typically among the most preferred colors [8—13].

Accounts of color—emotion associations [7,14—16] fall into
four main categories: physiological responses (e.g., face flushing
when angry), emotional responses (e.g., feeling aggressive when
seeing red), language conventions (e.g., “feeling blue”), and
experiences of colored objects in the world (e.g., associations
between red and blood) [14]. The latter account, that color—
emotion associations are based on experiences with color-related
objects, is similar to the ecological valence theory of color prefer-
ences: i.e., color preferences are determined by preferences for all
concepts associated with those colors [10,17].

To evaluate theories of color—emotion associations, it is
important to have a precise description of the pattern of data
the theories aim to explain. However, concerns have been raised
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that reports on color—happy/sad associations are misleading
[18]. Reported differences in yellow versus blue may be an
epiphenomenon of variations in lightness and chroma of the
experiment stimuli [18]. In the following sections, we lay out an
account for why we predict that yellow hues may be no happier
than blue hues when lightness and chroma are controlled. We
then present evidence that supports this prediction. Our focus
is on semantic associations between colors and emotion words,
which are distinct from the effects of color on emotion [19-21].

A. Pertinent Issues in Color Perception and
Cognition

Three main issues in color perception and cognition underlie
the prediction that happy/sad associations are dominated by
lightness and chroma rather than yellow/blue hue.

(1) Perceptual color spaces are asymmetric: The most sat-
urated colors of yellowish hues are much lighter than the
most saturated colors of bluish hues. There are no highly
saturated yellowish hues that are dark or highly saturated
bluish hues thatare light (Fig. 1) [18,22-24].

(2) Category prototypes differ in lightness: The “best”
examples [25], or prototypes [26], of chromatic color cat-
egories such as YELLOW and BLUE are maximally saturated
[27-29]. Given that maximally saturated yellow hues are
light and maximally saturated blue hues are dark (Fig. 1),
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the most prototypical member of the category YELLOW is
light, and the most prototypical member of the category
BLUE is dark.

(3) Color names typically refer to prototypes. Without fur-
ther specification, color names most likely refer to category
prototypes. Given that chromatic category prototypes are
highly saturated, and maximal saturation occurs at differ-
ent lightness levels, chromatic color terms (e.g., “yellow,”
“blue,” “red,” and “green”) refer to different lightness levels
[27,28]. The term “yellow” typically refers to yellowish
hues that are light and saturated, whereas the term “blue”
typically refers to bluish hues that are dark and saturated. As
colors of yellow hue darken, they cross a category boundary
from YELLOW to BROWN [26—29].

Moreover, there is a risk of confusing the terminology used
to discuss colors, including (1) color terms (e.g., “yellow” color
name), (2) specifications of perceptual dimensions (e.g., yel-
lowish hue, at any lightness or chroma level), and (3) relative
position along a color opponent axis (e.g., more or less positive
on the 6* yellow/blue axis in CIELAB space). Color names are
also used to describe the poles of color opponent axes. Colors
that are more positive on 6* are yellower and more negative
on b* are bluer, but that does not always mean that colors that
are more negative on 6" appear to have a bluish hue. Using
opponent axes is useful for revealing patterns of hue variation
in data [10,11,30], but it is important to examine the data for
individual colors and not just rely on the sign of the weight on
the opponentaxis to interpret the results.

B. Implications for Understanding Color-Emotion
Associations

These issues in color perception and cognition have important
implications for interpreting prior work on color—emotion asso-
ciations. Due to the asymmetry in color space (Fig. 1), studies
that tested highly typical (saturated) colors necessarily co-varied
yellow/blue hue with lightness [1-3]. When those studies
showed that yellowish colors were happier than bluish colors, it
was unclear whether the differences were due to differences in
hue or lightness [18]. This issue also relates to studies in which
participants selected colors from the entirety of color space
[31,32]. Yellowish colors may have been selected more often for
joy because of the yellowish hue, or because out of all hues, yel-
lows reach the highest lightness while maintaining high chroma.
For studies in which color coordinates were unspecified [4,5,7],

Fig. 1. Plane of L* (lightness) and 6* (approximately yellow/blue)
in CIELAB space. The most saturated yellow is lighter than the
most saturated blue; a general property of color perception models

(e.g., CIELUV, Munsell, NCS).
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it is plausible that researchers chose prototypical colors for each
color category, so yellows were likely lighter than blues.

In a study where lightness was held constant, color patches
(and faces) were judged as happier when they were redder and
yellower (i.e., more positive on 2* and 4*), and sadder when
they were greener and bluer (i.e., less positive on 2* and 6*) [16].
However, the colors described as bluer and greener were still
positiveon 2* and 6* (i.e., appeared grayish rather than greenish
or bluish hue).

For studies in which participants judged color names rather
than color patches [15,33,34], it is unclear whether they judged
colors they imagined when reading color names, concepts of
colors, or some other cognitive representation. However, it
seems plausible that participants evaluated category prototypes
and, if so, their cognitive representation of the term “yellow”
likely had greater lightness than their cognitive representation
of “blue.” Thus, it is unclear whether “yellow” is associated with
happiness (or joy) and “blue” with sadness because of the hue or
lightness attributed to the terms “yellow” and “blue.”

Evidence suggests lightness and chroma are important
dimensions in color-happy/sad associations [18,31,32,35],
and studies reporting that blue was sad also reported that
dark desaturated colors were also sad (e.g., blacks, browns,
and grays) [2,3,5]. Most relevant, D’Andrade and Egan [18]
tested happy/sad associations for colors that were controlled
for chroma and value in Munsell space. They reported that
yellowish colors were not happier than blues, and if anything
bluish-greens might have been most happy. Unfortunately, they
did not show their data or present corresponding statistical tests.
Also relevant to the present study, D’Andrade and Egan [18]
suggested that hue variations in happy and sad judgments may
have been due to perceived variation in chroma, despite holding
Munsell chroma constant. Munsell space is an approximate
model of color appearance and cannot guarantee complete
control of the perceptual dimensions, especially chroma [24].

C. Present Study

We tested whether yellow hues were happier than blue hues
when lightness and chroma were controlled, either statistically
(Experiment 1) or colorimetrically (Experiment 2). We contrast
our results for happy/sad associations with angry associations,
for which we predicted hue would still drive the associations
(i.e., redness with anger) after controlling lightness and chroma.

2. EXPERIMENT 1

In this experiment, we controlled for lightness and chroma
statistically, using the color—emotion association data from
Palmer et al. [1]. Our hypothesis was that yellows were judged
as happier than blues because of differences in lightness, rather
than differences in hue. Palmer ez 4l [1] originally used these
data to study color—music associations. Our results do not bear
on their key finding that music—color associations are medi-
ated by emotion associations. Our results just provide a deeper
understanding about the nature of color—emotion associations.
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A. Methods

The dataset included color—emotion association ratings for
the Berkeley Color Project 37 (BCP-37) colors and the emo-
tion terms happy, sad, and angry (z =48 participants). We
combined the happy/sad ratings into a single dimension given
they were strongly negatively correlated [1]. The BCP-37
colors included eight hues [Red, Orange, Yellow, cHartreuse,
Green, Cyan, Blue, and Purple] sampled at four different sat-
uration/lightness levels (referred to as “saturated,” “light,”
“muted,” and “dark”), plus five achromatic colors (black, three
shades of gray, and white) (Fig. 2A). The colors for each hue
were sampled by first determining the color with the highest
Munsell chroma that could be rendered within the monitor
gamut (saturated set), and scaling the light, muted, and dark
colors with respect to the saturated color for that hue (see Ref.
[1]). Given that it is impossible to hold lightness constant
while producing highly saturated, prototypical yellow and
blue (Section 1.A), it was necessary to vary lightness across
hues within each set to include highly saturated yellow and
blue. For the present analyses, we converted from CIE xy ¥ to
CIELAB coordinates using a white point near CIE Illuminant
C (x=.312,y=.318, Y=116cd/m? the chromaticity
of the gray background with luminance of BCP white). The
color—emotion association data and color coordinates are on
github.com/SchlossVRL/coloremoblues.

B. Results and Discussion

Happy/sad. Figure 2B shows the mean happy/sad rat-
ings. We first compared the most typical yellow and blue
within the set (saturated-yellow and saturated-blue; marked
with gray circles). Mean happy/sad ratings for saturated-
yellow were significantly greater than for saturated-blue
[£(47) =7.86, p <.001, d =1.14]. However,
yellow was lighter and had higher chroma than saturated-blue,
so we next tested whether this yellow versus blue difference
would persist if we controlled lightness and chroma.

We controlled lightness and chroma statistically by (1) con-
ducting a multiple linear regression (MLR) on the mean
ratings using L* and C* from CIELAB space as predictors;
(2) using the resulting linear equation to calculate the pre-
dicted ratings for each color based only on L*, C*, and the
constant; and (3) subtracting those predictions from each
participant’s ratings to obtain the residuals. For this, and all
subsequent MLR models, we verified that standard assumptions
were met. This model accounted for 74% of the variance in
happy/sad ratings (F(2, 34) =48.29, p <.001, HSpreq =
—81.53 4+ 0.80L* + 1.08C*). As shown in Fig. 2D, not only
was saturated-yellow no longer happier than saturated-blue, but
the mean residual for saturated-blue was actually happier than
for saturated-yellow [£(47) = 2.7, p = .011, d = .38].

We next tested whether the hue opponent dimensions of
yellow/blue (6* in CIELAB) or red/green (2* in CIELAB)
accounted for additional variance in mean happy/sad rat-
ings beyond L* and C* by including all four predictors in a
forward-stepping MLR. Although four dimensions are more
than needed to represent a 3D space, we included Cartesian
(L*, a*, b*) and polar (C*) coordinates because these dimen-
sions capture distinct variance in patterns of judgments across

saturated-
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Fig.2. A, BCP-37 colors tested in Ref. [1] and the legend for B-E;
B, mean happy/sad ratings from [1]; C, mean angry ratings from
[1]; D, mean happy/sad residuals; E, mean angry residuals (see text
for details). Error bars represent SEM. B and C are adapted from the
Supplementary Materials in Ref. [1].

colors (see Ref. [30]). Only L* and C* explained significant
variance, so the resulting model was the same as reported above.
C* was entered first, accounting for 55% variance with higher
chroma being happier, and L* accounting for an additional
19% variance, with lighter colors being happier. The finding
that 6* was not entered into the model provides further evidence
that yellower colors were not happier than bluer colors when
lightness and chroma were controlled.

Angry. Figure 2C shows mean angry ratings, and Fig. 2E
shows mean angry residuals after controlling L* and C*. The
regression model with only L* and C* accounted for only
29% of the variance in angry ratings (£(2, 34) =6.98, p =
003, Apredg = —1.79 — 0.71L* + 0.44C*). With comparably
little variance explained by L* and C*, the pattern of data in
the residuals is similar to the original ratings, with redder colors
being most angry. When we included L*, C*, 2*, and 4" in
a forward-stepping MLR, the model explained 79% of the
variance with 2* (40% variance), 6* (+19% variance), and L*
(+20% variance) entered in that order (F (3, 33) = 40.10, p <
001, Apred = 6.86 + 0.612* + 0.546* — 0.68 L*). Colors that
were redder, yellower, and darker were rated as more angry.

The results of this experiment suggest that the canonical
yellow/blue difference reported for happy/sad judgments [1-5]
was due to differences in lightness and chroma rather than hue,
but the canonical red—angry association [2,3,10,16,33,36] is
due to redness of hue, not to lightness or chroma. By analogy,
these results also suggest that happiness (or joy) may be more
associated with the color name “yellow” than the color name
“blue” because of lightness rather than hue. If it were possible to
statistically control for lightness in the cognitive representations
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of “yellow” and “blue,” we predict that the word “yellow” would
no longer be more associated with happiness (or joy) than the
word “blue,” but it is unclear how that could be done.

3. EXPERIMENT 2

In Experiment 2, we tested for yellow/blue hue differences
when controlling for lightness and chroma colorimetrically, by
holding L* and C* constant. Doing so required using some-
what desaturated colors, given the asymmetry of perceptual
color space (Fig. 1). Therefore, to ensure we could observe hue
effects where we expected them, we collected additional data on
angry/not-angry associations. We also assessed color appearance
(red/green, yellow/blue, light/dark, saturated/desaturated),
primarily to check that yellow hues appeared yellowish and blue
hues appeared bluish even though the colors were desaturated.

A. Methods
1. Participants

We tested 20 participants (14 females, 6 males, mean
age =23.85 years, all with normal color vision (screened
with the H.R.R. Pseudo-Isochromatic Plates [37]). All gave
informed consent, and the Brown University IRB approved the
protocol.

2. Design, Displays, and Procedure

The participants judged emotional associations (happy/sad and
angry/not-angry) and color appearance (yellow/blue, red/green,
light/dark, and saturated/desaturated) for 32 colors.

As shown in Fig. 3, the 32 colors included all combina-
tions of 8 hues [Red, Orange, Yellow, cHartreuse, Green,
Cyan, Blue, and Purple] x 2 lightness levels [light, dark] x 2
chroma levels [low, high]. The colors were defined relative
to the light colors in the BCP-37 [1]. The eight hues had the
hue angle (h in CIELCh; polar representation of CIELAB) of
the BCP-37 light colors (R=28.5,0=064.3,Y=96.3, H=
116.2, G=154.7,C=184.2, B=245.3,P=313.7). The
luminance of the present light colors was the mean lumi-
nance of the BCP-37 light colors (¥ =66.41 cd/m?). The
Michelson luminance contrast between the light colors and
the background was +55%, so we defined the dark colors
to have a corresponding decrement in contrast from the
background (—55%; ¥ =5.65cd/m?). The mean chroma
(C* = 38) of the BCP-37 light colors could not be rendered
for all hues within the monitor’s gamut, so chroma was defined
as C* =30 for the high chroma set and C* =15 for the low
chroma set. The background was a medium gray (L* =51,
Y =19.26 cd/m?) with chromaticity at CIE Illuminant C
(CIE x = .310, y = .316). Conversions between CIE xy ¥ and
CIELAB spaces were calculated using CIE Illuminant C as the
white point (¥ = 100 cd/m?). A Konica Minolta CS-200 Color
Meter was used to characterize the monitor and manually check
the color production accuracy. The maximal deviation between
rendered colors and target colors was < .01 for x and y and <1
for Y in CIE xy Y space. Files with color coordinates are posted
at github.com/SchlossVRL/coloremoblues.
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Fig. 3.  Thirty-two colors tested in Experiment 2, shown A in
CIELAB space and B as colored patches (see text for details).

The displays consisted of a colored square (100 pixels x
100 pixels; 2.6° x 2.6°) centered on the screen, with a 400-
pixels-long (10.3°) response scale centered below the square.
The middle of the scale was demarcated with a tick mark.
The end points of the scale were (right/left) labeled according
to the rating dimension: Happy/Sad, Angry/Not Angry for
color—emotion associations, and Yellow/Blue, Red/Green,
Light/Dark, and Saturated/Desaturated. Data were scaled to
range from —100 (left end point) to 4100 (right end point). We
used a single scale for happy/sad ratings given that happy and
sad ratings are strongly inversely correlated [1]. The software
Presentation (https://www.neurobs.com) was used to generate
and display test items during the experiment. The monitor was
an Asus ProArt PA246Q) monitor (1920 x 1200 pixels resolu-
tion, 51.9 cm wide x 32.5 cm tall), viewed from a distance of
approximately 60 cm in a dark booth.

All participants first completed the color—emotion associa-
tions rating task, then the color appearance rating task in one
testing session. At the start of the color—emotion associations
task, participants were shown the full set of colors. They were
told they would see each color one at a time, and their task was
to rate the color on the dimensions of Happy versus Sad and
Angry versus Not-Angry. They then completed an anchoring
task so they knew what the end points of the rating scales meant
for them in the context of these colors. While viewing the full set
of colors (Fig. 3B), they pointed to the colors that were the hap-
piest, saddest, most angry, and least angry. They were instructed
to rate those colors near the end points of the scale and to use the
full range of the scale.

During the experiment, the order of the emotion dimensions
was randomized across participants. For each emotion dimen-
sion, each of the 32 colors was presented twice, in a blocked
randomized design (all colors appeared once in a random order
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bols): A, happy/sad; B, angry/not-angry; C, yellow/blue; D, red/green;
E, saturated/desaturated; E light/dark dimensions. Error bars represent
standard errors of the means (SEM).

before any colors were repeated). To respond, participants used
the mouse to slide the cursor along the response scale and clicked
to record their response. The colors remained on the screen
until a response was made, and trials were separated by a 500 ms
inter-trial-interval displaying only the gray background.

The color appearance task was the same, except participants
rated the colors on four color appearance dimensions. For
anchoring in the instructions, all dimensions were described
by their end points (i.e., “Red versus Green,” “Yellow versus
Blue,” “Light versus Dark”) except for saturation, where we
added further explanation “Desaturated (close to gray) versus
Saturated (very vivid).”

B. Results and Discussion

Figure 4 shows the mean color—emotion association and color
appearance ratings, averaged over repetitions and participants.

1. Color-Emotion Associations

Happy/sad. To describe the pattern of mean happy/sad rat-
ings (Fig. 4A), we conducted a forward-stepping MLR using
L*, a*, b*, and C* as predictors, as in Experiment 1. The
model accounted for 94% of the variance with L* (82%
variance), C* (+6% variance), and 6* (4+6% variance) entered
in that order (2* was not entered into the model) [F (3, 28) =
133.91, p <.001, HSpeq =—79.03 + 1.10L* + 1.23C*—
0.486*]. Colors were rated as happier when they were lighter,
higher chroma, and bluer. The relative weights and variance
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explained for L* and C* suggest L* was most prominent fol-
lowed by C*, which is the opposite order from Experiment 1.
This difference may be because the BCP-37 colors varied more
in chroma than colors in the present set. Caution should be used
when interpreting the relative strength of predictors for a given
stimulus set because that may depend on variation of colors
within the set.

We next conducted a linear mixed-effect regression model
(LMER), which enabled us to test for systematic effects while
accounting for individual subject variability (software R 3.4.1,
Ime4 1.1-13). We included fixed effects for L*, C*, a*, and b*;
all interactions within L*, C*, and 4*; all interactions within
L*, C*, and 6*; and by-subject random intercepts and by-
subject random slopes for each fixed effect. We did not include
interactions involving 2™ and 6* because our primary focus
was on how effects of each color-opponent dimension might
interact with lightness and chroma. We z-scored the data and
predictors to center them and represent them on the same scale.
We set the covariances to zero because correlations between
predictors were near zero [38].

The model (Table 1) showed significant positive weights on
L* and C*, and negative weight on 4%, indicating that lighter,
higher chroma, and bluer colors were rated as happier. An
L* x b* interaction indicated there was a larger yellow/blue
difference for dark colors than for light colors (Fig. 4A). An
L* x C* interaction indicated that the degree to which higher
chroma colors were rated as happier was greater for dark colors
than light colors. A C* x 4™ interaction indicated that the
degree to which greener colors were rated as happier was greater
for high chroma than for low chroma colors.

The negative weight on 6* for both regression analyses
suggests that bluer hues were rated as happier than yel-
lower hues. We next specifically compared blue and yellow
hues using a three-way repeated measures ANOVA [2 hues
(B,Y) x 2 lightness (light, dark) x 2 chroma (high, low)].
A main effect of hue indicated that blue hues were happier
[F(1,19) =8.54, p =.009, 77]2, =.310], but hue interacted
with lightness [F(1, 19) =6.48, p =.020, 7]]2) =.254] and
chroma [F(1,19)=7.52, p =.013, n; =.284], and there
was a three-way interaction [F (1, 19) = 8.83, p =.008, 77?, =
3171.

To understand these interactions, we did follow-up two-way
ANOVAs within each lightness level. For light colors, there was
no effect of hue or hue x chroma interaction (Fs < 1). For dark
colors, a main effect of hue indicated that blue was happier than
yellow [F(1,19)=16.59, p =.001, 71}2, = .466], and a hue
x chroma interaction indicated this difference was larger for
high chroma colors [F (1, 19) = 11.24, p =.003, n; = .372].
Thus, when colors were light, we found no significant differ-
ence in yellow versus blue hues, and when colors were dark,
blue hues were happier than yellow hues. When yellow hues
darken, they cross a category boundary from YELLOW to BROWN,
so this result aligns with reports that brown is associated with
sadness [3,5,18,39].

Angry/not-angry ratings. We conducted the same
forward-stepping MLR and LMER analyses for the angry/not-
angry ratings (Fig. 4B). The forward-stepping MLR model
accounted for 95% of the variance with L* (81% variance),
b* (+8% variance), a* (+5% variance), and C* (+1% vari-
ance) entered in that order [F (4, 27)=121.90, p <.001,
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Table 1.

LMER Models for Happy/Sad,
Angry/Not-Angry, Saturation, and Lightness Ratingsa’b
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Pred. B Df t ?
Happy/Sad Int 0.00 19.1 —0.1 0.947
L 0.63 19.0 7.5 Horx
C 0.19 19.2 7.0 Horx
a 0.03 31.1 0.9  0.398
b —0.17 22.5 —-3.3 0.003*
L:C 0.07 19.2 =25 0.036*
L:a 0.05 31.5 1.6 0.121
C:a —0.05 473.3 —2.1 0.032*
L:b 0.08 30.4 2.4 0.020*
C:b 0.02 4733 0.8 0.427
L:C:a 0.00 473.3 —0.1 0.931
L:C:b 0.00 473.3 0.1 0.946
Angry/Not Int 0.00 19.0 0.0 0998
L —0.57 19.0 —6.8 Horx
C —0.06 19.2 —-2.9  0.009**
a 0.14 27.3 4.7 Rk
b 0.18 19.4 3.7  0.001*
L:C 0.01 462.6 0.8 0.402
L:a —0.04 24.5 —1.2 0.226
C:a 0.00 462.6 —0.1 0.916
L:b —0.12 24.3 —3.2  0.004**
C:b 0.00 19.5 —0.1 0.899
L:C:a 0.00 462.6 0.0 0.975
L:C:b 0.01 462.6 0.5 0.605
Saturation Int 0.00 19.1 0.0 1.000
L —0.19 19.0 —1.1 0.301
C 0.02 19.1 6.0 oHK
a 0.09 21.2 1.9  0.076
b —0.05 22.3 —1.1 0.272
L:C 0.01 19.1 0.3 0.776
L:a 0.08 37.6 3.5  0.001*
C:a —0.05 474.0 —2.8 0.006**
L:b 0.03 28.9 1.2 0.256
C:b —0.03  474.0 —1.4  0.168
L:C:a —0.04 474.0 —2.0 0.048*
L:C:b 0.00 474.0 0.2 0.854
Lightness Int 0.00 19.1 0.0 0.971
L 0.95 19.0 21.0 e
C 0.01 19.2 0.7 0.513
a —0.01 31.4 —-0.9 0.354
b —0.01 32.1 —-0.9 0.350
L:C —0.08 19.2 —5.2 orx
L:a 0.00 37.7 0.1 0.901
C:a 0.00 475.6 —0.2 0.805
L:b 0.04 31.0 2.8  0.008**
C:b —0.01 475.6 —-0.9 0.372
L:C:a 0.01  475.6 0.7  0.479
L:C:b —0.01 475.6 —1.0 0.336

“Predictors included the intercept (Int), L*, C*, a*, and &* and their inter-
actions (“*” notation was excluded to avoid confusion with the interaction

symbol “”).

Mp <.05,%p <.01,**p <.001.

Apred =28.17—1.04L*+ 0.576*+ 0.464*—0.40C*]. Colors
were rated as more angry when they were darker, yellower,
redder, and lower chroma. The LMER model showed sim-
ilar results, with significant negative weights on L*, C*,
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and positive weights on 2* and 6* (Table 1). The only inter-
action was between L* and 4*, which indicated that the
blueness/yellowness difference in angry associations was
stronger when colors were darker.

2. Color Appearance

Yellow/blue and red/green ratings. Our main purpose for
collecting color appearance data was to check that the yellowish
hues were judged as yellow and the bluish hues were judged as
blue, given that the colors were desaturated. Yellow/blue ratings
were strongly correlated with the corresponding dimension 6*
(r(30) =.78, p <.001). As shown in Fig. 4C, the yellowish
hues were judged as yellow as long as they were light, and the
bluish hues were judged as blue regardless of the lightness level.
This pattern reflects the color categories of the end points of
the yellow/blue dimension (e.g., Fig. 4 in Ref. [28]; Fig. 1 in
Ref. [40]); light yellowish hues were judged as yellow, but dark
yellowish hues were neither judged as yellow nor blue because
they are typically referred to by the term “brown”.

Similarly, red/green ratings were correlated with the corre-
sponding dimension 2* (r(30) = .81, p < .001). As shown in
Fig. 4D, only the dark red, high chroma, and dark green colors
were strongly rated as red and green, respectively, because mem-
bership of the RED category depends on lightness and chroma
(i.e., the term for dark reddish colors is “red,” but the term for
light reddish colors is “pink”) and membership of the GrREEN
category depends on lightness (i.e., dark greenish colors are
more typical for the term “green”).

Saturation and light/dark ratings. As shown in Figs. 4E
and 4F, saturation and lightness ratings did not only vary with
chroma and lightness, respectively, but they appeared to also
vary with hue. To understand these patterns, we conducted
the forward-stepping MLR and LMER analyses used for the
color—emotion association data.

Saturation ratings. The forward-stepping MLR on mean
saturation ratings explained 80% of the variance with C*
(39% variance), L* (4+33% variance), 6* (+4% variance),
and 4* (+4% variance) entered in that order [F (4, 27) =
26.38, p<.001, Spred = —10.96 +1.68C*— 0.39L*— 0.235*
+ 0.244*]. Colors were rated as more saturated when they were
higher chroma, darker, bluer, and redder. The LMER model
showed an effect of C*, but also two-way interactions between
C* and 4™, and between L* and #*, and a three-way interaction
between L*, C*, and «* (Table 1). That is, variations in satu-
ration ratings across hue differ between low chroma and high
chroma and between dark and light colors. As seen in Fig. 4E,
dark colors with high chroma peak around greenish and bluish
hues, with a trough at yellow hue (corresponding to brown),
whereas light desaturated colors peak around purple with a
trough around green and blue.

These differences in saturation ratings for colors of equal
chroma (C*) resonate with D’Andrade and Egan’s [18] specula-
tion that blue—green hues may appear more saturated than other
hues, even when the colors were equated in Munsell chroma.
Odur results are also consistent with previous reports that subjec-
tive estimations of saturation vary across hue when controlling
for saturation through measures of chroma and saturation, such

as C* in CIELAB space [41,42].
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Lightness ratings. The lightness ratings in Fig. 4F were
largely determined by L*. A forward-stepping MLR accounted
for 99% of the variance in lightness ratings using only L*,
with no other predictors entered [F(1, 30) =2750.64, p <
001, Lpeq =—138.00 + 2.45L*]. However, Fig. 4F shows
that lightness ratings also slightly varied depending on chroma
and hue. The LMER model showed an effect of L*, plus two-
way L* X C* and L* x b* interactions (see Table 1). The
L* x C* is due to more extreme differences between light
and dark colors for low chroma than for high chroma colors
(Fig. 4F). The L* x 6" interaction is due to a peak around
green—blue hues and a trough around yellow hue for dark
colors but not for light colors. Moreover, lightness ratings
were correlated with saturation ratings across the 32 colors
(r(30) = —.56, p <.001). These results align with pre-
vious reports that lightness estimations vary across hue for
colors of equal L* [43], and that perceived lightness depends
on saturation (Helmholtz—Kohlrausch effect for spectral

colors [44]).

3. Effects of Color Appearance on Happy/Sad Ratings?

Based on the results reported above, it is possible that differences
in happy/sad ratings across hues within a given C* and L*
level were due to perceived differences in saturation and light-
ness, rather than hue. To test this possibility, we included the
mean color appearance ratings [lightness (LD), saturation
(Sat), yellow/blue (YB) and red/green (RG)] as predictors in
a forward-stepping MLR along with L*, C*, 2*, and 6*. The
logic was that hue variations in lightness and saturation rat-
ings might reduce the role of blueness/yellowness differences
(captured by either 6* or YB ratings) in the model. This
model accounted for 97% of the variance with lightness
ratings (85% variance), saturation ratings (+9% vari-
ance), and yellow/blue ratings (4+3% variance) entered
in that order [F(3,28)=256.93, p <.001; HSyd =
4.86+0.57LD 4+ 0.60 Szt — .16Y B*]. Colors were rated as
happier when they were lighter, more saturated, and bluer. The
findings suggest that subjective ratings of lightness, saturation,
and yellow/blue ratings capture happy/sad judgments better
than L*, C*, and b* given that (1) the model entered subjective
ratings instead of L*, C*,and 4%, and that (2) YB accounted for
somewhat less variance here (3%) than 6* accounted for in the
modelwith L*, C*,and 6* reported above (6%).

In summary, the results of this experiment showed that
happy/sad judgments were largely determined by perceived
lightness and saturation. When colors were dark with high
chroma, bluer hues were rated as happier than yellower hues,
which may have been due to dark bluish hues appearing more
saturated and lighter than dark yellowish hues, even though C*
and L* were constant. In the Appendix A of this paper, we report
on a supplementary experiment that replicated the key findings
of Experiment 2, and explored perceptually matching colors for
saturation and assessing effects on happy/sad judgments.

4. CONCLUSION

This study showed that when we controlled lightness and
chroma statistically (Experiment 1) and colorimetrically
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(Experiment 2), yellow hues were no happier than blue hues,
and in some cases, blue hues were actually happier. Our results
suggest that previous evidence that yellow is happier than blue
[1-5] is likely due to variations in lightness between colored
stimuli rather than variations in hue. We contrast these findings
with associations between redness and anger, which appear
really to be due to redness of hue.

Still, yellow colors have the greatest potential to be happiest,
not because of their hue, but because they can simultane-
ously maximize lightness and chroma (Fig. 1). As shown by
Jonauskaite et al., when participants had free range of color
space, they matched light, high chroma yellows to joy, and dark,
desaturated grays to sadness.

Although yellow hues have the greatest potential to be associ-
ated with happiness, like any other hue, they become associated
with sadness when they are dark and desaturated [31,39]. This
point is not only relevant for color cognition, but also for apply-
ing color in design (e.g., graphic or interior design). We hope
that our approach of isolating the key dimensions underlying
happy/sad judgments will help constrain and advance theories
about the origins of color-emotion associations.

APPENDIX A

We conducted a supplementary experiment with two aims.
First, we aimed to test whether the variation across hue in
happy/sad ratings would diminish if we perceptually matched
colors of different hues for perceived saturation. We focused on
matching saturation rather than lightness because saturation
ratings (Fig. 4E) varied more strongly across hue than light-
ness ratings did (Fig. 4F). Second, we aimed to replicate the
Experiment2 results.

We tested 20 new participants in the color matching task (15
females, 5 males, mean age = 23.4) and 43 other new partic-
ipants in the color—emotion association task (31 females, 12
males, mean age = 20.1). We piloted our matching procedure
on 18 other participants while resolving color specification
details. All had normal color vision (tested using [37]) and gave
informed consent. The Brown University IRB approved the
protocol.

A1. Matching Colors for Perceived Saturation

We used a saturation matching task [45] to produce colors with
equal subjective saturation, which we subsequently used to
assess color—emotion associations. In the saturation matching
task, participants saw pairs of colors that had two different hues
but the same luminance. They adjusted the chroma of one color
(the “comparison” color on the right), to match the chroma of
another color (the “test” color on the left). When luminance is
equal, adjusting chroma corresponds to adjusting saturation.
A benefitof this approach is that observers do not need to under-
stand the concepts of chroma and saturation to do the task—it
can be accomplished by making the colors as similar as possible
in color appearance.

Trials included all pairwise combinations of the eight hues
(8 x 8 = 64) within each of the two lightness levels (L*) from
Experiment 2 (128 trials). The colored squares were presented
side by side (each 2.2 cm, 2°). Each pair was presented twice
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(left/right balanced) so each color served as the test or the com-
parison. We only tested one chroma level (C* =20) because
gamut limitations made matching impossible for the high
chroma colors (C* = 30) of Experiment 2. The initial chroma
of the comparison for each trial was C* = 20, the same as the
test color [45]. The upper bound of adjustment was fixed to
C* =35 to stay within the monitor gamut. We used equal
bounds for all hues to avoid biases due to gamut shape. The
white point was set to equal energy white [CIE1931 x = 0.33,
y=0.33, Y=280cd/m?]. The background was a medium
gray (CIE1931 x =0.33, y =0.33, ¥ =15.4 cd/m?), which
corresponded to the same lightness (L* = 51) as in Experiment
2 given the white point.

Participants were instructed to use the number pad to adjust
the comparison color so that it was most similar to the test color
(1 = increase, 2 = decrease, 9 = done). They were told that
they could only adjust “saturation,” which is “how colorful
(vivid) a color appears.” Before the experiment, participants
completed practice trials. Measurements for dark and light col-
ors were done in separate blocks, randomized over participants.
After this task, participants also completed a saturation ranking
task, which will be the subject of a separate study.

Participants viewed the stimuli through a black tunnel
to control color adaptation, presented on a 20 inch (50.8
cm) Sony GDM-20SE2T monitor (8 bits per channel,
1024 x 768 pixels). We used a CRT monitor in these measure-
ments to help ensure calibration was reliable across continuous
variations in color. We used a slightly different white point
to allow for reproducing the same CIELAB colors within the
gamut of this monitor as on the monitor used in the main exper-
iments. The CIE1931 xyY coordinates of the monitor primaries
were R =1(0.6641, 0.3157, 24.62), G =(0.2383, 0.6787,
67.28), and B = (0.1446, 0.0722, 9.65). Gamma corrections
without bit loss were applied based on the measured gamma
curves of the monitor primaries. Experiments were written in
MATLAB (The MathWorkslnc., 2007) with the Psychophysics
toolbox Version 3 extensions [46].

For each test hue at a given lightness level, we calculated
mean match across all comparison hues. A repeated measures
ANOVA for eight hues within each lightness level showed
that the average matches differed significantly across hues
[light: F(7,133)=38.3, p <0.001, nizﬂmé dark:
F(7,133)=7.7, p <0.001, 3 = 0.288]. Figure 5A shows
the C* values for each hue, which should produce colors appear-
ing equal in saturation within each lightness level. We obtained
these values for each comparison hue within a lightness level
by calculating the mean C* for that hue across the C* values
obtained from matches with each of the eight test hues (includ-
ing itself). At this level of chroma (C* =20), discrimination
thresholds for differences in chroma are roughly about 3 to 8
CIELAB units (cf. detection thresholds and Weber fractions
in Figs. 8 and 9 of Ref. [40]). Thus, the matches did not dif-
fer strongly across test hues, varying by ~1 discrimination

threshold.
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Fig. 5. A, mean chroma (C*) matches showing equal subjective
saturation. Error regions represent SEM. B, matched colors (“M”) and
unmatched colors in which C* = 20 (“20”).

A2. Rating Color-Emotion Associations and Color
Appearance

Participants  rated  color—emotion  associations  and
color appearance for the 16 saturation matched colors
(2 lightness levels x 8 hues; matched around C*=20), 16
unmatched colors (2 lightness levels x 8 hues; C* = 20), and the
32 colors from Experiment 2. We refer to data on the matched
and C* = 20 colors as the “matched dataset” and data on the
Experiment 2 colors as the “replication” dataset. The colors
referred to as “light” and “dark” had the same lightness levels as
Experiment 2.

The methods were the same as in Experiment 2, except
(1) we included the additional set of colors, (2) we counter-
balanced task order [color—emotion task first (z =20), or
color appearance task first (7 =23)], which doubled our
sample size, (3) participants only completed one block per
color rather than two, (4) we provided further description
of saturation “saturated colors are very colorful and vivid,
whereas desaturated colors are very muted and grayish”.
The monitor and calibration procedure were the same as in
Experiment 2. Files with color coordinates and data are on
github.com/SchlossVRL/coloremoblues.

A2.1 Matched Dataset

Color—emotion association ratings. As shown in Fig. 6,
saturation matching had little effect on happy/sad or angry/not-
angry ratings. We conducted similar LMER models as in
Experiment 2, but we coded the “chroma” factor (matched
versus unmatched) as — 1 versus 1, and used the 2* and 6* values
for the unmatched colors for both stimulus sets. This enabled us
to test whether the fit of 2* and * interacted with the chroma
factor. The chroma factor did not have an effect, and it did not
interact with any other factor for happy/sad or angry/not-angry
ratings (Table 2). For happy/sad ratings, there were positive
weights on L* and 2* and a negative weight on 4*, indicating
colors were rated as happier when they were lighter, redder,
and bluer. For angry/not-angry ratings, there was a negative
weight on L* and positive weights on 4* and 2™, indicating that
colors were rated as angrier when they were darker, yellower,
and redder.

We directly tested for a yellow versus blue hue difference
using a repeated measures ANOVA [2 hues (B, Y) x 2L*
(light, dark) x 2C* (matched, unmatched)]. Hue had no
effect (F < 1), and although it did interact with lightness
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Fig. 6. Mean ratings for matched dataset in the supplementary

experiment. The data are plotted in the same manner as in Fig. 4 except
open symbols represent colors matched for saturation and filled symbol
represent C* = 20.

[F(1,42) =5.30, p =.0206, 17]2] =.112], tests within each
lightness level showed no hue difference for light colors (£ < 1)
or dark colors [F(1,42)=3.17, p =.082, n}z) =.070).
Chroma did not interact with any of the other factors (Fs < 1).

These results show that the specific yellow hue versus blue
hue difference in happy/sad ratings that we aimed to cancel out
with our matching procedure did not occur for the matched
or unmatched colors in this dataset. Part of the problem is that
it was necessary to use low chroma colors in order to imple-
ment saturation matching within the monitor gamut. Yet,
Experiment 2 showed that the finding of blue being happier
than yellow was predominantly for (dark) igh chroma colors.

The lack of effect of saturation matching may be explained by
the small difference in C* between the matched and unmatched
colors (Fig. 6). Thus, we next asked whether saturation match-
ing had any effect on saturation ratings.

Saturation ratings. The saturation ratings in Fig. GE suggest
participants still reported differences in saturation across hues
for matched colors. We conducted the same LMER model to
predict saturation ratings as the happy/sad ratings, and found
a significant negative weight on 4* and an interaction between
a* and L* (Table 2). These weights indicated that colors were
rated as more saturated if they were bluer overall, and if they
were greener, especially in the dark set (Fig. 6). With no effect of
matched versus unmatched colors and no interactions between
that factor with any others (factor labeled C in Table 2), we
conclude that saturation matches did not control perceived
variation in saturation over hues, as measured by the saturation
ratings. Saturation matches underestimated the magnitude of
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Table 2. LMER Models for Happy/Sad,
Angry/Not-Angry, Saturation, and Lightness Ratings in
the Matched Dataset’

B df t ?
Happy/Sad Int 0.00 42.0 0.0  1.000
L 0.70 42.0 10.5 o
C 0.00 1112.0 0.1 0932
a 0.05 42.0 2.3 0.026*
b -0.07 420 —24 0.023*

L:C 0.00 1112.0 0.1 0.953
L:a 0.03 42.0 1.8 0.085
C:a —0.01 1112.0 —0.5 0.636
L:b 0.05 42.0 2.4 0.022*
C:b 0.01 1112.0 0.5 0.600
L:C:a 0.00 1112.0 0.2 0.831
L:C:b 0.00 1112.0 0.0 0.993
Angry Int 0.00 42.0 0.0 1.000
L —0.40 42.0 —4.9 oK
C 0.00 1112.0 0.1 0.910
a 0.25 42.0 7.9 ok
b 0.16 42.0 5.5 oK
L:C —0.01 1112.0 —0.5 0.642
L:a —0.07 42.0 —3.4 0.002**
C:a —0.01 1112.0 —0.7 0.499
L:b —0.10 42.0 —4.7 ok
C:b 0.00 1112.0 0.2 0.857
L:C:a —0.01 1112.0 —0.6 0.545
L:C:b 0.00 1112.0 —0.3 0.746

Saturation Int 0.00 42.0 0.0 1.000

L 0.38 42.0 3.4 0.001**
C 0.00 1030.0 —0.3 0.794
a 0.04 42.0 2.0 0.056
b —0.08 42.0 —4.2 ok
L:C 0.01 1030.0 0.5 0.635
L:a 0.07 42.0 3.9 ok
C:a —0.01 1030.0 —0.8 0.441
L:b 0.03 42.0 1.6 0.118
C:b 0.00 1030.0 —0.2 0.851
L:C:a —0.02 42.0 —1.0 0.300
L:C:b —0.01 42.0 —0.6 0.541
Lightness Int 0.00 42.0 0.0 1.000
L 091 42.0 23.8 oK
C 0.01 1029.0 1.2 0.235
a —0.02 42.0 —2.3 0.024*
b —0.03 42.0 —2.2 0.030*

—0.01 420 -12 0.229
—0.02 420 —2.0 0.049*
1029.0 0.0 0991
0.01 42.0 1.2 0.241
0.00 1029.0 —-04 0.667
L:C:a 0.00 42.0 0.2  0.810
1029.0 —2.6  0.008*

“In this model, C coded matched versus unmatched colors.

variation across hue, which may arise if response noise in the
matches is equally distributed across hue and hence decreases
the variation in C* of the matches across hue. However, there
is no reference standard for the measurement of subjective
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Fig. 7. Mean ratings in the replication dataset (data plotted in the

same manner as in Fig. 4).

saturation, and finding such a reference standard is a separate
research question.

A2.2. Replication Dataset: Color-Emotion Associations

Happy/sad. The mean happy/sad ratings (Fig. 7A) were
strongly correlated with the corresponding ratings from
Experiment 2 (Fig. 4A) (»(30) =.98, p <.001). A forward-
stepping MLR model with L*, C*, 2*, and 6" accounted for
90% of the variance with L* (85% variance) and C* (+5%
variance) entered in that order (F#(2, 29) = 124.59, p < .001,
HSpred =—94.15+ 1.33L* + 1.17C*). Like Experiment 2,
mean responses were dominated by L* and C*, but unlike
Experiment 2, 6* was not entered. However, when we included
mean color appearance ratings and these colorimetric pre-
dictors, the model was similar to Experiment 2: lightness and
saturation ratings replaced L* and C*, and yellow/blue rat-
ings were also included. This model accounted for 96% of
the variance with lightness ratings (89% variance), satura-
tion ratings (+6% variance), and yellow/blue ratings (4+1%)
entered in that order (F(3, 28) =216.32, p <.001; HS;1eq =
—1.30 + .43LD + .65 Sat + .09 YB).

As in Experiment 2, the LMER model for happy/sad showed
effects of L* and C*, and interactions of L* x C* and L* x b*
(Table 3). The effect of 6* and C* x 4* interaction reported
in Experiment 2 were in the same direction here, but did
not reach significance. There were also new interactions of
L* xa*, C*xb*, and L* x C* x a*. These interactions
reflect a pronounced peak around greens and blues for the
dark, high chroma colors, which is evident here (Fig. 7A) and
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Table 3. LMER Models for Happy/Sad,
Angry/Not-Angry, Lightness, and Saturation in the
Replication Dataset

B df t ?

Happy/Sad Int 0.00 42.3 0.1 0954
L 0.66 42.1 11.2 ok
C 0.16 42.3 6.8 ok

a 0.05 57.1 1.9  0.060

b —0.06 489 —1.7  0.095

L:C —0.08 426 -39 o
L:a 0.06 995.4 3.9 o
C:a —0.03 572 —18 0.078
L:b 0.09 62.1 4.2 o
C:b

—0.03 9954 —2.0 0.047*

L a —0.03 995.4 —2.0 0.043*
L tb 0.02 61.9 0.9 0.392
Angry Int 0.00 42.2 0.1 0.956
L —0.36 42.1 —4.8 oK
C 0.00 425 —0.2 0.832
a 0.28 56.8 8.9 oK
b 0.20 56.8 6.5 oK

L:C 0.01 42.9 0.4  0.664
L:a —0.10 723 —4.1 ok
C:a —0.02 991.0 —-1.1  0.285
L:b —0.11 722 —4.9 o
C:b —0.03 991.0 —1.7 0.083

L a 0.01 991.0 0.6 0.574
L ib 0.02 71.5 0.8 0.437
Saturation Int 0.00 425 —0.1 0.927
L 0.33 42.0 3.1 0.003**
C 0.26 42.2 6.7 oK
a 0.07 86.4 3.6 Hork
b —0.12 763 =59 ok
L:C —0.04 42.6 —2.1 0.040*
L:a 0.04 81.3 1.9 0.056
C:a —0.06 1000.0 —3.5 oK
L:b 0.06 64.2 2.9 0.004**
C:b 0.00 1000.0 —0.2 0.835
L:C:a 0.00 1000.0 —0.2 0.839
L:C:b 0.00 63.7 0.3 0.787
Lightness Int 0.00 42.3 0.0 0977
L 0.89 42.1 23.7 oK
C 0.04 42.6 2.6 0.013*
a —0.03 97.0 —2.3 0.025*
b —0.06 75.9 —4.5 ek
L:C —0.10 42.7 —7.6 oK
L:a —0.04 100.3 —3.4 0.001**
C:a 0.01 1021.0 0.6 0.520
L:b 0.03 76.2 2.4 0.017*
C:b 0.00 1021.0 —0.2 0.828
L:C:a 0.02 1021.0 2.1 0.037*
L:C:b 0.00 1021.0 0.1 0.922

in Experiment 2 (Fig. 4A), but these higher-order interactions
were more likely to reach significance here because of the larger
sample size.

The ANOVA directly comparing yellow versus blue hues
[2 hues (B, Y) x 2 lightness (light, dark) x 2 chroma (high,
low)] showed no main effect of hue [F(1,42)=1.01,
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p=.321, n; =.023], but hue interacted with lightness
[F(1,42) =25.72, p < .001, nf, =.380] and marginally
interacted with chroma [F(1, 42) =3.73, p =.060, r/; =
.081] and there was a three-way interaction [F(1,42)=
10.45, p =.002, 17 =.199]. As in Experiment 2, two-way
ANOVAs within each lightness level showed that for light
colors, there was no effect of hue [F(1,42)=3.52, p=
.067, 2 =.077] or hue x chroma interaction (F < 1), but
for darﬁ colors, a main effect of hue indicated that blue was
happier than yellow [F(1, 42) =7.96, p =.007, r]p =.159],
and a hue X chroma interaction indicated this difference was
especially large for high chroma colors [F (1, 42) = 12.83, p =
001, 712 = .234].

Taken together, this experiment and Experiment 2 consis-
tently showed that lighter, higher chroma colors were rated as
happier. However, the role of yellow versus blue hue was more
tenuous in this experiment, and it is unclear why. Nonetheless,
neither experiment provided evidence that blue hues were sadder
than yellow hues within a given lightness and chroma level.

Angry/not-angry. The mean angry/not-angry ratings
(Fig. 7B) were strongly correlated with the corresponding rat-
ings from Experiment 2 (Fig. 4B) (r(30) =.90, p < .001).
A forward-stepping MLR model accounted for 87% of the
variance with L* (48% variance), 2* (+27% variance), and &*
(+12% variance) entered in that order (F (3, 28) = 63.38, p <
001, Aprea =17.52 — 0.70L* 4+ 0.932* 4+ 0.615%). Like
Experiment 2, angrier colors were lighter, yellower, and redder,
but unlike Experiment 2, C* was not entered into the model.
The LMER model showed effects of L*, 2*, and 6*, and an
L* x b* interaction as in Experiment 2, but there was no effect
of C*. New here, there was also an L* X 2* interaction due to a
peak of angriness for dark, saturated colors of reddish hue here,
but not Experiment 2.

Despite some differences between Experiment 2 and this
replication, the overall patterns of ratings were highly similar
(Figs. 4 and 7), and the key components of the analyses repli-
cated. Our observation that color—emotion associations are
stable across experiments aligns with reports of [34]. Others
have suggested color—emotion associations do not replicate, but
they focused on comparisons between the top few associated
colors with particular emotions, rather than the overall pattern
across colors [47].

Color appearance ratings. Mean color appearance rat-
ings were strongly correlated with those of Experiment 2 for
light/dark  (r(30) =.995, p <.001), red/green (r(30) =
.99, p <.001), and yellow/blue (»(30) =.98, p <.001), but
not for saturation (r(30) =.07, p =.696). We repeated the
forward-stepping MLR analyses for lightness and saturation
as in Experiment 2. For lightness ratings, 98% of the variance in
mean lightness ratings was accounted for by L* (98% variance)
and 6* (+less than 1% variance) in that order (F(2,29) =
776.01, p <.001, Lpred = —105.70 + 1.98L* — 0.226").
Similar to Experiment 2, lightness ratings were dominated by
L*, but there was a small effect of 6* with bluer colors rated
as lighter. For saturation ratings, 89% of the variance was
accounted for by L* (52% variance), C* (+30% variance),
and 6* (+7% variance) (F (3, 28) =78.59, p <.001, Syred =
—71.39 4 0.68L* +2.06C* — 0.434*). Like Experiment 2,
there was a positive weight on C* and negative weight on 6*, but
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unlike Experiment 2 there was a positive rather than negative
weight on L*, and no weight on 2*. These results are supported
by LMER models (Table 3)—saturation was rated higher for
dark than light colors in Experiment 2, but this relationship
reversed here (Fig. 7E). The difference between saturation
ratings between the present data and Experiment 2 seems to be
due to slight variations in the way saturation was defined for
participants. Defining saturated as “very colorful and vivid”
and desaturated as “muted and grayish” here (as opposed to
“very vivid” versus “close to gray” in Experiment 2) seems to
have caused observers to emphasize lightness more in their sat-
uration ratings. Considering how subtle changes in definitions
affect saturation judgments may be relevant for interpreting
other studies that relied on observers’ judgments of saturation

(e.g., [41,42]).
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