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Introduction

Glacier retreat is among the most visible and well-documented indicators of climate
change, yet communicating glacial loss to general audiences remains a persistent
challenge. Maps are widely used to convey spatiotemporal environmental change, but
the design choices that shape those maps have rarely been evaluated for their cognitive
and emotional effectiveness. Scientific accuracy alone does not guarantee effective
climate change communication; the visual designs shaping that communication must
also engage diverse audiences (Fish, 2020; Goudine et al., 2020).

This study addresses two primary research questions: (RQ1) How do map readers’
perceptions of glacial retreat differ by map design? (RQ2) How do map readers’
emotional responses vary depending on map design? To investigate these questions, we
conducted a between-subjects online user study in which participants (n = 114) were
randomly assigned to view one of three cartographic representations of glacial retreat: a
Line map using colored boundary outlines, a Polygon map using semi-transparent filled
extents, and an Imagery map using clipped orthophotos and satellite imagery. The
glacier we used in this study was South Cascade Glacier (SCG) in Washington State in
the United States. SCG is a USGS Benchmark Glacier with a continuous mass-balance
record dating to 1959 (USGS, 2023).

This research contributes to the intersection of cartography, geovisualization, and
climate change communication by empirically testing how distinct visual
representations of the same geographic phenomenon influence both cognitive
interpretation and affective response. Drawing on previous research (Lumley et al.,
2022; MacEachren & Kraak, 2001; Montello, 2002; Richards, 2015), this study offers
design guidance for cartographers and science communicators seeking to develop maps
that are both informative and emotionally engaging.

Methods

Participants (n = 114) were recruited via Prolific and required to be at least 18 years old,
reside in the United States, and be fluent in English. The sample was majority White
(~66%), predominantly aged 18 to 39 (~65%), and held an associate degree or higher



(81%). Using the Six Americas framework (Maibach et al., 2009), most self-reported
themselves as either “Alarmed” or “Concerned” about climate change.

Three stimuli maps (Figure 1) of SCG retreat were developed in ArcGIS Pro 3.3.0, each
depicting five time slices (1967, 1979, 1992, 2015, and 2023) while holding extent,
scale, resolution, and orientation constant across designs. Glacier extents were digitized
from orthoimagery and remotely sensed datasets sourced from the University of
Washington Digital Glacier Time Machine (Knuth, 2022), Planet Labs, and Esri World
Imagery Wayback. A 1-meter LIDAR-derived digital terrain model from the
Washington LiDAR Portal was processed into a shaded relief base layer, providing
consistent topographic context across all three designs. The Line map represented each
glacier extent as a colored boundary outline. The Polygon map used semi-transparent
filled extents to emphasize cumulative spatial change over time. The Imagery map
clipped historical orthophotos and color satellite imagery to glacier boundaries,
providing photorealistic visual context. Each participant saw just one of the map
designs.

After viewing their assigned map, participants completed measures of: (1) awareness of
glacial change, (2) connection to climate change (CCC), (3) perceived influence on
climate-related actions, (4) map trust using the MAPTRUST scale (Prestby, 2024), (5)
map attractiveness, and (6) emotional response via the Geneva Emotion Wheel (GEW;
Scherer et al., 2013). Cognitive workload was assessed using the NASA Task Load
Index (TLX; Hart & Staveland, 1988), and individual differences in analytical thinking
were measured with the 18-item Need for Cognition scale (Cacioppo et al., 1984),
which captures how much a person seeks out and enjoys effortful thinking through
items such as preferring complex problems to simple ones. Statistical analyses included
one-way ANOV A with Tukey HSD post-hoc tests for group comparisons, multiple
linear regression using ordinary least squares (OLS) in R for modeling predictors of
awareness and attractiveness, and ArcGIS Hot Spot Analysis (Getis-Ord Gi*, 110 m
fixed distance band) applied to GEW response data to identify emotional clustering by
participant characteristics.

Figure 1: The three map designs tested in this study, showing South Cascade Glacier,
Washington, United States: (a) Line, (b) Polygon, and (c) Imagery.

Results



ANOVA revealed significant effects of map design on two of five outcomes (Figure

2). Awareness of glacial change differed by condition, F(2, 111) = 6.14, p =.003, n?
=.10. Tukey HSD comparisons showed that the Line map (M = 4.24, SD = 0.54)
produced significantly higher awareness than the Imagery map (M = 3.59, SD = 1.00), p
=.002, while the Polygon map (M = 3.82, SD = 0.87) differed significantly from
neither. Attractiveness followed a related pattern, F(2, 111) =7.11, p=.001, n*= .11,
with both the Line map (M = 3.82) and the Polygon map (M = 3.76) rated more
attractive than the Imagery map (M = 3.03), p =.003 and p = .006, and no difference
between Line and Polygon. Map trust, connection to climate change, and perceived
influence on climate-related actions showed no group differences (all p > .27).
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Figure 2: Mean awareness and attractiveness ratings by map design with 95% confidence
intervals. Brackets mark significant Tukey HSD contrasts.

Regression models identified participant characteristics as independent predictors of
both outcomes, with the Line map as the reference category. The awareness model
(adjusted R? =.21) showed lower awareness for Imagery (f = -0.66, p <.001) and
Polygon (B =-0.36, p =.050), and a negative association with Need for Cognition
(NFC; B =-0.40, p =.002). Education contributed without a linear trend, since only the
technical or associate degree group differed significantly from the lowest education
band (f =2.01, p=.014). The attractiveness model (adjusted R? = .21) showed lower
ratings for Imagery ( =-0.81, p <.001), a negative NFC association (B =-0.37,p =
.022), and a positive association with task load (TLX; = 0.37, p=.001). Exploratory
models adding map by NFC interaction terms improved fit for neither outcome (both p
> .28).

The first-click responses on the GEW varied by map design (Figure 3), and none of the
three conditions was confined to negative emotions alone. The most frequently selected
first click response came from the Polygon condition, where three participants selected
Hope, which sits in the positive valence and high control quadrant of the GEW, at the
wheel's highest intensity level. Line and Imagery responses spread across a wider mix
of categories instead. Eleven of the 114 participants made no selection at all.
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Figure 3: Geneva Emotion Wheel response distributions by map design, showing first-
click frequency across the twenty emotion categories and the No Emotion center.

Discussion and Conclusion

Cartographic design shapes how viewers interpret and emotionally engage with glacier
retreat data, but the results show that cognition and emotional engagement do not
necessarily work together. The Line map supported the clearest recognition of glacial
change, which suggests that a spare boundary encoding is the easiest to read for change
over time. Under the Polygon condition, Hope was the most often selected first click,
though only three of 38 participants chose it, too small a difference to interpret
confidently. The pattern is still worth pursuing in future research, since hope has been
studied elsewhere in the climate literature (e.g., Swim & Bloodhart, 2015). Hope sits in
the positive valence and high control quadrant of the GEW, suggesting the participants
who chose it read the glacier's retreat as something they had some power to act on. The
Polygon condition, however, showed no matching advantage in the awareness
measures. The Imagery map, despite its photorealistic quality, produced both the lowest
awareness and the lowest attractiveness ratings, indicating that realism alone does not
guarantee effective communication of temporal change.

Participant characteristics predicted these outcomes independently of design. Education
level and NFC were associated with awareness, while task load and NFC were
associated with attractiveness. Participants with higher NFC reported lower awareness
and gave lower attractiveness ratings, which suggests that more analytically oriented
viewers applied greater scrutiny to the maps. Since the maps by NFC interaction terms
were not significant, we describe these as parallel effects and not as moderation.

Three limitations constrain the scope of these results. First, all three stimuli share a
LiDAR-derived shaded relief base layer, and the Polygon condition carries greater
visual contrast than the other two, so representation type was not the only property that
varied across conditions. Second, the sample was US-based, predominantly White, and
already concerned about climate change, which bounds generalizability. Third, we
applied uniform response anchors across all six NASA-TLX items rather than the
original opposing anchors, so the Performance item runs counter to the other five and
the composite workload score should be read with that adaptation in mind.

This study contributes to the literature on user-centered geovisualization by showing
that cartographic choices shape both cognitive and emotional responses to



environmental data, and that the design which communicates change most clearly is not
necessarily the one that moves people. Future research should test three-dimensional
and immersive approaches, extend evaluation to other climate phenomena, and recruit
more demographically diverse samples.
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