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ABSTRACT 

Visualizing Magnitude and Direction in Flow Fields 

by 

David H.F. Pilar 
University of New Hampshire, May, 2012 

In weather visualizations, it is common to see vector data represented by glyphs placed on grids. 

The glyphs either do not encode magnitude in readable steps, or have designs that interfere with the 

data. The grids form strong but irrelevant patterns. Directional, quantitative glyphs bent along 

streamlines are more effective for visualizing flow patterns. 

With the goal of improving the perception of flow patterns in weather forecasts, we designed and 

evaluated two variations on a glyph commonly used to encode wind speed and direction in weather 

visualizations. We tested the ability of subjects to determine wind direction and speed: the results 

show the new designs are superior to the traditional. In a second study we designed and evaluated 

new methods for representing modeled wave data using similar streamline-based designs. We asked 

subjects to rate the marine weather visualizations: the results revealed a preference for some of the 

new designs. 

xii 



Chapter 1 

Introduction 

Weather visualizations are needed by a wide audience, and there are many operationally 

generated weather models, such as the North American Mesoscale Model (NAM) run 

by the National Centers for Environmental Prediction (NCEP), and the Wavewatch III 

model for marine conditions run by the National Oceanic and Atmospheric Administra

tion (NOAA) and NCEP. Websites and television broadcasts present graphic visualizations 

of the data generated from those models several times every day. In many cases, a large 

number of variables, such as wind speed and direction, wave height, direction and period, 

air and water temperature, barometric pressure, humidity and more need to be displayed 

and interpreted quickly and accurately. For the captains of ships or pilots of airplanes this 

information may increase the safety of their passengers, crew, or cargo and help conserve 

fuel. Common weather forecast images such as those found at Nowcoast, see Figure 1-1, 

Weather Underground, Wavewatchlll, see Figure l-2(b), and NCAR use specialized glyphs 

or arrows arranged in grids that show magnitude or direction at sparse locations, but do not 

show continuous patterns well. Visualization research has developed methods, such as 

streamlines [Turk96, Jobard97], that show part of the patterns well, but do not simulta

neously show direction and magnitude patterns. These visualizations can be improved to 

show more complete patterns by using well designed glyphs that encode both direction and 

readable, discrete-magnitudes and are drawn along evenly spaced streamlines. 

According to Ware [Ware04], the human visual system seeks out patterns. Those pat

terns are easily seen in some representations, but invisible in others. Consider the repre-
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Figure 1 -1: Nowcoast using variable sized, color coded arrows for wind speed and direction 
(nowcoast.noaa.gov). 

sentation of a river on a street map, it is normally just a colored line indicating a location 

pattern, with no information about flow direction or magnitude. On a map designed for 

recreational enthusiasts, a representation of that same river might include arrows indicating 

solely the downstream flow direction and areas of rapids, and if the map were designed for 

an environmental agency studying the advection of pollutants through a watershed, even 

more detail of flow direction and velocity would be required to indicate fine direction and 

magnitude patterns such as eddies where pollutants might collect. Similarly, the pattern 

detail requirements of an individual planning a morning commute differ from the require

ments of a ship captain planning the safest, most fuel efficient route for their vessel. In the 

most common weather maps, however, most of the fine detail patterns of wind and waves 
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are invisible, see Figure 1-2. 

Visualization research has produced a variety of techniques for representing vector 

fields. Following is a summary of some of those techniques. 

A color background is often used to encode scalar values such as wave height, wind 

speed or air temperature, and can be a powerful tool to show patterns of magnitude in 

data. However, at most 12 separable steps may be used before significant errors occur 

[Ware04], with 6 steps being preferable. Color is not a good choice to show a large range 

of magnitudes in small steps. Colors must be carefully chosen if color blind people are 

to be able to read the display, further reducing the set of available steps. As opposed to 

gray-scale sequences, color sequences are not ordinal [Ware04], except in certain short 

sequences, so the pattern order of magnitudes are generally not intuitive throughout a large 

color sequence. Since color does not indicate direction (unless mapped to a key to the 

exclusion of magnitude) some indication of direction is needed. Use of color sequences for 

more than one variable should be avoided [Ware04], since simultaneous contrast can lead 

to errors in interpreting values, and another means such as texture should be used instead. 

Textures, like color, may be used to encode magnitude [Bertin83, WarelO]. Textures 

have the ability to show readable magnitude, they do not interfere with color schemes, and 

they can be separable from each other and therefore readable from a key across field of 

textures. As with color, however, the use of texture is limited in the number of discrete 

steps that can be shown, and textures do not encode direction. Plain roman numerals could 

be used to encode discrete magnitude in combination with arrows, streaklets, triangles or 

other directional glyph, but many displays already contain text and numerals used for place 

names or depth or pressure etc, so the display may rapidly become cluttered. 

Arrows and other glyphs are traditionally arranged in a grid, an arrangement which 

has been shown to have drawbacks. In an evaluation of six flow visualizations Laidlaw 

[Laidlaw05] found arrows drawn on a regular grid to be particularly poorly suited for judg-
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Figure 1-2: Common Weather Visualizations, a) A severe weather visualization from 
http: / /www. erh. noaa. gov/gsp b)Wavewatch III product viewer at http: / / 
polar.ncep.noaa.gov/waves. 
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ing advection pathways, see Figure 1-3. A key component of the problem is that the grid 

is itself a pattern that has no meaning with regard to the data: Figure l-3(b) is the same 

image as 1 -3(a), blurred using a Gaussian function. The resulting image shows that the 

grid pattern is more heavily encoded than the direction pattern. Shifting or jittering the grid 

has been thought to alleviate the problem of false pattern to some degree [Laidlaw05], but 

Laidlaws user study found there was not much difference in task performance between the 

two methods. 
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Figure 1-3: The grid Pattern, a) Arrows on a grid. Image courtesy of David Laidlaw. b) 
Arrows on a grid, blurred with a Gaussian function with radius 3.8 px allows the dominant 
pattern of the grid to be more apparent. 

In order to discuss pattern components in the context of existing research into flow 

visualization, it is useful to decompose the concept of direction into two components: ori

entation and sign [Ware08]. In a 2D vector field, orientation refers to the angle of the line 

segment used to represent a vector. If a segment is oriented between east and west, as 

in Figure l-4(a), there is no way to tell if the vector points east or west. The additional 

component of sign is necessary to determine whether that segment points from east to west 
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or from west to east. Figure l-4(b) shows two arrows where the shaft represents the ori

entation component, and the arrow head provides the sign component. Bertin [Bertin83] 

suggested that arrows are effective because they contain a greater weight at the head, and 

Ware [Ware08] argued that a perceptual mechanism supporting this may be found in end-

stopped neurons of the primary visual cortex. 

Taili 
East 

• Tip 

West East 
Tip • 

I West 
•Tail 

(a) (b) 

Figure 1-4: Sign and Orientation, a) A line segment in a 2D plane that is oriented east-west 
or west-east, b) Arrow heads are used to encode sign so that an east-west oriented line 
segment can be specifically east to west or west to east. 

Line Integral Convolution, or LIC, proposed by Cabral [Cabral93], is a vector field 

visualization method that filters a band limited noise image "along local streamlines defined 

by an input vector field and generates an output image", see Figure 1-5. LIC encodes 

orientation, but the method fails to encode information about sign and it does not show 

relative magnitude let alone discrete magnitudes. Because LIC does not encode sign, the 

task of advection is not possible. In fact, the only task where LIC performs well is locating 

critical points precisely, but it is not possible to classify those critical points without sign 

and magnitude cues [Laidlaw05]. 

OLIC [Wegenkittl], for Oriented Line Integral Convolution, is a variation on LIC that 

uses lower frequency textures for convolution which results in a lower frequency (more 

sparse) image. OLIC encodes sign by fading the traces as they age, and encodes magnitude 

(speed) by varying the length of the pixel traces, however, OLIC does not encode magnitude 

in readable steps. 
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Figure 1-5: Line Integral Convolution. Critical points may be located with precision, but 
lack of direction and magnitude cues make accurate classification of the critical points 
impossible. 

Another method, referred to as LIT by Laidlaw [Laidlaw05], randomly seeds icons 

throughout the vector field, keeping only those seeds that result in some defined maximum 

front-to-back overlap and minimum side-to-side separation. The icons maintain a consis

tent base to height ratio of 1 : 4 but vary in size based on magnitude, with higher magni

tudes being represented by larger triangles. The resulting image shown in Figure 1-6 has 

the glyphs essentially arranged in lines, head-to-toe. This arrangement shows orientation 

and sign, suits advection, critical point location and critical point identification well, and 

shows patterns of relative magnitude, but does not allow discrete magnitude identification. 

Streamlines show orientation patterns and critical points well, and can show relative 

magnitudes by varying the width of the line, but they do not show discrete magnitudes 

and they do not show sign. However, unlike LIC, streamlines may be drawn sparsely 

enough to use for glyph placement, yet densely enough to preserve patterns. Stream

lines are well suited for showing vector field orientation [Jobard97, Laidlaw05, Turk96], 

and there are efficient algorithms that enable equally spaced streamlines to be constructed 
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Figure 1-6: LIT: randomly seeded, selectively kept triangles. Critical points may be located 
with precision, but lack of direction and magnitude cues make accurate classification of the 
critical points impossible. Image courtesy of David Laidlaw. 

[Jobard97, Lui06]. A number of authors have proposed that directional glyphs should 

be drawn head-to-toe, bent along the flow direction using streamlines to guide placement 

[Jobard97, Laidlaw05]. Pineo and Ware [PineolO] showed that this organization best stim

ulates contour detection mechanisms in the primary visual cortex and argued that this sup

ports both the task of streamline tracing and the judgment of wind orientation at an arbitrary 

point on a map. Figure 1-7 shows arrows drawn along evenly spaced streamlines according 

to Turk and Banks [Turk96]. If the arrows were to vary in width and height based on the 

flow magnitude similar to the streaklets proposed by Mitchell [Mitchell83] or the triangles 

in LIT [Laidlaw05], this visualization would capture the magnitude patterns in the flow, 

i.e. the faster areas of flow would appear denser, but there would be no indication of how 

quickly the flow is moving at any particular point. The addition of a key would not help 

because the human vision system judges relative size well, but not absolute size; i.e. we 

can judge an arrow to be smaller than, larger than, or the same size as its neighbor, but 

we can't accurately make the same judgment between two arrows in separate areas of the 
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flow. To support this last task, a glyph that encodes both direction and readable magnitude 

is needed. 

Figure 1-7: Arrows drawn along image guided streamlines. Patterns of orientation and sign 
as well as critical points can be seen. No representation of relative or discrete magnitude. 

Many attempts have been made to encode direction and magnitude simultaneously with 

glyphs. One approach is to color code the glyphs, but color schemes can only include about 

6 to 12 separable steps without incurring significant errors [Ware04], and those colors must 

be carefully chosen if color blind people are to be able to read the display. Color coding 

glyphs may also make them difficult to read due to simultaneous contrast if color is used for 

a background, or for the representation of another variable. The human visual system is not 

a light meter, and we do not perceive color absolutely, so the exact same color may appear 

brighter, darker, or of another hue depending on its proximity to another color [Ware04]. 

Several authors have proposed varying the height and/or the width of arrows according 

to magnitude [Laidlaw05, Sawant07]. That solution can be visually pleasing and shows 

patterns of relative magnitude well, since the pattern will be more dense in areas of higher 

I I I  I  n\ f /// 
< !  f  1 1 1  (  

Wmim 
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magnitudes. But, similar to the problem with color, we do not perceive absolute sizes well, 

rather we see relative sizes, i.e. we can not accurately match the size of an arrow with a key 

because two identical arrows may appear to be different sizes based on their surroundings 

[Ware04]. 

Streaklets have been shown to be superior to arrows in encoding direction [PineolO], 

and may be varied in size according to magnitude. The resulting displays show magnitude 

patterns very well, but the same problems of readable discrete magnitudes exist as with 

variable sized arrows. 

The wind barb [Wiki09], illustrated in Figure 1-8 is a common glyph used in weather 

visualizations for meteorologists. It was designed to show direction and magnitude at a 

discrete location indicated by its tip. The magnitude is encoded by elements located at 

the tail. The basic wind barb design has a shaft oriented in the wind direction and a set 

of bars and/or pennants to encode speed in 5 knot intervals. Each half bar encodes five 

knots and each full bar encodes 10 knots. The triangular pennant encodes 50 knots. The 

direction of the wind is from the tail (the part with the bar and pennants code) to the tip. 

The point of measurement for both magnitude and orientation is at the tip. The speed code 

is easy to read and to learn, and wind barbs are a standard feature of meteorological maps. 

However, wind barbs have several design features that interfere with the representation of 

wind direction and regional wind patterns. First, locating the weight of the wind barb at the 

back is opposite to the recommendations of Bertin [Bertin83] and Ware [Ware08] so the 

untrained observer might believe the wind to be headed 180deg from the true direction, or 

believe it functions like a weathervane that heads into the wind [Martin08], which it does 

not. Second, the bars and pennants create their own orientation pattern at approximately 

45 degree angles to the flow. Bars also introduce sharp changes in contour direction that 

break continuity and make it difficult to identify patterns such as wind fronts, or cyclones. 

Third, wind patterns curve continuously but because of its long straight shaft, only a very 
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small part of the wind barb contour is actually aligned with the wind direction. 

5 Knots 

"X 

1 

20 Knots 

50 Knots 

10 Knots 

IS Knots 

75 Knots © Calm 

Figure 1-8: The classic wind barb glyph commonly used in meteorological visualizations. 

Martin et al. [Martin08] showed that users tend to underestimate wind speeds and show 

a consistent counter-clockwise bias in estimating wind direction when using wind barbs 

(shown in Figure 1-8) arranged on a grid. This bias persisted even when the wind barbs 

were flipped along the shaft so that the coding elements at the tail pointed to the opposite 

side. 

We are left with a fundamental problem: there are glyphs that encode magnitude in 

discrete steps, but do not show direction and magnitude patterns well. There are methods 

such as variable sized arrows drawn along evenly spaced streamlines that show magnitude 

and directional patterns well, but do not encode magnitude in discrete steps. 

This thesis consists of two parts that examine several methods for representing flow data 

that combine the virtues of the wind barb in the representation of quantity with the virtues 

of flow visualization methods that better show sign, orientation, and magnitude patterns. 

Chapter two is the reproduction of a paper dealing with wind visualization that has been 

submitted to IEEE-TVCG for publication [Pilar 12]. The paper introduces three designs to 
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address the need for better pattern representation and readability: two adaptations of the 

wind barb, and a new design called the wind arrow. Chapter 3 applies the concepts from 

Chapter 2 to a new domain, water wave visualization, and uses orthogonal streamlines and 

orthogonally arranged glyphs to encode wave height and direction. Chapter 3 also explores 

an animated application for the wind glyphs from chapter 2 and introduces a new wave front 

animation as well. Chapter 3 forms the basis for a future paper on wave data visualization. 

Chapter 4 concludes the thesis. 



Chapter 2 

Building a Better Wind Barb1 

Most professional wind visualizations show wind speed and direction using a glyph called 

a wind barb. Research into flow visualization and glyph design has suggested better ways 

of visualizing flow patterns, but the application of such techniques has yet to make its 

way into the weather domain. We argue that these methods lack a key property-unlike the 

wind barb they do not accurately convey the wind speed. With the goal of improving the 

perception of wind patterns and at least equaling the quantitative quality of wind barbs, 

we designed two variations on the wind barb and designed a new quantitative glyph. All 

our new designs space glyph elements along equally spaced streamlines. To evaluate these 

designs we used a North American mesoscale forecast model. We tested the ability of 

subjects to determine direction and speed using two different densities each with three new 

designs as well as the classic wind barb. In addition subjects judged how effectively each of 

the designs represented wind patterns. The results showed that the new design is superior to 

the classic, but they also showed that the classic barb can be re-designed and substantially 

improved. 

2.1 Introduction 

MODERN weather visualizations normally indicate wind speed and direction using a glyph 

called a wind barb [Wiki09]. The basic wind barb design has a shaft oriented in the wind 

'This chapter is a reproduction of Pilar and Ware [Pilar 12] 

13 



14 

direction and a set of bars and/or pennants to encode speed in 5 knot intervals (Fig. 2-

1). Each half bar encodes five knots and each full bar encodes 10 knots. The triangular 

pennant encodes 50 knots. The direction of the wind is from the tail (the part with the 

bars and pennants codes) to the tip. In the weather displays (e.g. Fig. 2-2), wind barbs are 

either drawn on a regular grid or at the locations of wind measurement stations with the 

measurement location given by the position of the barb tip. 

O Calm 

5 knots 

—\ 

^ SO knots 

South east wind 
10 knots at 75 knots 

15 knots 

20 knots \ 
75 knots 

Figure 2-1: The wind barb glyph code used in meteorological maps 

The 5 knot code of the wind barb means that they can be read to an accuracy of +/- 2.5 

knots. The speed code is easy to read and to learn, and wind barbs are a standard feature of 

meteorological maps. However, wind barbs have several design features that interfere with 

the representation of wind direction and regional wind patterns. 

In the present paper we report on an effort to develop a method for representing wind 

data that combines the virtues of the wind barb in the representation of quantity with the 

virtues of flow visualization methods that better show overall wind patterns. 

We begin with an analysis of the strengths and weaknesses of different methods that 

have been developed to represent flow patterns in comparison with the wind barb. We 

organize our analysis around a breakdown of the components of a 2D vector. Vectors are 

usually defined in terms of two components: direction and magnitude. For the purposes of 

analyzing the effectiveness of flow visualization it is useful to break the concept down even 
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further, separating direction into two parts, orientation and sign [Ware08]. The orientation 

is simply the angle as expressed by a line segment, and the sign differentiates the two ends 

of that line segment. A streamline trace, for example, shows orientation at every point 

along its length, but no direction. Arrowheads are one method for encoding direction. 

2.1.1 Orientation 

With a wind barb the shaft orientation indicates wind orientation at the tip location. There 

are a number of perceptual problems with this. Firstly, untrained observers may judge 

wind orientation to occur in the middle of the barb, or at some other point, perhaps even 

the tail where the visual weight is greatest. Secondly, the bars and pennants create their 

own orientation pattern at approximately 45 degree angles to the flow. Bars also introduce 

sharp changes in contour direction that break continuity and make it difficult to identify 

patterns such as wind fronts or cyclones. Thirdly, wind patterns curve continuously but 

because of its long straight shaft, only a very small part of the wind barb contour is actually 

aligned with the wind direction. 

Streamlines are well suited for showing vector field orientation [Jobard97, Laidlaw05, 

Turk96] and there are efficient algorithms that enable equally spaced streamlines to be 

constructed [Jobard97, Lui06]. A number of authors have proposed that directional glyphs 

should be drawn head-to-toe, bent along the flow direction using streamlines to guide place

ment [Jobard97, Laidlaw05]. Pineo and Ware [PineolO] showed that this organization best 

stimulates contour detection mechanisms in the primary visual cortex and argued that this 

supports both the task of streamline tracing and the judgement of wind orientation at an 

arbitrary point on a map. 

In an evaluation of six flow visualizations Laidlaw et al. [Laidlaw05] found arrows 

drawn on a regular grid to be particularly poorly suited for judging advection pathways. 

Part of the problem is that the grid is itself a pattern that has no meaning with regard to 


