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ABSTRACT

Recreational boaters in the Pacific Northwest understand that there is uncertainty inherent in deterministic

forecasts as well as some of the factors that increase uncertainty. This was determined in an online survey of

166 boaters in the Puget Sound area. Understanding was probed using questions that asked respondents what

they expected to observe when given a deterministic forecast with a specified lead time, for a particular

weather parameter, during a particular time of year. It was also probed by asking respondents to estimate the

number of observations, out of 100 or out of 10, that they expected to fall within specified ranges around the

deterministic forecast. Almost all respondents anticipated some uncertainty in the deterministic forecast as

well as specific biases, most of which were born out by an analysis of local National Weather Service verifi-

cation data. Interestingly, uncertainty and biases were anticipated for categorical forecasts indicating a range

of values as well, suggesting that specifying numeric uncertainty would improve understanding. Furthermore,

respondents’ answers suggested that they expected a high rate of false alarms among warning and advisory

forecasts. Nonetheless, boaters indicated that they would take precautionary action in response to such

warnings, in proportions related to the size of boat they were operating. This suggests that uncertainty

forecasts would be useful to these experienced forecast consumers, allowing them to adapt the forecast to

their specific boating situation with greater confidence.

1. Introduction

Although all weather forecasts involve uncertainty,

many important weather-related decisions in diverse

domains such as agriculture, water and energy man-

agement, and boater safety are based on deterministic

forecasts. Nonetheless, there is evidence that many

people understand the uncertainty involved in weather

predictions and could make use of explicit uncertainty

forecasts (Morss et al. 2008; Lazo et al. 2009; Joslyn and

Savelli 2010).

For instance, a survey of over 1000 general weather

users from Washington and Oregon states (Joslyn and

Savelli 2010) demonstrated that everyday users under-

stood many of the factors that increase uncertainty, in-

cluding lead time and deviations from climatology.

Interestingly, their responses suggested that users re-

garded some forecasts as systematically biased, correctly

anticipating the high false alarm rate for wind and winter

storm warnings but incorrectly expecting single-value

extreme temperature forecasts to verify closer to normal

values. This same survey (Joslyn and Savelli 2010) also

revealed important psychological properties of uncer-

tainty understanding. For instance, some of the antici-

pated biases depended on how the question was asked.

Some biases were revealed in questions about individual

forecasts, but not when respondents were asked to gen-

eralize across forecasts. This may have been because re-

spondents were consciously aware of only some biases.

Generalizing across forecasts probably involved a de-

liberate assessment of the proportion of observations an-

ticipated above or below, requiring conscious awareness,

whereas evaluating a single weather event likely did not.

In addition, respondents anticipated greater uncertainty

when the forecast was used to make a decision, suggesting

that when one is contemplating a course of action,

a broader range of potential outcomes is considered.

The research reported here takes up where the pre-

vious research left off. It probes the understanding of

forecast uncertainty among those with a vested interest

in the weather. Many believe that, because of the chal-

lenging nature of uncertainty forecasts, the benefits
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would be realized mainly among high-stakes users. To

that end, the research reported here was based on

a survey of recreational boaters in the Pacific Northwest

of the United States, a sizable and important user group.

The 2009 U.S. Recreational Boat Registration Statistics

lists 450 367 boats registered in Washington and Oregon

states. Indeed, Seattle, Washington, has more pleasure

boats per capita than any other city in the United States

(Seattle Parks and Recreation 2011).

Recreational boaters constitute high-stakes end users

because weather has a huge impact on almost all aspects

of boating. It is crucial for safety as well as cruise planning

and navigation. The major body of water in this area,

Puget Sound, is known for its highly variable weather and

currents, making trip planning critical to boater safety.

In 2010, the U.S. Coast Guard (2010)1 reported 4730

boating accidents, which resulted in 736 fatalities.

Hazardous waters (91 deaths) and weather (74 deaths)

ranked second and third, respectively, as the primary

contributing cause of death after alcohol use (120 deaths)

in the recreational boating statistics of 2009.

Arguably, the weather parameter with the highest impact

on boating safety is wind. Thus, although other weather

parameters were tested as well, our focus was on wind

speeds, wind warnings, and wind advisories. Little or no

research of which we are aware investigates the attitudes of

high-stakes users, such as these, toward weather warnings.

Do they regard such forecasts as involving uncertainty? If

so, how does that impact their response to them?

There is, however, considerable research investigating

the response of general public end users to warnings for

high impact events, especially hurricanes. For most

warnings the compliance rate is less than desirable, often

around 50%. For instance, interviews of a sample of

respondents under mandatory evacuation for Andrew

and Hugo, both category-4 hurricanes, revealed that

only 42% of them evacuated their homes (Riad et al.

1999). For Hurricane Floyd, the evacuation rate among

those sampled was 64% (Dow and Cutter 2000). Higher

rates are sometimes noted. For Hurricane Ike, 75% of

those interviewed reported evacuating in response to a

dramatic warning stating that those who stayed faced

‘‘certain death’’ (Morss and Hayden 2010). In addition,

there was an unusually high compliance rate for Hurri-

cane Rita, experienced only one month after the widely

publicized devastation of Hurricane Katrina. Of those

polled, 90% reported that they evacuated (Zhang et al.

2007). However, these last two examples are exceptional.

Thus, many believe that including uncertainty estimates

in weather warnings would further reduce the compliance

rate, as the probabilities are often fairly low when evacu-

ation is required.

It is important to note, however, that although warn-

ings have an effect on evacuation decisions (Morss

and Hayden 2010; Baker 1995; Zhang et al. 2007), so

do many other factors such as vulnerability of family

members (Morss and Hayden 2010), individual house-

hold circumstances (Dow and Cutter 2000; Zhang et al.

2007), and trust in the forecast (Lazo et al. 2010). Many

believe that current evacuation decisions are especially

influenced by past experience with warnings that re-

sulted in false alarms, decreasing willingness to comply.

However, the evidence for this hypothesis is mixed.

Among studies that investigated false alarms directly,

there is some weak evidence to support the hypothesis

(Dow and Cutter 1998), although sometimes no effect

was observed (Burnside 2006). Other studies exploring

the effect of prior experience with warnings in general

sometimes found a positive relationship: those who

evacuated in the past were more likely to evacuate for

the current warning (e.g., Riad et al. 1999). However,

sometimes no relationship was observed between previous

and current evacuation decisions (Lazo et al. 2010).

Among the primary goals of the research presented

here was to explore the impact of prior experience with

critical forecasts on users’ understanding of the inherent

uncertainty as well as on their precautionary decisions.

However, our approach was different from that of the

research reviewed above. First, we sought a user group

with increased expertise to determine whether clearer

patterns would emerge. Because boating leads to con-

siderable practice in evaluating weather forecasts for the

purpose of making serious safety decisions, recreational

boaters were targeted. Secondly, we investigated decision

making as well as the parameter values that respondents

expected to observe. This allowed us to directly compare

expectations and decisions to determine the level of

consistency in boaters’ decisions. In particular, boaters

may correctly anticipate the high false alarm rate of

warning forecasts and choose to ignore them in some

cases. Experienced boaters may believe that such fore-

casts are not tailored to their specific situations and

attempt to ‘‘second guess’’ the warning, thinking, for

instance, that it applies to others who are in a more

vulnerable situation. Such reasoning may serve to jus-

tify less cautious decisions, especially if the forecast is

regarded as a potential false alarm.

The questionnaire used to explore these issues tar-

geted weather warnings as well as everyday weather

forecasts and included two different kinds of questions.

One kind of question asked about individual forecasts

1 These figures include all states, the District of Columbia,

Puerto Rico, Guam, the Virgin Islands, American Samoa, and the

Commonwealth of the Northern Mariana Islands.
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(single-forecast questions) and the other required

generalizations across multiple forecasts (multi-forecast

questions). The questions targeted weather parameters

known to be relevant to decisions regarding trip plan-

ning and boat protection, including nighttime low tem-

perature, wind speed, and precipitation. When asking

about single forecasts, we specified 1-day or 3-day forecast

lead times and, in most cases, a related decision.

Although some of the questions were identical to

those tested in our own previous study (Joslyn and

Savelli 2010) to allow for a comparison between them,

the boater questionnaire emphasized wind speed forecasts

that are particularly relevant for boaters, including the

standard marine advisories and warnings for small craft

advisories (sustained winds of 21 to 33 kt, potentially in

combination with wave heights exceeding 10 feet or

wave steepness values exceeding local thresholds), gale

warnings (winds ranging from 34 to 47 kt are forecast for

the area), and storm warnings (winds ranging from 48 kt

or higher are forecast for the area) (NOAA 2007). Al-

though these usually include some information about

wave height, we focused here on the wind element for

the sake of simplicity. Notice that although marine ad-

visories and warnings are defined as ranges of wind

speeds, they do not include specific uncertainty estimates.

Many of the questions about warnings and advisories also

described specific locations to determine whether boaters

regarded the forecasts for some locations as more reli-

able. We targeted three main geographic areas (Fig. 1)

that are referred to in standard marine forecasts:

1) Admiralty Inlet,

2) Northern inland waters including San Juan Island,

and

3) Puget Sound and Hood Canal.

Thus, the research reported here sought to answer two

main questions about these high-stakes forecast consum-

ers: 1) How well do they understand the uncertainty in-

herent in weather forecasts and 2) how does perceived

forecast uncertainty impact their decision making? In the

following sections we will explain the methodology, de-

scribe boaters’ responses, and evaluate their implications.

Finally, we will discuss recommendations for providing

uncertainty forecasts to end users with a vested interest in

weather forecasts.

2. Method

a. Respondents

Sixty-six respondents were recruited through the

University of Washington Boater Information System

(http://bis.apl.washington.edu) Web site from June 2009

to November 2009 and an additional 120 respondents

were recruited through a Seattle-area weather blog

(www.cliffmass.blogspot.com) in July 2010 for a total of

186 respondents. Of those, a total of 166 boaters com-

pleted the questionnaire with valid responses and in-

dicated that they were indeed boat owners. Eighty-five

percent of respondents were male. Twenty-three per-

cent were between the ages of 18 and 40, 48% were

between the ages of 41 and 60, and 29% were 61 yr of age

or older. Compared with the respondents of previous

studies (e.g., Joslyn and Savelli 2010) and the general

population of Washington State, there were more male

respondents and more of them were over the age of 61.

However, this is similar to the general boater population

in Washington State, which is predominantly male (66%)

and older (M 5 50.6 yr) (Responsive Management 2007).

b. Boat categories

The boats owned by respondents were classified in

terms of their vulnerability to high winds. They were

assigned to one of five categories shown in Table 1.

Those respondents who provided a description for more

than one boat were categorized according to the boat

that fell into the category least susceptible to high winds.

The majority (67%) of respondents described their boat

as being a category 3, ‘‘slightly vulnerable to high winds,’’

or higher (i.e., less vulnerable).

c. Questionnaire

There were 35 total questions (see the appendix). They

asked about nighttime low temperature; wind speed,

which was expressed as categories indicating ranges as

described above; and precipitation, which was a binary

forecast. The parameter values were selected to be rep-

resentative of the local climate and to be relevant to de-

cisions made by boat owners in the Pacific Northwest.2

Precipitation is the one parameter for which uncertainty

forecasts are commonly available, although the expres-

sions vary widely in public forecasts. Because of the va-

riety of ways in which it is expressed, and because the

focus here was on boaters’ understanding of determinis-

tic forecasts, precipitation forecasts were simplified to

‘‘rain’’ or ‘‘no rain.’’ While this approach might be in-

adequate to evaluate people’s understanding of forecast

wording (e.g., showers likely) it provided information

about boaters’ general expectations in a manner compa-

rable to the other parameters tested here.

2 Some questions were based upon those used in Joslyn and

Savelli (2010) and others were developed using input from subject

matter experts.
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There were two kinds of questions designed to probe

uncertainty expectations, 18 asking about specific fore-

casts (single-forecast questions; questions 1–6 in the

appendix) and 15 asking respondents to generalize over

a group of forecasts (multi-forecast questions; questions

8–11 in the appendix). The single-forecast questions

specified a day and a month of the year as well as the

parameter value and asked respondents to indicate what

they expected to observe and what they would ‘‘not be

surprised’’ to observe. Indicating a range of values in

answer to these questions implied that the respondent

expected uncertainty in the forecast. Each single-

forecast question was asked twice, once with a 1-day

and once with a 3-day lead time.

To determine how uncertainty expectations impacted

decision making, most of the specific questions also in-

cluded a binary decision (appendix). We created eight

realistic scenarios, with the help of several subject mat-

ter experts, all of which involved a decision. While the

consequences varied, each case required some form of

precautionary action according to our subject matter

experts. Each scenario involved either a typical boat

protection task or trip planning decision (appendix

questions 2–6). The boat protection questions included

pumping out water lines to prevent freeze damage,

covering the boat to prevent water damage, and securing

the boat to prevent wind damage. The trip planning

scenarios involved small craft advisories. Each trip

planning scenario described a specific route involving

one of three of the geographic areas for which standard

marine forecasts are provided (appendix question 4).

Each scenario also included a specific motivation (e.g.,

meet former classmates not seen in many years). Then,

boaters were asked if they would alter their plans based

on the advisory.

To probe uncertainty expectations another way, re-

spondents were asked to indicate the number of days,

out of either 10 or 100, that they expected the observation

to fall within specified ranges above and below the de-

terministic forecast (multiforecast questions; appendix

FIG. 1. Map of the three main areas targeted in the survey.
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questions 8–11). The same three parameters—nighttime

low temperature, wind speed, and precipitation—were

tested. A reference class of 100 was used for questions

about common forecasts, a number which participants

could reasonably be expected to have experienced on

previous occasions. A reference class of 10 was used for

warning and precipitation forecasts, which are experi-

enced less often. In addition to asking respondents to

consider multiple forecasts, both contextual information

and specific forecast values were absent from multi-

forecast questions. Finally, in order to determine the

probability threshold at which respondents would alter

their plans, there were two questions in which they were

asked to indicate the percent chance at which they

would begin to take precautionary action given extreme

wind speed and precipitation forecasts (appendix ques-

tion 7) and what precautionary action they would take.

Each boater responded to a subset of the total ques-

tions, including at least one question for each parameter,

several multiforecast questions, and an equal number of

single-forecast questions with 1-day and 3-day lead time.

However, no respondent saw the same basic question

twice (e.g., 1- and 3-day lead time for the same forecast).

There were four unique versions of the questionnaire,

each with a different subset of questions. Each version

included between 14 and 16 questions. The order in

which the forecast parameters were mentioned was the

same for all versions. In addition, the multiforecast ques-

tions and the questions asking respondents to indicate

a probability threshold were asked last to avoid any in-

fluence on answers to previous questions. On average, it

took respondents approximately 23 min (SD ’ 17 min) to

complete the questionnaire.

d. Procedure

The link to the questionnaire explained that it was

designed to investigate ‘‘how boat owners interpret

weather forecasts.’’ Respondents were informed that

they must be boat owners, 18 years of age or older, and

that the information collected would remain anony-

mous. Consenting respondents were asked to provide

a description of the size and kind of boat they owned,

where they obtained weather information, their age, and

their gender. The questions and the forecast to which

they referred were presented individually on a computer

screen. Boaters responded to each question and then

clicked a ‘‘continue’’ button in the bottom right-hand

corner of the screen to advance to the next question.

Respondents were not able to go back and change their

answers to previous questions. For most questions, a

single response was required. There were also some

questions that were used to gather more detailed expla-

nations that allowed free format text responses.

3. Results

a. Single-forecast question

First, we examined the values that respondents in-

dicated they would ‘‘not be surprised’’ to observe for

nighttime low temperature. Only 3 of the 166 respon-

dents (2%) entered the same temperature for both the

‘‘as high as’’ and ‘‘as low as’’ questions, suggesting that

they had no uncertainty expectations. The vast majority

of respondents anticipated a range of values, suggesting

that they regarded the forecast as uncertain. The range

was calculated by subtracting the temperature provided

in answer to the ‘‘as low as’’ question from the temper-

ature provided in answer to the ‘‘as high as’’ question to

arrive at an expectation range for each respondent. The

mean expectation range for the 328F forecast, averaged

across lead times, was 10.088F (SD 5 5.66). The mean

expectation range for the 298F forecast, averaged across

lead times, was 8.708F (SD 5 5.91).

For the categorical wind speed forecasts we compared

respondents’ ‘‘as high as’’ and ‘‘as low as’’ estimates to

the values indicated in the forecast definition. Only 1.2%

of respondents who answered the small craft advisory

questions expected the exact range indicated by the def-

inition (i.e., 21–33 kt). Only 6.8% of respondents who

answered the gale warning questions expected the exact

range indicated by the definition (i.e., 34–47 kt).

Then, respondents’ expectation ranges were calcu-

lated for each of the categorical wind speed forecasts by

TABLE 1. Number of respondents by boat category and boat

category descriptions.

Category

Category

definition

No. of

respondents

Boat

descriptions

1 Extremely vulnerable

to high winds

32 169 or less power

boats

All sized paddle

boats

189 or less sail

boats

2 Very vulnerable to

high winds

22 179 to 249 power

boats

199 to 229 sail boats

3 Slightly vulnerable

to high winds

43 259 to 319 power

boats

239 to 309 sail boats

4 Tolerant of high

winds

60 329 to 479 power

boats

319 to 429 sail boats

5 Stable in high winds 9 489 to 659 power

boats

439 to 659 sail boats
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subtracting respondents answers to the ‘‘as high as’’

question from their answers to the ‘‘as low as’’ question

and averaging across respondents, lead times, and geo-

graphic locations (Figs. 2a,b). On average respondents

expected significantly wider ranges than were indicated

by the definition they were given. For the small craft

advisory, defined as a 12-kt range, respondents expected

a mean range of 18.16 kt (SD 5 7.06), t(73) 5 6.55,

p , 0.001. For the gale warning, a 13-kt range, respon-

dents expected a mean range of 20.49 kt (SD 5 9.84),

t(165) 5 11.25, p , 0.001. The storm warning forecast

was defined as sustained winds greater than 47 kt so

there was no upper bound given. For this forecast, re-

spondents expected the widest range of values (M 5

42.89 kt, SD 5 8.14 kt). Thus, on average, respondents

expected both different boundary values and wider

ranges than were specified in the definition for the cate-

gorical wind speed forecasts.

Although respondents anticipated a wider range of

values for the 3-day as compared to the 1-day lead time

for every forecast except for the November 298F night-

time low temperature forecast, none of the lead-time

comparisons reached statistical significance. This was

probably because of the relatively small sample size

answering each lead-time question. These sample sizes

were theoretically capable of detecting only large effect

sizes (Cohen’s d , 0.82), whereas the lead-time effect

size observed in the previous study (Joslyn and Savelli

2010) was small (Cohen’s d 5 0.14).

1) BIASES

Perhaps the most interesting result was the fact that

respondents expected systematic biases in several fore-

cast parameters. For the most part, boaters, like general

public end users (Joslyn and Savelli 2010), thought the

nighttime low temperature forecasts were too low. This

FIG. 2. (a) Mean expectation range for gale and storm warnings (no locations specified). All four biases shown here

were significant at the Bonferroni corrected value of p , 0.0125. Error bars show one standard error above and below

the mean. (b) Mean expectation range for small craft advisories for the San Juan Islands and Admiralty Inlet. None of

the biases shown here are significant at the Bonferroni corrected value of p , 0.0125. Error bars show one standard

error above and below the mean.
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was revealed in the fact that for three of the four night-

time low temperature forecasts (Table 2), the difference

between the deterministic forecast and the mean tem-

perature that would not surprise respondents on the high

end (‘‘as high as’’ question) was significantly greater than

the difference between the deterministic forecast and the

mean temperature that would not surprise respondents

on the low end (‘‘as low as’’). This suggests that respon-

dents thought the nighttime low temperature forecast was

more likely to verify higher (i.e., it had a low bias). Indeed,

the nighttime low temperature forecasts for the Pacific

Northwest of the United States have a slight low bias of

about half a degree Fahrenheit (Baars and Mass 2005).

In addition, respondents regarded all of the wind

warnings as too high. In fact, the more extreme the

warning, the greater was the anticipated bias. This was

revealed by the fact that the mean unsurprising wind

speed on the low end was much lower than the minimum

wind speed indicated in the definition for the warning.

On the other hand, the mean unsurprising wind speed on

the high end was either lower or only slightly higher than

the maximum wind speed in the definition (Figs. 2a,b).

For storm and gale warnings (Fig. 2a), this asymmetry in

respondents’ expectations was statistically significant for

every question. This suggests that respondents regarded

such warnings as being prone to false alarms. Although

there are no records on the verification of small craft

advisories in the Pacific Northwest, there are verification

records for gale and storm warnings. According to the

Weather Forecasting Office in Seattle, between 1998

and 2010 the false alarm rate (26%) was greater than the

rate of misses (16%), suggesting that boaters correctly

identified an overforecasting bias.

By contrast, precipitation, presented here as a binary

forecast, was regarded as fairly accurate and unbiased.

Summarized over the 1- and 3-day lead times, 88% of the

respondents expected a rain forecast to verify and 78% of

respondents expected a no rain forecast to verify, a dif-

ference that was not statistically significant, Exp(B) 5

2.03, p 5 0.10. For precipitation forecasts, respondents

expected significantly more uncertainty at the longer lead

times (Fig. 3). A logistic regression analysis revealed that

they were more than 10 times more likely to think that

a next day forecast for rain would verify as compared to

a forecast for rain 3 days in the future, Exp(B) 5 10.25,

p 5 0.03. Likewise, for a no rain forecast, respondents

were 3 times more likely to think the next day forecast

would verify as compared to a 3-day lead-time forecast;

however, this difference was only marginally significant,

Exp(B) 5 3.21, p 5 0.07. Indeed, next-day precipitation

forecasts tend to be quite accurate and the error at longer

lead times tends to be unbiased (Baars and Mass 2005).

2) DECISIONS

The above analyses suggest that respondents antici-

pated uncertainty in all of the forecasts tested. Re-

spondent understanding of the uncertainty inherent in

deterministic forecasts was also reflected in the decisions

they made based upon the forecasts. Because the ma-

jority of the decisions were only relevant to owners with

boats in category 2 or higher, the 32 participants who

indicated that they owned the smaller category-1 boats

were not included in these analyses. Recall that all de-

cisions were embedded in scenarios for which subject

matter experts had determined that precautionary action

TABLE 2. Asymmetry in range of values above (as high as) compared to below (as low as).

Parameter

No. of

respondents

As high as

diff. (SD)

As low as

diff. (SD) t-stat Sig. (two-tailed) Bias?

December 328F

1-day low no decision goal

42 4.98 (2.83) 24.98 (5.55) 0.00 1.000 No

December 328F

3-day low no decision goal

50 6.30 (3.22) 23.88 (2.83) 4.17 ,.001* Yes, low bias

November 298F

1-day low decision goal

40 5.68 (4.67) 23.25 (3.98) 3.32 0.002* Yes, low bias

November 298F

3-day low decision goal

34 5.47 (2.61) 22.97 (2.80) 4.29 ,.001* Yes, low bias

* Significant at the Bonferroni corrected value of p , 0.0125.

FIG. 3. Percent of boaters who would alter their plans given a high

wind speed forecast by boat category.
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was warranted for most boaters. Nonetheless, the percent

of respondents choosing to take precautionary action

ranged from 23% to 93% across questions, suggesting

that respondents regarded the forecasts as containing

some uncertainty.

We conducted a consistency analysis, categorizing re-

spondents as consistent either when the value they ex-

pected to observe exceeded the nominal threshold for

precautionary action and they decided to take precau-

tionary action (e.g., thought wind speeds would reach at

least the lower bound of the advisory definition and

cancelled trip) or when the value they expected to ob-

serve was below the threshold and they decided against

precautionary action (e.g., thought wind speeds would

be less than the lower bound of the advisory definition

and pursued trip). Summarized over all scenarios, re-

spondents tended to be consistent (60%). In addition, the

majority decided to take precautionary action or cancel

trip plans (75%). Most of those (69%) did so because they

thought that the threshold for action would be exceeded.

This level of consistency was true of all decisions except

preparation for the storm warning, for which most boaters

expected much slower wind speeds. The vast majority of

respondents who indicated that they would take pre-

cautionary action for the storm warning (92%) were doing

so even though the wind speed they expected to observe

was less than the lower boundary of the warning defini-

tion, suggesting that they decided to err on the side of

caution. Summarized over all of the scenarios, a smaller

proportion of respondents indicated that they would not

take precautionary action (25%), and only a third of

those were consistent (32%), suggesting that when they

decided against cautiousness it was not because of the

weather parameter per se but for other reasons.

There was evidence, for instance, that the severity of

the consequences may have been a factor in decision

making. In general more boaters indicated they would

take precautionary action when consequences were

more serious. For boat protection decisions averaged

over lead times, the smallest proportion said they would

drain the water to prevent freeze damage (M 5 49%),

followed by covering the boat to prevent water damage

(M 5 63%). The greatest percentage, 86%, said they

would protect against the more serious potential dam-

age from wind when gale or storm warnings were fore-

casted. As noted above, this is interesting because the

storm and gale warnings were the forecasts for which

boaters indicated that they expected the greatest amount

of uncertainty, as well as the greatest amount of bias. In

general, respondents would not be surprised if the winds

were much less strong than what was forecasted. None-

theless, the vast majority chose to take precautionary

action.

Slightly smaller proportions, approximately 79%,

averaged over lead times and locations, would alter

their trip plans and stay in port in the face of a small

craft advisory. However, this appeared to be related

to the vulnerability of the boat they were operating.

The vast majority of respondents with ‘‘slightly vul-

nerable’’ boats indicated that they would cancel their

plans (86%). They were more than 3 times, Exp(B) 5

3.32, p 5 0.020, as likely to indicate that they would

alter their plans than were respondents with boats in

the ‘‘tolerant’’ category (65%) and almost 5 times as

likely, Exp(B) 5 4.93, p 5 0.047, to indicate they

would alter their plans as were respondents with

‘‘stable’’ boats. Just over half of those with stable

boats (56%) would cancel their plans and stay in port

given a small craft advisory; however, this proportion

was not significantly different from the proportion of

respondents with tolerant boats (65%), Exp(B) 5 1.49,

p 5 0.584.

In general, boaters made precautionary decisions more

often in response to a forecast with a 1-day as compared

to a 3-day lead time, suggesting that respondents were

sensitive to the increase in uncertainty that accompanies

longer lead times; however, these differences did not

reach significance (Table 3). Contrary to our expec-

tations, the decision about pumping the water out of a

boat had the opposite pattern. Boaters were more than 7

times more likely to pump the water out of the boat in

response to a forecast with a 3-day lead time compared

to a forecast with a 1-day lead time, Exp(B) 5 7.59, p ,

0.001. The explanations that respondents gave suggested

that some of them had inferred abnormally low tem-

peratures during the intervening days so that low tem-

peratures would be observed for a longer time period,

increasing the chance for damage.

b. Multiforecast question

Respondents’ understanding of forecast uncertainty

was also revealed in the multiforecast questions. Recall

that respondents were asked to indicate the percentage

of forecasts expected to verify within specific ranges

above and below the deterministic forecast (appendix

questions 8–11). For the most part, the uncertainty ex-

pectations revealed by these questions, confirmed those

revealed in the single-forecast questions.

For nighttime low temperature, significantly more ob-

servations were anticipated above the forecast value

(M 5 34%, SD 5 15%) than below it [(M 5 29%, SD 5

13%), t(165)5 4.00, p , 0.001], again suggesting that

respondents expected a low bias for nighttime low tem-

peratures. Similarly, significantly more slower (M 5 36%,

SD 5 17%) as compared to faster [(M 5 26%, SD 5

14%), t(165) 5 26.00, p , 0.001] observed wind speeds
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were anticipated, suggesting that respondents antici-

pated a high bias in wind speed forecasts (Fig. 4).

Categorical wind warnings (small craft advisory, gale

warning, storm warning) elicited the same anticipated

high bias. On average respondents expected observed

wind speeds to fall below the defined range on 3 out of 10

days, whereas they expected observed wind speeds to be

above the defined range on fewer than 2 out of 10 days

(Fig. 5). This anticipated high bias was significant for the

small craft advisory, t(71) 5 6.74, p , 0.001, the gale

warning, t(113) 5 5.94, p , 0.001), and the storm warning,

t(101) 5 7.14, p , 0.001.

Boaters expected precipitation forecasts to verify about

70% of the time for both rain and no rain (Fig. 6). Notice

that this is lower than the percentage of respondents who

expected precipitation forecasts to verify in the specific

questions above (98% for rain forecasts and 89% for no

rain forecasts), perhaps because no month was identified in

the general questions.

These results demonstrate that respondents antici-

pated uncertainty in all of the deterministic forecasts

tested here regardless of how the question is asked,

suggesting that boaters are psychologically prepared to

understand uncertainty forecasts. To explore the po-

tential need for uncertainty information among boaters,

a final question was asked about the probability thresh-

olds at which they would take precautionary action. Two

weather events were tested: extreme rain and high winds.

Notice in Table 4 that boaters had a wide range of

thresholds at which they would take action. For neither

forecast do more than 22% of boaters have the same

threshold. It is clear from these data that boaters would

benefit from having explicit uncertainty information to

accommodate these individualized thresholds.

The threshold questions had also been asked of gen-

eral public end users (Joslyn and Savelli 2010). Com-

paring the two groups, it appears that boaters were more

cautious than general users for similar forecasts, as more

of them had lower probability thresholds for taking ac-

tion. Between 0% and 50% probability of extreme wind

speeds, only 38% of the general users would take action

compared to 71% of boaters. Similarly, between 0% and

50% probability of extreme amounts of rain, only 29%

of general users would take action compared to 59% of

boaters. There are a number of potential explanations

FIG. 4. Mean number of days out of 100 that respondents in-

dicated the wind speed forecast would verify. Error bars show one

standard error above and below the mean.

FIG. 5. Mean number of days out of 10 that respondents indicated

the wind speed warnings would verify. Error bars show one stan-

dard error above and below the means.

TABLE 3. Percent of respondents who would ‘‘take action’’ given a particular forecast and the chance (in odds) of taking action for 1- vs

3-day lead times.

Decision Weather forecast N 1-day 3-day Exp(B) df Sig. (two-tailed)

Protecting boat

‘‘Pump water out of boat’’ November 298F 61 23% 69% 7.594 1 0.001**

‘‘Put on protective covering’’ June heavy rains 134 63% 62% 1.048 1 0.897

‘‘Check to make sure boat

is secure’’

October gale warning (33 to 47 kt) 61 89% 80% 1.917 1 0.383

‘‘Check to make sure boat

is secure’’

October storm warning (48 kt or above) 73 93% 91% 1.310 1 0.751

Trip planning

‘‘Alter your plans’’ October small craft advisory collapsed

across Admiralty Inlet and San Juans

134 82% 72% 1.81 1 0.154

* Significant at p , 0.05, ** Significant at p , 0.001.
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for this difference including experience and age as well

as the kinds of choices involved, which may be more

serious for boaters than everyday users. Most of the

precautionary actions listed by boaters for wind (70%)

and many of those for rain (28%) were in some way

related to boating. However, general users listed a wide

variety of actions.

4. Conclusions

These results suggest that boaters, like general public

end users, recognized that many kinds of deterministic

forecasts involve uncertainty. Moreover, these high-

stakes forecast consumers demonstrated remarkably

sophisticated understanding of both forecast uncertainty

and forecast bias. Boaters expected wind speed warnings

to verify lower, nighttime low temperatures to verify

higher, and no bias for precipitation forecasts, all of which

correspond with actual verification data for the region.

Boaters’ experience with weather and their reliance on

weather forecasts to make safety decisions may well have

provided them with a highly developed understanding

of these issues, thereby improving the accuracy of their

predictions.

Boaters’ awareness of the high false alarm rate for

gale and storm warnings is particularly interesting as it

sheds light on a critical issue concerning severe weather

forecasts in general. Some have argued against including

uncertainty estimates in forecasts for severe events be-

cause acknowledging uncertainty may reduce willing-

ness to take precautionary action. These data suggest

the opposite. The boaters queried here were well aware

of the tendency for wind warnings to result in false

alarms, as reflected in their answers to both the specific

and the general questions. Nonetheless, they reported

being quite willing to take precautionary action based

on such forecasts, at a rate in some cases of almost 90%.

In other words, boaters already know that the actual

likelihood of observing high winds is much less than

what is implied by the forecast, but they choose to take

action anyway. Although responses to the hypothetical

scenarios tested here may differ from decisions taken in

real-world situations (Teper et al. 2011), one would ex-

pect the latter to be more rather than less cautious in

most cases.

Thus, it appears that boaters were using an economi-

cally rational approach to making decisions, taking into

account anticipated forecast uncertainty as well the se-

verity of the outcome. When the potential loss is great,

the expected loss, the loss weighted by the probability

(Bernoulli 1954), outweighs the cost of precautionary

action even when the probability is low. This approach

was evidenced in the boat protection scenarios, for which

boaters decided to take action most often in response

to the severe potential consequences of gale and storm

warnings, despite the fact that these were the forecasts for

which they expected the most uncertainty. A rational

approach was also evidenced in the trip planning deci-

sions in which operators of vulnerable boats were sig-

nificantly more likely to cancel the trip than were those

with less vulnerable boats, despite expecting a high false

alarm rate. This suggests that boaters’ motivation to

make good decisions combined with their considerable

direct experience of weather (Shanteau 1992), has al-

lowed them to develop a sophisticated approach to both

uncertainty assessment and weather-related decision

making.

This level of sophistication among boaters was also

evident in the comparison between question types. Un-

like general public end users (Joslyn and Savelli 2010),

boaters’ answers to multiforecast questions were similar

in most respects to their answers to single-forecast ques-

tions. In both question types, respondents correctly iden-

tified the low bias for nighttime low temperatures, the

high bias for wind speeds, and the lack of bias in pre-

cipitation forecasts. Thus, boaters did not show the dis-

sociation between questions types observed among

FIG. 6. Mean number of days out of 10 that respondents indicated

the rain forecast (expressed would verify. Error bars show one

standard error above and below the means.

TABLE 4. Percent of respondents taking precautionary action at specific probability thresholds.

Weather event 0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

48-kt winds 1% 8% 13% 17% 10% 22% 11% 12% 7% 1% 1%

Extreme amounts of rain 3% 5% 7% 15% 8% 21% 7% 16% 7% 3% 10%
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general users in which biases were mainly observed in the

single-forecast questions (Joslyn and Savelli 2010). This

suggests that boaters, unlike general users, were con-

sciously aware of their bias expectations and reported

them even when engaging in the deliberate calculation

that was required for the multiforecast questions.

However, there were also some differences in responses

that appeared to be due to question type. In the single-

forecast questions the anticipated bias for wind warnings

appeared to be exaggerated. For both storm and gale

warnings, even the highest wind speed anticipated by

respondents was below the upper limit of the defined

range. For small craft advisories expectations were only

a few knots above the range, but many knots below it.

On the other hand, the expected wind speeds reflected in

the multiforecast questions for wind warnings were

much higher overall, overlapping completely with the

defined range, although they extended much farther

below it than above. For precipitation, more uncertainty

was anticipated in response to the multiforecast as

compared to the single-forecast questions. Responses to

multiforecast questions indicated that boaters expected

only 70% of rain forecasts to verify whereas almost 90%

of respondents indicated that the single-forecast for rain

would verify. Thus, for both of these parameters the

extreme expectations, extreme bias in one case and high

accuracy in the other, elicited in the single-forecast

questions seem to have been attenuated in the multi-

forecast questions. This could be due either to a rudi-

mentary understanding of the principles of regression to

the mean, or to the lack of specific details (e.g., season)

in the multiforecast questions.

Finally these results suggest that well-calibrated un-

certainty forecasts would be useful to boaters. Boaters

expressed a wide range of threshold probabilities at

which they would take precautionary action. Specific

uncertainty estimates would allow them to easily tailor

the forecast to their own needs. For boaters, like general

public end users, part of the variation in probability

thresholds is likely due to differences in personal toler-

ance for risk. However, part of it is due to the boats that

they operate, which differ a great deal in their vulnera-

bility to weather, making uncertainty forecasts particu-

larly useful for this special interest group. Interestingly,

boaters indicated willingness to take precautionary ac-

tion at fairly low probability levels, perhaps because of

the safety-related consequences to the decision that they

made.

In addition, forecasts with specific uncertainty esti-

mates might help narrow boaters’ expectations. Although

they anticipated uncertainty with deterministic forecasts,

boaters’ expectation ranges were quite wide. This was

especially true of wind warnings. Despite the fact that the

forecasts indicated a range of values, boaters’ expecta-

tions consistently exceeded the range of values given, and

sometimes barely overlapped with them. This suggests

that providing range forecasts alone, without specifying

the uncertainty, does not satisfy users’ needs for uncer-

tainty information. Perhaps uncertainty estimates, in

the form of 80% predictive intervals could narrow and

focus expectations, providing more precise and useful

information for decision making. This might allow users

to adapt the forecast to their specific boating situation

with greater confidence.
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APPENDIX

Survey Questions

1. On a day [a Wednesday] in December, you notice

that the predicted nighttime low temperature for the

next night is 328F.

1a. What do you think the nighttime low temperature

will be on the next [Saturday] night? ______ 8F.

1b. I would not be surprised if the nighttime low

temperature on the next [Saturday] night was as

high as ______ 8F.

1c. I would not be surprised if the nighttime low tem-

perature on the next [Saturday] night was as low as

______ 8F.

2. Assume that you usually pump out all of the water

on your boat (i.e., the head, water lines, etc.) when

temperatures are predicted to fall below freezing.

Imagine that it is [a Wednesday in] November and

you notice that the predicted nighttime low temper-

ature for the next [Saturday] night is 298F.

Would you pump the water out of your boat before

the next [Saturday] night? (Check one) Yes___ No___

Why?

Questions 1a, 1b, and 1c are repeated for this

question.

3. Imagine that it is [a Wednesday in] October and you

notice that a gale warning (34–47 kt) [storm warning

(sustained winds greater than 47 kt)] is posted for

your area for the next day [Saturday].

3a. Would you check to make sure your boat was

secure? (Check one) Yes___ No___

3b. What do you think the maximum sustained wind

speed will be the next day [Saturday]? ____ knots.

3c. I would not be surprised if the maximum sustained

wind speed was as high as ___ knots.
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3d. I would not be surprised if the maximum sustained

wind speed was as low as ___ knots.

4. Imagine that it is [a Wednesday in] October and you

plan to leave on your boat the next day [on

Saturday] to go from Shilshole Bay Marina to San

Juan Island [though Puget Sound to Port Townsend]

for a long weekend. You will meet former class-

mates that you and your crew have not seen in many

years. This trip has been planned for a year. You

check the weather forecast and notice that a small

craft advisory (sustained winds of 21–33 kt) is

posted for the northern inland waters, including

the San Juan Islands, for the next day [Saturday].

Would you alter your plans? (Check one) Yes___

No___

Questions 3b, 3c, and 3d are repeated for this

question.

5. Imagine that it is [a Wednesday in] June and you

have left your boat at a marina 20 min away without

rain protection. You notice that heavy rain is pre-

dicted for the next day [Saturday] in that area.

Would you return to your boat to put on protective

covering? (Check one) Yes____ No____

6. On a day [Wednesday] in October, you notice that

rain [NO rain] is predicted for the next day [Saturday

that week].

Do you think it will rain the next day [Saturday that

week]? (Check one) Yes____ No____

Why or why not?

7. If you knew that 48-kt sustained winds [extreme

amounts of rain] were predicted (possible power

outages, downed trees, bridge closures, etc.), what

would you do to prepare if you had this information

in advance?

For which of the following forecasts would you

begin preparation (select one): 10%, 20%, 30%,

40%, 50%, 60%, 70%, 80%, 90%, or 100% chance

of 48-kt sustained winds?

8. Assume that every day you look at the nighttime low

temperature forecast for the next night [for the

Puget Sound area]/[for the San Juan Island area]/

[Admiralty Inlet]. Out of 100 consecutive nighttime

low temperature forecasts (make sure your answers

to the following sum to 100). . .

How many times do you think the actual nighttime

low temperature will be what was predicted___, 1–2

degrees higher___, 1–2 degrees lower___, 3–4 de-

grees higher___, 3–4 degrees lower___, 5 or more

degrees higher___, 5 or more degrees lower___?

9. Out of 10 consecutive small craft advisories (sustained

winds of 21–33 kt)/[gale warnings (sustained winds of

34–47 kt]/[storm warnings (wind speeds greater than

47 kt)] made for Puget Sound and Hood Canal

[Admiralty Inlet]/[the northern inland waters includ-

ing the San Juan Islands] (your answers should sum to

10). . .

How many of them do you think will be correct

(observed sustained wind speed of 21–33 kt) ___,

slower than predicted ___, faster than predicted?

10. Assume that every day in the spring, you look at the

precipitation forecast for the next day. Out of 10

forecasts for NO rain (make sure your answers to

the following sum to 10) . . .

How many of them do you think will be correct (NO

rain when NO rain is predicted) ___

How many of them do you think will be wrong (rain

when NO rain has been predicted)? ___

11. Assume that every day in the spring, you look at the

precipitation forecast for the next day. Out of 10

forecasts for RAIN (make sure your answers to the

following sum to 10) . . .

How many of them do you think will be correct (rain

when rain is predicted) ___

How many of them do you think will be wrong (NO

rain when rain has been predicted)? ___
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