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ABSTRACT: This quantitative study evaluates how 71 Spanish undergraduate students perceive and interpret the un-
certainty inherent to deterministic forecasts. It is based on several questions that asked participants what they expect given a
forecast presented under the deterministic paradigm for a specific lead time and a particular weather parameter. In this
regard, both normal and extreme weather conditions were studied. Students’ responses to the temperature forecast as it is
usually presented in the media expect an uncertainty range of +1°-2°C. For wind speed, uncertainty shows a deviation of
+5-10kmh ™!, and the uncertainty range assigned to the precipitation amount shows a deviation of +30 mm from the
specific value provided in a deterministic format. Participants perceive the minimum night temperatures as the least-biased
parameter from the deterministic forecast, while the amount of rain is perceived as the most-biased one. In addition,
participants were then asked about their probabilistic threshold for taking appropriate precautionary action under distinct
decision-making scenarios of temperature, wind speed, and rain. Results indicate that participants have different proba-
bilistic thresholds for taking protective action and that context and presentation influence forecast use. Participants were
also asked about the meaning of the probability-of-precipitation (PoP) forecast. Around 40% of responses reformulated the
default options, and around 20% selected the correct answer, following previous studies related to this research topic. As a
general result, it has been found that participants infer uncertainty into deterministic forecasts, and they are mostly used to
take action in the presence of decision-making scenarios. In contrast, more difficulties were found when interpreting
probabilistic forecasts.

KEYWORDS: Atmosphere; Social Science; Risk assessment; Forecast verification/skill; Numerical weather prediction/forecasting;
Communications/decision making

1. Introduction Weather forecasts can be consulted in different formats and
from a huge variety of sources, producing an enormous volume
of information that is of significant usefulness to the general
public (Lazo et al. 2009). In recent years, the increasing
availability of mobile devices has made weather information
within hand’s reach for many users (Abraham et al. 2015;
Zabini 2016). However, even though communicating uncer-
tainty is important to avoid false expectations on forecasts,
Zabini (2016) pointed out that weather information providers
do not consider that uncertainty should be communicated in
their developed mobile telephone ‘“‘apps.” They found that
uncertainty was only expressed for probability of precipitation
(PoP) in their study sample, and it was generally conveyed in a
percentage format. Additionally, although the use of proba-
bilistic weather forecasts has been widely promoted (see, e.g.,
National Research Council 2006; Sivle 2016; Fundel et al. 2019;
Fleischhut et al. 2020), Juanchich and Sirota (2019), based on
informal observations, also highlighted that it is currently rare
to see probabilistic forecasts on British or American TV
channels, or contain at best limited information about uncer-
tainty (Morss et al. 2008). This issue could produce false cer-
tainty in forecasts in the target audience of these weather
products, not admitting that forecasts may sometimes fail. In
Corresponding author: Igor Gémez, igor.gomez@ua.es this regard, users of weather forecasts are accustomed to

Evaluating people’s uses, perceptions, and interpretations of
uncertainty in current weather forecasts across different con-
texts is important nowadays, as weather forecasts are ex-
tremely useful for a wide range of applications, for instance, in
agriculture, energy, transport and tourism, and recreational
sectors. These forecasts are based on numerical weather pre-
diction (NWP) models that simulate the state and dynamics of
the atmosphere. Therefore, weather forecasts are unavoidably
uncertain (Morss et al. 2008). The history of NWP is related
to a rapid and continuous development since the turn of the
twentieth century. The scientific and technological develop-
ments produced over the past 40 years, such as scientific re-
search, in situ, and satellite observational programs, as well as
supercomputing and storage facilities have led to improved
predictive skills for lead times up to 7 days (Bauer et al. 2015).
Therefore, it could seem that it is only a matter of time to
achieve the perfect forecast (O’Hanrahan and Sweeney 2013).
However, despite the continuous improvement in NWP sys-
tems, the uncertainty linked to weather forecasts can never
be completely overcome.
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receive and access deterministic forecasts, corresponding to
the prediction of a single future state, without information of
the uncertainty associated with this forecast.

Different previous studies have been conducted with the aim
of evaluating how members of the public obtain, perceive, use,
and value weather forecasts. For instance, the comprehensive
research performed by Morss et al. (2008) evaluated the per-
ception, preferences, and interpretations of the United States
public with regard to weather forecast information. They ex-
amined, among other questions, to what extent the public in-
fers uncertainty into deterministic forecasts and how interprets
commonly available uncertainty information presented in
specific forecasts, such as PoP. Their results showed that most
respondents inferred uncertainty into the deterministic tem-
perature forecasts. In addition, weather forecasts including
uncertainty were preferred by a significant majority of re-
spondents compared to single-valued forecasts. With regard to
PoP, Morss et al. (2008) found that the majority of the U.S.
public interpreted PoP in a variety of ways, without knowing
the meteorological interpretation of PoP forecasts. Lazo et al.
(2009) explored the people’s behaviors and attitudes with re-
gard to day-to-day weather forecast information. They inves-
tigated four interdependent areas to better understand the
public’s needs for weather forecasts. This study highlighted
that people obtained weather forecasts from a wide multi-
plicity of sources, using this information mainly for decision-
making activities. Additionally, respondents of their study
reported well-formed judgments and understanding about
weather forecasts and were confident about the quality, re-
liability, and accuracy of these forecasts. Morss et al. (2010),
examined how members of the U.S. public interpreted and
used different types of weather forecasts, but in this case
based on people’s responses to decision scenario questions.
Their results indicated that people had different probabilistic
thresholds for taking protective action. In addition, many
respondents in this study inferred uncertainty in deterministic
forecasts and were able to interpret specific probabilistic
forecasts well enough to use them in the decision questions.
Forecasts with uncertainty information are potentially useful
to everyday decision-making and are more in line with the
current scientific understanding of weather forecast in com-
parison to deterministic forecasts (Joslyn and Savelli 2010).
This previous research highlighted that users of weather
forecasts may have fairly advanced uncertainty expectations.
In this regard, people anticipate uncertainty in deterministic
forecasts and do not expect single value forecasts to verify
exactly. This may suggest that the public is prepared to un-
derstand explicit uncertainty forecasts. However, Gigerenzer
et al. (2005) reported a general misinterpretation of PoP
forecasts, following the results already obtained in other
previous studies, such as Murphy et al. (1980). Different
studies (Gigerenzer et al. 2005; Morss et al. 2008; Joslyn et al.
2009; Morss et al. 2010; O’Hanrahan and Sweeney 2013;
Peachey et al. 2013; Abraham et al. 2015; Zabini et al. 2015;
Stewart et al. 2016) pointed out that end users are unable to
state correctly the interpretation of the PoP forecasts.
However, other researchers presented a more positive view
on PoP forecasts interpretation (see, e.g., Konold 1989;
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Roulston et al. 2006; Handmer and Proudley 2007; Roulston
and Kaplan 2009; Stephens et al. 2019; Juanchich and Sirota
2019). They showed that a wide range of factors impact how
people understand probabilities, but weather forecasters
should provide the public a fluent definition of PoP and
emphasize the fact that precipitation is not certain.

A full understanding of how weather forecasts users are
likely to interpret and use the information of interest is im-
portant. Therefore, this line of research has been promoted in
the last years, considering different geographical locations as
well as distinct target audiences. Morss et al. (2008), Lazo et al.
(2009), Morss et al. (2010), Joslyn and Savelli (2010), Stewart
et al. (2016), and Juanchich and Sirota (2019) applied their
research in the United States. Joslyn and Savelli (2010) re-
ported their results based on university undergraduates’ re-
sponses in the Pacific Northwest region of the United States.
Peachey et al. (2013) and Abraham et al. (2015) developed
their studies with university students and the general public,
respectively, in the United Kingdom. Juanchich and Sirota
(2019) conducted research with regard to the interpretation of
probabilities of precipitation with participants from the United
States and the United Kingdom. O’Hanrahan and Sweeney
(2013) distributed a survey to weather enthusiasts in the Republic
of Ireland in order to evaluate the level of understanding of
probabilistic forecasting and their willingness to use these types
of forecasts. Sivle et al. (2014) evaluated the perception of the
degree of certainty in a weather report by laypeople in Norway,
while Zabini et al. (2015) analyzed the communication and in-
terpretation of regional weather forecasts by the Italian public.

In this paper, a survey was issued at the University of
Alicante (Spain) during the academic year 2019-20. The
current work focuses on perceptions, interpretations and uses
of weather forecast information. We try to provide a view of
how participants in meteorology- and/or climatology-related
subjects taught at the University of Alicante perceive current
weather forecasts and related uncertainty. Additionally, we
perform a comparison with the previous results mentioned
above. These studies have addressed the same issues with
regard to the social and educational perception of weather
forecasts, and we pursue both different aims as well with the
current study. First, we want to explore how participants in
the current study perceive, use, and interpret weather fore-
casts using the previous studies as the common thread and
background to conduct our experience. Second, these previ-
ous works highlight the need to continue the research in the
line of uncertainty perception by people who make use of
weather forecasts but are not experts on the subject. Further
work is then needed to update findings that are some years old
as well as to explore existing findings in diverse contexts. We
also investigate possible changes in this regard over the last
years, especially for a public that would make a primary use of
this information in their future professional career. These
kinds of studies have not yet been addressed in Spain. The
current study, therefore, would permit us to compare our
findings with preceding available information in weather
forecasting settings. We base our analysis on both normal
conditions as well as on extreme weather conditions for dif-
ferent atmospheric parameters.
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The paper is organized as follows. Section 2 presents the
method. Section 3 presents results and their discussion.
Section 4 includes the summary and conclusions.

2. Method

A total of 71 participants responded to an anonymous survey
during the academic year 2019-20, corresponding to students
pursuing a degree in marine science or in geography and ter-
ritory planning. The survey was applied to students enrolled in
subjects related to meteorology and/or climatology programs,
but with little prior academic experience in these areas of
knowledge. Therefore, results presented in the current study
are discussed in this context.

The survey questions are extracted from previously pub-
lished studies performed over different geographical locations
and contexts (Morss et al. 2008, 2010) and Joslyn and Savelli
(2010). These questions have been adopted with minor modi-
fications, basically using Celsius instead of Fahrenheit, trans-
lating the corresponding information to Spanish and using
thresholds common of extreme weather hazards over the re-
gion of study. Questions can be grouped in three themes. The
first one deals with the perception of uncertainty in deter-
ministic forecasts. The second one addresses the uses of fore-
casts in hypothetical decision-making scenarios. The third
theme was selected focusing on the interpretations of PoP
forecasts. A total of 17 questions were developed plus an open-
ended question intended to gather free comments that partic-
ipants would consider significant related to the survey. The
questionnaire was administered online and accessed with a
Google Form link describing it as a study investigating
“weather forecasts survey.” Participants were informed that
the information collected would remain anonymous.

The atmospheric parameters tested with regard to the first
theme above were temperature, wind speed, and precipitation.
To evaluate uncertainty expectations, two kinds of questions
were designed, and respondents were asked to answer using a
closed-ended question and an open-ended format, indepen-
dently, for each parameter tested.

a. Questions with regard to perceptions of uncertainty in
deterministic forecasts

The following questions were included to investigate this topic:
1) CLOSED-ENDED QUESTIONS

¢ On a day in August, you notice that the predicted daytime
high temperature for the next day is 30°C. What do you think
the daytime high temperature will be on the next day? Five
distinct options were provided: 30°C, between 29° and 31°C,
between 28° and 32°C, between 25° and 35°C, and between
20° and 40°C.

¢ On a day in January, you notice that the predicted nighttime
low temperature for the next day is 0°C. What do you think
the actual low temperature will be? Five distinct options
were provided: 0°C, between —1° and 1°C, between —2° and
2°C, between —5° and 5°C, and between —10° and 10°C.

e On a day in October, you notice that sustained winds of
70kmh ™! are predicted for the next day. What do you think
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the sustained wind speed will be on the next day? Five
distinct options were provided: 70 km h™!, between 65 and
75kmh™!, between 60 and 80kmh™!, between 55 and
88kmh ™!, and between 50 and 90 kmh ™.

e On a day in October, you notice that extreme amounts of
rainfall of 150 mm in 12h are predicted for the next day.
What do you think the recorded rainfall will be on the next
day? Five distinct options were provided: 150 mm, between
120 and 180 mm, between 90 and 210 mm, between 60 and
240 mm, and between 30 and 270 mm.

In all four previous questions, an additional option, “‘other
(please explain),” was introduced in the survey to encourage
participants to express their personal interpretation in case
they did not agree with the original suggestions.

2) OPEN-ENDED QUESTIONS

e On a day in August, you notice that the predicted daytime
high temperature for the next day is 40°C. What do you think
the daytime high temperature will be on the next day?

¢ On a day in January, you notice that the predicted nighttime
low temperature for the next day is —5°C. What do you think
the actual low temperature will be?

e On a day in October, you notice that sustained winds of
50kmh~! are predicted for the next day. What do you think
the sustained wind speed will be on the next day?

e On a day in October, you notice that extreme amounts of
rainfall of 100mm in 12h are predicted for the next day.
What do you think the recorded rainfall will be on the
next day?

As may be seen in these questions, daytime high and
nighttime low temperatures were asked separately. On the one
hand, the closed-ended questions included multiple options to
be selected ranging from ‘“‘normal” parameter values in the
case of the maximum temperature to extreme weather condi-
tions in the case of wind speed and amount of rainfall. On the
other hand, the same atmospheric parameters were asked in an
open-ended format. Participants should include their own
perception beyond the limited values provided in the closed-
ended questions. In this case, extreme values for the daytime
high temperature and the nighttime low temperature were
used, while adverse weather conditions were still maintained.
All participants saw the closed-ended questions first.

b. Questions with regard to uses of forecasts in hypothetical
decision-making scenarios

The following questions were included to investigate
this topic:

1) BINARY DECISION (YES/NO) QUESTIONS BASED ON A
SINGLE-VALUE (DETERMINISTIC) FORECAST

¢ Imagine that it is August and you work with groups vulner-
able to the exposure of temperatures of 40°C or higher. You
notice that the predicted daytime high temperature for the
next day is 40°C. With this information, would you be
prepared and take protective action in this scenario?

¢ Imagine that it is January and you work with groups vulner-
able to the exposure of temperatures of 0°C or lower. You
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notice that the predicted nighttime low temperature for the
next night is 0°C. With this information, would you be
prepared and take protective action in this scenario?
Imagine that it is October and the weather forecast for
tomorrow predicts heave and/or extreme rain of 150 mm in
12 h (possible flooding). With this information, would you be
prepared and take protective action in this scenario?
Imagine that it is October and the weather forecast for
tomorrow predicts sustained winds of 70kmh ™! (possible
power outages, downed trees, bridge closures, etc.) for
tomorrow. With this information, would you be prepared
and take protective action in this scenario?

2) DECISION QUESTIONS BASED ON POSSIBLE VALUES
RANGES OR PERCENTAGE CHANCE OF EXCEEDING A
DAMAGE THRESHOLD

Imagine that it is August and you work with groups vulnerable
to the exposure of temperatures of 40°C or higher. For which
of the following forecasts would you begin preparation?
Participants could choose to not take action, or to select just
one option from a list where 10% chance of 40°C to 100%
chance of 40°C presented in increments of 10% chance.
Imagine that it is January and you work with groups vulner-
able to the exposure of temperatures of 0°C or lower. For
which of the following forecasts would you begin prepara-
tion? Participants could choose to not take action, or to
select just one option from a list where 10% chance of 0°C to
100% chance of 0°C presented in increments of 10% chance.
Imagine that it is October and the weather forecast for
tomorrow predicts heavy and/or extreme rain of 150 mm in
12 h (possible flooding). For which of the following forecasts
would you begin preparation? Participants could choose to
not take action, or to take among 11 response options: 10%
chance of this heavy and/or extreme rain to 100% chance of
this heavy and/or extreme rain presented in increments of
10% chance.

o If you knew that sustained winds of 70 km h ™! were predicted
(possible power outages, downed trees, bridge closures, etc.) for
tomorrow. For which of the following forecasts would you begin
preparation? Participants could choose to not take action, or to
select just one option from a list where 10% chance of sustained
winds of 70kmh™" to 100% chance of sustained winds of
70kmh ™!, presented in increments of 10% chance.

c. Questions with regard to interpretations of PoP forecasts

To investigate this topic, the next question was included in
the survey:

e Suppose the following text is the forecast for tomorrow:
“There is a 60% chance of heavy or extreme rainfall of
150 mm in 12 h tomorrow.” Which of the options listed below
do you think best describes what the forecast means? Five
distinct options were provided: “This amount of rain will be
recorded tomorrow in 60% of the region,” “This amount of
rain will be recorded tomorrow for 60% of the time,” ““This
amount of rain will be recorded on 60% of the days like
tomorrow,” “60% of weather forecasters believe that this
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amount of rain will be recorded tomorrow,” and “I don’t
know.” In addition, an “‘Other (please explain)’’ option was
introduced in the survey to encourage participants to express
their personal interpretation in case they did not agree with
the original suggestions.

3. Results and discussion
a. Perceptions of uncertainty in deterministic forecasts

1) EVALUATION OF THE CLOSED-ENDED FORECASTS
RESPONSES

Figure 1 presents the participants’ perception and interpre-
tation of the uncertainty associated with deterministic weather
forecasts of temperature, wind speed, and amount of rain.
Considering the four parameters presented in Fig. 1, a similar
distribution is observed, with the exception of the daytime high
temperature. In all cases, participants mostly selected the two
ranges closest to the deterministic value. Notice that for day-
time high temperature (Fig. 1la), 38% of respondents
expected a deviation of +1°C from the deterministic value. In
the case of the nighttime low temperature (Fig. 1b), 48% of the
participants expected a bias of =1°C from the deterministic
value. Expectation for wind speed shows that most responses
(59%) correspond to a deviation of +5kmh ™! (Fig. 1c). Last,
with regard to the amount of rain (Fig. 1d), 72% of participants
chose a bias of =30mm from the deterministic value.
Additionally, one participant included her or his own opinion
of the question by means of the open-ended option: “150 mm
will be recorded during the 12 hours of heavy and persistence
rains.” However, the deterministic value of the forecast was
selected here. The two ““other’ responses are variations of the
default rain ranges: “‘Between 140 and 200 mm” and “‘Between
140 and 160 mm.” In the first case, a general overestimation is
expected, while the second one expected a reduced deviation
of just 10 mm from the deterministic value. Therefore, it
seems clear that respondents perceive that there is uncertainty
inherent to deterministic weather forecasts for temperature,
wind speed and amount of rain. Additionally, the expected
deviation from the deterministic forecast value is the lowest
one in general (Fig. 1), revealing a positive recognition of the
current weather forecasts. The Mann—Whitney—Wilcoxon test
applied to the four different parameters shows significant dif-
ferences between the daytime high temperature and the night-
time low temperature, and amount of rain (p value < 0.05),
while no significant differences are obtained between the results
of the nighttime low temperature and rain and wind speed, nor
between these two latest parameters. Additionally, there is a
marginally significant difference when comparing the daytime
high temperature with the wind speed (p value = 0.062). Based
on mean values computed for the different weather parameters,
it is highlighted that the mean amount of rain separating
overestimation and underestimation of the deterministic value
produces the highest standard deviations, larger than the
temperature and wind speed parameters.

In the study by Morss et al. (2008), fewer than 5% of re-
spondents expected the deterministic forecast value of around
20°C, while more than 65% percent of respondents expected
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FIG. 1. Students’ expectations for the closed-ended questions: (a) tomorrow’s actual daytime high temperature,
given a forecast high temperature of 30°C; (b) tomorrow’s actual nighttime low temperature, given a forecast low
temperature of 0°C; (c) tomorrow’s actual wind speed, given a forecast wind speed of 70 km h™!; and (d) tomorrow’s
actual accumulated amount of rain in 12 h, given a forecast amount of rain of 150 mm.

the temperature to be within 1°-2°C of the forecast. Morss et al.
(2008) found that more than 20% of participants still expected
biases of =5°C, thus interpreting the forecast as more uncertain.
This survey of the U.S. public showed that 95% of participants
inferred uncertainty in deterministic high temperature forecasts.
Peachey et al. (2013) found that for the deterministic forecast of
20°C for the daytime high temperature, 3% of United Kingdom
participant reported exactly this value and the most common
value was within the range =2°C. In addition, comparing the
results found by Joslyn and Savelli (2010) and Peachey et al.
(2013) with those obtained in the current study in terms of
temperature (Figs. 1a,b), there is a common perception among
participants that minimum temperature forecasts present, in
general, lower biases than maximum temperature forecasts.

2) EVALUATION OF THE OPEN-ENDED FORECASTS
RESPONSES

Two extreme values have been selected for the maximum
and minimum temperatures (Fig. 2), 40° and —5°C, respec-
tively, to evaluate participants’ responses by means of open-
ended questions. In the first case (Fig. 2a), 34% of participants
reported the answer as a range. The mean value of those partic-
ipants that reported a single value above 40°C (15 participants) is
41.9° = 1.1°C. In contrast, the mean value of those participants
that reported a single value below 40°C (12 participants) is

36° = 3°C. The global mean value (47 participants) is 40° + 3°C.
In the case of the minimum temperature (Fig. 2b), 22% of
participants reported the answer as a range. The mean value of
those participants that reported a single value above —5°C
(18 participants) is —2.4° = 1.6°C. In contrast, the mean value
of those participants that reported a single value below —5°C
(6 participants) is —6.2° = 0.4°C. The global mean value
(55 participants) is —4.3° = 1.6°C. With regard to extreme
temperatures, Joslyn and Savelli (2010) reported a range
of —9.16° to 1.23°C forecast daytime high temperature around
38°C, while a mean expectation range between —2.43° and
6.67°C for a forecast nighttime low temperature around —7°C.
Besides, Joslyn and Savelli (2010) also found a mean expec-
tation range between —5.72° and 5.43°C for a forecast daytime
high temperature around 20°C and a mean expectation range
between —3.52° and 4.05°C for a forecast nighttime low tem-
perature of 0°C. Therefore, their results seemed to point toward
an underestimation of the daytime high temperature and an
overestimation of the nighttime low temperature. In the current
study, there is a slightly higher percentage of participants that
report a specific value above the deterministic forecast, even
larger in the case of the nighttime temperatures. Furthermore, a
greater number of respondents reported the forecast value in the
case of the nighttime low temperature than for the daytime high
temperature: 55 and 20 participants, respectively.
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FIG. 2. Difference expected by students from the deterministic value in the open-ended questions provided as a
range or single value, (a) given a daytime high temperature forecast of 40°C, (b) given a nighttime low temperature
of —5°C, (c) given a wind speed of 50 kmh !, and (d) given an accumulated amount of rain in 12 h of 100 mm.

In the case that the wind speed should be freely specified by
means of an open-ended question, 38% of responses provided
in general a range centered around 50kmh ™" (Fig. 2c), cor-
responding to the value provided. The other 62% of the total
number of responses reported a single wind speed. The mean
value of the obtained responses (44 participants) with regard to
wind speed is 50 + 5kmh™!. The mean value of responses
above 50kmh™! (8 participants) shows a deviation of 58 =
3kmh™! from the deterministic value. Likewise, the mean
value of responses below 50kmh™" (9 participants) presents a
deviation of 42 = 3kmh™! from the deterministic value. Joslyn
and Savelli (2010) found that participants in their survey
expected a wind speed forecast of 65 km h™" to verify significantly
lower than this forecast value. In the current study, the majority of
participants reported the deterministic forecast in the case of the
open-ended question. Besides, a similar number of participants
reported underestimation and overestimation of the predicted
value, with the same difference related to the deterministic fore-
cast and the same standard deviation. Likewise, the range 65—
70km h~! was indicated as “other” by just one participant (1.4%
of responses). In this case, the participating student pointed out an
underestimation of the wind speed, highlighting that ““there could
be more intense wind gusts.”

Figure 2d shows the responses for the open-ended rain
question, where 100 mm is the value provided; 51% of responses

were provided as a range, while 34% selected the deterministic
value. Considering responses that provided a specific value (35
responses), the mean value is 100 = 20 mm. Considering only
those responses that provide a rain overestimation (5 partici-
pants), the mean value is 140 = 40 mm, while considering only
those responses indicating an underestimation of the forecast
rain (5 participants), the mean value is 80 == 17 mm. With regard
to the amount of rainfall, Joslyn and Savelli (2010) found that
users expected an underestimation of this parameter.
Comparing the results obtained for the different physical
parameters, nighttime low temperature presents the lowest
deviation from the single value forecast in Fig. 2 (centered in a
difference of 0°C) and at the same time presents the lowest
number of responses provided in a range format in the open-
ended question. On the other extreme is located the rain
forecast. In this case, there is a larger number of responses
provided as a range. It seems that participants have a percep-
tion that, of all weather forecasts evaluated in the current
study, rain forecasts have the largest variability. Additionally,
responses appear to highlight the extreme difficulty in fore-
casting an exact amount of precipitation, even more difficult
than for the other parameters. Between the nighttime low
temperature forecast and the rain forecast are located the
daytime high temperature and the wind speed (Figs. 2a,c), with
just a marginally significant difference as mentioned above.
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FIG. 3. Students’ responses for at what (a) forecast probability of daytime high temperature = 40°C, (b) forecast
probability of nighttime low temperature = —5°C, (c) forecast probability of wind speed = 70kmh™?, (d) and
forecast probability of rain = 150 mm, they would take protective action.

Previous studies conducted with regard to the confidence on
weather forecasts among undergraduate students in Spain
highlighted that temperature and rain were the weather fore-
cast with the highest and lowest confidence, respectively. Wind
speed, however, was found to have an in between confidence
(G6mez Doménech et al. 2019). Results found in the current
study seem to support these previous outcomes. Furthermore,
as mentioned above for the temperature field, it seems that
presenting the forecast without references to uncertainty, as
provided by the open-ended question, leads participants to
perceive a more accurate forecast. This result has been ob-
served for the four parameters evaluated in the current study.

b. Uses of forecasts in hypothetical decision-making
scenarios

Considering taking action under hypothetical decision-
making scenarios, 96% of respondents would be prepared
and would take appropriate action in the case in which the
prediction of daytime high temperature would be presented
as a deterministic value, while 94% would do in the case of the
nighttime low temperature. The Mann-Whitney—Wilcoxon
test applied to both parameters does not show significant differ-
ences (p value = 0.703). In the case of the amount of rainfall
and wind speed, 93% would be prepared and would take
appropriate action in the case in which the prediction would

be presented as a deterministic value. In this case, the per-
centage of affirmative responses is slightly lower than in the
case of temperature. Nevertheless, the application of the
Mann-Whitney—Wilcoxon test to the different parameters
does not show significant differences (p value > 0.05) be-
tween temperature, wind speed, and amount of precipitation.

When the corresponding information is presented as a
percentage-chance forecast (Fig. 3), there is a wide range of
options that participants may choose under the same hypo-
thetical scenario for temperature, wind speed, and rain. The
application of the Mann—-Whitney—Wilcoxon test to these pa-
rameters does not show significant differences among them
(p value > 0.05). This is highlighted for all analyzed parame-
ters, while it is slightly more pronounced for the two temper-
ature parameters. However, there seem to be differences
between wind speed and temperature as well as probability of
precipitation. In this regard, the vast majority of responses in
the case of both daytime high and nighttime low temperatures
is located at 60% chance but is slightly higher for wind speed
and amount of precipitation (70% ). Figure 3d shows that in the
case of rain, around 60% of participants would be prepared and
would take appropriate action at the percentage-chance range
60%—-80%. Surprisingly, it may also result that some par-
ticipants would take no action for daytime high (9%) and
nighttime low (7%) temperatures, wind speed (9%),
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and precipitation (5%), until the probability of the corre-
sponding forecast reaches 100% chance for the hypothetical
scenarios asked in the current work. On the other extreme,
some participants would take action at 10% probability of
the corresponding forecast for all meteorological parame-
ters. With regard to this lowest (10%) threshold, peaks of
responses are found in all cases, but they are more pro-
nounced for the temperature parameters. This result is in
agreement with that found by Morss et al. (2010). In their
study, they established two scenarios with regard to proba-
bilistic thresholds for protection. One, referred to as the
picnic scenario, involved protective action against precipi-
tation. The other one, referred to as the garden scenario,
involved protective action against low temperature. They
found that respondents selected a lower probabilistic threshold
in the garden scenario (53.3%), that is, in the temperature
context, than in the picnic scenario (58.3%). Additionally, they
suggested that people would tend to respond less consistently in
the garden than in the picnic scenario, as the distribution of re-
sponses in the garden scenario presented peaks at the 10% and
100% thresholds. A similar result can be seen in the current
study (Fig. 3). Temperature and wind probabilistic forecasts are
generally not currently publicly available from the Spanish State
Meteorological Agency [Agencia Estatal de Meteorologia
(AEMET)], with the exception of variations in maximum and
minimum temperature and probability of wind gust provided
by their probabilistic maps. AEMET also offers PoP forecasts
for distinct precipitation thresholds. However, even though
these forecasts are regularly provided to the Spanish public, we
think that this information does not reach the general public
and it may be more consulted by professionals or experts in the
field. Therefore, it seems that participants are not still very
familiar with this information, which may be a plausible reason
for the responses found in the current study. This possibility
was already pointed out by Morss et al. (2010) in the sense that
respondents from the United States answered less consistently
in their garden scenario because of their relative lack of fa-
miliarity with the forecast format. Differences found in the
current study could also be related to more familiarity with the
rain probabilistic forecast as compared with a forecast pre-
sented in this way for the temperature field.

Handmer and Proudley (2007) found that respondents from
the Australian Bureau of Meteorology Summer 2002 Public
User Survey were most likely to consider changing their plans if
there is a greater than 51% or above chance of rain. This per-
centage increased to 60% in the subgroup of Canberra public.
They also pointed out the results found by Van Bussum (1999),
where 33% Composite Look at Weather Surveys respondents
took action at 50% and 34.2% took action at 70%. Peachey et al.
(2013) found that the most frequent response for moving the
picnic indoors was located at 60% chance of rain, even though
7% of responses would take no protective action in this case. Ina
scenario using a probabilistic forecast for extreme maximum
temperature, the majority of respondents chose to take action at
10%-50% probability. In this case, participants would tend to
take action in the 40°C scenario at lower probabilities than for
the rain scenario. The results found in the current study are in
agreement with these previous studies, as shown in Fig. 3.
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TABLE 1. Meaning of the forecast ‘There is a 60% chance of heavy
and persistence rain of 150 mm in 12 hours tomorrow” (N = 71).

Percentage of

respondents

This amount of rain will fall tomorrow for 3
60% of the region

This amount of rain will fall tomorrow for 1
60% of the time

This amount of rain will fall on 60% of the 21
days like tomorrow

60% of weather forecasters believe that 25
this amount of rain will fall tomorrow

1 do not know 8

Other (please explain) 41

c. Interpretations of PoP forecasts

The correct interpretation of the probabilistic precipitation
forecast, according to Gigerenzer et al. (2005) and in a general
sense, is that this will occur on 60% of days like tomorrow. In
the current study, participants were asked about the following
scenario: ‘““There is a 60% chance of heavy and persistence rain
of 150 mm in 12 hours tomorrow.”” Results to this question are
included in Tables 1, respectively. The “forecasters voice” and
the “other” options are those that had the largest number of
responses; 41 % of participants expressed the meaning of this
concept in their own words. Restatements have also been the
most popular response to similar open-ended questions about
the interpretation of PoP forecasts (Murphy et al. 1980;
Gigerenzer et al. 2005; Morss et al. 2008; Joslyn et al. 2009;
Peachey et al. 2013; Abraham et al. 2015, Zabini et al. 2015).

In these previous studies, write-in responses may be classi-
fied under distinct interpretation type categories. Results ob-
tained in this regard show that this restatement is still related to
the probability or relative frequency, according to the classi-
fication used by Morss et al. (2008), Peachey et al. (2013) or
Abraham et al. (2015). All the restatements fit in the general
response: ‘“There is a 60% chance it will rain tomorrow.”

In the study by Zabini et al. (2015), the option ‘“‘other”
represented just a 6% of responses. However, they reported
that 47% of respondents believe that the statement ““There is a
60% chance of rain tomorrow’’ means that 60% of weather
forecasters believe that it will rain tomorrow. Comparing their
results with those found in the current study, we find that 25%
of respondents have the same belief with regard to this prob-
abilistic forecast, while 22 % of responses selected this option in
Morss et al. (2008). The percentage of participants who in-
terpreted PoP as a percentage of time or region is not relevant
in the current study (Table 1). This result is more in line with
the figures obtained by Zabini et al. (2015), and lower than the
percentages found by Morss et al. (2008) and Abraham et al.
(2015), where they raise to 15%, approximately.

Responses with regard to area/time references assume some
kind of certainty in the corresponding forecast. Previous
studies have commonly used percentage of region or time, such
as 60% used in Table 1, when asking about PoP interpretations.
Considering that forecasts for an exact location and time are
usually provided nowadays, maybe these options will become
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less frequently answered in this kind of questions. This rea-
soning could a plausible reason for the percentage of respon-
dents shown in Table 1. In this case, there seems to be no
awareness of probabilistic information related to the precipi-
tation forecast. In contrast, the interpretation based on per-
centage provided by participants in the current study reveals
some perception of the uncertainty inherent to the precipitation
forecast. Nevertheless, restating the forecast communication
as a probability or relative frequency does not necessarily mean
it is interpreted correctly. There seems to be a rewriting related
to what is obvious, “it means exactly what it says,” rather than
specifying what users thought the probability refers to.
Participants that selected the open-ended question seem to think
they have a sense of what PoP means (Murphy et al. 1980;
Gigerenzer et al. 2005). According to Morss et al. (2008), “some
who offered only a restatement may not require a more detailed
interpretation. Others may have had a cognitive difficulty
forming a response, or they may have had a more detailed in-
terpretation in mind that they did not (or could not) articulate,”
which perfectly seems to be reflected as well in the results found in
the current study.

Following this issue, Zabini et al. (2015) used an alternative
to the correct interpretation of PoP, based on the probability
interpretation language widely accepted among Laboratorio di
Monitoraggio e Modellistica Ambientale per lo Sviluppo
Sostenibile (LaMMA) forecasters (Italy): “In 6 out of
10 times when meteorologists make this forecast, there will
be rain,” different from ‘It will rain on 60% of the days like
tomorrow”’ or ““This amount of rain will fall on 60% of the
days like tomorrow’” used here. Maybe the latter is more
confusing than the statement used in LaMMA, which could
explain the differences found in the percentage of responses
that chose this option as the correct interpretation of the
PoP in contrast with the more extended technically correct
interpretation. In this sense, Morss et al. (2008) pointed out
that respondents may select the closed meteorological in-
terpretation that sounds best at the time, and many people
may not have considered the meaning of PoP prior to being
asked for this question. Yet another result with regard to the
PoP concept is that there is a natural tendency among par-
ticipants in the current study to assign centrality to the voice
of weather forecasters instead to the event itself. This result
agrees with previous studies, such that conducted by Zabini
et al. (2015) over Italy. Peachey et al. (2013) showed that
only 4% of United Kingdom students provided an inter-
pretation similar to the statement: “If tomorrow happens
10 times, 6 of them would be rainy,”” similar to the alterna-
tive correct interpretation of PoP used in LaMMA. But they
asked students to explain the meaning of the statement
“There is a 60% chance of rain’ in their own words.

4. Summary and conclusions

The current study investigates students’ perception, use and
interpretation of weather forecast uncertainty by analyzing data
from a university survey conducted in Spain. The results address
three main themes: perceptions of uncertainty in deterministic
forecasts, uses of forecasts in hypothetical decision-making
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scenarios, and interpretations of PoP forecasts by means of a
series of questions focused on these issues. To place the results
found in the current study within the whole picture of previous
research on this topic, we have examined results from these
previous works conducted over different and diverse contexts.
The findings of this article want to contribute to fundamental
understanding of the interpretations of the uncertainty inherent
to weather forecasting, based on the answers provided by the
participants of the current study. Additionally, we want to
evaluate whether perception, use and interpretation of weather
forecast uncertainty is different among distinct and diverse
contexts considering as well different populations, starting from
the review literature used as background for the present study.
In doing so, this study assesses the state of the current perception
of uncertainty with the aim of considering strategies in the de-
velopment of user-oriented uncertainty forecast products that
easily can reach the general public and students of meteorology
and climatology subjects in particular.

The current survey does not only focus on normal climatic
conditions of the area of study, but also includes high-impact
weather forecast situations, therefore covering a range of
contexts. In this regard, questions have been suggested con-
sidering vulnerable atmospheric situations for population that
raise specific challenges with regard to weather-related risks.
Previous studies related to climate and weather hazards using
mesoscale models have been conducted over the study area
(see, e.g., Pastor et al. 2010; Gomez et al. 2011, 2014b, 2015,
2016, 2018). Traditionally, there has been a difficulty to prop-
erly capture the observed minimum temperatures as provided
by NWP systems, but with a better simulation of the daytime
high temperatures (see, e.g., Federico 2011; Gomez et al.
2014a; Tiriolo et al. 2015; Gémez et al. 2019). However, par-
ticipants in the current study expected a less degree of uncer-
tainty in the nighttime low temperature than in the daytime
high temperature forecasts, as a difference with the scientific
evidence.

The results found in the current study with regard to the PoP
interpretation show that even today there is a range of inter-
pretations of what a percentage or probability chance refers to.
Previous studies, such those conducted by Gigerenzer et al.
(2005), Joslyn et al. (2009), Morss et al. (2008), Peachey et al.
(2013), Abraham et al. (2015), and Zabini et al. (2015), re-
ported that many laypeople did not know the technically cor-
rect definition of PoP forecasts, corroborating earlier work by
Murphy et al. (1980). Abraham et al. (2015) showed that in-
creasingly PoP forecasts given in narrow-cast forecasting ser-
vices, such as smartphone apps, has not yet influenced people’s
comprehension of probabilistic information. They found, how-
ever, differences between subgroups based on age. The younger
group (under 40) as well as people with higher level of educational
qualification was more likely to provide the correct response.
These authors suggest that the effect of correct interpretation of
PoP forecasts among these groups could be related to thinking
about uncertainty during their educational career. However, it
seems that the probability terminology definition of PoP forecasts
has not been consistently and adequately explained, in general, to
Spanish students participating in the current study. In this regard,
other researchers emphasize the need of promoting the use of
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probabilistic weather forecasts (see, e.g., Fundel et al. 2019;
Fleischhut et al. 2020) by means of a more fluent and simple view
on PoP forecasts interpretation that would help weather forecast
users to believe in the quality of the interpretation and its utility
(Juanchich and Sirota 2019). In this regard, Handmer and
Proudley (2007) showed that the participants in their study gen-
erally understood the basic probability concept used in weather
forecasts. However, they also highlighted that clarity in terms of
the forecast event is always needed, even more important when
uncertainty is expressed explicitly using numerical probability.

The survey was administered to a group of undergraduate
students at the University of Alicante, with 71 respondents.
Despite the possibility that the small sample size could be seen
as a limitation, the fact is that similar results have been found in
previous studies (see, e.g., Morss et al. 2008; Joslyn and Savelli
2010; Morss et al. 2010; Peachey et al. 2013). Peachey et al.
(2013) highlighted that administering the same survey to un-
dergraduate students in an introductory weather course given
in the United States, yielded similar results to those obtained
for undergraduate students in Manchester (United Kingdom).
Furthermore, some of the feedback provided by students in the
final open-ended question of this study survey were related to
their shortage or nonexistence of experience and background
in meteorology and climatology, less in weather forecasting.
Even though it could be interesting to extend this survey to a
wider sample to probe further some of the results presented
here, the found similarity of results compared to previous
studies yields support for their generality.

Based on the results found in the current work, it is important to
correct students’ misinterpretations. In this sense, different strat-
egies should be proposed, maybe related to educational activities
about probabilities and the definition of PoP. Nowadays, there are
different websites that provide a huge amount of data provided by
different NWP models. This information could be used to com-
pare the outputs of distinct atmospheric variables simulated by
several models and evaluate the differences and similarities found
among them. It could help to visualize the uncertainty associated
with deterministic weather forecasts and introduce the concept of
ensemble prediction systems to estimate the uncertainty in a
weather forecast. In this regard, it becomes fundamental to un-
derstand people’s preexisting concepts related to forecast uncer-
tainty in order to properly handle uncertainty information. We
think that students’ confidence in forecasts would likely evolve as
they gain experience with the basis of models together with fos-
tering activities that bring into play uncertainty with different
formats than those presented in the current paper. In this sense,
we should put the attention on people’s interpretation of the in-
formation as well as their attitudes and behavior toward it (Morss
et al. 2008). We should keep in mind as well to promote the main
feeling that has arisen from this study in the sense that uncertainty
is inherent to weather forecasts. In this regard, despite students
know that weather forecasts are not perfect, they also acknowl-
edge their reliability and effectiveness, and the usefulness to an-
ticipate and be prepared in extreme weather situations. Results
are in line with acknowledging uncertainty in weather and climate
forecasts (Joslyn and LeClerc 2012; Howe et al. 2019). In this case,
people seem to recognize that complete certainty in future pre-
dictions is not possible but admitting the limitations inherent in
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these predictions may support their credibility and increase the
appropriate use of scientific findings by nonexperts. As such,
forecasts with odds ratios can be extremely effective in convincing
users to take precautionary action for a wide range of dangerous
weather situations in which prompt public response is required
(LeClerc and Joslyn 2012). However, LeClerc and Joslyn (2012)
also pointed out that even though forecasts with odds ratios can be
extremely effective in convincing users to take precautionary ac-
tion, they should be used with care to avoid false-alarm effects.
Supporting these previous results, the current study shows that an
indication of the possible uncertainty associated with the forecast
in the closed-ended question seems to activate some kind of
awareness with regard to forecast uncertainty, whereas this issue is
not taken into account, generally speaking, in the open-ended
questions, where a free response is suggested. Other choices that
could help to normalize and communicate uncertainty could be a
more fluent use of uncertainty terminology. In this sense, verbal
statements can function equally well as numerical values of
probabilities when communicating uncertainty (Persson 2014).
For instance, with regard to PoP, a good point to start could be the
conceptual understanding, using plain text, such as, “Of 10 days
with atmospheric conditions like tomorrow, 6 days would produce
this amount of rain,” based more on conceptual understanding
than on mathematics of probabilities. We should consider as well
that students had not faced this sort of questions before and they
even had not thought of this question. Furthermore, reducing
the number of possible interpretations of everyday language
when used to describe weather or climate should be considered
and combined with graphical/numerical information in order
to benefit the public (Sivle and Aamodt 2019). In this sense,
Spiegelhalter et al. (2011) recommended using multiple for-
mats that combines verbal and numerical information. Even
though using multiple information could produce an excess of
information, some strategies should tested accordingly to the
needs of the audience, objectives of communication and con-
text (Spiegelhalter et al. 2011).

From the previous results, it seems that showing some
measure of uncertainty in the forecast statement, as provided
by the closed-ended questions, stimulates the perception of
some kind of uncertainty in the corresponding forecast. In
contrast, providing the deterministic forecast without any ref-
erence to uncertainty, as in the open-ended questions, appears
to give the impression that an exact forecast is expected.
Maybe, the absence of specific ranges of reference could lead
participants to perceive a more skillful prediction in terms of
the temperature forecasts. Therefore, this issue should be
considered when communicating weather forecasts, as it could
help participants to be aware of some sense of uncertainty in
the corresponding prediction.

The current findings provide a positive view on weather
forecasts interpretation, supporting the assumption that par-
ticipants in the study can make more informed decisions based
on this information. Therefore, we should try to educate stu-
dents on how to correctly interpret probabilities and face
weather and climate phenomena in these terms. Students
should also be trained in how to correctly interpret the mete-
orological predictions of the set of atmospheric elements,
within the educational curricula of the basic levels of education
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(Martinez Ferndndez and Olcina Cantos 2019) for their better
understanding at university levels and their greater handling in
future research papers. As pointed out by Persson (2014),
weather forecasting is a probabilistic matter, whether we
“like” it or not. Therefore, as shown in the current work, it is
also a matter of acknowledging uncertainty.
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