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ABSTRACT: Broadcast meteorologists play an essential role in communicating severe weather information from the
National Weather Service to the public. Because of their importance, researchers incorporated broadcast meteorologists in
the development of probabilistic hazard information (PHI) in NOAA’s Hazardous Weather Testbed. As part of Forecast-
ing a Continuum of Environmental Threats (FACETs), PHI is meant to bring additional context to severe weather warn-
ings through the inclusion of probability information. Since this information represents a shift in the current paradigm of
solely deterministic NWS warnings, understanding end user needs is paramount to create usable and accessible products
that result in their intended outcome to serve the public. This paper outlines the establishment of “K-Probabilistic Hazard
Information Television” (KPHI-TV), a research infrastructure under the Hazardous Weather Testbed created to study
broadcast meteorologists and PHI. A description of the design of KPHI-TV and methods used by researchers are pre-
sented, including displaced real-time cases and semistructured interviews. Researchers completed an analysis of the 2018
experiment, using a quantitative analysis of television coverage decisions with PHI, and a thematic analysis of semistruc-
tured interviews. Results indicate that no clear probabilistic decision thresholds for PHI emerged among the participants.
Other themes arose, including the relationship between PHI and the warning polygon, and communication challenges.
Overall, broadcast participants preferred a system that includes PHI over the warning polygon alone, but raised other con-
cerns, suggesting iterative research in the design and implementation of PHI should continue.

SIGNIFICANCE STATEMENT: Broadcast meteorologists are the primary source of severe weather warning infor-
mation for the U.S. public. As a result, researchers at NOAA’s National Severe Storms Laboratory and the Cooperative
Institute for Mesoscale Meteorological Studies developed a mock television studio to allow broadcast meteorologists to
use and communicate experimental products “on air” as part of the research-and-development process. Feedback pro-
vided by broadcasters is incorporated into products through an iterative process. Since 2016, 18 broadcasters have tested
probabilistic hazard information at the warning time scale (0-1 h) for severe wind and hail, tornadoes, and lightning.

KEYWORDS: Severe storms; Tornadoes; Probability forecasts/models/distribution; Broadcasting; Communications/
decision making; Societal impacts

1. Introduction broadcaster advice as a main influence in deciding to seek
shelter (Hammer and Schmidlin 2002; Sherman-Morris 2005).
Therefore, the research and development process of future
NWS severe weather products must be user centric, considering
the needs of NWS forecasters and core partners, including
broadcasters. The job duties of these users have differing re-
sponsibilities and inherent pressures; however, user-centered
research methodologies increase the likelihood that new
products will be successful upon transition for all groups.
An example of this type of success was the WSR-88D up-
grade. Researchers engaged the television broadcast indus-
try before the NEXRAD installation through nationwide
surveys (Robertson and Droegemeier 1990). Results showed
broadcasters were willing to use the technology and wanted to
& Supplemental information related to this paper is available  attend regional educational workshops. Today, NEXRAD is
at the Journals Online website: https:/doi.org/10.1175/WCAS-D-  perhaps the most critical component of television weather cov-
21-0171.s1. erage. The work in the paper seeks to expand end-user engage-
ment beyond surveys to include full-fledged usability testing.

Corresponding author: Holly Obermeier, holly.obermeier@ou. 10 accomplish this, broadcast meteorologists (2016 to present)
edu were incorporated into the probabilistic hazard information

For decades, broadcast meteorologists have added value to
NWS severe weather information and are crucial intermedia-
ries between NWS forecasters and the public. Despite their
importance, the role of these important practitioners in weather
communication is rarely researched (Wilson 2008; Demuth et al.
2009; Doherty and Barnhurst 2009; Keul and Holzer 2013).
However, broadcast meteorologists remain the primary source
of NWS weather warnings for most of the general population
(Silva et al. 2017, 2018, 2019; Krocak et al. 2020), despite
the rise in smartphone notifications. Viewers cited trust of
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(PHI) experiments (Calhoun et al. 2014; Karstens et al. 2015,
2018) in NOAA’s Hazardous Weather Testbed (Calhoun et al.
2021). In these Hazardous Weather Testbed experiments, ini-
tial object-based probabilistic forecasts for severe wind/hail,
tornadoes, and lightning (known as ProbSevere for wind and
hail; Cintineo et al. 2014; Calhoun et al. 2018) were created
and/or modified by NWS forecasters to produce grid-based
probabilistic forecasts (i.e., PHI plumes) using the NSSL Proto-
type PHI Tool (Karstens et al. 2015, 2018) (Fig. 1). The PHI
plumes moved with the identified hazards, updating through
machine and/or forecaster-controlled automation every 2 min.
In these experiments, NWS forecasters created storm-based
PHI, which was then displayed in an experimental version of
the NWS Enhanced Data Display (Wolfe 2014) (Fig. 1).
Broadcast meteorologists used the information displayed in the
experimental Enhanced Data Display to make decisions in a
simulated work environment. The NWS forecasters, broadcast
meteorologists, and emergency managers functioned as an inte-
grated warning team, using NWSChat (https://nwschat.
weather.gov) to interact across rooms.

The PHI experiments are part of the broader Forecasting a
Continuum of Environmental Threats initiative (FACETs;
Rothfusz et al. 2018). FACETs is a framework to modernize
the NWS forecast and warning paradigm from a reliance on
deterministic products (e.g., watches and warnings) to one that
adds gap-filling, continuously updating PHI spanning from days
to within minutes of an event for all environmental hazards.

The initial vision for FACETs specified that social and be-
havioral sciences research would identify appropriate proba-
bilistic thresholds for automated warnings for tornadoes,
severe wind/hail, and cloud-to-ground lightning. As a result,
multiple methods for automated severe warnings were tested
in the Hazardous Weather Testbed with broadcast meteorolo-
gists and emergency managers. In the 2015 experiment, emer-
gency managers received PHI only (no warnings). Emergency
managers stated that NWS warnings served as triggers in their
emergency operations plans. Without them, participants indi-
vidually attempted to determine a probabilistic threshold they
felt warranted a warning (Karstens et al. 2018). During the
2016 experiment, forecasters chose their own probabilistic
threshold to define the warning polygon boundaries. Forecast-
ers were inconsistent on what probability threshold consti-
tuted a warning (Karstens et al. 2018). In addition, the higher
the threshold a forecaster specified for the warning, the
smaller the resulting warning polygon. Broadcast meteorolo-
gists found a warning product was needed to justify coverage
decisions to station management, beyond relying on probabil-
ity alone. In 2017, the forecaster participants used 0% as the
warning threshold. While this approach created sufficiently
large warning polygons (Karstens et al. 2018), broadcast me-
teorologists found it extremely difficult to communicate the
need to seek shelter at such low probabilities of tornadoes.
During the 2018 experiment, broadcast meteorologists and
emergency managers received PHI and the actual warning
polygons issued by the NWS during each event (Fig. 1). This
approach would ideally allow the broadcasters and emergency
managers to make decisions at their own discretion using
both products.
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This paper documents the development and evolution of a
recurring experiment in the Hazardous Weather Testbed in
which broadcast meteorologists tested and evaluated the
usability and communication of warning-scale PHI on air in a
simulated television studio environment. Researchers summa-
rize the evolution of a research television studio and discove-
ries from four years of testing how broadcasters could present
PHI on air.

2. Method
a. Evolution of a research television studio

Researchers developed K-Probabilistic Hazard Information—
Television (KPHI-TV) over a period of three years as a re-
search television studio environment. In the framework of the
Hazardous Weather Testbed, broadcasters performed work
routines typical of severe weather events while using experi-
mental products issued by NWS forecasters. Researchers used
the Oklahoma Weather Laboratory to operate KPHI-TV. The
Oklahoma Weather Laboratory is a student-run forecasting
organization within the University of Oklahoma School of Me-
teorology that produces short, routine weather broadcasts
made by students for the University of Oklahoma Nightly tele-
vision program. With its modern broadcasting equipment and
setup, the Oklahoma Weather Laboratory proved to be a flexi-
ble and modifiable space to accommodate both student and re-
searcher needs.

Beginning in 2016, a single broadcast meteorologist partici-
pated as a member of an integrated warning team in each of
the three weeks of the PHI Prototype experiment, under the
NWS Hazard Simplification project (Eastern Research Group
2016; Nemunaitis-Berry and Obermeier 2017; Obermeier et al.
2017, LaDue et al. 2016). Broadcasters tested both PHI and
hazard simplification messaging while using the Enhanced
Data Display to visualize and communicate PHI. The partici-
pant stood in front of two wall monitors to perform impro-
vised on-air coverage while a web camera streamed the video
and audio to NWS forecasters and emergency managers in
separate rooms. Researchers sat nearby, observed, and took
notes. The studio concept was effective for basic experimental
needs but lacked several more complex factors. The design
proved unrealistic for test cases that featured high-impact
severe weather threats, which is often the circumstance in
Hazardous Weather Testbed experiments. In a real-world set-
ting, a team of broadcast meteorologists, rather than a single
person, would handle high-impact severe weather coverage.
Additional support from the newsroom (e.g., reporters, an-
chors, producers, and directors) would be common. Many
work duties and pressures that would be expected in a televi-
sion studio environment were not represented. Realizing these
shortcomings, researchers sought to incorporate additional
elements of realism over subsequent years of the experiment.

In the 2017 PHI Prototype experiment, one broadcaster
participated each week and researchers retained the double
monitor studio format. To add more depth and realism for
the participants, researchers added both an assigned local des-
ignated market area (DMA) and a television programming
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FIG. 1. (top) The graphical user interface of the NSSL Prototype PHI Tool, displaying the creation of a PHI object
and probability plume by an NWS forecaster. Within the user interface, an NWS forecaster could manipulate the
storm vector and a trend line of probability over time. The forecaster could also change the shape of the probability
plume. (bottom) The graphical user interface of the Enhanced Data Display, displaying a PHI object and plume along
with warning polygons. Broadcast meteorologists could toggle the PHI and warning layers on or off. In both images,
“warmer” tones such as red and purple indicated higher probabilities and “cooler” colors such as yellow and green
corresponded to lower probabilities.
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FI1G. 2. The 2018 KPHI-TV studio, with one participant using the green screen (far middle)
and another participant at the social media desk (lower right). A student director is seated
(lower left). Researchers and observers fill the remaining space.

schedule. Researchers assigned the DMA based on case loca-
tion. Schedules included programming from all four major
networks (ABC, CBS, NBC, and Fox). Depending on the
time and date of the case, the rundown could include both lo-
cal newscasts and programming content. In addition, partici-
pants were informed that ratings periods, or “sweeps,” were
under way if the case occurred during February, May, July, or
November. During sweeps, television stations calculate their
audience size, a critical measurement that ultimately deter-
mines advertising revenue (Buzzard 2015). Adding the combi-
nation of geographic location and television programming
required a realistic analysis of the severe weather threat be-
fore a coverage decision was made by the participant.

Other technological additions included text-crawling soft-
ware that allowed the participants to construct and run their
own custom messages along the bottom of the television
screen. To expand visualization capabilities, PHI placefiles
were incorporated into GR2Analyst (http:/www.grlevelx.
com). GR2Analyst allowed participants to show PHI plumes
along with any radar variable, including dual-polarimetric var-
iables. While a webcam captured video and audio in 2017, the
content was confined to a private channel and not broadcast
to other participants. This arrangement allowed the broad-
caster to retain the effect of feeling “on air” but reduced over-
all performance burdens.

Additional funding in 2018 allowed researchers to fully ex-
pand KPHI-TV resources. Upgrades included a green wall,
high-definition camera, source switchboard, lapel microphones
for audio, studio lighting, and a social media desk complete
with protected Facebook and Twitter accounts (Fig. 2). The
2018 experiment included two broadcasters in each of the
three weeks working as a team, for a total of six participants.
One broadcaster was stationed on-camera against the green
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screen while the other was stationed at the social media desk.
Both had active, or “hot,” microphones and could banter back
and forth during on-air coverage. An undergraduate student
acted as a director and handled the switchboard. This student
changed sources between the Enhanced Data Display or
GR2Analyst at the request of the on-camera broadcaster.
Depending on the case location and population size of the
DMA, participants were given the option of asking for sour-
ces such as mock helicopter coverage, live shots, or tower
cameras. They could also “toss” coverage to a fictitious news
anchor or field reporter, which allowed the participants to take
a brief break or drink of water. The culmination of the design
features implemented from 2016 to 2018 led to enhanced test-
ing and technological stability with each successive iteration of
the experiment.

b. Participant selection

Using snowball sampling (Atkinson and Flint 2001),
researchers sought participants by distributing a nationwide
recruitment letter during early 2018. Distribution sources in-
cluded the American Meteorological Society, the National
Weather Association, and NWS media and emergency man-
agement email lists through local weather forecast offices.
Selection criteria of most importance included availability,
geographic location of the applicant’s home DMA, typical
shift (e.g., mornings vs evenings; weekdays vs weekends) and
number of years of experience. Broadcast meteorologists on
different shifts often have varying responsibilities, especially
with regard to how newscasts are structured. In addition,
storm mode can vary with region or time of day (Smith et al.
2012). Researchers hoped to capture applicants with a range
of backgrounds concerning these criteria. Researchers also
recognized the need for diversity in gender, race, ethnicity,
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TABLE 1. Broadcast meteorologist participant employment attributes for the 2018 Hazardous Weather Testbed PHI experiment.

Participant Years of experience DMA size DMA location Shift time
A 12 Large Tennessee Evening
B 13 Large Connecticut Evening
C 14 Small Mississippi Evening
D 18 Large Tennessee Morning
E 8 Large Michigan Morning/evening
F 8 Small Virginia Evening

age, and types of educational training, and strove to select a mix
of participants with differing kinds of backgrounds (Table 1).
The six selected broadcasters in 2018 had television experience
ranging from 8 to 18 years. DMA representation included mar-
kets from all sizes (small to major), and covered Midwest,
northeast, and southern states. Most of the participants had pre-
viously worked in other DM As across the country and brought
that experience into the context of the experiment. To maintain
anonymity in accordance with institutional review board re-
quirements, each of the six participants are represented by an
alphabetical pseudonym (A-F).

c. Experiment design and data collection

The 2018 experiment took place over three weeks in June.
Prior to each week, the participants received an emailed form
to complete and return. The form was a modified cognitive
task analysis (CTA; Hoffman 2005), in which participants
were asked to list and define their work responsibilities ac-
cording to the Storm Prediction Center’s (SPC) day-1 convec-
tive outlook. Researchers asked the participants to document
their routines and workload according to days with no risk,
slight risk, and moderate/high risk for severe weather. Since
little formal information exists about the day-to-day proce-
dures of a broadcast meteorologist, researchers hoped to gain
more thorough insight using the CTA. Following completion
of this step, each pair of selected broadcast participants trav-
eled to Norman, Oklahoma, for their experiment week. Each
week followed the same schedule (Table 2). The day-1 sched-
ule started with introductions, followed by a detailed dialogue
with each participant reviewing their completed CTA. Re-
searchers walked each participant through every detail of the
broadcasters’ duties, which typically began well before their
formal shift started and sometimes ended hours later than their
shift ended, depending on the severity of the hazardous weather
event. The CTA interviews allowed researchers to establish a
critical baseline for broadcast meteorologists’ duties and deci-
sions on nonsevere and severe weather days (Ernst 2020).

Next, researchers conducted a semistructured interview
with both participants (see also all semistructured interview
guides in the online supplemental material). The day-1 inter-
view allowed researchers to gather participant feedback about
the current watch, warning, and advisory paradigm. Specifi-
cally, researchers were interested in learning about participants’
views concerning any spatiotemporal gaps in information and
perception of probabilistic information, before being exposed
to the suite of experimental PHI products. This early week
feedback provided researchers with the broadcasters’ initial and
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unbiased perceptions. After a lunch break, a training case was
simulated in the afternoon. During this case, participants be-
came oriented with the concept of the PHI plume, PHI objects,
ProbSevere, the Enhanced Data Display, GR2Analyst, and the
studio layout. Researchers collected no data during this training
activity.

Days 24 featured a consistent schedule in which partici-
pants simulated a case in the morning and afternoon, for a
weekly total of six cases with differing hazards, SPC convec-
tive outlooks, and watch types (Table 3). These archived cases
represented a variety of DMAs across the nation and severe
convective hazards, including tornado, wind, and hail (Fig. 3).
One case focused solely on experimental cloud-to-ground
lightning PHI (Calhoun et al. 2018; Meyer et al. 2019). Prior
to each case, participants watched a prerecorded weather
briefing that included both synoptic and mesoscale observa-
tions, SPC day-1 convective outlooks, SPC mesoscale discus-
sions, and watches for the case area. Participants then worked
through the case, which was typically less than 2 h long. Dur-
ing cases, participants focused on executing their work duties
(such as radar interrogation, on-air coverage, social media up-
dates, and checking NWSChat), but were encouraged to think
aloud or ask questions. Researchers administered postcase
semistructured interviews after each case. The interview ques-
tions included participants’ thoughts on multiple aspects of
PHI: usefulness for their decision-making, characteristics that
were or were not helpful, and perceived challenges. On day 5,
participants completed a final semistructured interview cover-
ing their impressions from the entire week. Questions covered
such topics as the participants’ overall thoughts about PHI
and whether they would or would not use PHI operationally.

In addition to the CTAs and semistructured interviews, re-
searchers collected many other data and media before, during,
and after simulated cases. Because the broadcast experiment re-
creates a television studio environment, these data included the
following:

o television video and audio;

e television coverage decisions, including probabilistic thresholds,
hazard type, programming and coverage type, and length of
time on air;

social media posts, including Twitter and Facebook (Kolakoski
et al. 2019; Trujillo et al. 2020);

¢ NWSChat logs;

modified NASA task load index surveys (Hart and Staveland
1988; Hart 2006); and

researcher case observation notes.
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Researchers documented the probability of the PHI objects
each time a coverage decision was made, as well as the storm
identifier, type of hazard, type of coverage, and length of time
on air (if applicable). Tracking these elements allowed re-
searchers to assess probabilistic thresholds for decision-making
by each participant, hazard type, and coverage type.

As part of the Enhanced Data Display functionality, broad-
casters could change the update frequency of the PHI. Options
included 20-, 10-, 5- or 2-min updates. The update speed each
participant chose at the beginning of every case was docu-
mented to determine an ideal PHI update frequency to meet
the needs of the broadcast media. Researchers also investigated
whether the participants preferred different color schemes of
PHI based on previous research with the public (Ash et al.
2014; Miran et al. 2017; Klockow-McClain et al. 2020). To ex-
plore broadcasters’ color preferences for communication to
their viewers, researchers provided PHI in both rainbow and
monotonic color schemes (Fig. 4). Researchers acknowledged
that color schemes could be confusing for those experiencing
color vision deficiency. To date, no participants have expressed
any specific problems with the presented color schemes.

semistructured

Day 5 (Fri)
Morning
interview

End of week

semistructured
interviews

Postcase

Afternoon

and cases 2, 4,

Weather briefings
and 6

Days 2-4 (Tue-Thurs)

d. Thematic analysis

semistructured
interviews

A single coder conducted a qualitative thematic analysis
(Braun and Clarke 2006) on the semistructured interviews
from the day-1, postcase, end-of-week, and researcher case
observation notes to identify common themes and feedback
between participants. To corroborate these documents, the
audio recordings from the experiment were transcribed and
content was compared to verify the completeness. Patterns
were drawn from the codes to devise and verify the themes.
After verifying that the themes were representative of the
data and research questions, themes were named and defined.
Concrete examples from the transcripts were connected to
themes.

Postcase

Morning

and cases 1, 3,

Weather briefings
and 5

(no data
collected)

Afternoon
Training case

3. Results
a. Coverage decisions in the current warning paradigm

Five types of coverage decisions emerged during the 2018
experiment that included: on-air messages known as crawls;
short on-air “cut-ins” (often 5 min or less); weather segments
during local newscasts (including a primary weathercast and
any additional segments); continuous on-air coverage (“wall
to wall”); and social media posts (Facebook and Twitter). The
day-1 interviews revealed that participants typically balance
several factors when making coverage decisions concerning se-
vere weather. These factors include the hazard type, presence
(or nonpresence) of a watch/warning, SPC day-1 convective
outlook, television programming, ratings periods, management/
newsroom policies, and the population/geography of their
DMA. Factors were weighted with importance depending on
each unique scenario. Ultimately, participants expressed that all
coverage decisions were situationally dependent to a degree,
and no firm rules exist across the industry. Some hazard types
took precedence in coverage over others, and this precedence
was often dictated by the presence of a watch and/or warning.

TABLE 2. Schedule for each week of the 2018 Hazardous Weather Testbed PHI experiment.
semistructured
interview

Day 1 (Mon)

Morning
In-depth  Day-1
review

CTA

Before week
form

Preweek CTA Introductions

Brought to you by NOAA Central Library | Unauthenticated | Downloaded 09/22/22 08:27 PM UTC



JUL-SEP 2022

OBERMEIER ET AL.

TABLE 3. Attributes for the six archived displaced real-time cases.

955

Case date Primary hazard Secondary hazard State Watch status SPC convective outlook
21 Jan 2016 Tornado Straight-line winds MS Tornado watch Enhanced
25 May 2016 Tornado Straight-line winds KS Tornado watch Slight
25 May 2017 Tornado Hail KS Severe thunderstorm Watch Enhanced
24 May 2017 Straight-line winds Hail SC Tornado watch Enhanced
1 Sep 2016 Lightning Tornado FL Tornado watch Slight
22 July 2016 Lightning None CO None General Thunderstorm

1) TORNADO WARNINGS

According to all of the 2018 participants, tornado warnings
were an immediate cue to begin continuous weather coverage,
no matter the current programming or if sweeps were under
way (Table 4). Most often, coverage would continue until the
warning expired. If coverage ended before the tornado warn-
ing expiration, it would often resume with subsequent updates
to the warning. Also, the participants’ own analysis of radar sig-
natures and viewer reports influenced their coverage decisions.

2) SEVERE THUNDERSTORM WARNINGS

Unlike tornado warnings, participants typically used short
cut-ins as coverage for severe thunderstorm warnings, primar-
ily during commercial breaks (Table 4). Most voiced that tele-
vision programming played an important role in this decision.
Some programs have higher viewership than others, which is
often related to the time of day. Many participants listed
shows such as Judge Judy, Wheel of Fortune, The Voice, The
Bachelor/Bachelorette, soap operas, and sporting events as
programming they prefer not to interrupt with a severe thun-
derstorm warning. The decision to interrupt programming
was made more difficult if the case occurred during sweeps,

SaltLake
oy
Dpenver | STAT
=
Oklahoma City
Phoenix
Dallas
Columbia, 5C - May 24, 2017
Austin

Grand Junction, CO - July 22, 2014
San Antonio
Jackson, MS - January 21, 2016
Orlando, FL - September 1, 2016
Topeka, KS - May 25, 2016

Wichita, KS - May 25, 2017

prtem ey .

o0 e 0COoe

FIG. 3. Primary market locations and dates

_Kansas City

Houston

especially if the severe threat was marginal. Participants even
expressed dread about program interruption because of past
experiences with negative viewer feedback. Most of the par-
ticipants felt that cut-ins for severe hail and wind were best re-
served for national commercial breaks, unless significant hail
[>2-in. (5.1 cm) diameter] or wind [>70 mi h~' (113 km h™")]
were expected.

3) GENERAL COVERAGE POLICIES/PRACTICES

Participants preferred cutting in over national commercial
breaks, since local markets focus on the advertising revenue
from local commercials. Other times, participants chose to cut
in over station identification. Station identifications typically
occur at the end of a commercial break and can last approxi-
mately 15 s. For network programming, station management
policies could be strict about cut-in decisions. Participants from
network owned-and-operated stations said that the choice to in-
terrupt primetime network programming with weather cover-
age could be a very complicated decision, which was weighted
heavily toward input from station management. However, in
the majority of the participants’ DMAs, these restrictions were
less prevalent and broadcast meteorologists were the primary
decision-makers concerning weather coverage. With regard to
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FIG. 4. Comparison of rainbow tornado plumes and red monotonic tornado plumes.

social media, broadcasters expressed a great deal of freedom in
their ability to share severe weather information, both in fre-
quency and amount of content. The interviews revealed that
the participants shared numerous posts concerning weather in-
formation daily, and that social media was a useful tool for se-
vere weather coverage.

b. Coverage decisions in the PHI paradigm

Results from the 2018 experiment indicate that the addition
of PHI into the warning paradigm added more complexity
into participants’ coverage decisions and communication.
Because most participants had an established mental checklist
for making coverage decisions, it was not immediately clear
how PHI should fit into their workflow. To understand their
thoughts on probability, both interview questions and a statis-
tical analysis of their decisions were implemented. As part
of the day-1 semistructured interview, participants were asked
their thoughts about what percent probability of severe weather
they perceived should warrant television coverage: “Thinking
about likelihood in terms of numeric probabilities, at what
probability level do you feel immediate coverage is warranted
from the threat of tornado, severe, and lightning?” (Table 5).
The same question was asked in the end-of-week interview on
day 5. For the duration of the experiment week, the partici-
pants’ perceptions of tornado probabilities changed very little.
For severe, half of the participants’ perceived thoughts on prob-
abilistic thresholds increased. For the other half, the answer
shifted from a numeric probability to a qualitative response.

For example, participant F changed their answer from
“20%-30%" on day 1 to “intensity dependent” on day 5, per-
haps suggesting that after using PHI, the participant considered
factors beyond hazard probability. This was not surprising, since
most participants described so many factors they consider when
making a coverage decision.

Over the course of the 3-week experiment, participants
made a total of 377 coverage decisions using all five modes of
coverage types (crawl, social media, weathercast, short cut-in,
continuous). Of these coverage decisions, 308 were made us-
ing PHI guidance. To investigate if any common probabilistic
threshold patterns occurred, decisions were analyzed by the
PHI value of the hazard when the decision was made. When ex-
amined by hazard type alone, PHI thresholds for tornado cover-
age decisions were lowest (median = 65%), followed by severe
(median = 80%) and lightning (median = 92%). Variability ex-
isted, likely due to the other influencing factors as described in
the answers to the CTAs and day-1 interviews. To investigate if
thresholds varied depending on coverage type, decisions were
examined under the lens of both hazard and coverage type
(crawl, social media, weathercast, short cut-in, continuous;
Fig. 5). For tornado PHI (Fig. 5, top left), participants performed
short cut-ins at a comparably low threshold (median = 25%)
with much less variability (standard deviation = 8%). The me-
dian thresholds were much higher for the other types of cover-
age. For severe thunderstorm PHI (Fig. 5, top right), the
threshold was also lower for short cut-ins relative to the other
coverage types (median = 42%; standard deviation = 25%).
More variability existed for social media posts, although the

TABLE 4. Answers from each participant to the day-1 interview question: “What is your policy on breaking into programming/
commercials during severe weather?” Answers are in reference to current television station policy.

Participant Severe thunderstorm warning Tornado warning
A No cut-in [unless highly populated area affected, or threat of significant hail/wind] Continuous coverage
B Cut-in during national commercial breaks Continuous coverage
C Typically, no cut-in Continuous coverage
D Cut-in during national breaks; situational Continuous coverage
E Situational Continuous coverage
F Cut-in during commercial breaks Continuous coverage
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TABLE 5. Answers from each participant to the day-1 and end-of-week question: “Thinking about likelihood in terms of numeric

probabilities, at what probability level do you feel immediate coverage is warranted from the threat of tornado, severe, and lightning?”

Tornado Severe Lightning
Participant Day 1 Day 5 Day 1 Day 5 Day 1 Day 5
A 25% 30% 50% 75% “No action” “No action”
B 30% 30% 60% 75% “No action” “No action”
C 10% “Depends” 70%-90% “Higher in general” “100% during “Cover during
outdoor events” newscasts”
D 30% 20% 50% “Higher but conditional” “No action” “Location dependent”
E 20% 30% 30% 65% 60% 100%
F 20% 20% 20%-30% “Intensity dependent” 50% “Timing dependent”

median threshold was 90%. Lightning was solely covered by so-
cial media posts, except for two short cut-ins (Fig. 5, bottom).
Figure 6 shows coverage decisions according to each participant
by hazard. The median threshold for a coverage decision for
tornado threats was lower than for severe or lightning threats.
Variability in thresholds for each participant was common.
Figure 7 illustrates the percentage of decisions allocated for
each hazard type and coverage type, along with the duration of
on-air coverage. Despite social media coverage representing the
greatest percentage of decision points, three other coverage
types (continuous, short cut-in, or weathercast) resulted in
nearly 17 h of combined on-air coverage between all six par-
ticipants. Of these 17 h, approximately 15 h were spent cov-
ering primarily tornado PHI and approximately 2 h were
spent covering severe PHI. Only about 2 min were spent cov-
ering lightning PHI on air. Having an additional participant in
the 2018 Hazardous Weather Testbed experiment focused on
social media allowed for a much higher volume of posts than in
2016 or 2017, especially to Twitter. Posting severe weather in-
formation to social media did not require interrupting the tele-
vision station’s main source of revenue, translating to less
financial risk and potential viewership frustration. Twitter or
Facebook posts were a lower-risk method for the participants
to spread PHI quickly as updates arrived from the NWS fore-
casters. Also, some participants were much more prolific post-
ers to social media than others. One participant posted 108
times throughout the week, which was almost 2 times the total
number of posts of the next highest participant. A comparison
of social media posts in the Hazardous Weather Testbed with
those from the actual events revealed that posts created by par-
ticipants using PHI included more specific temporal and spatial
information (Kolakoski et al. 2019; Trujillo et al. 2020).

c¢. Thematic analysis

Two primary themes emerged in the analysis of the semi-
structured interviews:

1) the complex relationship between PHI and the warning
polygon, including
e preference for PHI,
¢ need for a warning threshold or trigger,
e inconsistencies between the two products, and
e importance of trends in probability with each update
(on the order of minutes), and
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2) communication challenges in visually and verbally telling
the “weather story” to the audience, including
e messy, cluttered displays,
o the usefulness of ProbSevere/PHI object,
e PHI color schemes,
e words for PHI, and
¢ update frequency.

Throughout the experiment, the complex relationship
between the PHI plume and the warning polygon was ap-
parent. Participants freely experimented with combina-
tions of both products for all hazards, but consistently
voiced their preference for PHI and its usefulness. The ad-
dition of probabilistic information added more context
than participants felt they received from the warning poly-
gon alone:

The plume allows you to focus on the highest probabilities; it gives
you a graded product instead of a “yes or no.” (Participant D)

I liked the plumes better because of the shades of certainty that
they communicated. They’re more focused than the legacy warn-
ings. Did layer both in some tweets. (Participant D)

To be honest, if this were me, I would base all of my decisions on
the PHI and not the polygon to stay on or off air. (Participant F)

It [PHI] is a product that works best by itself. Having that and ra-
dar is a lot going on. If you turn everything else off, it’s [PHI]
pretty self-explanatory. (Participant D)

There’s this relief knowing you’re not missing something when
you have that PHI layer. You can take a part of your brain from
radar analysis and focus on the communication of the hazard.
(Participant E)

Despite the preference for PHI, participants still voiced the
need for a warning threshold or trigger of some kind. Current
decision practices are based on the issuance of warnings, and
participants still wanted a warning product:

There has to be some threshold to trigger a warning. (Participant B)

The boxes [warning polygons] were extra assurance, comfort level
that we’ve had for years. (Participant E)

.. . there should be a tornado warning threshold . . . I can see a
news manager saying “you cannot go on the air unless the tor-
nado probability is over 100%. It can add a lot of ambiguity to
coverage decisions. (Participant D)



958

100% T -
90%

80%
70% 70% . H 70%

60%
% 25%

7 123 0 3 10

50%

40%
30%

Probability of Tornado

20% o
10%
0%

o000

100% — 100%
90%
_— 80% 80% o

70% 70%
60%
50%
42%
40%

30%

Probability of Severe

20%

10%

— T ]

0%

9 100 5 6 1

100% ~ 100%

90% 90%
80%
70%

60%

——{1]

50%
40%
30% o

Probability of Lightning

20%

10%

0%

0 %42 0 5 2 Z 0
S >~ ~
4 4 & 5 &

(
A, &
3 F

o ¥

Coverage Decision Type

FIG. 5. Boxplots of hazard probability values for each type of
coverage decisions for (top) tornado, (middle) severe, and
(bottom) lightning. Each of the five boxes represents a different
type of coverage, along the x axis from left to right (crawl, social
media, weathercast, short cut-in, and continuous). The number of
decisions for each coverage type is also listed along the x axis. The
median value for each type of coverage is shown to the right of
each box.

However, the visual presentation of PHI and the warning
polygon together presented some issues. These concerns were
most prevalent when the two products were inconsistent and
did not spatially align with one another. Feedback during and
after cases indicated that discrepancies between the two prod-
ucts were problematic and challenging to communicate:
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shown to the right of each box.

Polygons may be too broad, but plumes are too specific.
(Participant A)

That becomes difficult to communicate [the two products].
(Participant A)

I was turning off the warnings a lot . . . most of the time actually.
Because explaining in 280 characters [Twitter] with both [warning
and PHI] is difficult. (Participant D)
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From a messaging standpoint that [PHI overlaid with the warning
polygon] becomes very challenging. It’s two different messages.
(Participant B)

The warning and PHI have to make sense together. You can’t
have [a storm with] no warning with a higher probability than a
storm with a warning [with a lower probability]. (Participant B)

Numerous instances occurred in which high-probability
PHI existed with no corresponding warning. The opposite sit-
uation occurred as well, in which a warning was valid without
the presence of a concurrent PHI plume. In addition, situations
arose in which a PHI plume for a specific hazard type was collo-
cated with a warning for a different hazard type. Feedback con-
cerning these situations was also mixed:

. so many warnings without PHI corresponding . . . I do
not know what I would have done in a real-life situation.
(Participant F)

Nightmare communicating an 80% tornado plume and a severe
thunderstorm polygon. (Participant B)

[Plume and polygon] not a problem if I do my job correctly and
communicate it. (Participant C)

Despite the consistency issues, participants did find some
effective combinations of the two products. For example, a
decreasing trend in PHI allowed a participant to end coverage
and return to scheduled programming before a warning ex-
pired. Participants often noted that trends in probability over
time were key information and would often be their trigger to
investigate a PHI plume more closely:

I enjoyed seeing the ramp up in percentage, which was another
tool to get the end user [viewer] to react like I would like. I'm
not just looking at graphics making up numbers. (Participant C)

The trend up and the trend down on the tornado threat were
helpful. (Participant C)

Instead of dropping it [the tornado plume] all at once, it was sort
of a gradual decrease. (Participant B)
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I liked the ones that showed up before the legacy warning came
out because in some instances, I was mentally checking the time
and we gave them an extra 20 minutes’ heads up. That’s really
important. (Participant A)

Increasing probability trends in the plume, especially at
lower percentages, gave participants more lead time on a
strengthening hazard. Participants felt they could communi-
cate this lead time to their viewers, hoping to allow them
more time to take protective action. The potential enhance-
ment in lead time was particularly helpful when a plume ap-
peared before a warning polygon was issued. However, one
participant mentioned that decreasing trends could have the
opposite effect:

I might see some managers trying to get people off the air at
lower percentages. (Participant D)

In other words, a broadcaster may want to remain on air
for a warning, but new probabilistic-oriented policies could
pressure the broadcaster to end coverage before they are
comfortable doing so. Overall, the change in the probability
values over short time periods was important and sometimes
provided more value than the single probability value in a
given moment.

As mentioned, over the 3-week experiment, participants spent
nearly 17 h on air, in addition to creating a steady stream of
social media content. Such long-duration coverage requires the
broadcast meteorologist to be in a constant state of information-
sharing through the telling of the “weather story” of the ongoing
situation. With so much information available through PHI,
participants became concerned about the appearance of their
on-air displays. Many struggled with how to layer the data with-
out diminishing the message that they wished to communicate.
Mentions of “messy” displays were frequent each week, espe-
cially in reference to polygons and time of arrival. Participants
often spent time trying to “clean up” their displays while on air:

It is a little busy and hard to get used to. My question is “what
you are going to put on the screen to the viewer?” (Participant F)
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I filtered out the lower PHI values a few times to cut down clut-
tering. It wasn’t due to being overwhelmed. Just because it was
cluttered. (Participant D)

Too much stuff on a graphic at one time. That is up to the meteo-
rologist to clean it up. I can see my consultant telling me that
finally we have something that can replace the radar that no one
understands anyway. (Participant C)

Participants also relied heavily on the ProbSevere or PHI
object guidance. This guidance was consistently layered with
the plume, for all three hazards. Participants voiced that the
tornado guidance was most useful and appeared nicely on air,
essentially providing a visual anchor for the hazard. Excep-
tions occurred when the tornado guidance and PHI plumes
were not well correlated with radar signatures on velocity and
correlation coefficient modes. Severe and lightning objects
were less useful for the participants.

I think when I toggled over to the severe plume, it was a big area
covered by the highest category. That might lead people to disre-
gard it. (Participant D)

All objects look the same, but no indication of severity. Tagged
with sigsevere [significant severe]. SPC outlooks throw in sigse-
vere [significant severe] and tags for higher stuff. We need a way
to distinguish between severe and sigsevere [significant severe].
(Participant B)

I didn’t really use the severe objects, but I think the tornado ob-
jects were really great for severe weather days, multiple torna-
does, especially if you were by yourself. (Participant A)

The tornado object is very useful because it is intuitive to people
at home. (Participant D)

Wow . . . those are big blobs [lightning PHI] . . . Not really telling
me much, they are so noisy. Not bringing me value, even behind
the scenes. Wouldn’t show them on the air, just too many of
them. (Participant B)

Participants also struggled with the nomenclature of PHI.
For researchers, “PHI” and “plume” are the most used jar-
gon to describe this probabilistic information. However,
participants did not always choose to use this terminology
to communicate with their viewers. Instead, broadcasters
spontaneously experimented with other words to communi-
cate the plume. A range of words emerged, such as “cone”
or “zone™:

I'm not a fan of the word plume, like polygon. I'm still thinking
of the right word. It will come to me. (Participant C)

Plume, bullseye (for non-moving objects), layer cake, baubles,
bubbles, I think I used “danger zone” at one point, but that made
me think of Kenny Loggins. (Participant D)

I would not call it a PHI plume, if the tornado warning was based
on it, we could call it a tornado warning, “something we are
watching,” “low risk.” (Participant B)

Plume color tables were another important part of the
visual “weather story” the participants tried to communicate.
All six participants were immediately drawn to the rainbow
color scheme at the beginning of the experiment weeks. The
intensity of the reds and purples of the highest probabilistic
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threat regions translated well on screen. Participants felt view-
ers would be drawn to pay attention to the bright colors.
However, concern existed about whether viewers would con-
fuse the rainbow plumes with radar reflectivity. Also, when
multiple hazard types were all displayed in rainbow colors, it
became confusing to discern between each hazard. In these
situations, participants experimented with the monotonic
color scheme. Once the monotonic color scheme was chosen,
the participant typically did not revert to rainbow. By the end
of the experiment weeks, all but one participant used the
monotonic color scheme exclusively.

During the 2018 PHI experiment, the default update fre-
quency for both automatic and forecaster-manipulated PHI
was every 2 min (Karstens et al. 2018). The swiftly updating
speed of PHI was often overwhelming for a broadcaster work-
ing a case alone during 2016 and 2017. Concerned about this
potential workload burden, researchers gave the participants
the option of 20-, 10-, 5-, or 2-min update speeds and
allowed them to choose which was most comfortable. The
addition of a second participant in the 2018 experiment
allowed the team to more easily handle the demands of
2-min updates, and all participants wanted to receive new
information as quickly as possible, especially during the less
severe cases. Despite some degree of comfort with the
2-min option, concerns existed.

For me it felt like with it [PHI] moving and wobbling so much, it
may turn this way and that way, it turns into the cat with a laser
pointer. I feel more comfortable stepping back when the motion
is uncertain. (Participant A)

. . . during social I was overwhelmed. By the time I composed a
tweet and got a screen grab and looked at towns, it was old and I
needed to grab a new shot. (Participant E)

Two minutes would have been fine if the forecaster was not so
specific with the plume. (Participant B)

Participants frequently mentioned looking for new informa-
tion in the forecaster discussion box within the Enhanced
Data Display with each update. The updates that provided
the most value were those that included a fresh note from the
NWS forecaster. These notes helped the participants to con-
firm their own observations and increased their confidence in
their decisions. Questions still existed concerning the ability
of current television station technology to adapt to the dis-
semination of rapidly flowing information in a real-life setting,
such as the crawl and social media.

4. Discussion and conclusions

Perhaps the clearest result of the work in KPHI-TV was
that all participants chose to use PHI in their decision-making,
and preferred PHI over the warning polygon alone. While
PHI added another layer of complexity to their decision-
making process, it also allowed the broadcasters to make
more informed decisions. On average, participants chose to
make coverage decisions about tornado PHI at lesser proba-
bilities than severe or lightning PHI, although variability in
their thresholds was common. Participants spent most of their
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on-air time covering tornado PHI, at a much higher rate than
severe or lightning PHI. However, social media coverage
accounted for most individual decision points, meaning the
participant at the social media desk was very busy creating
content with the swift updates to the PHI. At times, partici-
pants felt that their tweets were outpaced by the PHI updates
and the tweet information was outdated once posted.
According to the participants, PHI allowed them to justify
remaining on air longer and to return to scheduled program-
ming sooner as threats diminished. The precise coverage tim-
ing resulting from PHI benefitted both the broadcaster and, at
least from a programmatic perspective, the viewer. Partici-
pants felt that the PHI plume could allow them to communi-
cate additional lead time and arrival times, which may allow
the viewer more time to take protective action. However, sev-
eral issues still require additional research and testing, namely
the relationship between the warning polygon and PHI. When
the two products are spatially or temporally mismatched, nu-
merous communication issues arise for the broadcaster that
may lead to confusion for the viewer. In addition, no clear
probabilistic decision threshold emerged during the testing pe-
riod. Because of the myriad of factors considered when making
coverage decisions, great variation in probabilistic thresholds
exists. With this variation in mind, simply curating a warning
polygon derived from PHI at a probabilistic threshold is not an
adequate solution. Other Hazardous Weather Testbed research
with NWS forecasters aligns with this finding (Karstens et al.
2018); perhaps the answer lies instead with a time and probabil-
ity fused warning that works in tandem with PHI. Under this
design, both time and probability could be considered. A pro-
posed idea that could capture this concept is known as
“Threats-in-Motion” (Wolf et al. 2013; Bates et al. 2020; Stumpf
and Gerard 2021). Threats-in-Motion is a rapidly updating poly-
gon that requires both a mix of automation and forecaster inter-
vention. While the Threats-in-Motion prototype is currently
time based, the ability to fuse probabilistic information that is
closely aligned with the warning is imperative. Any eventual
operational warning product must work in alignment with PHI,
lest serious communication issues emerge for end users and
potentially the public. Achieving and refining this alignment
should be of great concern for researchers who continue to
press forward with this potential new warning framework.
Other outstanding issues exist, such as the nomenclature
for PHI. While researchers did not necessarily intend partici-
pants use the term “PHI,” participants voluntarily made it
clear that “PHI” and the word “plume” did not adequately
serve their needs and may not resonate with their audiences
or the public. Participants often experimented with their own
words during their coverage. However, participants did not
appear to settle on any specific words that worked in a more
generalizable manner, suggesting that future research should
investigate this issue more closely. Researchers sought guid-
ance from the National Hurricane Center on this topic, given
that the current depiction of a PHI plume evokes similarities
to the National Hurricane Center Tropical Cyclone Track and
Watch/Warning Graphic, unofficially known as the “cone of
uncertainty.” Numerous publications refer to the product as
the “cone of uncertainty” as far back as 2007, but no research
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specifically addressed the nomenclature of the product (Eastern
Research Group 2018). Researchers could choose to let a term
grow organically from end users while making efforts to ensure
that problematic jargon does not take hold.

Given the importance of update frequency and probability
trends, the quick changes observed over the course of the life
of a PHI plume must be considered carefully. Working as a
team, the broadcast participants felt confident in their ability
to interpret the increased information provided by 2-min up-
date intervals. This was especially true when the NWS fore-
caster included update information in the forecaster discussion
box. However, concern existed when rapid spatial fluctuations
occurred with the plume, affecting their ability to communicate.
Participants also struggled with keeping the crawl and social
media updated when information arrived rapidly, especially
during more severe cases. Ultimately, while participants wished
to have information as quickly as possible, the rapid flow was
sometimes a disadvantage.

A limitation of this study is the limited sample size of
broadcast meteorologists due to logistical challenges and
funding broadcasters for weeklong experiments. Each broad-
caster participated in several archived scenarios, surveys, and
focus groups. The resulting data gathered were comprehen-
sive and provided numerous data points per participant. How-
ever, the data do not represent a statistically significant
sample size. We are not presenting the data and conclusions
as generalizable. Rather, this experiment is a foundation for
future research to increase our sample size and evaluate a
wider array of opinions and workflows. Although the experi-
mental design sought to simulate a realistic environment
within a television station, it is not possible to completely sim-
ulate the studio environment in an experimental setting.

The landscape of television technology is changing. Tradi-
tional severe weather coverage always consisted of a broad-
caster interrupting programming, assuming the viewer was
sitting at home or their workplace. However, the future of
television will be on mobile devices also, meaning the viewer
could be located anywhere. Advanced Television Systems
Committee, version 3.0 (ATSC 3.0 or NEXTGEN TV), is a
new digital television transmission standard that leverages in-
ternet capabilities and allows for advanced emergency alert-
ing, separate from cellular networks [Advanced Warning and
Response Network (AWARN) 2022]. Emergency alerts are
geolocated to the user, and will allow for multiple streams of
information simultaneously, such as evacuation routes and
hazard mapping (AWARN 2022). Ultimately, ATSC 3.0 could
shift some of the pressures of decision-making about severe
weather coverage away from the broadcaster to the viewer.
The implications of this shift and how ATSC 3.0 will change
the current paradigm are not fully known. ATSC 3.0 is already
being implemented in many domestic television markets. As
researchers continue to develop and prototype products such
as PHI, it is essential to keep in mind the capabilities of incom-
ing broadcast technology.

The creation of KPHI-TV and the inclusion of broadcast
meteorologists in the Hazardous Weather Testbed will con-
tinue to provide a framework for the coproduction and proto-
typing of research concepts and products. The number of data
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collected through KPHI-TV experiments have provided in-
vestigators a wealth of research and analysis potential, of
which only a portion has been covered in this paper. Student
opportunities have also been abundant under the umbrella of
KPHI-TV, providing both research and networking prospects.
Through the voices of broadcast meteorologists and others, re-
searchers hope to continue to pave a path forward for FACETs,
including valuable updates to the forecast and warning para-
digm that will ideally benefit the greater public. By utilizing this
user-centric, coproduction approach, the likelihood that future
operational PHI will be adopted and effectively utilized by end
users in an effective manner is increased.
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