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Abstract. Impact-based forecasts and warnings (IBFs) are seen as important drivers for adequate anticipation
and assessment of potential threats to public safety as they give a better understanding of the weather event’s
impacts. To prepare for impacts of weather events and prevent weather-related accidents, road maintenance
services are actively using weather information in their daily work routine. This paper looks into the requirements
that road maintenance services have for IBFs and how weather forecasts are used at the moment. The study is
part of an interdisciplinary research project and follows a qualitative social science research approach. Findings
show that the following factors are general user requirements: relevance of information, recognition of spatial
and temporal requests, acceptability, comprehensibility, and technical demands. These are also applicable to
IBFs with the extension to provide a benefit for road maintenance services in situations that rarely occur and
where no embodied knowledge in the organization is existent.

1 Introduction

Road transportation is considered the most vulnerable mode
of transport in terms of weather impacts (Molarius et al.,
2014). Extreme weather events like winter storms, heavy
rain, or black ice can have a significant impact on driving
conditions and thus, on the safety of road users. The vul-
nerability of the road sector stems from the high and hardly
controllable traffic volume on roads (e.g. number of cars
on a specific public and freely accessible road at the same
time) compared to other modes of transport, for instance
in air traffic, where a management centre decides upon the
number of planes taking off and landing. Additionally, road
transportation is mostly a slow self-adjusting, geographically
widespread, and dispersed system, whereas for example air
traffic control or rail traffic management can make central-
ized decisions and adjustments (Kiel et al., 2016, p. 73).
In Germany, an estimated 8 % of all accidents on roads are
weather-related or caused by an obstacle on the road (Statis-
tisches Bundesamt, 2018). Additionally, seasonal and daily
changes in traffic volume or commuter flows influence the

occurrence of accidents as the accident probability rises with
more vehicles on the road.

The responsibility to assure safe roads lies in the hands
of public road maintenance services. Their main tasks in-
clude measures for the immediate repair of damage to the
road and road structures, which could affect traffic safety and
the timely clearing and gritting of roads during wintertime.
They use weather information to prepare for weather events,
especially for planning personnel and adjusting equipment.
The maintenance service depots may differ in terms of per-
sonnel and equipment varying from having 24/7 standby to
relying on contractors. Weather information for road mainte-
nance services in Germany is provided through the road con-
dition and weather information system (SWIS) by the Ger-
man weather service Deutscher Wetterdienst (DWD). It con-
tains data of air temperature, road temperature, precipitation,
and condition of the road (e.g. dry, wet; see Fig. 1) as well
as written reports, and “provides observations and associated
road weather forecasts at around 1500 German road weather
stations, with a 27 hrs lead time” (Fundel et al., 2019, p. 218).
This information gives a clear overview of the weather condi-
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Figure 1. Screenshot of SWIS showing data for the city Oldenburg i.H. including air temperature (blue), road temperature (orange), dew
point (green), precipitation (light blue; not visible here because too little precipitation forecasted) in the upper panel, condition of the road
(green indicating dry conditions) in the middle panel, and probability of precipitation in the lower panel; © Deutscher Wetterdienst.

tions on the roads but not what impacts those conditions can
have on traffic and road safety. This gap could be filled by
using impact or impact-based forecasts and warnings (IBFs).
They constitute a shift from providing meteorological condi-
tions alone to weather forecasts that incorporate information
about impacts linked to the meteorological conditions (Kox
and Lüder, 2021; Potter et al., 2018; World Meteorological
Organization, 2015). IBFs are associated with a better un-
derstanding of the warnings as well as an increased intention
to take protective action (Casteel, 2016). Potter et al. (2018)
also show that using IBFs lead to a higher perception of risk
among the public than phenomenon-based warnings. Kox et
al. (2018a) state that information about traffic obstructions
caused by weather events can be helpful support for action
for emergency services due to its practical relevance. Al-
though weather impacts are a major trigger for weather re-
lated decision-making among emergency services (Kox and
Lüder, 2021), Potter et al. (2018) could not observe that IBFs
lead to a higher level of action among the public.

Therefore, it is necessary to take a closer look at the rela-
tion between weather forecasts and warnings, actual weather
impacts and warning responses. To achieve a higher level
of action in response to weather warnings, information is
needed about the actual end-user requirements. The research
question addressed in this paper is: what are the needs and
requirements of road maintenance practitioners in Germany
regarding to the future implementation of IBFs and how are
weather forecasts currently used. To answer this question, fo-
cus group discussions and semi-structured interviews were
conducted with highway and road maintenance service man-
agers as well as representatives of road and transport author-
ities, following an exploratory approach. The study is part
of an ongoing interdisciplinary research project in collabo-
ration with the DWD and follows a qualitative social science
research approach. In the following sections we introduce the

methods used in this study, show the results and draw conclu-
sions.

2 Methods

For this study, three focus group discussions (12 people in to-
tal) and additional 10 semi-structured interviews with high-
way and road maintenance service managers and represen-
tatives of road and transport authorities were carried out be-
tween October 2020 and December 2021. Due to contact re-
strictions caused by the COVID-19 pandemic, they were held
as video conferences or by telephone. Participants were se-
lected from various road maintenance depots and linked au-
thorities. The participants and their road maintenance depots
differ in terms of local topography and the likelihood of re-
gional weather events (e.g. heavy snowfall or rain, landslides,
floods), as well as different organizational settings such as
road types and size of area of responsibility, and thus the
potential traffic volumes. Focus group discussions and inter-
views revolved around the topics of the role of weather in
their work practices, the use of weather information, prac-
tices to prepare for and prevent impacts of extreme weather
events, and experiences with extreme weather events. The
collected data was analysed following a structuring content
analysis to reduce the amount of material related to the key
aspects of the discussions in an iterative process.

3 Results

Based on workshops with meteorologists and members of
different professional end-user groups in Germany, Kox et
al. (2018b) identified the following general user requirements
that could improve the communication of weather forecasts
and warnings: relevance of information, recognition of spa-
tial and temporal requests, acceptability, comprehensibility
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and technical requirements. This section describes the key
requirements and needs formulated by the interviewed road
maintenance managers and is structured by the categories
mentioned above.

3.1 Relevance of information

“Weather determines our work” – this quote from an inter-
view with a road maintenance manager puts into perspective
why weather information has such relevance to road main-
tenance services. Weather influences road managers’ short-
and long-term work practices and decision making, for ex-
ample in summer the rainfall radar data affects the decision
whether general road maintenance can be conducted within
the next few hours, or the deployment (or safeguarding) of
staff and technical equipment in advance of potential extreme
weather events. These decisions depend on e.g., the hazard,
the size of the area of responsibility, the type of technical
equipment and other organisational factors. Although most
decisions are not directly dependent on certain weather or
warning thresholds, they are indirectly influenced by a com-
bination of weather information and specific organisational
guidelines, in particular the duty to clear the road from snow
within 3 h after an event, as emphasised by the interviewees.
The interviewees stressed the general importance of weather
forecasts for the deployment of vehicles and staff, and that
efforts are being made to answer the questions of when, how
many, for how long, and to what extent? Hence, “accuracy”
of the forecasts is demanded in order to optimize the use
of resources. For IBFs, this leads to a plea to receive rele-
vant information specific to road management practices, e.g.
information about the impact of wind gusts on road signs
or empty trucks. Particularly temporary and detached road-
works signs are named as a potential danger for road users
during strong wind gusts. Additionally, wind gusts are often-
times recounted as the cause of truck accidents by intervie-
wees, especially when the trucks are empty. Generally, ad-
ditional information about rare events is highly valued be-
cause in those instances no or only few practices are yet es-
tablished. Especially in the case of extreme weather events
that have not yet been personally experienced, further infor-
mation is required to better understand what is happening
or could possibly happen. We derive that information about
comparable past events (i.e. with a similar magnitude) could
evoke memories of media reports and thus could help to bet-
ter grasp the forecasted event.

The participants of this study could be divided to two
groups regarding the question about what constitutes a rele-
vant information for them. On the one hand, those who are re-
sponsible for road maintenance and who are confronted with
road conditions on a daily basis and have extensive experi-
ence “on the ground”, do not see much benefit in additional
information to what is currently received. The participants
justify this with their proclaimed experience and their abil-
ity to conclude possible impacts by themselves. On the other

hand, representatives of road administration units in the fed-
eral ministries prefer further information in any form to fa-
cilitate decision-making. These different preferences could
be due to the aforementioned first-hand experience and road
maintenance managers’ daily contact points, which people in
the administration lack, but also due to the different alloca-
tion of responsibilities in the organizational structure.

3.2 Recognition of spatial and temporal requests

A road maintenance depot in Germany is covering from
70 km (in the case of highway depots) up to around 430 km
public road (Die Autobahn GmbH des Bundes, 2022; Lan-
desbetrieb für Straßenbau Saarland, 2021). This often en-
compasses areas with different orographic and geographi-
cal conditions, where weather forecasts and actual weather
events can differ vastly in intensity and type. Due to the un-
certainty where the weather event and its impacts will mate-
rialize, preparations are restrained and thus, reaction instead
of preparation is favoured. Interviewees stressed situations
of forecasted storm events when the necessary equipment,
e.g. vehicles and chainsaws to chop up fallen down trees and
branches, is prepared to be ready at hand. However, the inter-
viewees indicated that road maintenance services only take
further action once weather impacts have occurred and re-
spond by travelling long distances instead of already plac-
ing equipment close to the area in question. According to
the interviewees, the forecasts are too spatially vague for
road maintenance services to rely on in their preparation, so
they prefer a reaction-based approach (for further discussion
on proactive and reactive decision making see Kox et al.,
2018a). Although road maintenance services would like to
see higher spatial accuracy, they are aware that small-scale
weather events such as thunderstorms and heavy rainfall are
difficult to predict accurately in terms of their spatial occur-
rence. Hence, there is an understanding about forecast un-
certainty, false alarms, and the variability in time, space, and
intensity in general.

According to the road maintenance services interviewed
in this study, important factors to consider when developing
IBFs are “vulnerable locations” (original phrasing by inter-
viewee in German as “neuralgische Punkte”) in the road in-
frastructure, i.e. curves, forested areas, or bridges. Those sec-
tions are often the first to be inspected for black ice when low
temperatures are forecast. Incorporating local vulnerable lo-
cations in IBFs have thus the potential to give the end-users
more assistance in decision-making processes. This goes
hand in hand with the identification and inclusion of “geo-
spatial data overlays of exposure and vulnerability” (Camp-
bell et al., 2018) that the WMO proposes for IBFs. In the
case of road management services, the road infrastructure’s
exposure and vulnerability to extreme weather events are pre-
dominantly embedded in the working knowledge of staff. It
would be of great benefit to make use of this already existing
knowledge, e.g. through intensified cooperation between the
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actors involved and continuous evaluation of the communi-
cation process (cf. Scolobig et al., 2022).

Different work regulations and administrative organization
involved in road maintenance lead to different time scale re-
quirements in terms of warning response. Most highway (Au-
tobahn) maintenance services are occupied with at least one
person 24/7 and thus, have a far shorter response time than
those operating federal and secondary roads which do not
have staff available 24/7 apart from winter season when ex-
treme weather is forecasted. This results in the need for a
longer warning lead time, especially in summer weekends.
Kox et al. (2018b) report that road managers desire a warn-
ing lead time of more than 12 h and consider the organisa-
tions’ geographically larger area of responsibility and time-
consuming work tasks as the reasons. Respondents in this
study expressed that a lead time from two to three days would
be ideal to be best prepared, especially in the case of the first
snow and black ice event of the season. Many federal road
maintenance services use external companies (contractors)
with own staff and vehicles for winter services, which re-
quires additional lead time to inform and convene them.

In their daily work, the participants of this study rely on
short-term forecasts of upcoming weather events (thunder-
storms, snowfall, black ice, etc.) and longer-term forecasts
for personnel planning. They were aware that forecasts three
days in advance might still change over the course of time.
Nevertheless, they expect that forecasts 24 to 48 h in ad-
vance would be “relatively accurate”, as organizing stand-
by duties and work schedules are based on these forecasts.
Interestingly, weather warnings in summer are perceived as
more “accurate” by the participants than forecasts in win-
ter. In summer, weather conditions in Germany are indeed
more stable than in winter, and forecasts are consequently
more reliable (Deutscher Wetterdienst, 2009). Two findings
in the data material might explain this perception beyond the
actual forecast quality: (1) summer events such as thunder-
storms require less preparation than winter events that might
require mobilization of additional contractors to clear the
roads of snow and ice and sending them home when nothing
happens after all. (2) Winter services such as clearing roads
of snow and ice are one of the main tasks and public duty
of road maintenance services, so public pressure and pres-
sure from the organizational leadership eases during summer
months. This leads to less compulsory action as most prac-
tices in summer are carried out after the event, such as clear-
ing the roads of fallen trees and branches after a severe thun-
derstorm. Although these remarks are subject to the general
weather forecasts and warnings, the temporalities of organi-
zational structures are also relevant for IBFs and should be
looked into for each end-user group.

3.3 Acceptability

Generally, it can be said that road maintenance services trust
the weather information they receive from DWD via SWIS.

Weather information is an important decision-making tool
for the deployment of staff and other resources and the inter-
viewees accepted that weather information is subject to un-
certainty. Nevertheless, SWIS is not the only used source of
information, and especially in cases of doubt and high uncer-
tainty (e.g. weather conditions for black ice) several different
sources for weather information, e.g. commercial weather
websites and apps, are compared and merged individually
into a personally created forecast that fits expectations and
the current, observable weather conditions. Weather informa-
tion from SWIS is perceived as “safer” and more “conserva-
tive” (i.e. more false alarms, but less missed events) than oth-
ers, and is therefore preferred if different sources are incon-
sistent in the conveyed information. However, participants of
the study mentioned an “inflationary use” of the term “ex-
treme weather event”, thus, being on stand-by when noth-
ing happens (cf. “cry wolf effect”, a hesitation to respond to
warnings when faced with a high false alarm rate; LeClerc
and Joslyn, 2015). Nonetheless, the participants in this study
favoured a higher false alarm rate rather than missing an
event. This tolerance to false alarms could be due to the high
negative consequences of not acting on a missed event and
thus putting the lives of road users at risk (cf. Fundel et
al., 2019, also for further discussion of use of uncertainty).
Road maintenance services in Germany are public services
responsible for road safety, and their resources stem from tax
money. This is one of the reasons they perceive high pres-
sure from outside as well as inside the organisation to take
the “correct” decisions (Schmidt et al., 2022).

3.4 Comprehensibility

Managers of road maintenance services are not a homoge-
neous group of end-users. Their existing knowledge and un-
derstanding of the weather information can differ vastly de-
pending on work experience, personal interests and other
individual and organisational factors. While some of the
study’s participants have a good understanding of weather
phenomena and are able to draw their own conclusions from
the available meteorological and roadway data, other inter-
viewees, however, stated that they lack specific meteorologi-
cal knowledge to extract important information that is not ex-
plicitly included in the weather forecast. Hence, statements
that are not made explicit in the weather information, but
are potentially important for the preparation of an upcoming
weather event, are crucial for the comprehension of the fore-
cast. Especially for weather events that rarely occur – partic-
ipants named e.g., precipitation of more than 100 L m−2 in
24 h – additional information is deemed important to be able
to envision possible impacts.

It is necessary for road maintenance services like other
users of weather information and warnings to receive the
information, pay attention to them (thus, not only receive
them via SWIS but actively review them) and finally, com-
prehend them including the information about potential im-
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pacts they entail (Lindell and Perry, 2012). It cannot be as-
sumed that all end-users possess a similar understanding of
weather phenomena and forecasts. This has to be taken into
consideration when providing impact information as some
people might deem impact information common knowledge
or a logical consequence. Current warnings for instance in-
clude general impact information like “branches may break”
which some participants regarded unnecessary because in-
formation about the wind strength tells them what they need
to know, while others claimed those statements to be help-
ful to better assess the upcoming weather event. To better
understand whether the weather information requires action,
further explanations would be helpful which could be looked
up as needed. The possibility of obtaining additional infor-
mation, e.g. via a supplement web-link, is important here, as
the weather reports are already perceived as “overloaded”.
This goes hand in hand with the plea for direct contact with
weather services and the possibility to ask in situations of
high uncertainty and in case of doubt. Whether road main-
tenance service personnel prefer further information through
personal contact or readable content depends highly on their
already existing communication patterns with DWD.

3.5 Technical demands

As the German road management services are organized
across different federal states and road types and thus are
subject to different legislations, they have varying techni-
cal equipment at hand when it comes to receiving weather
information, spanning from fax reception to equipping staff
with smartphones. One constant during the interviews was
the participants’ wish to receive weather information from
SWIS via an app to their individual work phones which pos-
sibility did not exist at the time of the study. Apps were high-
lighted as an easily accessible and quick tool for decision-
making, especially for organizations that do not operate 24/7
and where no staff is on stand-by duty. Some federal states
use an information service during night times where all warn-
ings in the area are transferred to and whose phone operators
are alarming the person in charge. The operators’ task is not
to assess the warning but to pass it directly to the person on
duty. This person must then assess whether it is a relevant
alarm and whether it should be acted upon. Therefore, quick
access to further information is considered important for the
evaluation of the situation.

It was also pointed out during the study that IBFs would
not only be of interest for road maintenance services but road
users in general. Many accidents occur due to driving be-
haviour that is not adjusted to the road conditions (Statistis-
ches Bundesamt, 2018). Some interviewees highlighted the
chances that modern technologies in cars could offer, e.g.
those that allow weather (and weather impact) information
to be passed directly to the driver. This is hoped to influence
the road users to adapt their driving accordingly and thus to
improve road safety.

4 Conclusion

To sum up, in order to prevent road accidents and improve
road safety in general, weather information is essential for
road maintenance services in their daily work and in prepar-
ing for extreme weather events. IBFs could have the poten-
tial to improve decision-making and the anticipation of po-
tential hazardous weather events. For road maintenance ser-
vices, weather impact information becomes relevant when it
includes the impacts on road conditions (e.g. impact of wind
gusts on temporary road signs or empty trucks) and conse-
quently have an influence on their work practices and the op-
timal use of resources. IBFs could become particularly rel-
evant in situations that occur infrequently and where there
is little knowledge within the organization about the pos-
sible impacts. Relevance further implies that temporal and
spatial occurrence of the weather event is forecasted as “ac-
curately” as possible. Nevertheless, forecast uncertainty is
generally acknowledged by all participants. The relevance of
the information is further increased the more local conditions
are addressed by means of vulnerable locations, e.g. bridges,
forested areas, and highly frequented roads. Mainly due to
work regulations and convening contractors, it can be noted
that most road maintenance services required a 48 h warning
lead time in order to be optimally prepared.

In terms of the potential acceptability of such forecast
products, participants in this study made it clear that reliabil-
ity (i.e. few false alarms) is of high importance. The ability
to validate the information (i.e. that impacts can be observed)
and the consistency, over a multiplicity of forecast products
are also emphasised. Finally, all information needs to be eas-
ily understood regardless of meteorological background and
experience.

How can these requests be addressed now? Fundamentally,
many of the requirements mentioned could be achieved by
additional retrievable information and making use of the pos-
sibility to personally contact the weather service.

Particularly, personal contact and direct communication
can have considerable influence on the different user require-
ments and ultimately on the valuable use of IBFs. Especially
establishing contact with actors where not much communica-
tion is taking place can be of great benefit. A bilateral, con-
tinual exchange of weather services and road maintenance
services builds up trust and adds to an understanding of pro-
cesses in both directions. Meteorological training is also a
valuable tool for building understanding and should be ad-
vertised throughout. However, they are mostly unilaterally
focused on promoting the meteorological knowledge of road
maintenance services, rather than being designed as an inter-
action between the different actors.

Information about vulnerable locations should be in-
cluded. Once again, a mutual exchange is crucial, as it can be
assumed that definitions about what is considered to be a vul-
nerable location may differ. The development of a common
database in cooperation with stakeholders could be helpful
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in this regard. Individual customisation of information, i.e.
the ability to determine which information is received based
on the person’s level of knowledge, would also be a good
approach to address the requirements and strengthen trust in
IBFs.

This paper explored the road maintenance services’ re-
quirements for impact-based forecasts based on their ex-
periences with currently received weather forecasts and. It
provided also a hypothetical view on the use of IBFs. This
raises the question of how IBFs would be used in the actual
decision-making of road maintenance services and opens up
room for further research into this topic. Further work should
look into the different requirements depending on organisa-
tional structures, cultures and personal preferences to get a
fuller picture of this group of end-users.
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