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Abstract

The increasing impact of severe weather over Europe on lives and weather-
sensitive economies can be mitigated by accurate 0-6 h forecasts (nowcasts),
supporting a vital ‘last line of defence’ for civil protection and many other
applications. Recognizing lack of skill in some complex situations, often at
convective and local sub-kilometre scales and associated with rare events, we
identify seven recommendations with the aim to improve nowcasting in
Europe by the national meteorological and hydrological services (NMHSSs) by
2030. These recommendations are based on a review of user needs, the state of
the observing system, techniques based on observations and high-resolution
numerical weather models, as well as tools, data and infrastructure supporting
the nowcasting community in Europe. Denser and more accurate observations
are necessary particularly in the boundary layer to better characterize the
ingredients of severe storms. A key driver for improvement is next-generation
European satellite data becoming available as of 2023. Seamless ensemble pre-
diction methods to produce enhanced weather forecasts with 0-24 h lead times
and probabilistic products require further development. Such products need to
be understood and interpreted by skilled forecasters operating in an evolving
forecasting context. We argue that stronger co-development and collaboration
between providers and users of nowcasting-relevant data and information are
key ingredients for progress. We recommend establishing pan-European now-
casting consortia, better exchange of data, common development platforms
and common verification approaches as key elements for progressing nowcast-
ing in Europe in this decade.
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1 | PURPOSE AND SCOPE—THE
IMPERATIVE FOR BETTER
NOWCASTING

Severe weather impacts on economies in Europe have
significantly increased over the past decade compared
with earlier decades, as shown in loss statistics by the
reinsurance sector (MunichRe, 2021). Severe storms have
been shown to become more frequent and more devastat-
ing over Europe in a changing climate (Hoegh-Guldberg
et al.,, 2019; Pucik et al., 2019), and this is expected to
continue in the coming decades (Seneviratne et al., 2021).
The probability of severe convection environments and
heavy rainfall events is set to increase across most of
Europe (Kendon et al., 2014; Pucik et al., 2017).

Nowcasts, that is, weather forecasts with lead times of
0-6 h, are supporting a vital ‘last line of defence’ for pro-
tecting lives and weather-sensitive economies against the
worst impacts of severe weather, complementing more
long-term forecasts (Sugier, 2019). Nowecasting is the part
of weather forecasting that is directly connected with the
observed weather. Therefore, historically, two main
branches of nowcasting can be distinguished: nowcasting
techniques based on extrapolation of observations, and
nowcasting based on numerical weather prediction (NWP).
Many descriptions of nowcasting have been formulated,
such as ‘the description of the current state of the weather
in detail and the prediction of changes that can be expected
on a timescale of a few hours’ (Browning, 1981).

Nowcasts are relevant first and foremost for the pro-
tection of life and livelihoods, civil protection and for a
growing number of economic sectors, for example, avia-
tion, shipping, road and railway operations. These all
require precise forecasts at very short range of fog, thun-
derstorms, high winds including tornadoes, wind gusts,
severe precipitation, freezing conditions and hail. Low
cloud and fog, aerosol and dust load, and winter weather
conditions (ice and snow) have a strong impact on trans-
portation. Likewise, agricultural activities, energy sector,
construction sector, tourism and recreational activities
have increasing demands for tailored very short-range
forecast products. Nowcasts are also generally useful for
the public to support, for example, planning or recrea-
tional activities. Increasingly, nowcasts are combined with
longer range forecasts as part of a seamless Earth system
prediction chain (Ruti et al., 2020). The economic value of
weather forecasts in Europe is estimated between 0.025%
and 0.25% of GDP (Hallegatte, 2012; WMO, 2015a, 2015b),
that is, between 3.5 and 35 b€/year for EU-27 2019 figures.

Although nowecasts are generally useful, in many
complex situations, at convective, sub-kilometre scale
and for rare events, the skill of nowcasts issued by
NMHSs in Europe is often insufficient to meet the

societal demand for accurate, relevant information on
severe or disruptive weather (e.g., Sulik, 2022).

Given these high stakes, the institutions with official
warning authority in Europe, the NMHSs, need to take
concerted action to improve nowcasts and derived warn-
ings and advisories. Key drivers in this area include:

« Classical nowcasting techniques, mainly based on
observations, and blended techniques, are improving
by exploiting more, as well as non-traditional data
sources, applying ensemble methods and taking advan-
tage of new approaches including machine learning
(ML) (Agrawal et al., 2019; Senderby et al., 2020);

« NWP-based forecast skill is improving towards shorter
lead times as a function of rapid model update cycles
(RUCs), more powerful processing technology, avail-
ability of model ensembles, better physical process
understanding and advances in data assimilation;

« ML can help parameterize processes that are not ade-
quately represented in models or observations (Han
et al., 2020), for example, at sub-kilometre scales;

« Next-generation satellite systems to enhance nowcast-
ing and very short-range forecasting are on the hori-
zon, with the first Meteosat Third Generation (MTG)
satellite launched in late 2022 and operational data
available about a year later.

The purpose of this paper is to make recommenda-
tions that should help NMHS improve the skill of now-
casting and, as a result, better support the protection of
lives and weather-sensitive economies in Europe. We
come up with seven main recommendations described in
Section 4, which we believe are achievable by 2030. They
are based on our analysis of: emerging demands for now-
casting by society and meteorological forecasters
(Section 2), the state of the observing system (Section 3.1),
nowcasting tools and techniques (Section 3.2), infrastruc-
ture supporting data access and tools for the nowcasting
community in Europe (Section 3.3), and the state of fore-
cast verification and quality control (Section 3.4). We have
used existing review literature and guidance in the field
(e.g., EUMETNET, 2020a; Schmid et al., 2019; Wapler
et al., 2019; WMO, 2014; WMO, 2017; WMO, 2020).

2 | EMERGING DEMANDS FOR
NOWCASTING BY SOCIETY AND
METEOROLOGICAL FORECASTERS
2.1 | An evolving context

Value of nowcasting to help mitigate high-impact weather
effects is mostly realized at local scales. This explains why
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requirements for nowcasting information (e.g., accuracy of
a wind forecast) and derived applications (e.g., operating a
renewable energy farm) may be highly dependent on local
conditions, such as topography, resilience or vulnerability
of population and infrastructure. Some meteorological ser-
vices have recognized that the skill of their nowcasts is not
always fully meeting needs (see Figures 1 and 2).

By 2030, users will expect information faster, that is,
with higher timeliness and better ease of access; they will
demand information highly tailored to their context.
Impact-based forecasts are becoming an established prac-
tice, based on an assessment of hazard, vulnerability and
probable risk (METEOALARM, 2021). Specialized users

Science and Technology for Weather and Climate

want tailored forecasts that utilize the latest scientific devel-
opments, and are interested in forecast verification results,
whereas other user communities are less demanding. Deliv-
ery and communication of probabilistic forecasts and their
interpretation is an area of active development and should
be improved. Nowcasting services need to be better tuned
to specific audiences, for example, for professional end
users, or for the media and public (HIWeather, 2021).
Reducing losses to lives, property and the economy depends
not only on a good forecast of severe weather but also on
translating that forecast into actionable information for the
‘last mile’, that is, the vulnerable population, infrastructure
or economic asset that need to be protected.

(b)

FIGURE 1
very short-range forecasting using a

Example for nowcast/

combined observation and NWP-based
method, demonstrating the challenge of

predicting convective-scale system

evolution in complex terrain. Depicted
here is 1 h cumulated rainfall predicted
by the Météo-France PIAF (blending of
extrapolated 5 min quantitative
precipitation estimates (QPE) from radar
observations and from the AROME-PI
NWP model), 19 Sep 2020 at 8 UTC,
valid at (a) 9 UTC, (b) 9 h30 UTC,

(c) 10 UTC and (d) 11 UTC, zoomed
over the Cévennes area in the South of
France. Panels (e) and (f) display the
observed values deduced from radar and

rain gauges valid respectively at 9 h30
UTC and 11 UTC. For this stationary

mm/h

MCS strongly driven by orographic
forcing, the extrapolation firstly fails in
keeping the main cell at the right place
because of the medium- to large-scale
synoptic forcing towards the NE. The
localization of convective cells at the
southern flank of the system, and of the
stratiform anvil in the north is then
quite well captured by AROME-PI until
the end of the 3 h forecast, although the
total rain rates were finally

underestimated compared with the

observations.
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FIGURE 2 While radar imagery showed precipitation over Devon, SW England, on 20 October 2020 at 07:05 UTC and local rain gauges
measured up to 15 mm/h for about 20 min, the MetOffice UKV regional model 4 h forecast showed no rainfall, probably due to an
underestimation of potential temperature and moisture in the boundary layer; this led to a public weather advisory, which underestimated

the probability of rainfall.

Climatic conditions and societal vulnerability vary con-
siderably across Europe, hence impacts are highly context
dependent (e.g., comparing the impact of a 5-cm snowfall
event in northern latitudes vs. in the Mediterranean). In
addition to increased intensity of some severe weather due
to climate change, some weather patterns are shifting as
shown, for example, in recent occurrences of Medicanes
(see, e.g., Miglietta et al., 2020) or heavy rainfall events in
wintertime in northern Europe (e.g., Whan et al., 2020).
Such trends need to be considered in the evolution of now-
casting products, for example, in terms of thresholds and
probability representation. Interaction with users in devel-
oping such products should be done through training and
testbeds, such as those organized by the European Severe
Storms Laboratory (ESSL).

Nowcast developments are driven on the one hand by
the availability of new data and models, and on the other
hand by science to transform data into information that
is delivered to users (HIWeather, 2021). Through crowd-
sourced data and mass-deployed passive sensors (e.g., in
cars and mobile phones), we expect much faster feedback
loops between the providers of nowcast information and
users on the one hand, and feedback on the accuracy and
reach of forecasts on the other (Barras et al., 2019). We
also expect that data quality control and integration
methods should advance rapidly, for example, by using
ML techniques. Such experiences should be exchanged
among the users and providers of nowcasting information.
These exchanges would benefit from the experience of
actors such as the EU Emergency Response Coordination
Centre, which uses impact-based forecasts and warnings
to coordinate disaster relief worldwide (ERCC, 2021), and
private companies that develop and run their own models
for nowcasting and forecasting (Agrawal et al, 2019;
IBM, 2021; Senderby et al., 2020).

2.2 | Surveying operational services and
their end users

In 2020, two EUMETNET surveys focused on the needs for
improving nowcasting products and services. One survey
was distributed among the NMHS participating in EUMET-
NET Nowecasting Programme (E-NWC; EUMETNET, 2022),
and the other among their end users. Of 27 invited NMHS,
14 responded to the NMHS survey. Concerning the user sur-
vey, responses from 232 users from 18 countries were col-
lected (Sivle et al., 2022). The share of end user categories
providing responses is shown in Figure 3: it varied significantly
from country to country. Sectoral users included local govern-
ment, energy, tourism, water, construction, and oil and gas.
The survey provides evidence that not all the needs
and requirements of end users are being met. Therefore,
NMHS were asked to list ongoing developments and new
products. As ongoing developments, they stated higher
quality (improvements) of user products, more frequent
and quicker access to data, as well as higher resolution of
data in time and space. As new products, they mentioned
a possible renewal of the radar and lightning network,
the development of seamless and probabilistic forecasting
systems, the importance of impact-based forecasting, and
the development of a common web platform. Both sur-
veys revealed four priority areas where NMHS require
action to improve nowcasting products and services:

i. High-density observations of key phenomena and
their significance for end users
ii. Improving end user understanding of forecast uncer-
tainty and communication of probabilistic information
iii. Training sessions for end users
iv. Development and application of seamless prediction
systems
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221 | High-density observations of key
phenomena and their significance for end users

Observations of higher density are needed to provide
more spatial detail, for observation-based nowcasts as
well as to inform higher resolution models and their veri-
fication. For newer observation systems, several NMHS
find drone measurements and disdrometer data very
important. Crowdsourced data are of high interest as
well. Many NMHS require a higher density of automatic
weather station observations. This indicates that the pri-
mary outputs of nowcasting systems are still surface
fields (2 m temperature, precipitation, 10 m wind), as
nowcasting requires a high-quality analysis. However,
the distribution and evolution of surface fields in the
nowcasting range also depend on the upper-air fields that
define phenomena such as fronts and cyclones. Still,
many of the nowcasting systems currently used are pri-
marily 2D systems.

Based on the end users' responses, it seems that
observing and predicting weather features such as torna-
does, turbulence, icing, hail, lightning/thunderstorm as
well as fog and clouds will gain importance in the future,

END USER RESPONSES

Public
authorities
607

FIGURE 3 Distribution of responses by end user groups to
EUMETNET E-NWC 2020 survey on nowcasting products and
services.

Science and Technology for Weather and Climate

as shown by their ability to ‘trigger action’ (Figure 4).
Strong wind and gusts result in the most action taken
by end users, followed by heavy rain and thunder-
storms. Concerning the lead time needed for taking
preparatory measures, end users need 1 h in advance
to disseminate information, and for personnel and
non-personnel preparatory measures, more time is
required (at least 6 h).

2.22 | Improving end user understanding of
forecast uncertainty, and communication of
probabilistic information

Lack of communication between the NMHS and end
users can be one of the reasons for insufficient under-
standing and utilization of probabilistic nowcasts/
forecasts by end users, thus slow uptake of such prod-
ucts. When dealing with weather warnings, end users
can encounter several problems. According to the sur-
vey, more than 30% of the end users think that the
issuing of too many warnings has a ‘dulling effect’,
more than 30% of the end users have difficulties when
dealing with uncertainties in weather forecasts and
warnings, and again more than 30% of the end users
must deal with inappropriate warnings. It is important
that the end users are aware of the benefits and limits
of the forecasts (and resulting warnings) and that they
have access to an objective evaluation of products.
However, 40% of NMHS do not provide verification
results of nowcasting products and probabilistic fore-
casts to their end users, partly due to the difficulty of
presenting them in an easily understandable way (see
also Section 3.4).

Nevertheless, nearly 40% think that probabilistic
information provides more representative and useful
information in time and space compared with a standard
single-value weather forecast. Although they state that a
single value may facilitate the decision-making procedure

Severe weather events triggering action by end users

80%

70%
72%
60% 68%

50%

40%

FIGURE 4 Types of severe 30%
weather events causing ‘action’ 20%
by end users, according to 10%

EUMETNET E-NWC 2020 0%

Cl
survey on nowcasting products Strong wind and Heavy rainand
and services. gusts thunderstarms

9
41% 38%

30%

18%
14%

Continuous Hail Others
rainfall

Snow Glazed frost
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compared with a range of values that can make decision-
making harder, they recognize that a single value give
you less or no information about the uncertainty of fore-
casts. Forty percent of the end users are convinced that
nowcasts presented in probabilistic form help them to
take faster, better and easier decisions. The preferred
forms of probabilistic products are maps, for example, a
coloured map showing the different probabilities between
0% and 100% in a region and surroundings (64% of
responses by end users). This is followed by graphs
(e.g., chance of rain showers, probability of rain; 51%)
and percentages (e.g., there is a 10% chance of the tem-
perature exceeding 36°C; 42%). Knowing the uncertainty
of a forecast supports decision-makers in responding to
end users' requirements.

Forecast uncertainty is communicated to end users
mostly by regular consultation. Often end users are not
familiar with forecast uncertainty and have little back-
ground in forecasting. There is a high risk that they
may not interpret the forecasts properly, which can be
compounded by the fact that the outputs are not self-
explanatory enough (especially probabilistic forecast
maps are more difficult to understand than determinis-
tic forecast maps). Direct consultation is often neces-
sary but the question arises to what extent it could be
complemented or replaced by more efficient self-
explanatory tools and training material.

223 | Training sessions for end users

Due to a lack of resources, training sessions for end users
on nowcasting products cannot be organized on a regular
basis. The use of common platforms and training mate-
rials on various meteorological products and situations
could be beneficial. Only 45% of NMHS answered that
they use the Eumetcal (the European Virtual Organisa-
tion for Meteorological Training) portal for training pur-
poses, mostly for satellite and radar information. Only
15% of end users regularly attend training sessions with
their meteorological institute, and 32% of end users occa-
sionally attend such training sessions. However, 30% of
end users say that they do not attend specialized train-
ings/workshops/post-event reviews with their meteoro-
logical service or consultation. When asking end users if
they need more training, 52% of end users answered
‘yes’, while 44% answered ‘no’. Many of them expressed
training needs in the areas of: learning how to use the
different products that are available for different opera-
tions and devices, understanding of different weather
phenomena and processes, reading weather maps, opera-
tional use of probability forecasts, weather systems, inter-
pret probability forecasts and communication. These

topics should be increasingly included in future training
sessions.

2.2.4 | Development and application of
seamless prediction systems

Seamless prediction systems allow for physically con-
sistent forecasts across several forecasting systems
with lead times from minutes to several days and
beyond. Such systems are therefore an active area of
development at many NMHS. From the survey, only
eight NMHS out of 27 have developed or are planning
to develop a seamless prediction system. Six of them
are developing a seamless prediction system, but most
of these systems are not yet operational. It is not
entirely clear why many NMHS are not developing a
seamless prediction system. Reasons could be lack of
manpower and know-how, development effort or low
expected benefit. It would be helpful to investigate
these barriers in more detail and find ways how to sup-
port NMHS in the development of seamless prediction
systems (see Section 3.2.3).

2.3 | Forecasters in NMHS

Over the coming decade, the forecasters' role will
change because of improving models and technology,
but how exactly is a topic of active discussion. Here,
we are offering some possibilities: many forecasters
may use highly integrated and (semi-)automated sys-
tems to issue forecasts that will allow them to reorient
much of their tasks: away from manual forecast pro-
duction towards quality-controlling the operational
system, and to contribute to model evaluation and ver-
ification. With automated systems taking over routine
forecasts and warnings of less critical nature, fore-
casters will spend more time on monitoring complex
situations and on formulating critical warnings. For
these purposes, they will have more ensembles and
higher frequency and higher resolution outputs at
hand. Further, communication with and advising
decision-makers especially in critical high-impact
events will become an increasingly important task of
forecasters. In a world of information overflow, fore-
casters must become excellent communicators so that
customers and end users can evaluate the full range of
options and make the right decisions based on best
quality warnings and advisories (Persson, 2013). Tools
that integrate multiple information sources and detect
the key signals for forecasters will become increasingly
the norm (e.g., Cintineo et al., 2014; Nisi et al., 2013).
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In 2020, the EUMETNET Eumetcal programme con-
ducted a Training Needs Assessment to update the inven-
tory of the current full scope of training needs at NMHS
from observing techniques and forecasting needs to cli-
matological skills. The assessment showed that key train-
ing needs of forecaster are the interpretation of
observational data, nowcasts and NWP ensemble data
during high-impact weather events, especially on the
very short-range forecasting time scales. Eumetcal is put-
ting forth these training needs with the providers of train-
ing in cooperating with the larger training providers like
EUMETSAT, ECMWF, WMO Global Campus and sev-
eral larger NMHSs.

Following the current trend, most of the end user
requirements will be satisfied with products that feed into
their downstream applications, demanding forecaster
advisories mostly in unusual, high-impact weather situa-
tions (Persson, 2013). To meet this goal, nowcasters must
dedicate time to continually improve their training in
these areas. They must have the adequate technical and
human resources to maintain situational awareness, and
must regularly interact with end users to understand and
satisfy their needs.

Operational forecasters will benefit from an opera-
tional training testbed programme on the use of next-
generation satellite products in severe convective storm
forecasting. Funded by EUMETSAT and led by the ESSL
during the period 2022-2025, the testbeds are set to intro-
duce new EUMETSAT satellite data from the MTG and
polar-orbiting EPS Second Generation programmes to
about 10%-15% of the operational meteorological work-
force of European NMHS. EUMETSAT is planning simi-
lar training activities specifically for aviation forecasting,
and for fire monitoring and mitigation.

Although the meteorological training of forecasters
will benefit from advances in knowledge of the atmo-
sphere and the use of tools with greater skills, they will
be required to have training in non-meteorological
fields such as statistics, cognitive biases and tech-
niques for communicating with end users. Generating
actionable information is critical to support the ‘last
mile’, that is, vulnerable populations, infrastructure or
economic assets that need to be protected.

Towards 2030

We recommend to establish and maintain close, regular
feedback loops among providers of nowcasting informa-
tion, forecasters and end users between now and 2030,
with the goal to continuously improve nowcasting tools
and services, for example, in national and European-level
nowecasting fora.

pen Acc
Science and Technology for Weather and Climate

3 | EVOLUTION OF COMPONENTS
FOR NOWCASTING IN EUROPE
TOWARDS 2030

3.1 | Observations

This chapter focuses on key surface and space-based obser-
vational capabilities over the European domain and their
expected improvement over the coming years. The evolu-
tion of global Earth observation capabilities over the next
10-20 years globally (WMO, 2019) will underpin advances
in global and regional NWP, and in many other weather
and environmental applications, including nowcasting.

3.1.1 | Surface-based networks overview
Compared with other regions, Europe is relatively well
covered by surface-based observation networks support-
ing nowcasting and other meteorological applications.
However, there are gaps and, in particular, the localized
nature of severe and high-impact weather events
demands additional observations for forecasting and veri-
fication (Marsigli et al., 2021). To identify shortcomings
in their observation networks, in 2019, European NMHS
requested the Observations Programme of EUMETNET
to carry out a gap analysis for the region of Europe (the
EUMETNET Composite Observing System (EUCOS);
Sugier, 2019; Figure 5). The analysis highlighted wide-
ranging deficiencies compared with requirements defined
by WMO (WMO, 2021a). EUMETNET adopted a user-
oriented approach to analyse the highest priority gaps,
sensitive to affordability constraints (EUMETNET, 2020a,
2020b).

The main challenge identified in the EUMETNET
analysis that needs to be addressed with better observa-
tions, particularly but not limited to the boundary layer,
is the forecasting and real-time monitoring of convection
and associated hazards (thunderstorm, strong wind/wind
gusts, tornadoes, high rainfall rate and hailstorms). These
manifest at all forecasting timescales, that is, from the
challenge to forecast the sudden deepening and heavy
precipitation associated with convection around extra-
tropical storms reaching Europe, to a challenge to pro-
vide customized impact-oriented warnings of hazards
associated with convective events.

The four other most common challenges to be miti-
gated by better observations of temperature, humidity,
precipitation and cloud base height are (i) localized fog
formation depth and dispersion (particularly important
for the transport sector); (ii) winter and polar-region
weather (e.g., polar low, freezing precipitation, snowfall,
snow depth, ice and avalanche forecasts in mountainous
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FIGURE 5

Summary of the EUCOS gap analysis for basic atmospheric variables (Temperature T, wind w, humidity q, pressure P, and

integrated water vapour iwv) for nowcasting/very short-range forecasting and aeronautical meteorology applications over land and ocean
areas. The colour of each cell indicates the achievement on average over 2018 of the: (yellow) minimum requirement; (green) breakthrough
requirement; and (blue) goal requirement as set in the WMO OSCAR database. The (grey) cells represent gaps in the EUCOS observing
networks; the (blank) cells represent areas where there is no registered requirement.

areas); (iii) weather events in complex terrain, including
locally forced precipitation and high-impact winds; and
(iv) precipitation types in the boundary layer
(e.g., freezing precipitation, hail and snow) as well as the
amount reaching the surface for hydrological applica-
tions and transport services.

3.1.2 | Non-traditional sources including
internet-of-things-based and crowdsourced data

While basic networks operated by NMHS according to
WMO standards (WMO, 2022) continue to provide the
backbone of high-quality observations for weather,
climate and related environmental applications, data
from non-traditional observing sources are expected
to increasingly contribute and complement basic
meteorological networks, provided that the data are
adequately = processed, quality-controlled and
exchanged in near real time. Hintz et al. (2019) pro-
vide a summary on the use of non-traditional data by
European NMHS.

To be useful for nowcasting and NWP, crowdsourced
data collection and pre-processing need to be a collabora-
tive effort between weather centres, combined with
industry and the private sector to improve and unify stan-
dards and best practices coordinated by EUMETNET,
and at global level by WMO. However, for some applica-
tions, flexible quality standards should be applied to data
from non-traditional sources if they are filling observa-
tional gaps, for example, in support of nowcasting and
very short-range forecasting at local scale (de Vos
et al.,, 2019; Met.no, 2020). Hence, there is significant
growth potential in the smart use of internet-of-things
(IoT)-based and crowdsourced data in nowcasting appli-
cations, both in the forecast, post-processing and in verifi-
cation (see Section 3.4).

EUMETNET recently started a scoping study on
a Supplementary Observations dataHub (E-SOH)
intended to encourage and facilitate the near real-
time exchange of hourly and sub-hourly observa-
tions from surface stations including those not cur-
rently routinely exchanged such as rain gauge data,
solar radiation, snow depth and wind gust data. At
the same time, a database will be developed to col-
lect and quality control new data types like crowd-
sourced data and other data sources. These datasets
should enhance the availability of observational data that
are important for nowcasting. The European Weather
Cloud (EWC) is one of the hosting options (see
Section 3.3).

Towards 2030

1. In line with the EUMETNET analysis, we recommend
closing the following observation gaps, as a matter of
priority:

a. The provision of profile observations of humidity,
wind and temperature, in terms of horizontal and
temporal resolution, with a focus on the boundary
layer. This could be achieved by improving the cover-
age of aircraft-based observations (e.g., expansion of
MODE-S aircraft surveillance radar data), research
into emerging technologies such as differential
absorption lidar (DIAL), Raman lidar, Doppler
wind LIDAR, ground-based microwave radiome-
ters, and observations from unmanned aerial
vehicles (UAV).

b. The provision of near-surface observations every-
where, but of highest priority over the seas, com-
plex terrains, North Africa, including all the basic
meteorological variables as well as snow, hail, soil
moisture and visibility. One should explore the
complementary value of high-volume, lower qual-
ity observations (e.g., data from personal weather
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stations, mobile phones, car sensors and webcams)
to NMHS core networks.

c. Reinforced efforts to extract more value out of
existing capabilities: improving the quality of the
OPERA radar Quantitative Precipitation Estima-
tions (QPEs) composite and radial wind products
as well as expanding their coverage (see also
Section 3.1.3); exploring the value of additional
products from the Global Navigation Satellite Sys-
tem (GNSS) networks as well as expanding this
network towards Eastern Europe and North Africa;
developing aerosol products from the Automatic
Laser Ceilometer (ALC) network.

2. Design and run experiment(s) to study the relative
impact of observed atmospheric profile data on Limited
Area Modelling and nowcasting tools. These studies
should compare state-of-the-art methods, verification
metrics and focus on a representative set of areas of
interest (e.g., airport for fog forecasting, coastal zone
with high frequency of high-impact weather, urban
areas and venue of major sporting events such as the
Paris Olympic Games). The following should further be
considered in these experiments:

» The impact of timeliness and frequency of observations:
for example, frequencies as high as 10 s are achieved for
observations of temperature, humidity and winds at
Schiphol airport in support of aviation forecasting.

« Additional observing parameters that are most
required for better constraining of observations and
modelling of the lower layer, for example, soil mois-
ture, evapotranspiration and soil composition.

3.1.3 | Surface-based radar networks

Ground-based meteorological radar measurements are
one of the most useful data sources for nowcasting appli-
cations, as they are used for QPE (Reyniers, 2008), for
object-based or gridded-based quantitative precipitation
forecasts (QPF) using extrapolation techniques
(cf. Section 3.2.1), for data assimilation in convective-
scale NWP systems (cf. Section 3.2.2). Such data are
equally useful in warning systems and in seamless pre-
diction algorithms that blend extrapolated radar imagery
and their counterpart simulated by NWP models
(Section 3.2.3). Where available, ground-based radar is
clearly the primary observation system for producing
warnings of weather hazards linked to strong convection,
as it scans a large area in 3D with an update rate of a few
minutes. Some limitations need to be recognized, such as
inhomogeneous coverage in complex topography with
uncertainties arising from beam blockage, progressive
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degradation of QPE quality with increasing height from
the radar (Kitchen & Jackson, 1993), beam broadening
with range leading to lower resolution data at longer
range, and removal of non-meteorological targets.

In addition to reflectivities, which are directly linked
to the number and the size of targets in the sampled vol-
ume, the Doppler winds are also used in operational
NWP systems through data assimilation and for the
detection of gust fronts or meso-cyclones in real time.
With the further addition of dual polarization (DPOL),
precipitating hydrometeor types can be differentiated,
which is particularly useful for hail or snow detection
(Kumyjian, 2013; Witt et al., 1998). Such capability helps
in non-meteorological target removal and in the correc-
tion of the signal attenuation along the beam, which
improves QPE (Ryzhkov et al., 2005). In addition, reflec-
tivity data can also be used to generate 3D mosaics of
reflectivity (Bousquet & Tabary, 2014; Smith et al., 2016).
Diagnostics derived from 3D mosaics, for example the
vertically integrated ice (e.g., Mosier et al., 2011), provide
additional information on severe weather. Finally, stud-
ies such as Fabry (2004) have shown the possibility of
using refractivity derived from an apparent fluctuation in
the range of fixed ground targets close to the radar for
estimating the moisture field near the ground, with
potential for detecting convection initiation.

At the European level, one of the main challenges is
to collect radar data from different countries, which often
use different scanning strategies or different algorithms
for echo identification and clutter removal. This is the
main goal of the EUMETNET OPERA project (https://
www.eumetnet.eu/activities/observations-programme/
current-activities/opera/, Figure 6).

Towards 2030
By 2030:

« The radar network should become denser, especially
over urban areas. DPOL variables should be more
widely used for target identification and attenuation
correction. Doppler winds should also be increasingly
used for automatic gust front and mesocyclone detec-
tion. These approaches will be explored in the RDP2024
project (Masson et al., 2020), for which 2 X-Band radars
will be combined with a C-Band over the Paris area in
order to produce high-resolution QPE (100 m) for now-
casting during the 2024 Olympic games. New-
generation radars such as phased array could be of great
interest because of their very high temporal resolution
made possible by the electronic scans. This technology
is however still very expensive and the addition of
DPOL capability technically complex.
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OPERA+BALTRAD 2019/05/12 13:00

FIGURE 6

Example for radar echo composite generated
within the EUMETNET OPERA program (source: Janne
Kotro, FMI).

+ Establish routine pan-European exchange of radar
data, to allow for the generation of consistent
pan-European products such as QPE or volumetric
scans for NWP, and to improve forecasts for areas with
overlapping radar coverage across national borders.

3.14 | Lightning detection
The most active parts of potentially damaging thunderstorms
are difficult to be precisely identified and tracked even using
radar and/or satellite data. In such cases, lightning data pro-
vide an essential information source for nowcasting and issu-
ing of thunderstorm warnings. Measurements of lightning
strokes and the real-time display of lightning stroke fre-
quency, lightning types and the height of intra-cloud strokes
help tracking thunderstorm development. This is useful for
determining the severity of a thunderstorm and assessing its
potential impact: for example, a sudden increase in flash
rate (‘lightning jump’) often serves as a proxy for an
intensifying thunderstorm. Surface-based lightning data
also constitute one of the most cost-effective data sources
for remotely sensing weather.

For NMHS, energy suppliers, emergency manage-
ment and other weather dependent industries, the fast

and reliable supply of accurate lightning information forms
an integral part of weather information. Highly precise
lighting data are among the most important meteorological
data in modern aviation, allowing air traffic controllers to
better assess weather conditions, enabling fine-tuning of
flight routes as well as reducing the length of ground han-
dling stops at airports. Other end users are the traffic and
shipping industries as well as railway operators, wind
farms, operators of pipelines or high voltage power lines
and organizers of open air and outdoor activities.

Currently, lightning measurements are performed by
a large number of ground-based lightning networks, both
NMHS-owned and commercial, with sensors spread
worldwide and, since the launch of the Geostationary
Lightning Mapper (GLM) on the NOAA GOES-R geosta-
tionary meteorological satellite series and the Lightning
Mapping Imager (LMI) on the Chinese FY-4 satellite
series. A comparable space-based capability will become
available over Europe and Africa and over the surround-
ing seas with the Lightning Imager (LI) on MTG.

Sudden increases in the total lightning flash rate
(intra-cloud + cloud-to-ground lightning) called ‘light-
ning jump’ have been found to precede the occurrence of
severe weather such as large hail, severe wind gusts asso-
ciated to thunderstorms and/or tornadoes (e.g., Wapler
(2018) and Figure 7). It is estimated that the precise
detection of lightning jumps can give forecasters up to
20 min of additional lead time for warning (Kris White,
U.S. NWS Alabama, pers. comm.).

Despite all these benefits from lightning detection, to
fully exploit these data, some challenges still need to be
solved. While the lightning jump, which can double or
triple the number of lightning strokes in a particular
storm cell, is good at indicating which thunderstorms are
building, it is not good as a tool for forecasting specific
weather events. The strongest correlation has been found
between lightning jump and hail occurrence. Some heavy
rainfall events induced by less well-developed thunder-
storms do not produce significant amounts of lightning
(Farnell & Rigo, 2020). An added problem is the splitting
and merging of the cells, so the automation of lightning
jump detection is a challenging task.

Ground-based lightning detection networks provide
useful and detailed information about convective storm
characteristic and development; however, these networks
are limited to some continents. The extensive spatial cov-
erage of space-based lightning mapping from geostation-
ary orbit enables the tracking of violent storms and
severe weather even in remote regions and over the
oceans. In addition to benefitting nowcasting over
Europe, significant benefit to forecasting severe thunder-
storms is expected over the African region where most of
the lightning hotspots worldwide can be found (Albrecht
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FIGURE 7

Hailstorm in Slovenia on 5 July 2018. Meteosat-10 SEVIRI HRV (grey), 5-min lightning density (logarithmic colour bar)

with 3*3 km? horizontal resolution, derived from the surface-based LIghtning localization NETwork (LINET). (from Wapler (2018) © ESSL,

EUMETSAT, DWD).

et al., 2016). Since 2017, forecasters in the U.S. National
Weather Service have been gaining experience in using
space-based GLM data in operations (Rudlosky et al., 2020;
Stano et al., 2018). More recently, KNMI Netherlands and
Meteo-France have been experimenting with GLM products
in forecasts for the Caribbean territories under their respon-
sibility. The EUMETSAT Satellite Facility in Support of
Nowecasting and Very Short-Range Forecasting (NWCSAF)
plans to integrate products from the MTG LI into their soft-
ware. To jump-start the use of upcoming lightning mapping
data enabled by the MTG mission (see section below),
European forecasters should fully tap into the knowledge
and experience gained by their colleagues, and training
programmes should be designed accordingly.

Towards 2030

The performance and limitations of lightning data
detected from ground and space have to be investigated
in detail. Furthermore, the potential of merging these
two data sources needs to be explored in more detail, and
more research on the differences and similarities of both
detection methods is required. Based on 4 years of experi-
ence with data from the GOES-16 and —17 GLM, studies
correlating both measurements have shown that the
detection efficiency from space is affected by the opacity
of clouds in the wavelengths used by these sensors
(Murphy & Said, 2020). Furthermore, the significance of
basic products (flashes, groups) and products accumu-
lated over time/space in the forecasting process needs to
be better understood. One focus here should be further
investigation of the skill that the lightning jump can
bring to nowcasting hail and other severe storm hazards.

3.1.5 | Meteorological satellites

Since 1981 and, following significant improvements in
2003 with Meteosat Second Generation, EUMETSAT
meteorological satellite data have been providing critical
information over Europe and Africa for nowecasting
severe weather (Siewert et al., 2010) and for many other
applications. Satellite-derived information on winds,
clouds, humidity and other key parameters has been
made available to forecasters as a basis for situational
awareness, nowcasting and NWP. The need for better
representation of the boundary layer and surface condi-
tions in satellite data for nowcasting and short-range
NWP has been identified (EUMETSAT, 2015).

As of 2023, and with planned operations until the
early 2040s, the next generation of EUMETSAT satellites
will provide users with a suite of products for better
describing the atmospheric dynamical state, convective
initiation and the convective life cycle: the MTG pro-
gramme (Holmlund et al., 2021) delivers three observa-
tion missions with substantial expected benefits for
nowecasting:

« A spectral imaging mission enabled by the Flexible
Combined Imager (FCI), continuing the nearly 20-year
heritage by Meteosat Second Generation SEVIRI with
enhanced spatial, temporal and radiometric resolution,
new spectral channels sensitive to low-level moisture
and thin cirrus clouds, and more sensitive fire detec-
tion capability (Figure 8a). The imager provides data
every 2.5 min over Europe, and every 10 min over the
full Earth disc. Combining channel-based information
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in red-green-blue (RGB) image composites provides
forecasters with information on cloud type, phase, air-
mass and convection.

A lightning imaging mission enabled by the LI, provid-
ing continuous monitoring of time, position and inten-
sity of optical pulses generated by lightning activity,
over Europe and most of Africa. These are converted
into geophysical flashes and accumulated products
(Figure 8d). The space-based LI is sensitive to total
lightning and can measure the extent and duration of
flashes, thus complementing ground-based lightning
detection networks (see section above).

+ A hyperspectral infrared sounding mission enabled by
the infrared sounder (IRS), providing atmospheric
soundings of temperature, humidity and other trace
gases, in cloud-free conditions, for the first time every
30 min over Europe. This repeat cycle and the 4 km
spatial sampling (at nadir) of such data allow for track-
ing vertically resolved atmospheric motion in 3D/4D
(Figure 8c). IRS fills a spatial and temporal gap in
characterizing the atmospheric profile.

The next-generation polar-orbiting missions on the
EUMETSAT Metop Second Generation (Metop-SG) satel-
lites as of 2025 will see enhanced data and improved cov-
erage particularly of higher latitude regions (roughly
>60° N) to benefit nowcasting applications. Data from
Metop-SG are planned to contribute to the international
polar system jointly operated by NOAA and EUMETSAT.
Due to viewing angle and parallax effects, imagery acquired
from geostationary orbit is sometimes less useful in these
regions. Figure 9 shows an example of a rapidly developing
convective storm over Scandinavia, aptly captured by

Science and Technology for Weather and Climate

brightness temperature imagery from the Advanced Very
High Resolution Radiometer (AVHRR) instrument onboard
the three Metop satellites operating until late 2021. The
most relevant missions on Metop-SG for nowecasting,
planned to operate until the early 2040s, will be:

« The spectral imaging mission enabled by the METimage
instrument on Metop-SG, providing improved spatial,
spectral and radiometric resolution imagery as a basis
for cloud products, polar atmospheric motion vectors
and total precipitable water over land and ocean.

« The hyperspectral infrared sounding missions enabled
by the new-generation InfraRed Atmospheric Sounder
Interferometer (IASI-NG), allowing for atmospheric
temperature and water vapour profiles and thus infer-
ence on instability.

« The microwave imaging mission realized by the Micro-
wave Imager (MWI), continuing the 20-year heritage
of such sensors operated by the United States and
Japan, for all-weather detection of hydrometeors and
estimation of precipitation parameters.

To improve nowcasting and very short-range NWP
over high latitudes and the Arctic region, a prototype for
a constellation of microwave sounders is planned as part
of the Arctic Weather Satellite (AWS) programme. These
will allow high-frequency all-weather monitoring of lig-
uid and solid hydrometeors.

Data from the international constellation of polar-
orbiting spectral imaging missions operated by the
United States and China will further contribute to now-
casting in Europe if users have access to the data in near
real time (EUMETSAT, 2021a). EUMETSAT and its

FIGURE 8 (a) Next-generation Meteosat (MTG) geostationary satellite capabilities: (a) + (b) Higher spatial resolution MTG imagery
compared with MSG for cloud-top temperatures during Central Europe storm event; early-morning fog detection over Czech Republic.

(c) temperature and water vapour profiles in 3D derived from IR soundings every 30 min over Europe. (d) continuous detection of lightning

flashes accumulated over space and time. (e) collocation and combination of MTG products into a ‘4D weather cube’ in support of

operational forecasting, research and training. (a) Convective storm clouds over Central Europe (‘Hessen storm’), as seen from Meteosat
Second Generation SEVIRI imagery (lower panel) and with imagery from the VIIRS instrument on the NOAA Suomi-NPP satellite which is
used to simulate the higher resolution MTG imaging mission enabled by the Flexible Combined Imager (FCI, upper panel) as of 2023.
Higher spatial and temporal resolution will enable a better view on cloud-top details and, thus, more accurate assessments of storm

intensity. Source: M. Setvak; 11 June 2018, 11.37 UTC; combining 0.865 pm imagery (background) and 11.45 pm (convective storms) to a
‘sandwich’ product. (b) Source: M. Setvak, J. Kerkmann; 16 Nov 2018, 01.37 UTC. Lower panel: MSG SEVIRI imagery at 5 km horizontal
resolution (3 km at nadir), upper panel: simulated FCI imagery at ~2 km horizontal resolution (1 km at nadir), based on NOAA Suomi-NPP
VIIRS data. The pictures show brightness temperature differences (VIIRS 14 (3.7 pm)-I5 (10.8 pm); SEVIRI 3.9-10.8 pm). (c) Variability of
relative humidity in 3D over the central Mediterranean, derived from IR soundings of the Metop IASI instrument (Source: T. August, EARS
TASI L2 product), mimicking next-generation MTG IRS-based products on atmospheric thermodynamics. (d) Illustration of an accumulated
flash area product derived from the surface-based LINET lightning detection network. (e) Collocation of MTG data resulting in a ‘4D
weather cube’: four layers of information describing convective storms over Germany on 20 June 2013: at bottom, relative humidity in light
to dark blue in a range 50%-100%, derived from a DWD high-resolution model; above that, Meteosat-based 2D wind field and a combined
infrared-visible ‘sandwich’ product showing cool convective storm tops in red-orange hues. The top layer shows lightning flash density
based on ground-based detection. The northern Alps are visible at the bottom front edge.
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FIGURE 9

Nowcasting a severe thunderstorm in high latitudes over Scandinavia on 8 June 2019, using a sequence of brightness

temperature measurements in Kelvin from three AVHRR instrument onboard Metop-A, -B, and —C: while at 16:35 UTC (left panel, Metop-

A), there is only a small indication of the possibility of a convection initiation, after about 30 minutes, at around 17:16 UTC (middle panel),

the Metop-C overpass indicates the development of multiple convective cells in the area of interest, which is confirmed by the passage of

Metop-B at around 17:49 UTC (right panel). This would give local forecaster close to 30 min lead time to issue warnings on the

thunderstorm, in areas without radar coverage. The inset shows cloud-to-ground lightning flash density observed by ground-based networks
(flashes per 100 km? per day), 8 June 2019 00:00-23:55 UTC. Credit: FML.

Satellite Application Facilities (SAF) are committed to pro-
duce a range of geophysical products, such as winds,
clouds, instability indices, to support forecasting of severe
weather and many other weather, climate and related
environment applications. The NWCSAF (EUMETSAT,
2021b) provides software to generate a variety of
nowcasting-related satellite products in near real time,
such as satellite-derived winds, instability indices and
humidity, convective cell characterization and tracking,
convection initiation detection, turbulence determination,
precipitation rate and image extrapolation (Table 1).

To exploit the enhancements in EUMETSAT's next-
generation missions for nowcasting, NWCSAF products
will be updated and new products developed using the LI
and the infrared sounding mission. Table 1 provides a
high-level overview of NWCSAF software packages and
products planned in the 2022-2027 timeframe, in addi-
tion to maintaining the currently operational packages.

Towards 2030

Looking towards 2030, the integration of satellite-derived
products into the nowcasting value chain needs to be further
simplified and made more effective. This requires working
with users in forecasting centres and by providing them with
training, tools, and technical/scientific guidance. The wealth
of new data and products—next-generation MTG-produced
data rates are at least 50 times higher than those from cur-
rent Meteosat—need to be analysed, understood and incor-
porated into nowcasting tools (see next section). Specialized
entities such as NWCSAF, the ESSL (ESSL, 2021), and
expert groups such as the Convection Working Group
(EUMETSAT, 2021c) should share their knowledge, experi-
ence and tools with the broader European nowcasting

community. Lessons learned by communities using data
from the U.S. GOES, Japan Himawari and other satellites
should be taken on board. Strong engagement by the
weather research community is necessary to investigate and
exploit the value for nowcasting of novel mission data such
as from the infrared sounder and the LI on MTG.

3.2 | Methods and tools

Many severe high-impact weather events in scope of this
paper are well described by observation-centric nowcasting
methods in the forecast process, as they have superior skill
to other methods (Section 3.2.1). Thanks to very frequent
update and fast computational time, observation-based
methods can quickly pick up phenomena with rapid devel-
opment (typically within 5 min). In unstable conditions or
in areas with orographic forcing, the forecast accuracy of,
for example, rainfall can however drop quite rapidly, typi-
cally after 30-60 min (Germann et al., 2006). The skill pro-
vided by high-resolution (HR) NWP models is needed to
extend the forecast range up to 6 h and beyond, especially
when convection due to orographic forcing occurs (see
Section 3.2.2). Blended techniques take the best of both
worlds (Section 3.2.3). Wapler et al. (2019) provide an over-
view of the various techniques, of which a few are
highlighted here, with an outlook to 2030.

3.2.1 | Observation-based methods

Observation-based nowecasting methods (cf. Wapler
et al., 2019 for a recent overview) often use extrapolation
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High-level overview of major software releases by the EUMETSAT satellite application facility in support of nowcasting and

very short-range forecasting (NWCSAF) in its 2022-2027 fourth phase of development and operations.

New NWCSAF
Supported orbit software package Supported satellite sensors Product categories
Geostationary GEO-I NGI MTG-I FCI, LI Image interpretation and interpolation
MTG-S IRS Clouds
MSG SEVIRI Precipitation
Himawari AHI Winds
GOES-R ABI, GLM Instability indices
Convective initiation
Tropopause folding
Gravity waves
Thunderstorms
Lightning
GEO-S NGS MTG-S IRS Temperature
MTG-I FCI Humidity
Instability indices
Polar PPS NGI EPS-SG A Clouds
METOP A, B, C Winds
NOAA (prior to NOAA-20)
NOAA-20 S-NPP
JPSS (all operational)
EOS (Terra and Aqua)
FY-3D (and all operational >D)
Sentinel 3 A and B
PPS-MW MW EPS-SG B/MWI, ICI Ice Water Path
EPS-SG A/MWS Liquid Water Path
AWS Precipitation

techniques applied to radar echoes or satellite-based
cloud observations (see Section 3.1). This extrapolation
interprets the apparent motion from the analysis of previ-
ous radar or satellite images. Optical flow or cross-
correlation techniques are typically used to derive the
motion. Applying such advection-based approaches for
nowcasting relies on the assumption that the spatial
extent, the internal structure as well as the intensity of
the current cloud/precipitation field does not change over
time. This will obviously lead to errors in the context of
rapidly developing weather situations such as the devel-
opment of deep convection. Thus, some approaches try to
account for temporal changes in the cloud or precipita-
tion structure and provide uncertainty estimates. It cur-
rently takes about 1-2 min to run an observation-based
algorithm.

Feature detection and tracking methods are also
widely used. Such nowcasting methods rely on the identi-
fication of specific weather systems as ‘features’ or
‘objects’, and fixed or adaptive reflectivity thresholds are
applied to identify convective storms in radar data. Iden-
tifying such objects in successive measurements allows
for tracking of objects over time including splitting and
merging. Lightning data from ground- and space-based

systems add information to convection nowcasting and
for classifying the severity of thunderstorms (see
Section 3.1).

In addition to the aforementioned techniques, sophis-
ticated methods are emerging which combine and merge
various data sources. For example, consistent, blended
QPE products derived from radar, satellite (e.g., the
NWCSAF precipitation products) and rain gauges can be
beneficial for areas with limited radar coverage, or where
terrain or other effects limit the value of radar-based
QPE. However, the understanding of the physical differ-
ences among these measurements remains a limitation.

Empirical artificial intelligence (AI) and ML-based
methods can be powerful to combine different data
sources and reduce information overload for forecasters
(Cintineo et al.,, 2014; James et al.,, 2018; Leinonen
et al., 2022) as well as have the potential to be less com-
putationally expensive and so very applicable to nowcast-
ing timeframes. The COALITION (Nisi et al., 2013) and
ProbSevere (Cintineo et al., 2018) tools calculate proba-
bilities of severe storm occurrence, and Leinonen et al.
(2022) propose an ML technique for nowcasting thunder-
storm hazards. ML-based techniques have been applied
to storm detection and tracking (Lee et al., 2021) and
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precipitation advection (Agrawal et al., 2019; Ayzel
et al., 2020; Ravuri et al., 2021; Senderby et al., 2020).

Furthermore, probabilistic products and nowcast
ensembles are becoming more popular (Schmid
et al., 2019) in quantifying the inherent uncertainty in
well-established deterministic approaches. These require
enough processing power to be calculated within strict
timeliness limits. Calbet et al. (2018) showed that due to
the intrinsic unpredictability at scales <6 km, nowcasting
most likely will have to be mainly based on observations
or on NWP-ensemble-based probabilistic fields.

Towards 2030

To advance observation-based nowcasting methods, it
will be very important to foster the understanding of
existing and new observations, for example, of crowd-
sourced data or satellite-derived cloud, instability, mois-
ture and lightning products (EUMETSAT, 2020a, 2020b),
including uncertainty. These datasets should not only be
analysed in a statistical way to optimize specific nowcasting
verification metrics but should also be investigated to further
build our understanding of meteorological processes and the
variety of meteorological phenomena relevant in the now-
casting range, for example, via applied research projects at
NMHS and with the research community. Development of
algorithms should embrace probabilistic approaches, use
advances in computing and the development of new
approaches adopted from other fields, for example, from ML
(e.g., Ayzel et al., 2020; Ravuri et al., 2021).

3.2.2 | NWP-model-based methods

As stated in the previous section, HR NWP models are
needed to extend the forecast range up to 6 h for most
cases, especially when convection and orographic forcing
occur. For those cases, simulated observations usually
show better performance than observation extrapola-
tions. Frequent computation of initial states using data
assimilation schemes (DA hereafter) with recent observa-
tions of various types is very important in this context.
Furthermore, and as discussed in the next section, com-
bining observation-based methods and NWP aims to pro-
duce the best solution between these two approaches.

HR NWP models

HR NWP models are run at km or sub-kilometre scale with
a non-hydrostatic dynamical core, to explicitly represent
processes linked to cloud and convection. Due to their high
computational cost, such models are currently run over lim-
ited areas and their lateral boundary conditions are usually
provided by global NWP models. Whether their initial state
is deduced from dynamical adaptation of models at larger

scales or after a DA process, such HR NWP models are
prone to spin-up effects during the first integration steps
due to imbalances in their initial fields. In addition, the
computation of model outputs takes time. As a conse-
quence, observation extrapolation methods which are avail-
able within a few minutes (see Section 3.2.1), are
predominant typically up to >1 h lead time.

For longer forecast ranges and as NWP becomes more
skilful for convective situations, NWP models play nowa-
days a crucial role in forecasting features such as short-
lived storms or hazards (Sun et al.,, 2014). Short-term
forecasts of other parameters of interest can be exploited
in applications such as renewable energy production.
Furthermore, NWP provides knowledge of their km-scale
uncertainty that may not be in the initial state but is
favoured by orography or large-scale conditions. One
field of investigation is the accurate probabilistic repre-
sentation of convective initiation (Majumdar et al., 2020).

As reviewed by Gustafsson et al. (2018), many meteo-
rological centres operate HR NWP models to produce
weather forecasts typically up to 2 days over their domain
of interest several times a day. The AROME model, ini-
tially developed by Météo-France, is for instance used by
many European countries that belong to the ALADIN/
HIRLAM (now the ACCORD) modelling consortia. We
can also cite among others COSMO (used by DWD,
MeteoSwiss, Italy, Greece, Romania, Poland, Russia and
Israel), ICON (DWD), UKV (Met Office), HRRR (NOAA)
or LFM (JMA).

Data assimilation
All those NWP systems make use of assimilation of
observed data to update a previous forecast in order to
create a new initial state. The way information from
observations is used in this state depends on the a priori
knowledge of forecast and observation errors. Various
methods are possible, from variational (3D or 4D-Var),
sequential (EnKF and derivatives), to ensemble-
variational (Bannister, 2017). As it is schematized in
Figure 10, there will always be an incompressible gap
between the real time and the time of availability of the
NWP forecast. This is mainly due to the need for the
observations to be received and to the computational
time that is needed by both DA and model integration.
For nowcasting applications, the challenge is to find a
compromise between the length of this gap and the qual-
ity of the initial state. RUC (typically hourly) that can be
obtained by performing cycled assimilation/forecast steps
such as in NOAA's HRRR (Benjamin et al., 2016) is also
of great importance. The requested tight deadline for
forecast outputs implies short cut-off times (typically
15 min), which makes it difficult to account for observa-
tions with later availability such as, for example, most
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FIGURE 10
function of lead time for different forecasting methods. The figure
is highly schematic and the quality of forecast is not-to-scale
qualitative accuracy of the different performances. This figure is
based on Browning (1980).

The quality of weather forecasts defined as a

satellite-based radiances. For this reason, data from
ground-based sensor, aircraft and Doppler radar are
mainly used.

Pragmatic choices can be made in order to provide as
fast as possible the different elements, such as background
or lateral boundary conditions, respectively needed for
the DA and for the forecast steps (Auger et al., 2016).
Non-variational DA techniques can also be used additionally
to nudge information such as cloud cover using, for instance,
a combination of ceilometers and cloud-top pressure deduced
from IR radiances in HRRR, or radar data through latent-
heating methods (in HRRR again and in the UKV).

Towards 2030

Improvements in the representation of many physical
processes used in HR NWP models, especially those that
impact the boundary layer and the representation of
cloudy or precipitating systems, can directly benefit now-
casting. The use of sub-kilometric resolutions seems par-
ticularly important for urban applications and for
complex terrains. Projects such as the WMO Research
Demonstration Project on the Paris Olympic Games in
2024 (RDP2024, Masson et al., 2020), will help in defining
optimal configurations over small domains with such res-
olutions, especially for nowcasting applications.

As pointed out by Gustafsson et al. (2018), improve-
ments in DA algorithms for HR NWP still are needed, for
instance, to reduce displacement errors of, for example,
forecasted precipitating patterns. In  particular,
(i) forecast errors need to be more flow dependent,
(ii) hydrometeors should be included in the control vari-
able (Zhang et al., 2013) and (iii) non-linearities in the
model and in the operators that are used to simulate
observations must be better taken into account. The

Science and Technology for Weather and Climate

ongoing NOAA Warn-on-Forecast project for ensembles
(NEWSe, Weathley et al., 2015) is part of that context.

For nowecasting, fast data supply and rapid observa-
tion processing are key challenges. The quality of the
retrieved analysis is directly linked to the type of the
assimilated data, to their resolutions (temporal and spa-
tial), to their overall quality and to their timeliness.
In addition, denser observations are needed to better con-
strain small-scale features, such as low-level humidity,
wind and temperature, which can play a crucial role for
convective initiation. Radiances from imagers onboard
geostationary satellites such as FCI on MTG will play a
key role here.

Those developments will really be beneficial for now-
casting if the overall computation times drop quite drasti-
cally at all stages. ML could clearly help on this aspect to
speed up different algorithms such as those used for
observation simulation and DA, or automated quality
control of observations (Husnoo et al., 2021). As compu-
tation costs directly rely on the number of grid points,
the use of ensembles to produce probabilistic forecasts in
real time is still challenging because of time constraints.
Ensemble of forecasts should however be seriously con-
sidered, as amplitude and displacement errors linked to
the phenomena that are classically considered in now-
casting quickly increase. Benefits of ensemble for short-
term QPF for past situations have been shown by Lawson
(2018). Providing probabilistic information would also be
highly beneficial to forecasters and other end users (see
Section 2.2).

3.2.3 | Combined methods for seamless
prediction

Although nowcasting systems have traditionally been dis-
tinguished as mainly observation-based or on NWP-
based, they are increasingly combining both sources of
information.

The term ‘seamless prediction’ is used in general to
cover timescales from minutes to months, but also con-
siders all components of the Earth System—including
hydrology and atmospheric composition, as well as links to
users, applications and the social sciences (Ruti et al., 2020).

Here, the focus of seamless prediction is on the blend-
ing and integration of several elements including
observation-based nowcasting and NWP to provide
smooth, consistent forecasts. These are aimed at present-
ing outputs with consistency in quality, skill and content,
regardless of the underlying method, with lead times
from minutes up to few hours ahead (Schmid
et al., 2019). Most of the current nowcasting tools solve
blending by assigning different weights to each
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method during the first hours of prediction, with the
observation-based nowcasting having more weight
during the first hours and gradually yielding to the
NWP-based prediction (Figure 10). In some methods,
weights vary depending on the orography or the
weather observed or forecast. Table 2 provides a sum-
mary of the main characteristics of observation-based
and model-based approaches.

The intrinsic uncertainty of nowcasting, as well as the
stochastic nature of atmospheric phenomena, especially
convection, demand a probabilistic approach to predic-
tion. If the probabilities accurately represent the uncer-
tainty of the observation-based nowcast and that of the
NWP, then they can be combined to produce skilful prob-
ability forecast over a wide range of lead times. Combina-
tion techniques for these probabilistic systems are under
development, based on variational techniques or Kalman
filters (Atencia et al., 2020), or by blending of probabili-
ties (Moseley et al., 2022).

New techniques such as AI and ML are proving use-
ful in reducing computation time and are showing great
potential in the automatic adjustment of parameters or
providing extra information (de Coning et al., 2020). Per-
ception of probabilistic products can be difficult from a
user's point of view and there have been rather sparse
projects and surveys concerning this problem (Kox
et al., 2015; Sivle et al., 2022; Wastl et al., 2018). There is
an ongoing discussion among meteorologists on how to

TABLE 2

Characteristic
Starts from Quasi-truth
Spatial resolution O (km)-O (100 m) or less
Temporal resolution of output Minutes

Availability after last observation A few minutes

Update frequency 5 min or less

Information on the short-range Limited
evolution of systems

Combination of fields and objects Challenging

Treatment of uncertainty
processes, EPS etc.

Skill (see Figure 10)

Observation-based approach

Neighbourhoods, fuzzy logic, post-

Advantages in the first hours of forecast

correctly apply these products in case of forecasting
extreme events. Thus, the wider uptake of probabilistic
nowecasts and applications will also require development
of explanatory products, interpretation guidance and
advanced visualization, in close cooperation with fore-
casters and end users.

There are several NMHSs that have implemented
deterministic seamless prediction systems in the very
short term such as SWIRLS-2 (Li & Lai, 2004), Nowc-
Radiation (Martinez & Pallares, 2019), SESORA (Urbich
et al., 2020) or INCA (Haiden et al., 2011). Currently, as
in deterministic, most of the probabilistic seamless prod-
ucts address the QPF and put together different nowcast-
ing based on observation, mainly radar, with the EPS of
NWP models, such as STEPS (Bowler et al., 2007). Sev-
eral NMHS are undertaking comprehensive seamless
prediction projects such as ULJAS at FMI, IMPROVER
at Met Office, SINFONY at DWD (Blahak et al., 2018) or
SAPHIR at ZAMG (Dabernig et al., 2020).

The next few years are expected to witness the expan-
sion of seamless systems for predictions in the very short
range, giving more value to the needs of users for contin-
uous and consistent information regardless of the source.

Seamless systems for very short-range forecasts will
increasingly use probabilistic approaches, simultaneously
encompassing the treatment of objects and fields, and har-
vesting advances in ensembles at very short range. Mem-
bers of analysis ensembles and members of observation-

Main differences between nowcasting techniques based on observation and those based on NWP models.

Model-based approach
Analysis

0 (10 km)-O (100 m)
Tens of minutes

Several tens of minutes
Every hour or few hours

Extensive

Embedded

EPS; expansion with neighbourhoods or lagging;
post-processes etc.

Advantages from a few hours of forecast

Towards 2030 » Data from new sources integrated « More physical processes included in NWP,

synergistically.

» Deeper understanding of
meteorological processes.
» More automation of prediction.

particularly in boundary layer.
» Flow dependency of forecast error in DA.
« Best retrieved analysis (MW radiation,
hydrometeors ...).

« Use of ML/AI techniques to filter, « Greater use of ML in the different steps of the
process, post-process. NWP system.
» More extensive use of EPS, etc. « Higher spatial resolution (urban applications).
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based nowcasting will be prepared and calibrated correctly,
reflecting the temporal and spatial statistical properties of
the phenomena to be predicted (Atencia et al., 2020).
Important progress will be made to integrate convection-
permitting ensemble prediction systems (EPSs) in nowcast-
ing ensembles, and to improve the combination techniques
of the ensembles of both systems (e.g., Nerini et al., 2019).
EPS will be calibrated from probabilities to scenarios and
from low to high resolutions in space and time.

Undoubtedly, seamless probabilistic forecasts in the
very short range will add significant value to forecasting;
however, guidance will be needed for educating both
forecasters and key end users in applying these predic-
tions (cf. Section 2.2).

Towards 2030

To improve the various nowcasting and seamless
methods and tools described in Sections 3.2.1-3.2.3
towards 2030, we propose a joint undertaking of nowcast-
ing tool developers, to be launched and coordinated
within the existing EUMETNET E-NWC programme and
the anticipated WMO World Weather Research Pro-
gramme (WWRP) Research Demonstration Project (RDP)
SHOW-HOW. Their objectives should be to improve our
understanding of the meteorological processes relevant
for the nowcasting/seamless problem, to advance
methods of data integration and combination including
probabilistic approaches, and to improve the skill of now-
casting tools as well as seamless prediction through
pan-European benchmarking and verification. The
undertaking should foster the further development of
algorithms, using advances in computational approaches
and the development of new approaches adopted from
other fields, for example, from ML. The EWC could serve
as a common platform for these developments.

3.3 | Data and infrastructure

With the advent of new-generation satellites and ground-
based measurements, observation data rates will increase
by orders of magnitude, for example, MTG will generate at
least 50 times more data than MSG. To advance nowcast-
ing, it will be important to integrate and synthesize this
wealth of data into a few parameters which can be quickly
interpreted (see Section 3.2), requiring (i) standardized
data formats such as NetCDF/CF or BUFR, (iii) metadata
standards that allow for a description of each measure-
ment and its physical interpretation, (iv) reduced data dis-
semination rates by using standardized compression
methods and (v) nowcasting tools and near real-time data
feeds available on centralized clouds, thus bringing users
to the data as an alternative to disseminating data to users.

pen
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3.3.1 | High-availability data services and
emergence of the European Weather Cloud

A highly reliable operational data flow is a precondition
of safety-critical applications such as using nowcasting
techniques for severe weather prediction. With exploding
data rates from both the observing system and the model
sphere, clear priorities are required in the data services
realm to remain affordable and operationally viable.
From the space-based observations side in Europe,
EUMETSAT will continue to build on EUMETCast Satel-
lite Rebroadcasting System for the delivery of safety-
critical application data, in particular MTG data relevant
for nowcasting. At the same time it is diversifying its data
services portfolio to offer a mix of pull and push data ser-
vices that complement EUMETCast Satellite for less
stringent requirements, for example for applications in
research and development, and as exploratory and fall-
back solutions. A potential game changer in this regard is
the EWC project, jointly developed by ECMWF and
EUMETSAT, offering data processing resources close to
the meteorological input data.

As such, the EWC aims to become the cloud-based
platform for meteorological application development and
operations in Europe and seeks to enable the digital trans-
formation of the European Meteorological Infrastructure.
It is dedicated to support the NMHS of the Member States
of both ECMWF and EUMETSAT in fulfilling their offi-
cial duties to protect life and property from impending
meteorological hazards (Figure 11). Offering processing
and storage capacity for the initiating organizations and
their respective Member and Cooperating States, EWC is
foreseen to further host activities such as research pro-
jects, training and prototyping new products. There will
be near-real-time feeds of operational data from EUMET-
SAT and ECMWEF, as well as climate data records, allow-
ing users to ‘bring’ their software into a dedicated
environment close to the data, rather than having to rely
on dissemination and local capacity.

In a pilot phase until 2022, it is planned to host the
NWCSATF software and the ESSL Displayer on the EWC.
Developers of nowcasting tools should take advantage of
the opportunities provided with the Cloud, as a platform
to seed the formation of user communities around the
development of ‘merged’ advanced products in support
of forecasting, and use of common tools. In the coming
years, the EUMETNET Federated Data Coordination
Mechanism will be further developed, building on the
EWC and enabling standardized access to data, includ-
ing hourly and sub-hourly observations from surface
stations including those not currently routinely
exchanged such as rain gauge data, solar radiation,
snow depth and wind.
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The European Weather Cloud, a joint undertaking by EUMETSAT and ECMWF providing centralized processing and

storage capacity, for the benefit of collaborative activities by meteorological services, including development and benchmarking of

nowcasting tools (schematic view of the system in its pilot phase).

Other cloud-based platforms are under development
by among European NMHS to foster collaboration, coop-
eration and sharing of operational responsibility (e.g.,
met.group, United Weather Centres).

3.3.2 | Code sharing and co-development

To share development costs, groups of NMHS and
researchers should co-develop nowcasting tools, ideally
run on a cloud-based host infrastructure (e.g., the
EWC). This will allow all countries to contribute,
including those with small development teams. Open
licences such as BSD or MIT should be used for these
developments, to ensure sense of ownership and com-
mon access. Collaborative software development pro-
jects in the nowecasting area, such as pytroll (2021) and
pySteps (2021), GeoWeb, and ADAGUC (KNMI, 2021),
should be nurtured. Software such as Com-SWIRLS
(Wong et al., 2016) and the EUMETSAT Nowcasting
SAF software packages (EUMETSAT, 2021b) should be
available as openly as possible. As an example, NOAA
within the Unified Forecasting System (UFS) framework
openly releases pre-operational code and tools for now-
casting and short-term weather prediction applications,
as part of its engagement with the weather community
(NOAA, 2021). By 2030, nowcasting tools and support-
ing packages should be available on common, standard-
ized repositories such as github, and deployed as
appropriate on the EWC.

3.3.3 | Visualization and display systems
Towards 2030, display systems and techniques will have
to evolve with an increasing level of sophistication and
diversity of nowcasting datasets (objects, fields and proba-
bilistic information), and the needs of nowecasting
research. Such systems shall render the results of now-
casting tools (objects, fields and probabilistic information)
understandable for forecasters and end users. Several
lines of development are important: comprehensive, but
at the same time simple, plotting of 4D data cubes com-
bining model and observational data could be a develop-
ment line, and so is effective display of object-based, EPS
and probabilistic forecasts. Powerful web-based meteoro-
logical data display systems will plot all data together in a
common geographical projection, using next-generation
Web Mapping, Feature and Coverage Services. Engaging
meteorological display system and tool developers, such
as through the European Working Group on Operational
Meteorological Workstations (EGOWS), will be critical,
as well as building upon research-oriented visualization
tools such as Met.3D (Rautenhaus et al., 2015).

Towards 2030

« The EWC has become a core piece of meteorological
infrastructure for accessing and sharing data, collabo-
rative development of products and tools, and for
development and operations.

o As identified in Sections 3.2.1-3.2.3, we recommend a
joint undertaking among European NMHS around
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nowcasting, for the (co-) development of nowecasting
tools, based on common verification methods, code shar-
ing and use of the EWC as a common cloud
infrastructure.

3.34 |
control

Forecast verification and quality

Forecast verification has been developed in the last
decades (WMO, 2021b). However, many approaches typi-
cally used for NWP forecast verification cannot easily be
adopted to nowcasting. Verifying nowcasts is mostly rele-
vant in case of high-impact weather events. These are
usually rare, localized events, for which there is often a
lack of reference data (and sometimes a lack of definition
of what is a good warning.)

Validation and verification approaches applied in the
nowcasting framework are very diverse. A typical
approach to assess the quality of nowcasting a particular
severe weather event is a subjective analysis based on
available pieces of information and data to make a com-
plete as possible picture. Although very useful, this
approach is not applicable for a larger number of events
and does not enable the calculation of statistics.

Thorough verification of nowcasts is hampered by the
limited availability of observations that could serve as
ground truth. While lightning detection networks can be
used for the verification of the occurrence of thunder-
storms, and radar networks provide useful measurements
for the verification of precipitation, there is a lack of
observations suitable for the verification of phenomena
such as icing, freezing rain, wind gusts, hail, tornadoes,
localized heavy precipitation and low clouds.

Databases of severe events such as the European
Severe Weather Database (ESWD, Dotzek et al., 2009)
provide a basis for verifying nowcasts; however, they are
often non-publicly maintained by NMHS, often lack ref-
erences to pertinent observations, and tend to be incom-
plete in coverage.

If no independent ground truth is available, a typical
approach is to compare the nowcast with the analysis of
the same nowcasting tool, for example, comparing the
detected object with the +1 h-nowcast for this object cal-
culated an hour before. While valuable for assessing the
quality of tracking, location and intensity forecast, this
approach does not answer the question of whether the
algorithm really detected the phenomena of interest
(e.g., a thunderstorm, fog, etc.).

Although desirable, comparative verification of vari-
ous nowcasting methods across national borders is not
easily accomplishable, due to issues mentioned in
Section 3.1 as well as specific choices of threshold. Some
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forecast demonstration projects run during Olympic
games also included nowcasting systems, which were
then applied to the same area using the same input
datasets.

Towards 2030

Standardized verification methods would enable
benchmarking of nowcasting tools and thus provide a
measure of quality to their authors and to users. This
helps underpin the credibility of NMHS as the author-
ity for issuing severe weather warnings, especially
when compared with private sector offerings (Agrawal
et al., 2019).

Nowcasting system development in Europe would
greatly benefit from additional efforts in nowcasting (and
weather warning) verification. New ideas must be devel-
oped to tackle the aforementioned existing limitations in
nowecasting verification, including the verification of
probabilistic forecasts. Marsigli et al. (2021) provide ideas
focusing on verifying thunderstorm and fog forecasts.
Alternative reference data sources might become useful,
such as crowdsourced or socio-economic data
(e.g., insurance reports, emergency calls, fire brigade
operations data, mobile weather app data); however,
these will require substantive efforts in quality control
data curation and training of citizen scientists
(e.g., Barras et al., 2019; Gaia et al., 2017; WMO, 2021b).

In addition to parameter-based verification
(e.g., anemometer for wind gusts), impact-based verifica-
tion (fallen trees as indicator for wind gusts) should be
investigated further. These will require ‘models’ to
‘translate’ impacts to physical parameters which may
depend on various external factors (e.g., in the case of
fallen trees, the condition of the soil, season, leaf cover-
age, etc.). First experiences have been gathered using
data from fire brigade operations.

Recommendations towards 2030 related to verifica-
tion and quality control are embedded in the overall set
of recommendations provided in Section 4.

4 | CONCLUSIONS—KEY LINES OF
DEVELOPMENT TOWARDS 2030

We have taken a tour d'horizon along key elements of
the value chain of nowcasting high-impact weather with
our focus on Europe, now and towards 2030. We looked
at evolving user needs and identified key developments,
such as new observations, NWP-based and ensemble pre-
diction methods, that hold promise to improve nowcast-
ing products and services by European NMHS over this
decade. We also identified gaps and recommended
actions to address them.
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Nowcasting algorithms and tools are tuned mostly to
local or national conditions and input data types. Observ-
ing networks vary from country to country in many
aspects (e.g., radar configuration, network density and
measuring strategy). Some data needed for nowecasting
are not a priori exchanged internationally. Recent sur-
veys on nowecasting applications and wuser aspects
(e.g., Gundersen & Simon, 2018; Strauss & Wang, 2013)
showed big differences among European countries in
using nowcasting tools and applications. While certain
NMHS have widespread activities, many deal with lack
of manpower and sufficient resources for their
nowecasting-related activities. Due to the aforementioned
limitations, the situation in nowcasting is different from
NWP where the development is planned, continuous and
coordinated in the frame of various consortia. NWP
models can be adapted to various regions relatively easily.
This enables effective cross-border transfer of knowledge
and methodologies and their fast introduction into opera-
tional use for all members. Combining resources in NWP
consortia also reflects the generally larger effort required
for developing and maintaining NWP code than for a
classical nowcasting tool. One goal of a joint undertaking
by European NMHS around nowcasting should be in
adjusting for these differences.

Better pan-European nowcasting skill is important for
forecasting and mitigating hazards related to large-scale
severe weather events, for example, derechos (Johns &
Hirt, 1987; Gatzen et al., 2020) or rapidly developing
cyclones (Fink et al., 2009). Concerning such events,
communication (both operational and in terms of data/
knowledge exchange) across borders generally needs
improving. Detailed, large-scale views about the distribu-
tion of certain important parameters are often missing
(e.g., wind gusts), either not exchanged or only with
insufficient density or frequency. Real-time communica-
tion and information exchange would be important to
obtain a bigger picture and to understand/forecast the
genesis and intensity of the above-mentioned
phenomena.

Currently, the main information source on
European severe weather is the METEOALARM portal
(METEOALARM, 2021), as well as individual portals main-
tained by the NHMS. However, across borders, there are
large inconsistencies in defining the warning levels, because
of differences in criteria, requirements, forecasting capabili-
ties, availability of observations or experience. There have
been several activities in the past to fill these gaps and to
create unified nowcasting products for large domains, for
example, INCA-CE (Wang et al., 2017) or OPERA (Saltikoff
et al., 2019). Despite being successful, it was also shown that
merging information from several, qualitatively different
observational sources or NWP/nowcasting products is a

difficult task. To provide common nowcasting information
at sufficiently high resolution will above all require high-
quality observational databases consisting of a large number
of frequently-updated inputs (on the order of minutes).

It is possible that the role of NWP models in nowcast-
ing will increase with wider use of RUC and further
increases in resolution (approaching the scale of large
turbulent eddies). Nevertheless, the problem of bridging
the most recent observation-based nowcast with very
short-range NWP forecasts remains. Despite higher fore-
cast accuracy, advances in IT, visualization tools and so
forth, it remains a challenge to tailor information to end
user needs. This can lead to misunderstanding or even
the refusal of nowcasting products in extreme cases.

One of the more recent trends in severe weather fore-
casting and nowcasting supported by WMO is impact-
based forecasting (WMO, 2015a, 2015b). Relationships
between severe weather events and their potential impact
are still not well understood and their variability across
Europe can be very high. Further investigation and
access to socio-economic data will need intensive cooper-
ation of NMHS with several institutions (e.g., insurance
companies, civil protection agencies and forestry). Build-
ing nowecasting capacity with civil protection agencies
has been the subject of research projects such as the
H2020 ANYWHERE (http://anywhere-h2020.eu/).

Pan-European methodologies should be developed,

which will again require deep interdisciplinary coopera-
tion (e.g., with wind engineers, civil protection, electricity
companies, etc.). One of the most challenging tasks is
forecasting the impact of rare events, because the lack of
previous experience can cause an underestimation of pos-
sible consequences by both forecasters and disaster man-
agement authorities. These are typically situations with
local extreme events such as tornadoes, winter precipita-
tion types (freezing rain), and multi-hazard impacts, for
example, heavy rainfall leading to landslides. Sometimes,
relatively = common  meteorological =~ phenomena
(e.g., thunderstorms and lightnings) represent a threat in
certain conditions involving crowds (e.g., Horvath
et al., 2007) or in a weather-exposed terrain (sea, lakes,
mountains, etc.). Warning apps and message push broad-
casts using mobile phones could help mitigate such dan-
gerous situations, in addition to traditional warning
channels (TV, radio and sirens). Moreover, a European
journal should be established that offers a platform for
the nowcasting, forecasters and end user communities,
equivalent to the AMS Journal Weather, Climate and
Society,
Based on the above discussion and the gaps and recom-
mendations identified in earlier sections, we recommend
the following to be accomplished to advance nowcasting
in Europe by 2030:
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« Foster and maintain close, regular feedback loops
among providers of nowcasting information, fore-
casters and end users to enable continuous improve-
ment of nowcasting tools and services, for example, in
a European-level nowcasting forum

« Address observational gaps identified in the EUMET-
NET EUCOS analysis, and improve availability and
access to higher density observational data, particu-
larly in the boundary layer, to support forecasting of
high-impact weather, and verification

« Establish routine, automated pan-European exchange
of radar data based on common quality control and
data management, to allow for the generation of con-
sistent pan-European products such as QPE or volu-
metric scans for NWP, and to improve forecasts for
areas with overlapping radar coverage across national
borders

» Design and run experiment(s) to improve the under-
standing and to study the relative impact of observed
surface and satellite-based data on Limited Area
Modelling and nowecasting tools. The experiment(s)
should take advantage of novel observations such as
space-based lightning and crowdsourced data, and
ML/AI techniques. For example, weather research pro-
jects in target areas such as the 2024 Paris Olympic
Games should bring new insights.

« Establish more seamless and probabilistic nowcasting
methods across Europe, and make their results better
understandable to forecasters and key end user com-
munities, supported by guidance and best practices
(e.g., through the EUMETNET E-NWC programme
and the WMO WWRP Forecasting Demonstration Pro-
ject SHOW-HOW).

« Create a joint undertaking among European NMHS
around nowcasting, for the (co-) development of now-
casting tools, based on common verification methods,
code sharing and use of common cloud infrastructure
such as the EWC. By 2030, the EWC should become a
core piece of meteorological infrastructure for accessing
and sharing data, collaborative development of products
and tools, and for development and operations.

«+ Establish a European journal that offers a platform for
the nowcasting, forecasters and end user communities,
equivalent to the AMS Journal Weather, Climate and
Society
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