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1. Project Objectives
With this deliverable, the project has contributed to the achievement of the following objectives (DOA,
Part B Section 1.1) WP numbers are in brackets:
No.
A
B

C

D

E

F

G

H

Objective
Yes
To develop a new generation of global high-resolution climate models.
(3, 4, 6)
To develop new strategies and tools for evaluating global high-resolution
climate models at a process level, and for quantifying the uncertainties in
the predictions of regional climate. (1, 2, 5, 9, 10)
To provide new high-resolution protocols and flagship simulations for the
World Climate Research Programme (WCRP)’s Coupled Model
Intercomparison Project (CMIP6) project, to inform the
Intergovernmental Panel on Climate Change (IPCC) assessments and in
support of emerging Climate Services. (4, 6, 9)
To explore the scientific and technological frontiers of capability in global
climate modelling to provide guidance for the development of future
generations of prediction systems, global climate and Earth System
models (informing post-CMIP6 and beyond). (3, 4)
To advance understanding of past and future, natural and anthropogenic,
drivers of variability and changes in European climate, including high
impact events, by exploiting new capabilities in high-resolution global
climate modelling. (1, 2, 5)
To produce new, more robust and trustworthy projections of European
climate for the next few decades based on improved global models and
advances in process understanding. (2, 3, 5, 6, 10)
To engage with targeted end-user groups in key European economic
sectors to strengthen their competitiveness, growth, resilience and ability
by exploiting new scientific progress. (10, 11)
X
To establish cooperation between science and policy actions at European
and international level, to support the development of effective climate
change policies, optimize public decision making and increase capability
to manage climate risks. (5, 8, 10)

No
X

X

X

X

X

X

X

2. Use cases
In this report background information is presented about various sectors, potential users and their
requirements, and how they might profit from the work in PRIMAVERA. Based on this information in
the order of 10 `use cases' are selected. In short, use cases are situations in which organizations use
meteorological information (often climatic extremes) that are relevant to the organization. Selection
criteria for the use cases include 1) the degree of vulnerability of the users to meteorological phenomena,
2) the expected added value of using global high-resolution model output rather than the commonlyapplied downscaling of global coarse resolution output to regional scales, and 3) the time horizon that
users are interested in.
2.1. Vulnerability
The vulnerability of users to changes in meteorological or climatological conditions is defined by the
IPCC as `their propensity or predisposition to be adversely affected'. Vulnerability depends on the
sensitivity to the physical harm caused by climate change and the capacity to adapt to the associated
changes. A high sensitivity and low adaptive capacity indicate a high vulnerability, whereas a low
sensitivity and high adaptive capacity refer to a low vulnerability. Vulnerability may take the form of

PRIMAVERA (641727) Deliverable 10.1

Page 5

either `chronic' vulnerabilities to gradual changes in climate, or `acute' exposures to particular
meteorological events, or a mixture of both. Typical meteorological examples include:
•
•
•

Long-term changes in climate statistics (e.g., rising temperatures, shifting patterns of wind,
insolation, and precipitation, and their [co-]variability in time and space).
Persistent weather anomalies such as heat waves, droughts, storm surges, or persistently wet
conditions.
Short-time-scale events such as extreme rainfall, hail, and wind-storms.

In many cases, sectoral vulnerability is dependent on multiple meteorological drivers. These are
referred to as `compound' events or changes. For example, while insurance risk to wind-damage is
strongly dependent on a single variable (surface wind gusts), an important risk in the electricity sector
concerns capacity adequacy (i.e., the highest instantaneous demand for power once the contribution
from renewable generation is deducted). This latter quantity is typically sensitive to a complicated
combination of temperature, insolation, and wind. The duration, intensity, frequency, spatial
distribution, and interannual variability of meteorological properties (including extremes) may change
in future climates, and thereby the likelihood of the associated risks and impacts. Improved climate
projections can therefore help users to explore how much impact these changes have now and in the
future, enabling users to design appropriate strategies to manage, respond, and adapt to the changing
risks and opportunities.
2.2. Spatial resolution
The use cases will be selected to explore and identify the added value of globally high resolution climate
models (GCMs) compared to standard resolution GCMs. Two anticipated advantages are highlighted.
Firstly, global high resolution GCMs compute and produce data on finer spatial scales than traditional
GCMs. This is useful for establishing links to the location-specific properties necessary to understand
climate impacts. For instance, smaller grid-squares enable topographic influences on local meteorology
to be seen more clearly, typically reducing the discrepancy between model-grid output and point
observations. The improved spatial resolution may also lead to an improved representation of highfrequency temporal variability (e.g., hour-to-hour variations), which is essential in some applications
(e.g., detailed modelling of power systems). It is, however, recognised that the PRIMAVERA
methodology (global high-resolution) does not provide unique opportunities in this regard: similar
benefits from resolution can be achieved by other approaches such as using high-resolution regional
climate models to ‘dynamically downscale’ coarse global GCMs over limited geographical domains.
The second – and more fundamental – advantage of global high resolution GCMs is an improved
representation of the underlying physical/dynamical processes across scales. It has been established
that many of the governing mechanisms of European climate, such as the large-scale atmospheric
circulation, improve as global resolution is increased. In this sense, the enhanced small-scale resolution
can be expected to contribute to an improved representation of the large-scale circulation. Such
improvements are unique to high-resolution global GCMs and cannot be achieved using regional highresolution downscaling. A typical example of this is that the frequency and duration of atmospheric
blockings improves when spatial resolution increases, which is associated with a better representation
of the topography. Blocks remain in one place for an extended period and cause persistent weather
patterns – such as heatwaves and droughts in summer, and cold snaps in winter – with profound impacts
across many user-sectors.
A central focus will therefore be to understand `Why does it happen?', instead of `What happens?' to
achieve a better process understanding leading to improved understanding of the risks and impacts for
users of climate information. The benefits of using global high resolution GCMs will be evaluated
through comparison with coarse-resolution global GCMs and high-resolution regional climate models,
both in terms of statistical properties and their representation of the underlying physical phenomena.
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2.3. Time scale
The simulations of PRIMAVERA run over the period 1950 to 2050, which means that they extend into
the `near' future. This time scale is shorter compared to most coarser-resolution modelling studies, in
which simulations extend to the year 2100 or even longer (the `distant' future). This is generally
consistent with the needs of information-users, who are often most interested in the near future (often
only the next 5 to 10 years, though this will be verified in the user consultation process) but brings an
extra difficulty with it.
In longer century-scale simulations, external forcings, such as greenhouse gas concentrations or solar
insolation, typically govern the climate response. On shorter (decadal) time scales these externallyforced signals can be strongly enhanced or damped by natural internal variability, which makes it
difficult to separate human-induced climate change from natural climate fluctuations. It must also be
noted that PRIMAVERA simulations are also strictly `boundary condition' simulations (unlike decadal
forecasts, PRIMAVERA will not seek to initialize evolution of natural variability).
In PRIMAVERA, one of the challenges is to capture the underlying processes that drive (or mediate)
the natural decadal fluctuations, so that they can be separated from the longer term trends. This would
improve our understanding of the risks and impacts of events that are driven by decadal fluctuations
and long-term trends. It will also enable the construction of plausible scenarios of climate evolution
over the coming decades (i.e., identifying multiple different climate scenarios that could occur
contingent on the evolution of natural fluctuations).

3. Target sectors
Each research group that contributes to WP10/WP11 will focus on different target sectors, and
look for important extreme events and use cases that might be of interest for them. The sectors
that are currently covered are energy, transport, finance and insurance, agriculture, health, and
hydrology. In this section, the target sectors and their climate information needs are described per
sector since the relevancy of the use cases might be strongly sector-specific. We will describe the
general need for several sectors – partly based on existing documents from other Climate Services
activities – and the possible added value that high-resolution climate models can have for these sectors
or specific users within the sectors. Where possible, we add more detailed information on the needs of
specific users, i.e. how they use climate information or which questions might be of interest to them.
Later on, this part will be updated with new insights specifically from the PRIMAVERA project.

3.1. Sector: Energy
3.1.1 Sector characterisations
In response to climate change, many European countries are sourcing an increasing fraction of their
electricity from weather-sensitive renewables such as solar radiation and wind. The traditional model
of power system operation – whereby the output from large power stations is directly controlled to meet
electricity demand – is therefore being replaced by a situation where neither demand or supply are
known in advance. The physical and economic integration of “variable” renewable generators into
power networks remains a major challenge in energy policy and planning.
Power systems pose several major scientific challenges in terms of climate modelling:
•

•

Spatial localisation. Renewable generation assets (e.g., wind- and solar farms) and demand
centres (e.g., cities) exist in specific geographical locations. High-resolution climate data
are therefore valuable in estimating the climate-response of individual assets (e.g., the
output from a particular wind-farm).
High-frequency time dependencies. The parts of a power system with controllable output
(typically coal, gas, and nuclear power plant) differ greatly in cost and response time (e.g.,
a typical coal power station requires several hours to `switch on' from a cold start). Many
quantitative applications in the energy sector – particularly in power systems – therefore
require high-frequency data outputs for surface conditions. Accurately estimating local
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•

meteorological properties at ‘short’ (~0.5-3h) time scales is therefore an important
ingredient in understanding power system responses.
Spatial connections and compound meteorological sensitivities. Transmission
infrastructure connects the power system across national and continental scales. This,
coupled with the requirement for near-instantaneous supply-demand balance across the
network leads to complex multi-variate meteorological sensitivities spanning large
geographical areas. The spatial correlations within and between meteorological variables
therefore become very important for assessing impacts on power systems.

3.1.2 Specific users and their requirements
Energy constitutes a diverse sector with a wide range of stakeholders and potential needs for climate
information but general awareness and understanding of climate impacts on this sector remains
relatively low. Specific users – and use cases – are therefore being identified and developed over the
course of the PRIMAVERA project. These will collaborate with and build upon a wider body of work
and existing stakeholder contact activity through previous projects and the EU COPERNICUS climate
services for energy. The case studies will seek to demonstrate a mixture of both `acute' and `chronic'
impacts of climate on the energy sector. Electricity (power) is recognised to be a key opportunity given
the rapid growth of weather-sensitive renewable generation but other energy vectors (gas, oil) may also
be explored.
In addition to direct collaborations with `end-user' industrial and policy stakeholders, PRIMAVERA
will also target an intermediary community in “energy-systems research”. This will include academic
and industrial research organisations who are active in modelling and understanding the future evolution
of the energy system. This indirect approach will enable PRIMAVERA establish firmer links between
climate and energy research and will support the “translation” of PRIMAVERA science into a form
relevant to the end-user energy community.
3.1.3 Use cases
3.1.3.1 Use case 1: the impact of extreme events on the energy system
Extreme weather and climate conditions have profound implications for the energy sector across a wide
range of technologies and energy-forms. Some examples include:
•
•

•
•
•
•
•

Cold winter temperatures: icing of power lines (leading to damage) and peaks in demand (e.g.,
for heating and electricity, often associated with price spikes or supply shortages).
High summer temperatures: reduction of generation efficiency, curtailment of power plants
(e.g., water used for cooling may exceed environmental regulations on temperatures for river
discharge), peaks in demand (for air conditioning, often associated with price spikes or supply
shortages).
Extreme precipitation: flooding of infrastructure assets.
Drought: restrictions to hydropower availability, falling river levels limiting transport of raw
fuel for electricity generation (e.g., the movement of coal on the River Rhine).
Storm surge: risk to coastal plant (particularly nuclear).
Extreme winds: infrastructure damage (e.g., power lines, wind farms, offshore oil rigs).
Various users were consulted to identify relevant hazards associated with extreme events, such
as high temperature, low winds, and the compound effect of both. Relevant users are linked to
energy companies or provide consulting services to energy-related companies or government
agencies. The specific hazards and extreme events depend on the research partner but two
specific initial partnerships have been identified relating to hydropower and nuclear power,
with a third possible case study on wind power.
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3.1.3.1.1 Data needs
The data needs depend on the specific event and the methodology chosen to study it. In general, subdaily to daily fields for temperature, precipitation, wind, and insolation will be considered, from the
historical and future simulations. Whenever available, runs from a spectrum of models running at
different resolutions will be used to assess the impact of PRIMAVERA’s enhanced spatial resolution.
Extreme value theory will be considered to identify and characterize extreme events according to the
hazards of interest. A key variable in the analyses is the concept of return period, and changes in this
magnitude will be assessed by comparing the historical and future runs. Comparing the results that
derive from different GCMs will allow to identify the most robust responses.
3.1.3.1.2 Process description
The physical processes that induce extreme events depend on the specific hazard of interest. An example
of particular relevance over Europe is atmospheric blocking and the storm track, due to their strong
influence on wind, precipitation, and temperature. The connection between the local surface climate
over the target region and large-scale atmospheric circulation (e.g., storm track variability, the
midlatitude jet, teleconnections such as the NAO) will also be essential for understanding the
uncertainty of estimated return periods.
3.1.3.1.3 Added value of global high resolution
In this case, the benefit of the high resolution PRIMAVERA data arises from the improved
representation of the underlying processes that are associated with extreme events (e.g., storms and
blocking), as well as the large-scale teleconnections affecting their characteristics (e.g., NAO, ENSO).
3.1.3.1.4 Knowledge utilisation
These use cases are likely to evolve as partnerships with the private sector users and scientific journal
publications may not be the most appropriate route for the dissemination of results. In cases where
research outputs are incorporated into analysis within the stakeholder’s organisation (and the details of
this cannot be released), we will aim to generate output (reports, case studies or other summaries) that
are suitable for general release on the PRIMAVERA User Interface Platform (UIP).
3.1.3.2 Use case 2: renewable resources and their integration – understanding the
influence of climate on power system planning and policy
Numerical models of the energy system are widely used to inform planning and policy [e.g., eHighway2050 (2015), NARIS (Luderer et al. 2017), Pöyry (2009, 2011)]. The use of robust high-quality
climate data in power system planning has, however, been historically limited due to:
•
•
•

lack of awareness or understanding of climate as a system planning risk
lack of availability of suitable climate data (typically high spatial and temporal resolution of
the required near-surface properties)
technical difficulties (e.g., climate dataset size, accessibility, and format)

Very few power system planning studies have therefore considered the impact of long-term climate
change and variability on system planning (and there has been minimal use of climate model output in
general) despite research suggesting that climate uncertainty may have significant consequences
[Bloomfield et al. (2016)]. PRIMAVERA will address this issue, providing ‘use cases’ demonstrating
the value of long-term high-resolution climate simulations for energy system planning applications.
Initially, the characteristics of known power system ‘critical properties’ (elicited from end-user partners
and literature) will be examined in the PRIMAVERA datasets. A typical example of this is so-called
‘capacity adequacy’: the ability of a power system to produce sufficient instantaneous supplies of power
to meet demand. Given the rapid growth of renewables generation, this typically corresponds to specific
weather events – for example, in the UK, low-wind-cold-snaps associated with atmospheric blocking
during winter are a particular concern because of their simultaneous impact on demand (for heating)
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and wind-power (due to calm conditions). Other critical properties – including long term trends and
variability in RE resources (particularly wind power) – will also be examined. It is expected that this
analysis will be of relevance to partners in both industry and academia (e.g., estimating capacity
adequacy, estimating wind resource yield for wind farms).
PRIMAVERA will then seek to go further by directly coupling large volumes of high-frequency/highresolution climate model output to the complex energy system models typically used in planning and
policy. At their simplest, these models provide a tool to simulate the characteristics of the energy system
under a given set of climatic, economic, and technological assumptions. These simulations allow, for
example, the identification of the optimal resources to utilize (e.g., the location of wind or solar farms),
or to test how different policy choices influence the resulting system design (e.g., the reinforcement of
power transmission capacity). They can therefore be viewed as a means to convert PRIMAVERA’s
climate data into estimates of power system properties with more direct relevance to sectoral
stakeholders.
In this latter part of the use case (energy system modelling), PRIMAVERA scientists will partner with
one or more users to support the uptake of PRIMAVERA climate outputs. These partners are likely to
initially be academics working in energy policy who can provide the capability to “translate” the
climate-focussed outputs of PRIMAVERA into meaningful analyses of the energy system as a whole.
It is intended that this analysis and the methodologies developed will be communicated broadly to
industry and policy-makers, both directly and through targeting external activities such as EU
COPERNICUS climate services and IPCC WG2.
3.1.3.2.1 Data needs
The primary datasets are 3-hourly or 6-hourly fields for temperature, wind, cloud cover, and insolation.
These will be exploited at the highest feasible common resolution (e.g., a 0.5o grid, hourly), initially
over a European domain with a focus on the recent historical and near-future period (~1980-2030).
Interpolation and calibration are likely to be essential steps in data processing and will require careful
attention. For the representation of wind power generation, 3-hourly or 6-hourly data at several layers
in the boundary layer are needed to estimate vertical wind profiles to adjust the wind-height to that of
typical large wind turbines. In the case of solar generation, the representation of insolation and cloud
cover are key. In the case of insolation, 3-hourly data is adequate to represent the diurnal cycle, but
cloud cover will be more dependent on the representation of the larger scale phenomena that cause
clouds and precipitation. Time ‘interpolation’ is also likely to be needed for both solar and wind (to
reach the hourly or 30-minute resolution typically used in power system modelling) and care will need
to be taken to ensure that this is done appropriately (e.g., is linear interpolation sufficient or should
high-frequency ‘noise’ be approximated in some way?).
Whenever available, data from multiple runs from various models will be compared across resolutions
(e.g., low, medium, and high resolutions) to allow the assessment of both increased spatial resolution
and multi-model uncertainty. Wherever possible, links between the characteristics of the surface
variables (wind, solar, etc.) and large-scale dynamical drivers (jet position, blocking, storm tracks) will
be explored to provide greater understanding of differences between climate simulations and climate
uncertainty, drawing upon the core science developed in other PRIMAVERA deliverables and work
packages.
3.1.3.2.2 Process description
The impact of weather and climate on the energy system is complex and multi-scaled.
At the smallest scale, the power system is composed of a specific set of localised nodes that either
generate a supply of or a demand for electricity. In the context of PRIMAVERA simulations, the ability
of the GCMs to credibly simulate the processes responsible for regional – and even local – surface
climates is therefore important to minimize the need for statistical post-processing. This includes
boundary layer wind structures, cloudiness and insolation, and surface temperature.
Transmission grids, however, connect these individual nodes into larger systems (at national or
continental scale). Such systems, because they connect different types of generation and demand, are
sensitive to a complex mix of surface weather (e.g., wind near wind farms, cloud cover near solar plant,
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temperature near demand centres). This applies across a wide range of timescales from daily weather
(e.g., cyclones, blocks) to seasonal (e.g., teleconnections such as the NAO) and longer (e.g., interannual
variability and long term climate change effecting the position and strength of the midlatitude jet, storm
track, and blocking). The ability of the PRIMAVERA GCMs to correctly represent the large-scale
atmospheric patterns driving European weather – and their impact on the co-variability of surface
weather conditions - is therefore a key concern.
3.1.3.2.3 Added value of global high resolution
The high resolution PRIMAVERA dataset has two main advantages.
Firstly, it provides an unprecedented volume of high-quality climate data for energy system modelling.
In particular, the PRIMAVERA team has produced an extensive collection of high-frequency (3-hourly
or 6-hourly) surface impact variables specifically targeting the issue of renewables assessment and
integration. The resolution of these variables – in both time and space – will allow multi-model GCM
data to be utilised in state-of-the-art energy system planning models for the first time.
Secondly, it has been shown that the increased GCM resolution can lead to process-improvements in
the simulation in both global and local climate. This therefore provides a crucial advantage of
PRIMAVERA compared to limited-domain downscaling approaches (e.g., Euro CORDEX) which rely
on relatively coarse global GCM simulations for their input boundary conditions. In PRIMAVERA the
local surface climate is consistent with this globally-improved simulation (e.g., the position of the storm
track, jets, and blockings), lending confidence and credibility when interpreting the impact of climate
variability and change in terms of its surface impacts.
3.1.3.2.4 Knowledge utilisation
This collaboration with different academic and industrial research groups is expected to lead to the
publishing of scientific articles (targeting the energy community) which will be translated into useraccessible reports, fact-sheets and webinars/workshops appropriate for the PRIMAVERA UIP. The
possibility of sharing a subset of processed PRIMAVERA data in the form of ‘energy system
reanalyses’ and ‘energy system projections’ via third party websites (e.g., RenewablesNinja:
www.renewables.ninja,
EU
COPERNICUS
climate
services
demonstrators:
climate.copernicus.eu/ecem) will also be explored.

3.2. Sector: Transport
3.2.1 Sector characterisations
Sensitivities to weather and climate can be found across various transport modes. Key principles for the
effective operation of transport include:
1. Availability: physical availability of infrastructure assets – e.g. for aviation, the availability of
an airport with open runways to allow flights to arrive/depart
2. Service reliability: ability to operate a service – e.g. for a road user responsible for transporting
goods, not only must the road be available and well-maintained, but a vehicle in good condition,
and an appropriately-trained driver, must also be available
3. Safety: in order to ensure the safety of transport users, precautionary measures may be invoked
where there is an elevated risk of impacts; such measures may in themselves affect the operation
of the transport system – e.g. for railway, speed restrictions may be imposed to manage the risk
of rail buckling in hot weather, which may result in delays to train services.
Examples of potential transport sensitivities are quoted per mode below. The list is not exhaustive.
In general, transport is designed to cope with current weather, and – for certain longer-lived assets –
future climate change. However, issues related to the age and condition of some assets, and their use in
conditions that may exceed the design conditions (e.g. greater passenger numbers than anticipated),
may result in additional vulnerability.
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Most transport stakeholders are interested in the management of various different meteorological
extremes; the modeling of these and the understanding of the fundamental processes underlying them
may be improved in PRIMAVERA. Of particular note is the potential for developing understanding of
extratropical cyclones (see also Section 4.3 Finance and Insurance), as these can be impactful events
for transport in terms of the associated winds and precipitation amounts.
Recent high-impact weather events, such as the summer heatwave of 2003 (Western Europe), the very
cold winter of 2009/10 (across Europe) and the very stormy winter of 2013/14 (in particular in the UK),
are very much still in the minds of transport stakeholders, and any developments in our understanding
of the processes and/or the statistics governing these events would be well-received by transport
stakeholders.
3.2.1.1 Road and rail; metro/subway systems
Road and rail transport are in general affected similarly by weather/climate.
Temperature extremes affect the integrity of road surfaces and railways, with high temperatures
resulting in (for example) melting of road surface and buckling of rails, and low temperatures resulting
in degradation of the road surface by frost heave and cracking of rails.
Heavy rainfall may lead to flooding (whether directly, as a result of surface water, or indirectly, as a
result of rivers bursting their banks or groundwater levels rising to the surface) which is a common issue
for road and rail infrastructure as it not only damages the infrastructure but also restricts the passage of
traffic along routes. The period over which heavy rainfall occurs is an important factor with intense
(usually convective) rainfall generally yielding relatively rapid surface water flooding, while
moderately heavy rainfall sustained over a period of days to weeks may cause river flooding. Rainfall
sustained over a period of weeks to months may result in soil saturation and hence – in locations with
permeable geology – may result in groundwater flooding.
Infrastructure at the coast may be affected by the sea state, with synoptic-scale storms resulting in
temporarily extreme water levels which may overtop or breach local sea defences.
Landslides arising from coastal erosion or from rainfall-induced slope failures are also significant for
road and railway infrastructure; they may block routes and/or raise the risk of accidents/incidents, and
may also take a significant time to repair.
High winds are another factor; bridges may need to be partly or completely closed in high winds for
safety reasons. There is also a risk of vehicle overturning (road and rail vehicles) in high winds. Wind
may also affect the integrity of overhead line infrastructure on electrified railway systems.
Drought can affect road and rail infrastructure built on certain substrates, such as peatland or clay soils.
In drought conditions these substrates may dry out and shrink, exposing foundations or causing
structural degradations or instabilities.
Convective activity (thunderstorms/lightning) poses a threat to unprotected (or insufficiently
protected) electric and electronic equipment, such as that used in railway signalling and air conditioning.
Vegetation-related issues were also highlighted in terms of planting choices for infrastructure slopes
and whether such choices would remain appropriate under a changing climate. Such vegetation can be
used to stabilise slopes, as well as increasing biodiversity. This is in addition to the disruptions
experienced on some countries’ railways during the annual leaf fall season. When fallen leaves becomes
crushed onto the rails by passing trains, a slippery film can be created, resulting in adhesion issues
between train wheels and the rails, which poses a safety risk.
Metro/subway systems share some similarities with surface transport, as not all metro/subway
infrastructure is underground. They also have their own specific issues, examples being the greater need
for (and complexity of) cooling of underground infrastructure and underground drainage management.
3.2.1.2 Waterborne transport (marine/ports & inland waterways)
Many (though not all) of the hazards affecting marine and inland waterway transport are similar. Ports
additionally have some commonalities with other point-location infrastructure such as airports.
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High winds can disrupt port operations conducted using large cranes – these operations cannot proceed
in high winds. High winds can also disrupt shipping operations, such as manoeuvring ships on and off
berths. Wind direction is an important factor for approaching or leaving ports depending on their
orientation.
Coastal hazards are of obvious relevance for ports. Coastal assets may be damaged directly by floods.
Flooding of ports can disrupt ship access to the ports, as it may not be possible to dock and secure ships
properly. Flooding at the port can also affect connectivity to other transport modes (e.g. road and rail).
Changes in sea level can affect the clearance under port structures, such as bridges. Coastal flooding
processes can also lead to coastal erosion, which may in turn change coastal morphology and affect
navigability.
Rainfall and rainfall-related flooding can increase river flow, which can affect river navigation – it
is more difficult to carry out ship manoeuvres, such as turning, under higher river flow conditions, and
transit times may increase if travelling against an increased flow (though conversely they may decrease
if travelling with the increased flow).
Tidal flows/currents are also an issue for navigation, in an analogous way to that described for river
flows.
Snow, ice, and frost can affect the road and/or rail access to/from ports. In turn, this may lead to
suspension of port operations, because goods cannot arrive or be stored. At high latitudes, sea ice also
affects navigation, with icebreakers possibly being required.
Lightning can be hazardous to sensitive electronic navigation systems.
Drought poses a risk to inland waterways transport, as decreasing river levels can only be
accommodated up to a point, depending on the under-keel clearance of the vessel.
Visibility is an issue for navigation. It is possible to navigate most ships in zero visibility, but navigation
and manoeuvring ships alongside an installation in zero visibility becomes more hazardous in busy
shipping areas or in areas which are difficult to navigate.
3.2.1.3 Aviation
Aviation is typically associated more with the mitigation agenda than that for adaptation – that is, the
effect of aviation on climate has been more of a focus than the effect of weather/climate on aviation.
However, aviation can be affected by weather and climate factors.
Snow, ice and frost affect operations, as (for example) aircraft need to be de-iced, and runways cleared
of snow. Access to airports themselves can also be affected.
High winds pose operational problems, resulting in delays and diversions, and risks to construction
operations at airports. Longer-term changes to wind climatology around an airport (e.g. changes to the
prevailing wind direction) are a potential issue, as airport runway directions are chosen based on wind
climatology information.
Rainfall and rainfall-related flooding were cited as impactful for airports in tropical areas, though not
especially as an issue for Europe. As for low-temperature hazards, flooding may disrupt access to
airports by affecting the ground transport links.
High temperatures pose a heat stress risk to personnel working on exposed parts of airports. Aircraft
take-off and climb are affected at very high temperatures, as air becomes less dense and there is not as
much lift.
Lightning and convective storms pose a safety risk to air travel; sectors (geographic divisions of
airspace) may be closed in severe convection conditions. Lightning and convective storms can also put
personnel on the ground at risk unless shelters are provided.
Coastal flooding – such as that which could arise from storm surges – is an issue for those airports
close to the coast, of which there are several in Europe.
The Northern Hemisphere polar jet stream affects transatlantic flight routing. Since the flow across the
North Atlantic is from west to east, westbound flights need to avoid the jet stream where possible, while
eastbound flights are able to travel with the jet stream, thereby reducing flight times and saving fuel.
Flights are dynamically routed to take account of the jet stream position.
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3.2.1.4 System-wide impacts
Though PRIMAVERA focuses on European climate risk, the global connectivity of the transport
system cannot be ignored, as weather/climate impacts occurring outside Europe may have indirect
impacts on Europe itself.
There is strong interdependence between different transport modes, with most transport users having
a choice of transport modes for making their journeys. On occasions when one mode is particularly
impacted by weather/climate, people may select an alternative mode (e.g. choosing to drive rather than
take the train), thereby potentially placing extra pressure on the less affected modes.
For transport, there are clear links to climate change mitigation, as many transport modes seek to
reduce their carbon footprints. Future transport demand will be sensitive to this.
3.2.2 Specific users and their requirements
Many of the transport sector contacts were not yet sufficiently familiar with detailed climate information
to be able to propose specific topics for use cases (cf. insurance sector). Therefore, in this section, we
propose some areas of broad interest across the transport subsectors. Subsequent refinement of
these, based on future engagement, is recommended. Such engagement is envisaged through the
ongoing programme in WP11 (e.g. webinars, workshops).
Categories of potential interest in transport include:
•

•
•
•
•

Operational weather management: to understand the ways in which interannual variability
affects the nature of extreme and/or otherwise impactful weather events, which in turn will
support better year-to-year planning for the management of impactful weather events across
transport networks.
This was discussed by many interview participants.
Strategic planning: to integrate weather and climate information into longer-term planning
cycles (e.g. budgeting for particular levels of disruption).
This was discussed by several interview participants.
Asset design: to understand the ways in which design standards may need to change in future,
as a result of climate change.
This was discussed by several interview participants.
Demand: to provide potential scenarios of near-future evolution of climate which may form one
input to demand models.
There was limited discussion of this during the interviews.
Policy making: to understand the role of climate change in the transport sector as a factor in the
future evolution of the European transport system.
There was limited discussion of this during the interviews.

With reference to specific hazards:
• Rainfall and related flooding was relevant (at least to some extent) for all subsectors
• High winds were mainly relevant for air transport, roads, and ports
• High temperatures were mainly relevant for air transport and land transport
3.2.3 Use cases
3.2.3.1 Use case 1: information to support flood hazard assessment
All transport modes are affected by flooding to some extent. However, the occurrence of flooding – and
the extent of its impacts – depends on much more than just the meteorological component (e.g. land
use, geology, existing risk management strategies / adaptation measures). While PRIMAVERA will not
undertake the kind of detailed modelling that is needed to understand flooding, it should be possible for
PRIMAVERA to provide a better understanding of some of the meteorological influences on flooding.
Depending on further user engagement, it may also be possible to work with a user who would
undertake the detailed modelling described above, to see how PRIMAVERA outputs could be
incorporated into such modelling.
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3.2.3.1.1 Data needs
For this use case, the primary data requirement is for precipitation variables, at the best possible spatial
and temporal resolution.
Useful precipitation indices should be explored further with users. Some comparison of precipitation
climatology in reality and in the models would need to be undertaken, for bias correction reasons. The
exact nature of the indices will depend on the user(s) involved, but could include:
•
•
•
•

Seasonal mean precipitation (including identification of n very wet seasons for consideration
as an “event set” (see Section 4.3.1)
Number of very wet days/n-hour periods (where n is defined by what is available from the
simulations) per year/season
Wet spell duration (e.g number of n-day periods with daily rainfall exceeding the x-th percentile
per year/season)
Spatial extent of wet conditions (e.g. % of European land gridboxes with daily rainfall
exceeding the x-th percentile per year/season)

The relationship between extratropical cyclones and heavy rainfall (see Section 4.2.3.1.2 below) means
that more general information about the storm track would also be useful (note similarities with finance
and insurance use cases, Section 4.3.3):
•
•

Number of extratropical cyclones in a given season
Storm track position: mean and variability per season

3.2.3.1.2 Process description
We may consider two main types of relevant meteorological event: (a) frontal/synoptic-scale
precipitation and (b) convective-scale precipitation.
Frontal/synoptic-scale precipitation generally arises from the passage of extratropical cyclones
(typically driven by a strong North Atlantic jet), and can affect large areas, perhaps with a time lag
between the rainfall occurrence and the flooding. The flooding is often fluvial in origin (i.e. rivers
bursting their banks). Precipitation can be heavy, but may not be extreme sensu stricto. It may however
be sustained over many hours or indeed days, leading to large totals over time – particularly if multiple
extratropical cyclones occur in rapid succession, and/or if the ground is already saturated.
Convective-scale precipitation arises from storms occurring at a smaller scale, with the associated
rainfall occurring over a shorter time, and being especially heavy or even extreme. Flash flooding often
results from this, i.e. with a much shorter time lag between the rainfall occurrence and the flooding. The
rainfall cannot be absorbed by the ground (perhaps because of impermeable geology, or urban landuse) and the result is rapid surface runoff. The area affected is typically rather localised but the
concentration of rainfall (and subsequent runoff) in small areas can have devastating impacts.
3.2.3.1.3 Added value of global high resolution
For type (a), it is envisaged that PRIMAVERA will be able to add significant value, as these are largescale events and one would expect that the representation of the relevant processes/phenomena (e.g.
North Atlantic storm track) will be improved at higher spatial resolution. The higher temporal resolution
at which precipitation data will be available will also be a better match to the requests from users, who
are keen to obtain better-than-daily resolution data.
Of additional interest is the potential for these systems to stagnate over a particular area, yielding
particularly severe flooding impacts there. A greater mechanistic understanding of this phenomenon
could be supported by PRIMAVERA.
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For type (b), the possible value added by PRIMAVERA is not yet clear. Even in the Stream 2
simulations, the resolution attained will not be convection-resolving. However, the enhanced temporal
resolution of the simulations may still provide useful information.
3.2.3.1.4 Knowledge utilisation
There are two possible routes here. For the more technical user, data can be provided, though most
likely for a limited geographic area to keep the size manageable. It is not yet clear what processing
should be conducted on these data before the technical user may receive them.
For the less technical users (of whom there are more in this sector), it will be more helpful to provide
processed outputs, such as:
•
•
•

Maps of change between past and future rainfall
Statistics of occurrence of particular rainfall conditions
Event sets or mapped scenarios of very wet weather

Some of these materials could be supplied via the UIP, reported via workshop(s) with interested parties,
or provided in written report form. As stated above, iterative discussions with users will be needed to
optimise what will be provided.
3.2.3.2 Use case 2: managing wind hazards
High winds can disrupt the operation of airports, roads, railways and ports. However, the nature of
future wind hazard is not well known from the current generation of models: any possible climate
change “signal” which may be present is usually dwarfed by the “noise” of natural variability.
It can therefore be more prudent to look at the current hazard posed by wind, by exploring the natural
variability aspect. Understanding this better can improve existing weather management strategies.
3.2.3.2.1 Data needs
For this use case, the primary variable is wind speed and wind gust speed, but wind direction would
also be useful. The spatial and temporal resolution should be as high as possible.
Relevant indices would likely be related to a given decision-making threshold (e.g. “when wind speeds
exceeds x km/h, take action y”). Some comparison of wind climatology in reality and in the models
would need to be undertaken, for bias correction reasons. Potentially useful indices could include:
•
•
•
•

Number of days / n-hour periods with wind speeds exceeding a given value / percentile per
year/season
Windy spell duration (e.g. number of n-day periods with mean/maximum wind speed exceeding
the x-th percentile per year/season)
Spatial extent of windy conditions (e.g. % of European land gridboxes with mean/maximum
wind speed exceeding the x-th percentile per year/season)
This could also be defined in terms of user-relevant areas, such as aviation sectors
Changes (future vs baseline) in wind climatologies (e.g. prevailing wind direction) at specific
locations

Information in the vertical is also desired by aviation users, but it is not known whether this will be
available from PRIMAVERA models.
Measures of the intensity of extratropical cyclones should also be considered (as for the insurance use
case in Section 4.3.3).
Finally, some of the WP5 simulations could be useful here, if they allow the presentation of wind
scenarios which relate to the phase of particular modes of variability (e.g. NAO, AMO).
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3.2.3.2.2 Process description
Broadly speaking, high winds over Europe arise as a result of (a) extratropical cyclones, (b) local
(sometimes seasonal) winds, and (c) transient smaller-scale features such as squalls and tornadoes.
The contrast between (a) and (c) (spatial scale, duration of events) is similar to that discussed above for
precipitation in Section 4.2.3.1.2 above. (a) has been discussed by many users, often using the term
windstorm, depression, or low-pressure system. Examples of (c) were discussed only by one user from
the marine sector.
In the case of (b), to date, these winds have not been discussed explicitly by users. However, there are
several relevant local winds in Europe, including bora (Adriatic region) and mistral (France). These
winds affect particular regions of Europe, and in some cases are seasonal. Their existence relates to the
common presence of particular synoptic-scale features over different parts of Europe. For example, the
mistral occurs when high pressure sits over the Bay of Biscay and low pressure over the Gulf of Genoa.
3.2.3.2.3 Added value of global high resolution
For (a), see the analogous description for precipitation in Section 4.2.3.1.3.
For (b), it is possible that PRIMAVERA could add value, if the enhanced resolution results in the
relevant synoptic-scale features being better represented in the models.
For (c), it is unlikely that PRIMAVERA could add value, as these smaller-scale features will not be
resolved even by the Stream 2 models.
3.2.3.2.4 Knowledge utilisation
As before, what can be provided to users will depends on their level of technical capability. For the less
technical user, processed outputs could include:
•
•
•
•

An exploration of natural variability in relation to winds – e.g. wind scenarios under particular
phases of modes of variability like AMO and NAO (though the concept of modes of variability
may need to be explained for some)
Changes to wind speed threshold exceedance
Changes to wind direction
Extratropical cyclone footprints (see Section 4.3.3)

Again, the UIP could be used for initial dissemination, or workshops could be used to allow iterative
feedback between PRIMAVERA scientists and the relevant users. Reports could also be provided.
3.2.8.3 Use case 3: transport operations during hot weather
High temperatures were largely discussed by aviation and land transport users; however, they are of
wider relevance to transport in general, because they can put at risk the wellbeing of passengers and
staff. In addition, temperature is one of the best-studied aspects of future climate change, enhancing
people’s awareness of the impacts of extremes of temperature (both high and low).
The urban heat island results in higher exposure to this hazard for the urban transport network: subway
systems are known to become extremely hot even during ordinary summer conditions in some cities.
The exposure is further increased by the high concentrations of people in urban areas.
Many transport organisations have heatwave management plans (see example in Figure 1) and some of
these contain particular temperature thresholds for action. Alternatively, there may be heatwave
definitions that are applied regardless of the sector (e.g. in the Netherlands, a heat wave is declared if
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the maximum temperature at KNMI in De Bilt exceeds 25°C for at least five days, and on three of those
days it exceeds 30°C).

Figure 1: SNCF’s “plan canicule et fortes chaleurs” (heatwave management plan), covering
customers, equipment and infrastructure. Source: http://www.sncf.com/fr/Presse/fil-info/plancanicule/09062017
3.2.8.3.1 Data needs
Temperature is the key variable here – daily maximum, and ideally sub-daily variation, would be of
interest. Daily minimum temperature is indirectly important, from a health point of view (high overnight
temperatures further exacerbate heat stress, as the body cannot recover from the high temperatures
experienced during the day), and for infrastructure (e.g. overheated infrastructure may not cool
sufficiently overnight).
Relevant indices would likely be related to a given decision-making threshold. Some comparison of
temperature climatology in reality and in the models would need to be undertaken, for bias correction
reasons. Potentially useful indices include:
•
•
•

Number of days / n-hour periods with temperature exceeding a given value / percentile per
year/season (thresholds could be tailored to nationally-used values or values found in specific
weather management plans)
Heatwave duration (e.g. number of n-day periods with maximum temperature exceeding the xth percentile per year/season – perhaps also interleaving with minimum temperature data)
Spatial extent of heatwave conditions (e.g. % of European land gridboxes with maximum
temperature exceeding the x-th percentile per year/season)
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3.2.8.3.2 Process description
Anticyclonic (high-pressure) conditions over Europe usually result in warmer weather in summer. They
are typically associated with calm conditions (so there is no wind to provide a cooling effect), and with
relatively little clouds (allowing the land to be directly heated by the sun). Additionally, the circulation
pattern can drag already-warm tropical continental air northwards. All of these things contribute to
elevated temperatures experienced at the surface. During the European heatwave of 2003 a highpressure area was present over much of Western Europe, while in the 2006 European heatwave, the
high was located over Northern Europe. As a result, the affected countries were slightly different in
each case.
Dry soils can also amplify the surface warming; this was a factor in the 2003 heatwave (Fischer et al.
2007).
Anticyclones are commonly called “blocking highs” as they “block” the more usual passage of lowpressure systems associated with the North Atlantic storm track.
3.2.8.3.3 Added value of global high resolution
There is evidence that increased horizontal resolution improves the representation of blocking in climate
models, though studies over Europe have largely focused on the winter season (e.g. Berckmans et al.
2013). Additionally, the higher resolution (both spatial and temporal) should allow for more realistic
representation of extreme temperatures – assuming the representation of the underlying processes is
sufficiently enhanced with respect to pre-PRIMAVERA models.
3.2.8.3.4 Knowledge utilisation
As before, what can be provided to users will depend on their level of technical capability. For the less
technical user, processed outputs could include:
•

•

Changes to temperature threshold exceedance (mapped/graphed), perhaps translated into
locally-relevant information
This would require knowledge of the locally-relevant thresholds of relevance, e.g. at a
national / regional scale (like those quoted for the Netherlands above), or within a particular
transport subsector
Changes to spatial extent / duration of heatwaves (mapped) and a comparison with similar
metrics in pre-PRIMAVERA models

As before, the main methods for dissemination could be reports, graphs/maps via the UIP, or workshop
discussions.

3.3. Finance and insurance
3.3.1 Sector characterisation
Extreme weather events are a major source of insured losses across the globe. Insurers (and re-insurers
who provide insurance for primary insurers) are therefore vulnerable to having to make huge pay-outs
when such an event occurs. They need to be confident that they have the capital to withstand such payouts, and hence analysing the risk posed by extreme weather is a very important part of their work.
The participants for the interviews conducted for Deliverable 11.6 were from (re-)-insurance
companies, risk modelling/consultancy companies specialising in (re-)insurance clients, and one
regulatory organisation. Over Europe, by far the largest concerns for the interviewees were wind storms
and flooding, since these are the highest loss hazards covered by property insurance policies. In fact,
according to the Swiss Re publication, Sigma (2016), since 1970, six of the seven highest insurance
loss events over Europe were due to wind storms and flooding, with the highest loss event being wind
storm Vivian in February 1990 (loss of 14.5bn USD at 2016 index). The interviewees appeared to be
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more divided on the importance of the other weather hazards, although notable large insurance loss
events for landslips and frost were mentioned.
By understanding the risk posed by extreme weather, (re-)insurance companies can be better informed
about how to price their policies and whether it is wise to take on new customers in certain areas. Several
interviewees also mentioned the European Solvency II regulation, that requires that insurance
companies hold enough capital to withstand the losses of a 1 in 200 year event. For weather events such
as those mentioned above, estimating the risks and losses requires a thorough knowledge of the long
term variability of the event, and how it may respond to climate change.
3.3.2 Added value of global high resolution
A common technique in the (re-)insurance industry is catastrophe modelling. In such models, the
insured losses due to a particular hazard are estimated by combining the hazard footprint (for example,
a map of maximum gusts associated with a particular windstorm), with the clients’ exposure and policy
data. The models can be run using a single event footprint (e.g. a notable past event or plausible extreme
future event), which can be useful for verifying the catastrophe model or understanding the vulnerability
of the insurer, or an event set – a set of thousands of event footprints – to estimate large return period
losses as required by Solvency II.
Due to the lack of past observational data, event set footprints must be constructed either using statistical
models or climate model data. For European wind storms (which are associated with extra-tropical
cyclones, ETCs), often low spatial resolution climate models are currently used due to computing
constraints. These models tend to simulate ETCs which are too low in intensity, and a storm track which
is too zonal, meaning that the ETCs impact Europe further south than observed (Zappa et al, 2013).
Some higher resolution models, however, have been found to improve these biases. In addition, higher
resolution is expected to better resolve smaller scale extreme features, such as sting jets or sting jet
precursors. The high resolution PRIMAVERA models will therefore be very useful for providing a
basis for creating an event set, and improving assessments of the risk posed by ETCs.
Extreme frontal rainfall associated with ETCs can also be a source of flooding, so in this respect
PRIMAVERA offers the same benefits for analysing larger scale flood risk as for wind storms. Another
source of flooding is convection, however, which needs a spatial resolution of less than approximately
5 km to be resolved (Clark et al., 2016). Instead, in climate models researchers look at the larger scale
atmospheric environments favourable to convective storm generation, such as high convective available
potential energy (CAPE) (Diffenbaugh et al 2013). With the high resolution of PRIMAVERA models,
it is expected that the spatial variability of these proxy measures will improve, giving a better
understanding of convective storm and flood risk.
3.3.3 Specific users and their requirements
As mentioned above, PRIMAVERA model data could be used to construct wind and flood event sets
for use in catastrophe modelling. The interviewees were most concerned with present day risk, and by
combining the Stream 1 present day realizations, there will be hundreds of years of plausible present
day wind and flood events, complementing observational data over this period. The current
observational data is insufficient for calculating long return period losses. Some of the interviewees
mentioned that even having a set of only the top 50-100 wind/flood footprints seen in the climate models
would be useful for stress testing their catastrophe models.
Since hazard footprints and event sets are currently mostly made by catastrophe modelling companies
who cannot publish their methods, a few interviewees mentioned that having an independent, fully
documented and transparent event set would be very beneficial.
Other requests from the interviewees included using the data to study whether the perceived decrease
in extreme wind storms/southern shift in the storm track since the year 2000 is due to natural variability
or climate change. A comparison between the multi-model present day and control simulations from
PRIMAVERA would help answer this question. Also of interest was the correlation between extreme
rainfall and high wind speed in the models, and using the data to look further into the statistics of the
temporal clustering of wind storms.
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The above questions relate to present day analysis, but with regards to climate change the following
analyses were requested:
•
•
•
•

A comparison of present day and future event sets/extreme hazard footprints
A comparison of future and present day hazard maps (maps of long return period, e.g. 50-200
year, wind/gust speeds and rainfall)
Comparison of future and present day storm tracks
One company mentioned a comparison of future and present day expected number of days
below -4 C which is relevant to pipe freezing

All the interviewees stated that any analysis performed would have to be fully documented, and that
documentation on the PRIMAVERA models themselves, including information on their limitations and
assumptions, would be needed. Many interviewees also mentioned workshops would be useful, to
inform users about what information is available and in what formats, and if necessary how to convert
between data formats. Overall, there was much enthusiasm for the information PRIMAVERA could
provide for the (re-)insurance industry, although it will be essential to work closely with the industry to
ensure the analysis performed is usable for them and that they are aware of what information will be
available.
3.3.4 Use cases
3.3.4.1 Use case 1: Construction of wind storm event sets
An event set is a large number of hazard footprints (maps of maximum intensity for a particular hazard
event), preferably containing enough footprints to understand variability of the hazard over hundreds to
thousands of years. The PRIMAVERA simulations can be `mined' for wind storm events to generate
such a database. The resulting event set can be used as inputs to insurers' catastrophe models, as well
as being useful for scientific studies such as whether event set characteristics (for example mean
intensity of events) change under future climate conditions. It may also be possible to construct a similar
event set for flooding caused by large-scale (frontal) rainfall.
3.3.4.1.1 Data needs
For wind storms, a footprint is typically defined as the maximum 3-s gust over a 72-hour period.
Maximum 10 m wind speed can also be used and converted to 3-s gusts using statistical methods if
necessary. Maximum gust speeds/10 m wind speeds output daily is the minimum requirement, although
6-hourly data is preferable. In order to identify the storms, a storm tracking algorithm must be applied
to the data, which is being done under WP2.
For flooding, the resolution of PRIMAVERA models is not yet high enough to be convection
permitting, but it may be possible to make an event set for flooding due to large scale precipitation.
Here daily (but preferably 6-hourly) accumulated large-scale rainfall is required.
The resulting output will be a set of wind storm/flood footprints, with each footprint being a small data
file containing hazard intensity as a function of position, and the 'time' the event occurred will be given
in the metadata or file name. Event sets can be produced for present day and future climate.
3.3.4.1.2 Process description
European wind storms and large scale flooding in winter are caused by synoptic-scale low-pressure
systems known as extra-tropical cyclones (ETCs). They form by a process called cyclogenesis, growing
from instabilities in zones of strong temperature contrast (baroclinic instabilities) where there is much
potential energy available (Seneviratne et al. 2012). The ETCs that affect Europe generally form off the
east coast of the USA and travel eastwards along the North Atlantic storm track. Intensification of
ETCs can take place through latent heat release during their journey (Willison et al 2013). Models are
required to realistically simulate cyclogenesis and the path of the storm track, as well as simulating
realistic wind/gust speeds and rainfall associated with each cyclone.
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3.3.4.1.3 Added value of high resolution
As mentioned in section 4.3.1, high resolution models are better able to simulate the location of the
north Atlantic storm track. In addition, the frequency and timing of events must be well simulated. For
this, processes such as blocking (which can change prevent ETCs reaching Europe) must be well
captured, and it is known that this improves with resolution (see Section 3.2). In terms of ETC intensity,
high resolution is necessary to resolve the mesoscale features that are associated intense precipitation
and latent heat release which act to intensify the cyclones (Willison et al 2013).
3.3.4.1.4 Knowledge utilisation
Ideally the event sets can be shared with insurance companies for input into their catastrophe models,
to allow a full assessment of the insured losses expected from storms in the PRIMAVERA models. As
data volumes are not expected to be too large, this could possibly be done via the PRIMAVERA UIP.
If it is not possible to share all the data, even sharing the top 100 most severe events (for present and
future climate) would be useful for insurers to stress test their models. Alternatively, the event sets could
be shared with selected (re-)insurance companies who would be willing to test the data and share the
results from their catastrophe models, and jointly write a report/fact sheet to be made available on the
UIP.
Summary statistics and scientific findings from the event sets (such as whether footprint intensities or
areas are expected to change in the future, or comparisons of PRIMAVERA event footprints to
observational ones) can be presented on the UIP either as a webpage or downloadable report.
Many (re-)insurance users expressed interest in attending workshops or webinars, which would be
useful for raising awareness of the event sets (if data sharing is permitted), or the results.
3.3.4.2 Use case 2: Comparison of present day and future extra-tropical cyclones
In this use case we plan to compare several properties of extra-tropical cyclones in present day and
future climate. Properties compared could include:
1. The mean location of the North Atlantic storm track.
2. The distribution of cyclone intensity over various locations in Europe, as measured by
maximum winds, maximum vorticity and minimum mean sea level pressure.
3. Temporal clustering of ETCs.
4. Large-scale rainfall associated with ETCs.
5. Maps of long return period (50-200yr) maximum wind speeds/gusts and accumulated rainfall
(hazard maps).
6.
3.3.4.2.1 Data needs
Items 1-4 above all require storm tracks to be identified within the models. As part of WP2 of
PRIMAVERA, all models will be tracked using the TRACK algorithm (Hodges 1995) TRACK
requires a minimum of 12 hourly U and V wind components at 850hPa, but 6 hourly data is preferable.
For items 2 and 4, 6 or 12 hourly mean sea level pressure, accumulated large scale rainfall and
mean/maximum/instantaneous winds at the surface or a low pressure level such as 925hPa are required.
For item 5, it is preferable to have maximum 6 hourly to daily wind speeds.
3.3.4.2.2 Process description
See Section 3.1.3.1.2.
3.3.4.2.3 Added value of global high resolution
See Section 3.1.3.1.3.
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3.3.4.2.4 Knowledge utilisation
The results can be written up as a report/factsheet and made available through the PRIMAVERA UIP.
The hazard maps can be shown on the UIP, although it will be desirable for the industry to access the
actual data values behind the images. As in 4.3.3.1.4, awareness of these new results could be raised
through webinars/workshops.

3.4 Sector: Agriculture
3.4.1 Sector characterisation and impact of climate change
Agricultural production is intimately linked with meteorological conditions, and therefore with the state
of the climate system. Growth of plants depends on temperature, radiation, water availability
(precipitation), and evapotranspiration (humidity, wind speed, temperature, and radiation). Climatic
change has demonstratively affected crop production in several regions of the world over the past
decades. Also, non-physical elements of agricultural production are potentially affected by climate
change, including food prices and food access.
Climate change will impact food production directly through, for instance, rising temperatures and
increased atmospheric moisture demand, changes in precipitation, increasing atmospheric carbon
dioxide concentration, and flooding of coastal or river plains. Different measures of temperature have
been linked to crop yields and quality, including high daytime temperatures, unusually hot nights, and
frost. Also, in many regions climate change is expected to increase the interannual variability of crop
yields through the year-to-year variability in precipitation, extreme temperatures, and other extreme
meteorological events that may harm the yields (e.g. hail or excessive rainfall). Furthermore, the costs
and benefits of climate change on food production are strongly latitude dependent. Low-latitude
countries will likely experience a negative impact on crop production, while in some northern countries
the climate change impact on crop production might be positive due to the higher temperatures. This
will increase the potential growing season, although some crop types may have shorter actual growing
seasons due to the higher temperatures.
3.4.2 Specific users and their requirements
Policy makers at the national, European or international level may be interested in the impact of climate
change on agriculture. They could ask questions such as: Which regions are affected more or less by
climate change? What is the potential impact of climate change on production of specific crops and how
may this affect food security in Europe?
Specific companies (agricultural production, financing, etc.) may be interested more specifically in
questions such as: When turn conditions for a specific crop/cultivar unsuitable and when should other
crops/cultivars be considered? Is it profitable to move production to another region, and for how long?
What are the risks of extremes and will they change substantially in the near future? Which regions will
become suitable for a certain crop/cultivar with climatic change? What is the chance of consecutive
years with adverse conditions for crop production and will this change in the future?
Within PRIMAVERA, we aim to collaborate with research groups that work on the impacts of climate
change on agriculture and food security. They often have regular contact with interest groups of e.g.
farmers and they know the type of information that is of interest to users. Also, the spatial scales that
are used in those studies are comparable to the output of the PRIMAVERA high-resolution simulations.
In this way, we expect that our understanding of the impacts of future climate change on agriculture
and food security can be improved, which could help make the agricultural sector more resilient to
climate change.

PRIMAVERA (641727) Deliverable 10.1

Page 23

3.4.3 Use cases
3.4.3.1 Use case: Impact of heat waves and droughts on crop production
The first use case focuses on central European heat waves and droughts in a warmer climate and their
effects on crop yields. The goal is to provide a perspective on what high-resolution climate models
might add to existing CMIP5-based climate change information. The information is targeted to be
relevant for assessment of impacts of heat waves and droughts on crop loss. Specifically, heat wave and
drought intensity, duration, spatial extent, and frequency will be focused on.
This use case describes the added value of using high-resolution (typical grid spacing of 0.25 degrees)
Global Climate Models over the earlier CMIP5 models which had a considerably lower spatial
resolution. Because of the global character of these models, the expectation is that large-scale features
in the atmospheric circulation, like persistent blockings, are modelled more robustly and trustworthy.
The feedback between soils and atmosphere, typical for the development of the more extreme heat
waves, should be modelled more realistically as well. A brief summary of the mechanism involved
which leads to a (mega) heat wave and related drought is given and the expectation of the added-value
of high-resolution modelling is formulated in par. 4.4.3.1.2 and 4.4.3.1.3.
The final use case report focusses on climate indices that capture the impact of heat waves and droughts
on the agricultural sector in central Europe and will include a selection of the following options:
•

•

•

•
•

For the Netherlands a large number of climate indices is developed for a large number of crops
that give an indication of the vulnerability of crops to climate. The indices take into account the
relevant climate variables but also the timing (crops may be more vulnerable to high
temperatures during flowering than during other crop stages). There are indices that are related
to high temperatures but also to drought (which is often combined with heat). We are not aware
of the availability of these indices for other regions in Europe, so this would be a use case for
the Netherlands only.
The exceedance of specific threshold temperatures for e.g. wheat growth could be investigated
for a wider region. The following article mentions that temperatures above 40C are harmful
(Iqbal et al, 2017), but more specific information on thresholds for specific cultivars can
probably be obtained from the impact researchers.
More general indices for heat and drought in the ECA&D database
(http://www.ecad.eu/indicesextremes/indicesdictionary.php#3) can be used, but they are less
focused on crop production. The following indices are most relevant for agriculture: maximum
number of consecutive dry days (CDD), potential evapotranspiration (PET; is also clearly
higher when temperature and radiation are clearly higher), and maybe also one of the
standardized precipitation indexes. However, they are computed over rather long periods and
therefore probably less connected to heat. Indices defined by the ECCl/CLIVAR/JCOMM
Expert Team on Climate Change Detection and Indices (ETCCD) are also included in this
database.
For agricultural production it is also important to look at the timing within the year of the heat
or drought stress. This timing is included already in the indices mentioned under bullet 1, but
it can be included also easily in the use case under bullet 2.
With the above indices it would be interesting to investigate the length of the heat period, the
spatial extend , the intensity and the frequency, and it can be investigated whether the high
resolution modelling will give added value/different projections.

3.4.3.1.1 Data needs
The growth of plants depends on temperature, radiation, water availability (precipitation), and
evapotranspiration (humidity, wind speed, temperature, and radiation) which are provided by the
climate models at sufficiently high temporal resolution. Simulations of the set of models provided to
the Primavera project are used for this study. All models span the period 1950-2050, using the historic
forcing to 2015, and future forcings similar to the RCP4.5 scenario to 2050.
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For the models at the two resolutions, the provided variables include near surface (2m) daily maximum
and minimum temperature, humidity, incoming surface solar and infrared radiation, near surface (10m)
wind speed, solid and liquid precipitation, and soil moisture. The variables are used to analyse
mechanisms underlying heat extremes and to produce related indices relevant for agriculture. Presentday simulations will be validated with precipitation and observations of near-surface air temperature of
the ECA&D dataset.
3.4.3.1.2 Process description
A heat wave is usually described as a period of abnormally and uncomfortably hot weather. Its definition
is dependent on the background climate and therefore region-specific. The atmospheric circulation has
a strong role in the onset and the perpetuation of a heat wave. As summertime weather patterns are
generally slower to change than in winter, heat waves can develop by advecting warm air northward to
usually cooler regions. Alternatively, a heat wave is triggered by an upper level high pressure system
in the atmosphere which is stagnant or moves slowly. Under high pressure, the air subsides (sinks)
toward the surface, warming and drying adiabatically. This warmer sinking air creates a high level
inversion that acts as a dome capping the atmosphere. Under the cloudless skies that go with this
phenomenon, convection is inhibited (preventing cooling of the earth surface) and trapping warm air
below it. The strong radiation and the lack of rain make that the soils are depleted from moisture quickly.
Once the soils start to dry, the heat balance (where incoming solar radiation is balanced mostly by
outgoing latent) shifts to one where the solar radiation is balanced by the sensible heat flux. This latter
flux relates directly to the temperature of the earth surface and a balance sets-in only after the surface
temperature has sufficiently increased. The end result is a continual build-up of heat at the surface that
people experience as a heat wave. The record-breaking 2010 Russian heat wave was related to this
mechanism.
3.4.3.1.3 Added value of global high resolution
As the large-scale atmospheric circulation is leading in setting-up a heat wave, a correct representation
of the large-scale atmospheric circulation is relevant for a realistic estimate of changes in heat wave
occurrence and duration. Especially for the so-called blocking events which are associated with the
slow moving or stagnant high-pressure systems which provide the persistently dry, hot and sunny
weather leading to the heat wave. The onset (and termination) of blocking events are controlled by
complex processes in the atmosphere and the expectation is that a high-resolution model is better able
to represent these processes, which suggests that high-resolution models may provide other estimates
of the frequency and persistence of blocking events in comparison with low-resolution models. In
addition, processes like the interaction between the soils and the atmosphere typically have spatial
scales that are smaller than the size of the grid box. For these processes, we expect smaller grid sizes
(~high-resolution) to provide more realistic estimates.
3.4.3.1.4 Knowledge utilisation
A report describing the data, the methods for data production, and results with conclusions will be
provided to the agricultural users through the Primavera web site (https://www.primavera-h2020.eu/).

3.5. Sector: Health
3.5.1 Sector characterisations
Health is one of the basic human needs. According to the World Health Organization, climate change
may bring certain benefits to temperate climates, such as less deaths related to cold temperatures in
winter, but the net effect is likely to be negative (WHO/WMO, 2012). Climate change affects the social
and environmental determinants of health which are clean air, safe drinking water, sufficient food, and
secure shelter.
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Extreme heat: Very high temperatures are related to a increased mortality by cardiovascular and
respiratory diseases, especially among vulnerable population like elderly people. A well-known
example are the 70000 excess deaths recorded during the 2003 heatwave in Europe. Urban heat islands
are a factor in many urban settlements: temperatures measured in- and outside urban areas can vary by
several degrees. This effect is highest during the nights. Extreme high temperatures also affect the air
quality by increasing the levels of ozone and other pollutants. Pollen and other aeroallergen effects tend
also to be higher in extreme heat conditions, and can trigger asthma.
Natural disasters and variations in rainfall patterns: Though the future changes of rainfall patterns
are uncertain, they are very likely to affect the supply of fresh water in several regions. The lack of
clean water may favor the risk of diarrhoeal disease. In extreme cases the lack of rainfall may lead to
drought and famine. Sea level rise poses also threats to the population living close to the sea. In several
regions, flood intensity and/or frequency may also increase, threatening freshwater supplies and
increasing the risk of spreading of infectious diseases.
Infectious diseases: As the world warms, the transmission and activity seasons of several diseases are
likely to lengthen, and also their geographic range. This includes Anopheles and Aedes mosquitoes
transmitting malaria and dengue. Waterborne diseases are also a threat in areas where water supply and
security is to be affected by eventual drought.

3.5.2 Specific users and their requirements
Policy makers at the national, European or international level may be interested in the relation between
climate change and health. They could ask questions such as: Which regions are affected more or less
by climate change? What is the potential impact of climate change on outdoor activities for leisure or
employment? Which existing diseases will extend their range to areas that are currently unaffected?
What is the adaptive capacity of certain regions under high levels of warming? What changes in housing
and infrastructure should be made to adapt to climate change?
Specific organizations, such as health agencies or companies, may be interested more specifically in
questions such as: What are the risks of extremes and will they change substantially in the near future?
Where and when will temperature exceed citizen’s comfort? Which temperature thresholds are likely
to change human behaviour?
Within PRIMAVERA, we aim to collaborate with research groups that work on the impacts of climate
change on health. Research groups typically have experience with the type of information that is of
interest to users, such as local health agencies. In this way, we expect that our understanding of the
impacts of future climate change on health can be improved, which would make the health sector more
resilient to climate change.
3.5.3 Use cases
3.5.3.1 Use case: future changes in heat waves
The first use case focuses on European heat waves in a warmer climate and their effects on health. The
goal is to provide a perspective on what high-resolution climate models might add to existing CMIP5based climate change information. The information is targeted to a be relevant for assessment of impacts
of heat on health (heat stress, mortality, or something similar). Specifically, heat wave intensity,
duration, spatial extent, and frequency will be focused on.
This use case describes the added value of using high-resolution (typical grid spacing of 0.25˚). Global
Climate Models over the earlier CMIP5 models which had a considerably lower spatial resolution.
Because of the global character of these models, the expectation is that large-scale features in the
atmospheric circulation, like persistent blockings, are modelled more robustly and trustworthy. The
feedback between soils and atmosphere, typical for the development of the more extreme heat waves,
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should be modelled more realistically as well. This report focusses on the impact of heat waves on
health in Europe. A brief summary of the mechanism involved which lead to a (mega) heat wave is
given and the expectation of the added-value of high-resolution modelling is formulated in par. 4.5.3.1.2
and 4.5.3.1.3.
For the use cases the following options are available:
• In the ECA&D database the several indices are mentioned for heat. The following are probably
the most interesting for looking at human heat stress: tropical nights (TR), maximum yearly
maximum temperature (TXx), maximum number of consecutive summer days (CSU).
Furthermore, the number of tropical days (days with Tmax of 30˚C or more) and maybe also
the Cooling Degree days (cumulative degrees above a certain temperature; as a measure above
which cooling is required/where people get heat stress) could be added. (indices defined by the
ECCl/CLIVAR/JCOMM Expert Team on Climate Change Detection and Indices (ETCCD) are
also included in this database).
• Related to health is the Tourism Comfort index. This is a variable that is a combination of at
least temperature and humidity (and sometimes more). Changes in this index in several regions,
and especially the frequency of uncomfortably high temperatures and the length of these
periods in different regions of Europe could be investigated (Dubois et al., 2016).
• With the above indices it would be interesting to investigate the length of the heat period, the
spatial extend , the intensity and the frequency, and it can be investigated whether the high
resolution modelling will give added value/different projections.
3.5.3.1.1 Data needs
To determine the impact of heat on health, information on maximum and minimum temperatures is
needed. However the impact of high temperatures is also affected by humidity, the exposure to direct
radiation and wind. High temperature with low humidity and a lot of wind, causes less heat stress than
the same high temperatures combined with high humidity and/or hardly any wind. Simulations of the
set of models provided to the Primavera project are used for this study. All models span the period
1950-2050, using the historic forcing to 2012, and future forcings defined by the RCP4.5 scenario (or
similar) to 2050.
For the models at the two resolutions, the provided variables include near surface (2m), daily maximum
and minimum temperature, and humidity, incoming surface solar and infrared radiation, near surface
(10m) wind speed, and solid and liquid precipitation. The variables will be used to produce indices of
extremes relevant for health and related to heat (see above). These indices are defined by the
ECCl/CLIVAR/JCOMM Expert Team on Climate Change Detection and Indices (ETCCD)
3.5.3.1.2 Process description
See Section 4.3.3.1.3.
3.5.3.1.3 Added value of global high resolution
See Section 4.3.3.1.3.
3.5.3.1.4 Knowledge utilisation
A report describing the data, the methods for data production, and results with conclusions will be
provided to the health users through the Primavera website (https://www.primavera-h2020.eu/). This
report will include projections for future changes and related uncertainties.
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3.6 Sector: Water
3.6.1 Sector characterisations
The hydrological sector is sensitive to many different meteorological conditions in many different ways,
which could be divided in the following groups: Resource allocation, Risk management, Ecological
status, and Water related industry.
Resource allocation deals mainly with water availability. The important factors are the long term
changes and variability of temperature, precipitation, evaporation, and snow amount. A changing
climate increases the need for water management.
Risk management deals with flash-floods and extreme river floods. For evaluation, rainfall time series
are useful. These in combination with projections of future precipitation changes (especially extremes)
can be used to calculate the risk of flooding. For river flows there is also a need for estimates of river
discharge.
Ecological status is both biological status and water quality. Important factors are lake temperature and
stratification, ice cover, and precipitation. Lake models are used to calculate nutrient flow, stratification
etc.
Water related industries could be as diverse as industries with a large need of water, hydro power
production and the drinking water itself. Important factors are mean and extreme precipitation and snow
cover.
3.6.2 Specific users and their requirements
Hydro power companies are interested in the change in average precipitation, but also how the
precipitation dynamics over a year may change. For example, if the precipitation is distributed
differently over the year in can have an impact on how hydro power dams are filled, even if the
accumulated annual precipitation is the same. Mean temperature is also of importance since the length
of the snow season and timing of snow melt effects water reservoirs.
Regarding water security, long term changes in average precipitation are interesting since it affects the
availability of water, in wet as well as dry periods. Extreme precipitation is also interesting since
compromised water security often is connected to flooding.
Water managers are especially interested in extreme precipitation, both on shorter scale (hours) and
longer (days to weeks). A typical question is “how vulnerable is a region to flash floods and rising
stream flows?”
3.6.3 Use cases
3.6.3.1 Use case 1: Extreme precipitation
Extreme precipitation affects many parts of society (e.g. urban flooding and agriculture). Extreme
precipitation is also something that we know will change in a different way than the mean precipitation
(Collins et al., 2013) and something that we know is highly dependent on model resolution (e.g. Lind
et al. 2016). To be able to adapt to future changes in extreme precipitation we need models that can
capture these small scale features. The goal is to show if high resolution models better capture extreme
precipitation and how high the resolution needs to be to give new information compared to standard
resolution models; and also to investigate how extreme precipitation will change in the future.
3.6.3.1.1 Data needs
We will need precipitation data with high temporal resolution (preferably sub-daily). An interesting
index could be number of days with precipitation above a certain threshold, defined in mm or compared
to a certain percentile. All data is needed in both standard and high horizontal resolution, to enable
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comparisons. To compare resolutions data from the recent period is enough, for future changes data for
the future is also needed.
3.6.3.1.2 Process description
A well-known source of error for the simulation of precipitation in numerical models is the
parameterization of convection (e.g. Hohenegger and Stevens 2013). Individual moist convective
updrafts and downdrafts have horizontal dimensions on the order of 0.1–10km. Their role in
restabilizing the lower atmosphere through production of clouds and precipitation are critical for a
correct and physically sound representation of weather and climate. In large-scale models with meshgrid sizes of 100 km the statistical effects of convection on the grid scale are parameterized, but because
of this, the convection scheme usually struggles to capture local and regional interactions (e.g.,
orographically forced convection in steep topography) as well as the detailed temporal evolution of
convection at sub-daily time scales (e.g. Dai 2006).
3.6.3.1.3 Added value of global high resolution
The added value of global high resolution is not entirely clear. It is clear that high horizontal resolution
adds value; in that sense there is a value of high global resolution. If the global model data is used in a
regional model of high resolution the added value is less clear. It is clear however that the large scale
precipitation in regional models to a large degree is governed by the general circulation of the driving
global model (e.g. Kjellström et al., 2011). If the global model by higher resolution has an improved
circulation it will be beneficial also for the regional simulation. This effect is more important to large
scale precipitation, but could potentially also affect local precipitation.
3.6.3.1.4 Knowledge utilisation
Results should be reported back to the users primarily as reports answering questions on how well
climate models represent extreme precipitation and what the uncertainties are in model projections for
the future. Information should also be given about how this is projected to change in the future. Some
data could also be delivered about precipitation changes for the users to use themselves in their own
applications.
3.6.3.2 Use case 2: Seasonal precipitation dynamics
For fresh water management, hydro power and agriculture amongst others, it is not only interesting to
know how the accumulated precipitation will change but also if the distribution of precipitation over
the year and between years will change (i.e. inter and intra annual variability). It is also interesting to
know how much of the precipitation that falls as snow. Sometimes it is assumed that the mean value
changes, but that the variability remains the same; this is not necessarily the case (e.g. Räisänen, 2002).
The goal is to answer questions about future changes in precipitation dynamics.
3.6.3.2.1 Data needs
We will need daily precipitation and temperature data; if possible also snow fall data. Interesting indices
could be seven day precipitation amount, longest dry period.
3.6.3.2.2 Process description
European large scale precipitation is to a large degree governed by the large scale atmospheric
circulation. At the same time there are large uncertainties in how the general circulation will change
over the North Atlantic in the future and how that will affect Europe (e.g. Collins et al., 2013; Kovats
et al., 2014).
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3.6.3.2.3 Added value of global high resolution
It is clear that the large scale precipitation in regional models to a large degree is governed by the general
circulation of the driving global model (e.g. Kjellström et al., 2011). If the global model by higher
resolution has an improved circulation it will be beneficial for the simulated precipitation; also in
possible subsequent regional simulations.
3.6.3.2.4 Knowledge utilisation
Results should be reported back to the users primarily as reports answering questions on how
precipitation dynamics will change in the future, how well climate models represent precipitation and
what the uncertainties are in model projections for the future. Some data could also be delivered about
precipitation changes for the users to use themselves in their own applications.
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