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1 Executive summary 

1.1 Project aims  

1.1.1 The objective  

Climate attribution research is the field of science looking at how climate change influences 
the intensity and likelihood of extreme weather events. It shows that those kinds of events 
are increasingly impacting people, places, infrastructure and services as global temperatures 
rise. To support forward-looking climate adaptation planning, decision-makers in Scotland 
require a new toolkit capable of rapidly translating attribution science into practical, future-
proofed action (Grace et al., 2025). 

The ScotClimATE online tool was developed to help Scotland’s public bodies plan for a world 
that is 2°C warmer than pre-industrial levels and to assess risks up to 4°C, in line with advice 
from the Climate Change Committee (CCC, 2021; Brown, 2025). 

The ScotClimATE team identified a gap: there are no simple, easy ways to visualise future 
projections of extreme weather events in Scotland and how they may change as global 
temperatures rise. 

1.1.2 The approach 

Building on recommendations from Grace et al. (2025), this work translates methods from 
scientific literature and applies them through a new analysis of UK Climate Projections 
(UKCP18), an up‐to‐date and well‐tested ensemble of climate projections for the UK (Lowe 
et al., 2018). The tool includes an adjustment (bias correction), using observation-based data 
from HadUK‐Grid (Hollis et al., 2018). 

The new analysis was built on two key components: 

• a simple model for projecting Scotland’s annual average temperature based on 
global warming level (GWL) 
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• statistical models of the intensity and return periods, measures of the magnitude of 
extreme events and their frequency, using UKCP18 at different temperatures 

The tool was developed in stages, with regular input from the Scottish Government 
Adaptation Team, alongside user feedback from the Public Sector Climate Adaptation 
Network (PSCAN). 

 

1.2 Functionality and use of the delivered tool 

ScotClimATE is designed to meet the needs of Scotland’s public bodies for strategic 
adaptation planning. It provides interactive visualisations of projected changes in extreme 
heat events, sustained heat over three days, extreme rainfall in a day, and extreme sustained 
rainfall over three days. It allows users to visualise how the intensity and return period of 
these extreme events change in UKCP18 data under different GWLs from +0°C 1850‐1900 
average to +4°C. Results are projected onto an interactive map of Scotland, and users are 
provided a gauge of the spread of possible results based on UKCP18 data with confidence 
intervals.  

 

1.3 Limitations of scope and methodology 

1.3.1 Scope boundaries 

The tool is designed for understanding infrequent, high-intensity events, typically expected 
only 1‐to‐10 times per century. It is not suited for assessing changes in usual weather, such 
as seasonal averages or possible high‐impact but low‐likelihood climatic changes (Arnell et 
al., 2025), not captured in the UKCP18 ensemble of 12 simulations. The tool does not 
provide projections for flooding. For this, users must use the latest information and 
guidance from SEPA. For events that are expected more often than once per year, or for 
assessing chronic changes, users should refer to the Local Authority Climate Service (Met 
Office, 2024a). 

1.3.2 Data, model and analysis limitations 

The tool does not provide projections for storminess, such as extreme wind and gust 
speeds, or storm counts due to the lack of available simulation data. It also does not provide 
extreme sub‐daily rainfall projections due to the required workload to build an analysis of 
observation radar data. 

The tool uses UKCP18 simulation data as well as an adjustment (bias correction) using 
observed weather events (Met Office Hadley Centre, 2018c, 2019). 

The ScotClimATE tool communicates uncertainty as confidence intervals based on the range 
of possible fits to the data.   
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1.4 The main findings 

ScotClimATE fills a critical information gap in the adaptation toolkit 
ScotClimATE addresses a specific gap, complementing existing tools – such as SEPA Flood 
Maps or the Local Authority Climate Service – by visualising low‐frequency, high‐impact 
extreme events. This helps complete the suite of resources needed for comprehensive 
climate scenario analysis. 
 
Extreme heat and rainfall events to increase in intensity with a warming climate 
The analysis shows that the hottest temperatures are projected to rise faster than average 
temperatures. It also shows that the most extreme one-day and three-day rainfall events in 
Scotland are likely to become more intense with rising global temperature. 
 
User feedback validates the tool’s usefulness and usability 
PSCAN users tested a prototype version of the ScotClimATE tool for extreme heat. 12 of the 
13 testers who responded to the question found it to be ‘mostly useful’ or ‘very useful’ for 
helping them to plan for and assess changes in extreme heat at +2°C and +4°C, respectively. 
All testers who responded ‘agreed’ or ‘strongly agreed’ that the map was easy to use, and 
13 out of 14 said the same about the slider function. 
 
Additionally, PSCAN users provided a wealth of feedback into how they could use the tool 
for adaptation planning. These responses informed the development of the prototype tool 
into the delivered tool. 
 

1.5 Future recommendations from the project 

1.5.1 Tool deployment and governance 

The ScotClimATE tool has been delivered to the Scottish Government for deployment as 
part of its materials to support adaptation planning and implementation in Scotland. To 
maximise its impact, public bodies should be encouraged to use ScotClimATE to better 
understand climate hazards. The tool’s capacity to help identify common hazards between 
regions can also be used to support collaboration between organisations. 

1.5.2 Tool development 

The tool provides a user‐tested framework for visualising the intensity‐return period 
relationship of simulated extreme events at different global warming levels. It can be 
expanded to include other climate hazards as suitable data becomes available. The methods 
used to produce ScotClimATE can also be applied to other UK regions covered by UKCP18. 

A review should be conducted 12–24 months after launch to understand how the tool is 
being used and identify any needed improvements. This would provide practical insight into 
evolving user needs. 

With the correct supporting materials, ScotClimATE could also be used as educational 
material to help people better understand present and future climate hazards in Scotland. 
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2 Terms and Abbreviations table 
 

CCC Climate Change Committee 

UKCCRA3 Third Climate Change Risk Assessment 

GWL Global Warming Level. In ScotClimATE we define this as the 
global average near surface temperature difference during a 
period of analysis versus an estimate during a ‘pre-industrial` 
reference period from 1850 to 1900 (used by Morice et al., 
2021; and IPCC, 2023). 

SNAP3 Third Scottish National Adaptation Plan (2024‐2029) 

PSCAN Public Sector Climate Adaptation Network 

LACS Local Authority Climate Service  

GEV Generalised Extreme Value distribution 

shape, location 
and scale 
(parameters of a GEV) 

Parameters describing the relative distribution of the upper tail 
of a GEV, where the GEV is positioned on an intensity scale, and 
the spread of the distribution on the intensity scale (see Auld 
et al., 2023; Coles, 2001a) 

GEV with 
covariate 

Parameters describing the relative distribution of the upper tail 
of a GEV, where the GEV is positioned on an intensity scale, and 
the spread of the distribution on the intensity scale (see Auld 
et al., 2023; Coles, 2001a) 

The covariate A parameter (e.g., a measure of a climate state) with which the 
distribution of extreme events is observed to change. 

bias correct The use of results of observations to correct for unrealistic 
features in model results (see Met Office Hadley Centre, 2021) 

SEPA 
Scottish Environment Protection Agency 

UKCP18 UK Climate Projections 

GCM Global Climate Model 

RCM Regional Climate Model 

CPM Convective Permitting Model 
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3 Introduction 

3.1 Project overview 

To support climate adaptation planning in Scotland, the ScotClimATE project provides 
accessible information on how climate change may alter the frequency and intensity of 
extreme heat and rainfall events in Scotland under different levels of global warming. 

3.2 Policy context 

The Climate Change Committee (CCC) is the UK and devolved governments’ independent 
expert advisor on climate change. In its 2021 advice for the third UK Climate Change Risk 
Assessment (UKCCRA3), the CCC outlined ten principles for good adaptation. One key 
principle was: 

“Adapt to 2°C; assess the risks up to 4°C.” (CCC, 2021) 

Building on this, the CCC’s 2025 advice stated that UK adaptation objectives, 

“... should, at a minimum, prepare the country for the weather extremes 
that will be experienced if global warming levels reach 2°C above 
preindustrial levels by 2050. Planning for global warming levels reaching 
2°C above preindustrial levels by 2050 should be a minimum level. 

[...] 

At the high end of possibilities, reaching 4°C above preindustrial levels by 
the end‐of‐century cannot yet be ruled out and should be considered as 
part of effective adaptation planning.” (Brown, 2025) 

The +2°C GWL scenario represents a climate that is very likely within four decades under a 
high‐emissions scenario, and possible in a low‐emissions scenario (IPCC, 2023). The +4°C 
GWL scenario is plausible under high‐emissions scenarios by 2100 (IPCC, 2023). 

Implementing the CCC’s advice requires accessible, decision‐useful data about climate 
hazards under different global warming levels. However, research by Grace et al. (2025) 
found the current climate data landscape to be a significant source of frustration for 
stakeholders in Scotland, with users in public bodies often finding it hard to obtain or 
interpret the data. 

In Scotland, the statutory framework for adaptation planning is set by the Climate Change 
(Scotland) Act 2009 (2009). The Act requires Scottish Ministers to lay a national adaptation 
plan before Parliament every five years and places a duty on public bodies to help deliver 
the plan and report progress annually. The third Scottish National Adaptation Plan 2024‐
2029 (SNAP3: Scottish Government, 2024) sets out Scotland’s current adaptation objectives 
alongside support for providers of public services to adapt to climate change and meet their 
statutory duties. This support includes updating the Public Bodies Climate Change Duties 
(PBCCD) statutory guidance, continued delivery of the Adaptation Scotland capacity‐building 
programme and development of a new tool on climate scenarios. 
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3.3 Project aims 

The ScotClimATE project had a number of aims. The project deliverables included: the 
application of established analytical methods to a new analysis of extreme weather in 
Scotland; a tool to visualise that analysis; and this report that documents project 
deliverables and critical feedback from users of the tool. The key aims of the project are 
outlined below. 

3.3.1 To be part of a climate adaptation planning toolkit for Scottish public 
bodies 

The Scottish Government has identified the need for a toolkit to assist public bodies in 
adaptation planning for future climate hazards in Scotland. This need was initially identified 
by the ClimateXChange (CXC) report by Grace et al. (2025). This research also specified the 
necessary parameters of such a toolkit that could rapidly inform future‐proof climate 
adaptation planning. 

3.3.2 To fill a critical information gap needed for adaptation planning 

We (being the ScotClimATE research team throughout) have identified a key gap in the 
available information for adaptation planning in Scotland – readily available and easy to 
visualise projections of extreme weather events. Extreme weather events are categorised as 
individual unusually large intensities of hazardous weather (Coles, 2001a; Otto, 2017). 

It is important that adaptation planning includes climate extremes (UKCCRA3; Catto et al., 
2024). The intensity of extreme events at the same frequency may change at a different rate 
than average conditions. 

3.3.3 To translate climate science for decision-making in public bodies 

A key component of the ScotClimATE project has been the application of analytical methods 
and insights from scientific research literature to produce results that users can visualise 
with an online tool. 

Insights from attribution studies (see Section 4) form the core of the underlying 
methodology that we have adapted to deliver ScotClimATE. We have built statistical models 
of extreme weather events in terms of their intensity‐return period relationship. Attribution 
studies provide robust insight into the impact of climate change on particular climate 
hazards: providing robust methods for quantifying and understanding how unusually 
hazardous observed events are in different climates. These methods provide a framework 
for projecting changes into possible future climates. In Section 4, we provide a background 
for how attribution methods can be applied to build a new understanding of extreme 
weather in changing climates. Explained in Section 8, we detail how we have applied some 
of these methods to understand extreme events in Scotland through their intensity‐return 
period relationship. 

3.3.4 To deliver a user-friendly online visualisation tool based on key design 
criteria 

As well as the new analysis in ScotClimATE, we have built a tool for providing useful results 
based on underlying data from the UK Climate Projection (UKCP18) set of modelled climates 
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(Lowe et al., 2018). Users can visualise projections of extreme events under different 
climate scenarios that would otherwise require very particular expertise to produce. The 
tool achieves three design criteria informed by Grace et al. (2025): 

• It provides useful quantification of hazards to inform climate adaptation. Namely, to 
prepare for +2°C warming, and assess up to +4°C warming (following UKCCRA3). 

• It is tailored to meet the needs of public bodies. 

• It is built to be easy to use by non‐scientists, with clear explanation. 

3.3.5 To directly engage the target users and Scottish Government clients in the 
tool development 

The target users of the ScotClimATE online tool are the Public Sector Adaptation Network 
(PSCAN). PSCAN is a space where representatives of more than sixty of Scotland’s public 
bodies convene and share learning and experience of adaptation in practice as well as 
receive training and support as part of the Adaptation Scotland Programme (Adaptation 
Scotland, 2025; Verture, 2025). In Section 9, we detail project interactions with PSCAN 
facilitated by Verture. 

ScotClimATE has been built to provide projections of weather hazards only without 
providing information on the exposure or vulnerability of people or assets to that hazard. 
Grace et al. (2025) defines a proportionate approach to climate scenarios analysis, where 
organisations develop their own understanding of what climate hazards threaten their 
service and assets. 

The success of ScotClimATE in meeting each of these aims has been measured with 
feedback from PSCAN (Section 9), regular discussion with the Adaptation Team in the 
Scottish Government, and a reporting cycle with a steering group of experts in adaptation 
planning that has been coordinated by CXC. 

3.4 Report structure 

This report serves as a comprehensive overview of ScotClimATE. The first sections provide 
an overview of the scientific basis of ScotClimATE. In Section 4, we introduce leading theory 
on understanding extreme events that is applied in our analysis. In Section 5, we document 
available tools and datasets that offer insights for adaptation planning. Then, in Section 6, 
we introduce the delivered version of ScotClimATE. High‐level overviews of functional 
components of ScotClimATE are included in Section 7 on projecting from GWL to a climate 
state in Scotland, and in Section 8 on the statistical models of extreme events. 

The last sections provide an overview of the production, use, and our suggestions for the 
future of ScotClimATE. In Section 9, we document the agile development cycle used to 
produce ScotClimATE. This includes results and syntheses of user feedback that have 
informed the development of the web tool interface and choice of hazards that can be 
visualised. To demonstrate possible use cases of the web tool, Section 10 presents a 
discussion of some results that can be produced using the statistical models behind 
ScotClimATE. Finally, our suggestions for future developments with ScotClimATE and 
conclusions from this work are documented in Section 11. Technical Appendices B, C and D 
are referenced in the body of this report. 
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4 Understanding changing extreme weather hazards 

4.1 Scenario analysis based on GWL 

When users analyse Global Warming Level (GWL) scenarios, they will build an understanding 
of changes in climate hazards with GWL. This understanding can be applied to adaptation 
planning, irrespective of the particular emissions pathway that leads to a different GWL. 
This intuitive approach lets users connect global climate change with changing climate 
hazards relevant to their service. 

Grace et al. (2025) summarised the utility of identifying a small number GWLs in a scenario 
analysis: 

• Fewer scenarios require less data gathering overhead. 

• Each scenario can be considered in greater depth. 

• Planning based on +2°C and +4°C challenges users’ current thinking to make resilient 
plans for possible future climates. 

However, multiple scenarios would provide users the flexibility to understand the 
uncertainty due to different GWL projections (Grace et al., 2025). 

4.2 Risk from extreme weather hazards 

In line with Field et al. (2012) findings on the management of risks from extreme events in 
climate adaptation, Grace et al. (2025) defines the need for understanding three 
components of risk when an organisation conducts a climate scenario analysis: hazard, 
exposure and vulnerability. Climate hazards are possible weather conditions and events that 
can cause damage and loss. Climate hazards have physical descriptions that are generic 
across analyses. 

However, the amount of exposure of relevant people, systems and assets vary by 
organisation. Likewise, so does the level of vulnerability to the hazard of those exposed. This 
report and the resulting tool focus on an analysis of hazard that can provide useful 
information to inform climate scenario analyses. 

Climate hazards are varied and complex. Recent years have seen a rapid development of 
new methods to understand extreme events in a changing climate. These developments 
have largely been driven by efforts in attribution: the quantification of changes in weather 
events due to human‐caused climate change (Otto, 2017; Thompson et al., 2025).  

Probabilistic approaches are used to understand changes in the intensity and frequency of 
events (WWA, 2025). Further modelling efforts, such as storyline approaches are used to 
understand the extent to which the development, duration, and characteristics of particular 
events have changed with changes in climate (Shepherd, 2016). 

Extreme events can be detected in the observed record (such as by Easterling et al., 2016). 
Catto et al. (2024) document ongoing efforts to build high‐resolution models of observed UK 
precipitation extremes. To produce ScotClimATE in the short development window available 
(3 months for the prototype version), we have used a probabilistic approach that is often 
used as part of attribution studies. To build projections, we have adapted the projection 
method of Auld et al. (2023). Probabilistic models for extreme events use appropriate 
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statistical distributions to capture the relationship between frequency and intensity of 
extreme events. We fit Generalised Extreme Value (GEV) distributions to observed and 
projected events in Scotland. 

Multiple hazard events can be far more destructive than single hazard events (Lee et al., 
2024). However, our ability to fit probabilistic models to their frequency and intensity is 
heavily restricted by the individual nature of these events, small set of observations and the 
heavy workload required to identify or generate them using simulations. Therefore, in 
ScotClimATE we have only attempted to provide visualisations of single hazards. 

4.3 Identified weather hazards 

The CCC (2021) identified a number of risks to human and natural systems in the UK from a 
variety of different hazards. Additionally, Catto et al. (2024) document a number of 
published and un‐published resources for understanding an array of climate hazards that 
are under development as outputs of the UK Climate Resilience programme. 

In building ScotClimATE we have considered a variety of different hazards (see Section 6 and 
9). We determined our selection of hazards to include in the tool based on four factors: 

• Whether a more suitable tool already exists for visualising the hazard (Section 5). 

• How useful information on the hazard is to help in climate adaptation planning and 
decision‐making. 

• The availability of data suitable to base a projection of the hazard. 

• The difficulty of analysing and implementing the hazard – whether it was possible 
within the length of the project. 

Extreme temperature was the most obvious hazard to include, and least difficult to 
implement in the proposed methodology due to these events’ large spatial scale and 
physical relationship to average temperatures (see Section 8). 

This includes the hazards of extreme heat events and extreme cold events. The relationship 
between the intensity and the frequency of these events can be described with statistical 
models using extreme value theory (Auld et al., 2023; Coles, 2001a). 

Projections of extreme heat are particularly useful due to the non‐linear increase in risk 
from increasingly high temperatures. Empirically, this has been described with J‐shaped 
curves of relative risk curves with temperature, where mortality risks from extreme heat 
increase more steeply beyond a certain temperature threshold (see Gasparrini et al., 2022; 
Masselot et al., 2023; Public Health Scotland, 2025). We apply our analysis throughout 
Scotland, but for the hazards considered there are often other analyses that can also 
provide useful insight. For example, the HOTdays analysis has delivered a characterisation of 
heatwave properties specific to major UK cities (Brown, 2020). 

Extreme rainfall was considered the next least difficult hazard to implement due to the 
availability of observations and model data. Rainfall extremes can also be projected using 
extreme value theory (Gründemann et al., 2023). However, fluvial flooding extremes arising 
from rainfall require a more complex modelling of drainage basins. Projections of UK fluvial 
flooding and the required capacity of drainage systems have been developed by the 
FUTURE‐DRAINAGE project (Chan et al., 2023). 
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We identified that projections of the highest rainfall in one or three days was achievable 
during the ScotClimATE project. For this, we have been able to exploit daily rain‐gauge 
observations included in HadUK‐Grid (Hollis et al., 2018). To understand extreme rainfall at 
a higher temporal resolution, researchers can use weather radar data. There is weather 
radar coverage at least 5 km resolution over most of Scotland (Met Office, 2007). These data 
are available from Met Office (2003) in sub‐hourly gridded format processed by the Nimrod 
radar data system since late 2002, or processed with rain gauge measurements by the 
HYRAD system (UK Centre for Ecology and Hydrology, 2025). Processing and validating such 
data requires more time than was available in the ScotClimATE project, so visualisations of 
sub‐daily rainfall have not been included. 

We also considered including the hazard from storm surge flooding. The weather that 
produces storm surges is not expected to significantly change with increasing GWL (Met 
Office Hadley Centre, 2018a), but mean sea levels will rise in time as a response to 
prolonged heating (Arias et al., 2021, box TS.4). We have identified a relatively low 
implementation difficulty for this hazard, but have not included it due to its dependence on 
time and global warming pathway, and because coastal flooding is already included in 
existing tools (see Figure 1). 

While we have found that users need future storminess projections (Section 9), we currently 
lack validated model data to understand future storminess in Scotland. However, a detailed 
analysis may be accomplished in several years’ time with the emergence of new datasets. 
The ongoing CANARI (Climate Analysis, Attribution and Impacts) project will provide a large 
ensemble of high‐resolution storm tracks that can be sampled to understand changes in 
storminess and gusts (see CANARI, 2025). 

Seasonal lack of rainfall is another hazard that can be projected with a moderate 
implementation difficulty. This hazard can be understood by calculating the seasonal 
standard precipitation index, which is the normalised anomaly versus a reference period. 
However, this hazard would not be analysed in the same framework of extreme value 
theory, and it was determined that users should usefully receive drought projections from 
Scottish Environment Protection Agency (SEPA) guidance. 

Finally, we note that at present we will be unable to produce robust predictions for changes 
to weather related fire as there is no suitable model for predicting wildfire risk in Scotland 
due to its particular distribution of plant matter and topography (Naszarkowski et al., 2024). 
Instead, we advise users to consider that an increased probability of wild fire ignition is 
likely to co‐occur with drought extremes. 

4.4 What attribution tells us about changes in extreme weather 
events 

We have applied insights from attribution studies to provide the framework to understand 
changing extreme weather hazards with climate change in Scotland. The World Weather 
Attribution project (WWA, 2025) have developed rigorous methodologies for attribution of 
extreme weather events to human‐caused climate change, and the communication of this 
causal link. The process of attribution begins by identifying an extreme weather event. This 
can be triggered by the severity of impacts of the event; in the methodology provided by 
Philip et al. (2020), this is the number of recorded deaths. 
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In the probability framework for attribution, researchers first calculate the probabilities of 
an event as or more extreme as an identified event occurring: (a) in a year in the present 
climate, and (b) in a counterfactual climate without human induced warming (Otto, 2017; 
Philip et al., 2020). The probability ratio of (a) to (b) is used as a metric to quantify how 
climate change has altered the hazard of the identified event (Philip et al., 2020). When 
damage curves are identified to convert the intensity of extreme events into impacts, the 
probability ratio of weather hazard occurrence can be converted into a risk ratio of damage 
and impacts. 

The probabilistic attribution approach provides insight into changes in the intensity and 
likelihood of an event. However, recent advances in attribution techniques allow 
researchers to test the impact of climate change given similar underlying weather patterns 
for an event (Thompson et al., 2025). These methods are providing new insights into both 
changes in duration of events and the drivers of these changes (Thompson et al., 2025). 
Future trends in extreme weather events are understood from the synthesis of many lines 
of evidence, from probabilistic attribution to comparisons with multi‐model ensembles, 
observational evidence and theoretical analysis (Otto et al., 2024). 

ScotClimATE is built on an analysis of extreme events in UKCP18 projections with bias 
correction based on observations (Section 6). To do this, we have exploited the conceptual 
link from attribution of extreme events in the present day to projections of extreme events 
in possible future by extrapolation of the observed statistics of weather extremes (see Philip 
et al., 2020). 

4.5 Previous analyses of extreme events in Scotland 

There are a small number of previous analyses of the statistics of extreme weather events at 
high spatial‐resolution in Scotland. Undorf et al. (2020) provide a deep analysis of the 2018 
summer heat in Scotland, exploiting data from observations as well as a variety of 
simulations. Higher likelihood of extreme heat was attributed to human‐induced warming, 
and there is an increased likelihood of heat exceeding that experienced in 2018 since then 
than before. Their work identified that extreme heat is an important concern for climate 
adaptation in Scotland (Undorf et al., 2020). 

In the attribution and projection framework, analysis of extreme rainfall has been limited to 
particular events: the extreme rainfall that led to the 2020 fatal derailment near Carmont 
(Tett et al., 2025), and the 2021 cloudburst event over Edinburgh Castle (Tett et al., 2023). 
Simple physics suggests that the distribution of extreme rainfall events may shift to higher 
intensities in a warming climate. The mass of water that can be held by air increases by 
approximately 7% for a 1°C increase in temperature of the same mass of air. This 
fundamental physical equation is called the Clausius–Clapeyron relation. However, the 
scaling of extreme rainfall with warming climate has been found to depend on a number of 
factors determined by both location and changes in atmospheric circulation. There is a 
broad understanding that the distribution of extreme rainfall intensity can increase at rates 
faster than Clausius‐Clapyron at the shortest temporal scales (several hours), but at rates 
equivalent or less than Clausius‐Clapyron over longer (one day or longer) events (Fowler et 
al., 2021). These dynamics have been identified during the particular 2020 and 2021 events 
that have been studied (Tett et al., 2025, 2023). 
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The limited extent of published work on the links between climate change and extreme 
weather events in Scotland has resulted in few direct applications of this knowledge. In one 
rare example, O’Neill et al. (2022) have applied new understanding of changes in extreme 
rainfall to a climate change impact assessment for Edinburgh’s cultural heritage sites built 
on an assessment of impacts and changes in risk. 

ScotClimATE has been designed for understanding changes in the relationship between 
intensity and return period for single weather hazards such as high heat or heavy rainfall. 
However, for many historical natural disasters, the impacts of weather events have been 
amplified due to the compounding of multiple weather hazards occurring within a single 
event (Lee et al., 2024). The National Centre for Resilience has identified a number of 
intersecting hazards that pose risk in Scotland (Simmonds et al., 2022). 

 

5 Available tools and datasets 
There are several tools available for a user to gather knowledge of climate hazards facing 
their service. Before using ScotClimATE, users should first consider what hazards they need 
to understand. 

5.1 How to decide which tool to use 

We suggest a workflow to help users build an understanding of climate hazards from an 
adaptation perspective. 

1. The user should build a familiarity with UK climate, weather, and terminology 
used to describe this. The latest State of the UK Climate report (Kendon et al., 
2025) provides a description of the weather in 2024 within a discussion of 
changing UK climate. 

2. Based on their service, they should determine the particular hazards they need 
to consider. 

3. If the user is assessing flood risk from fluvial, coastal or surface water and small 
watercourses, they must refer to SEPA Climate Change Allowances Guidance 
(Scottish Environment Protection Agency, 2025a) and SEPA Flood Maps (Scottish 
Environment Protection Agency, 2025b). 

4.  If the user is assessing heat or rainfall extremes they should use the Local 
Authority Climate Service (Met Office, 2024b) to understand chronic and 
seasonal changes, and ScotClimATE to understand rare extreme events. 

The decision process for choosing which of these tools to use based on the type of hazard is 
shown in Figure 1. If a climate scenario analysis also includes impacts of coastal changes, 
users should access Dynamic Coast resources. The Dynamic Coast web maps service 
provides projections of future coastal erosion in Scotland (Rennie et al., 2021). 
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5.2 Datasets used in ScotClimATE 

ScotClimATE is a tool for visualising the statistics of extreme weather events at different 
global warming levels in UKCP18, with some level of bias correction based on observations. 
To this end, the tool is built from several datasets listed in Table 1. 

HadCRUT5 is a large number of time series, each of which is an estimate of global surface 
temperatures anomalies from 1850 to the present (Morice et al., 2021). We use this to 
define the GWL (see Section 7). UKCP18 is a set of climate projections with an ensemble of 
twelve 100‐year simulations identified by Grace et al. (2025) as the appropriate source of 
projected UK climate to inform adaptation planning. These simulations begin with a lower 
resolution Global Climate Model (GCM; Met Office Hadley Centre, 2018b). The output from 
the GCM are downscaled for the UK region with physics at smaller spatial scales using a 
Regional Climate Model (RCM; Met Office Hadley Centre, 2018c), and again at very high 
resolution with a Convection Permitting Model (CPM; Met Office Hadley Centre, 2019). 

We analyse the GCM output to understand the global surface temperature in the 
simulations (see Sections 7 and 8). The RCM downscaling provides information on Scotland 
temperatures. The CPM downscaling introduces additional physics important in simulating 
the heaviest rainfall events, we use these data to build the extreme rainfall projections in 
ScotClimATE. However, due to the closeness to the domain boundary, the CPM output is not 
valid over the Shetland Islands (Met Office Hadley Centre, 2019). Users should note that 
ScotClimATE does not provide extreme rainfall projections there. 

It is important to note that while the CPM is run at a higher spatial resolution than the RCM, 
this does not necessarily mean that the output is a more accurate model of real‐world 
weather (Lowe et al., 2018). By using the RCM data to model extreme heat – which are 
generally much larger spatial‐scale events than the most intense rainfall events – we avoid 
including potentially unrealistic dynamics which may result from the additional complexity 
of the CPM in our analysis. 
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Figure 1: A diagram indicating which tool users can use to find projections for different hazards in 
Scotland. 
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Dataset Description Reference 

HadCRUT5 
Ensemble of 200 time series of estimated global near 
surface temperature anomalies versus the 1961 to 
1990 reference period. 

Morice et al. (2021) 

UKCP18 GCM Global Climate Model projections on a 60km grid. 
Met Office Hadley 
Centre (2018b) 

UKCP18 RCM 
Regional Climate Model downscaling of GCM 
projections on a 12km grid. 

Met Office Hadley 
Centre (2018c) 

UKCP18 CPM 
Local projections on a 5km grid re‐gridded from 
Convective Permitting Model downscaling of RCM 
projections on a 2.2km grid. 

Met Office Hadley 
Centre (2019) 

HadUK‐Grid Gridded observation data over the UK land Surface. Hollis et al. (2018) 

Table 1: Datasets underlying ScotClimATE. An overview process map is included in Appendix A for 
how data from these datasets are included in ScotClimATE. 

 

The last dataset we use is HadUK‐Grid. This includes temperature and rain‐gauge 
measurements from UK weather stations interpolated onto a grid covering the UK land 
surface (Hollis et al., 2018). We use this observation-based dataset to provide the basis for 
some bias‐correction for ScotClimATE. However, there are a few limitations of these 
observations. There is limited weather‐station coverage, particularly in more sparsely 
populated areas of Scotland. Rain‐gauges are useful for sampling 24 hr accumulated rainfall 
at a single point: not all types of precipitation or precipitation in any place. In the UK, rain‐
gauges are measured at 9am so these data do not capture identical diurnal effects in 
accumulated rainfall as would be experienced in periods defined by calendar days that start 
at midnight. 

6 The delivered tool 
ScotClimATE provides users with visualisations of analysed climate extremes using a web‐
tool with a graphical interface. The analysis is built on existing datasets with the purpose of 
providing a framework for public sector users to quickly retrieve useful projections without 
the need for specialist scientific expertise. 

The primary scientific outputs are local estimates of the relationship between return period 
and intensity of extreme heat and rainfall events in UKCP18 data. The return period is the 
reciprocal of the probability of exceeding an intensity threshold in a given year. For a very 
long simulation, the return period is the average number of years between an intensity 
threshold being exceeded. Alongside these estimates are uncertainty analyses 
communicated as confidence intervals of the fit to the available data. Users are able to 
visualise: 

• the intensity of extreme heat or rainfall events at different return periods and GWL 

• the return period of the extreme events of different intensities and at different GWL 

• the change in intensity of the extreme events at the same return period between 
different GWLs 
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• and the change in return period of the extreme events at the same intensity 
between different GWLs 

In Section 10, we provide examples of how users can interpret these results to understand 
extreme weather in Scotland. If users have a defined return period of hazard that their 
service is expected to withstand, then they can project a map of projected intensity of 
weather hazards at that return period. Alternatively, if users are aware of a particular 
threshold of hazard intensity that people or assets of their service are vulnerable to, then 
they can project the return period with which they can expect that threshold to be 
exceeded. Projecting changes in the intensity‐return period relationship of hazards could be 
especially useful where users wish to understand additional stresses of climate change on 
their current service design. 

6.1 The components of ScotClimATE 

ScotClimATE is built from four key components. These components work together to deliver 
visualisations of climate extremes through an interactive user interface. 

1. GWL scenarios are converted into a Scotland annual average temperature value 
(Section 7 and Appendix B). 

2. Statistical models are fitted to simulation data and observations (Section 8 and 
Appendix C). The simulation data is used to provide insights into the rarest 
extreme events, and how extreme events change with Scotland climate. 
Observation data is used to bias correct models fitted to simulation data. 

3. Using the online user interface, users can select hazards, select GWL scenarios 
and visualise results. 

4. The intensity and likelihood of extreme events at different GWLs are calculated 
based on the user selection. These values are returned to the user interface with 
confidence intervals calculated from the uncertainty accumulated at each fitting 
stage (Appendix D). 

6.2 Purpose and caveats 

ScotClimATE fulfils a very specific purpose – to support strategic decision-making in climate 
adaptation (Scottish Government, 2025). ScotClimATE provides information on how climate 
change may alter the frequency and intensity of extreme heat and rainfall events. 

To this end, we have applied an analytical method to build statistical models of this 
relationship (Section 8). We have fit non‐stationary GEV distributions with covariate (such as 
in Auld et al., 2023; Coles, 2001b) to extreme events in UK Climate Projections (UKCP18) 
UKCP18 data is downscaled to different resolutions (see Section 5): we provide projections 
at the same resolution as the underlying data: on a 12km‐grid for RCM data for extreme 
heat and on a 5km‐grid for CPM data for extreme rainfall (see Figure 2 and Section 8). The 
CPM data is provided with a caveat that the downscaled data are not validated close to the 
UK‐region domain boundary (Kendon et al., 2019), as such ScotClimATE does not provide 
extreme rainfall projections for Shetland. 
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We apply a limited bias correction to the fits to UKCP18 using HadUK‐Grid observational 
data (Section 8.4). This correction adjusts the location parameter of the fitted GEV 
distribution to align frequent extremes in the recent climate with observations, while 
retaining the scale and shape parameters estimated from UKCP18 simulations. However, in 
this, we have assumed that it is appropriate to use observations to correct the relationship 
between the intensity and frequency of the more‐frequent extreme events in the observed 
climate, while we preserve the relationship of how much more intense the rarest extremes 
are compared to the more‐frequent extremes from simulations (Section 8). This means that 
projections of the highest intensity weather events expected every few years in the recent 
climate are corrected to look like recent observations. However, there is a key caveat that 
the difference in the projections of higher intensity of the rarest events, expected in tens of 
years or longer, is informed only with simulation data. As a result, the difference in 
projections of the most extreme and rare events versus frequent extremes in the present 
remains primarily informed by the structure of the climate model simulations rather than by 
observational constraints. 

There are several reasons for this assumption. For annual heat and temperature maxima we 
have available 1200 years of simulation data (downscaled UKCP18 data are available in 
twelve one‐hundred year simulations), and less than one‐hundred years of observational 
data. Additionally, particularly at warmer climates than present, UKCP18 projections can 
produce rare extreme intensities during conditions that may be physically possible but have 
not yet been observed. In the case of extreme heat, this is likely to arise from land‐surface 
interactions such as drying. 

At delivery, ScotClimATE is only built to visualise extreme heat and rainfall events. This 
limited selection of climate hazards is due to: constraints from the short turnaround time 
for the project; already available tools, such as SEPA Flood Maps and SEPA Climate Change 
Allowances Guidance for flooding and LACS for storm surge height; and due to the 
limitations of existing data and theory, such as the present lack of reliable predictions for 
future storm tracks (see Section 4). 

To this end, and to avoid the confusion of multiple tools providing conflicting results for the 
same hazard, the choice of hazards included in ScotClimATE has been arrived at through 
consultations with PSCAN, Scottish Government Adaptation Team, and a steering group of 
experts organised by CXC. The online tool includes a disclaimer that users must agree to 
before accessing the tool. This disclaimer highlights that projections of climate hazards are 
not provided for specific domestic or commercial properties. When the hazard relates to 
flood risk, the SEPA Climate Change Allowances guidance and Flood Maps should be used. 

6.3 Communicating confidence and uncertainty 

Along with the central estimate of any statistic, we provide a gauge of the spread of possible 
results given the available data. To communicate this spread we adapt a calibrated language 
for communicating confidence intervals from IPCC (2005). These are listed in Table 2. 
However, we use a much more limited definition of level of confidence than the IPCC. As 
ScotClimATE is built to understand results in the underlying datasets (listed in Table 1), 
confidence in this context is only a calculation of the chance a fit represents the underlying 
data. 
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Calibrated language Quantile range Meaning 

Very high confidence  5% to 95% 9 in 10 possible fits lie in this range 

High confidence 10% to 90% 8 in 10 possible fits lie in this range 

Medium confidence 25% to 75% half of the possible fits lie in this range 

Table 2: Calibrated language used to communicate level of confidence of results. This is adapted 
from a table from IPCC (2005). 

These confidence intervals reflect statistical uncertainty in the fitted model given the 
available data. A wide interval indicates that the result is weakly constrained. They do not 
represent the full range of possible climate futures, which would require consideration of 
additional models and scenarios. 

6.4 The map interfaces 

ScotClimATE visualises results with a coloured data layer over a zoomable and scrollable 
map. By clicking on individual grid cells, users can display the precise result and confidence 
intervals at that location (see Appendix D). The map interface highlights which cell the user 
is interrogating. 

The map is displayed in the OSGB36 National Grid projection (explained in Ordnance Survey, 
2025a). The National Grid projection has been chosen for several reasons: 

• The underlying UKCP18 and HadUK‐Grid is distributed on this projection so we avoid 
introducing additional process uncertainties in re‐gridding. 

• Maps on this projection are familiar to users who have used other Ordnance Survey 
map products. 

• While the vertical axis does not correspond with North‐South, straight lines in this 
projection correspond very closely with straight lines on the ground. 

• Distances between different points scale very closely within the Scotland domain, 
and displayed cells have almost exactly the same area as each other. 

The last two points would not hold with a latitude‐longitude based projection, with 
distortion becoming worse further North. By providing data in same‐area cells, spatial 
averaging and visual comparison over areas – such as within Local Authorities – is intuitive. 
ScotClimATE provides a download function, where the downloaded comma‐separated 
values (.csv) or netCDF‐4 (.nc) files also contain the latitude‐longitude coordinates of the cell 
centres.  

The underlying map uses Ordnance Survey data that represent geographic information at 
different zoom levels, including: settlement names, roads, hill‐shading and contours 
(available from Ordnance Survey, 2025b). Over this, users can choose to plot Local Authority 
Boundaries or NHS Boards. The data layer is coloured using colour‐scales selected for clarity 
and accessibility using ColorBrewer advice for cartography (see Harrower and Brewer, 
2003). Users are able to adjust the opacity of the data layer to adjust the display of 
visualisations to their preference. Users may wish to use screen capturing software to save 
and share useful visualisations. 
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6.5 Hazard selection and slider interfaces 

In the online tool, the control panel contains a number of sliders and information boxes. The 
information boxes provide descriptions of what the users are visualising based on the 
hazard selection and slider settings. Information boxes can be minimised, but the text is 
displayed by default and inline to facilitate accessibility where screen readers are used. The 
text of the descriptions is designed to equip the user with appropriate language for 
communicating what they are viewing in a way that is clear and concise, but still consistent 
with wider specialist literature in climate science. 

At delivery, ScotClimATE can be used to visualise two extreme heat hazards and two 
extreme rainfall hazards. These are: 

• Extreme heat: the highest maximum temperature. 

• Sustained heat threshold for hot nights: the highest minimum temperature over 
three consecutive days. 

• Extreme 1‐day rainfall: the most rainfall in one day. 

• Extreme 3‐day rainfall: the most rainfall over three consecutive days. 

After selecting a hazard, the user will choose a GWL. This varies from +0°C, being the 1850‐
1900 reference period, to +4°C. It is important to note that users are selecting a global 
warming level, not a Scotland domain warming level. The projection of Scotland climate 
from GWL is discussed in Section 7. ScotClimATE does not allow users to visualise beyond a 
GWL of +4°C. This would be considering GWLs beyond those simulated in UKCP18. In this 
sense, we provide results from the statistical model only as interpolation within a range of 
simulated climates (see Philip et al., 2020). 

When visualising results, the intensity of the hazards is the highest threshold expected to be 
exceeded in the return period. Users can choose to set intensity and visualise return period, 
or set return period and choose to visualise intensity. The process by which these hazards 
were selected for inclusion in ScotClimATE is discussed in Section 9. 

Users can gain additional insights by comparing the change in the intensity‐return period 
relationship between different GWLs. When users select a visualisation of a change, they 
will have to also set a comparison GWL slider. 

Return period sliders run from 10 to 100 years. Users may otherwise adjust an intensity 
slider which has a description and units that change with the choice of hazard, °C of 
temperature and millimetres of accumulated rainfall. The colour‐scale of the data layer 
changes with hazard selection. 
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7 Climate change in Scotland with global warming 
level 

The UKCCRA3 advises adaptation planning based on defined GWLs (CCC, 2021). To capture 
how the intensity‐return period relationships of an extreme event vary with climate, 
ScotClimATE is built on non‐stationary GEV fits to the underlying data with a changing 
Scotland climate, measured as the year‐average temperature, as a covariate. However, due 
to global climate dynamics and local geography, the temperature of different regions 
change at a range of different rates with changing GWL. This section outlines the process we 
have designed to project a Scotland climate from a GWL. This is calculated as an anomaly 
from the 2000‐2020 reference climate with the change in Scotland climate with GWL 
following the sensitivity in UKCP18 simulations. 

 

Figure 2: Scotland average temperature calculated from the shading in red. Left shows the 12km 
grid; right shows the 5km grid. (Cells where the models are fit (54°N to 61°N and −8°E to 0°E, blue 

and red shading), and the Scotland mainland land‐mask of Had‐Grid reporting cells (bound by 55°N 
to 58.5°N and −6°E to −1°E, red shading), projected onto the British National Grid).  

 
Scotland year‐average temperature is an appropriate choice of covariate given the available 
data as, within the UKCP18 ensemble, there are large differences in average temperature at 
each simulation year. Our method uses information from the most intense weather events 
each year from all ensemble members, not a sample taken only from the hottest or wettest 
ensemble members. 
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7.1 Defining a global warming level 

The GWL can be defined in various ways. We have used a commonly accepted and widely 
used definition, global average near surface temperature anomaly versus a pre‐industrial 
1850‐1900 baseline (Morice et al., 2021). Many datasets are available for near‐surface, or 2 
m above surface, air temperature.  

We use HadCRUT5 data to estimate the GWL during a 2000‐2020 reference climate. 
HadCRUT5 provides a large ensemble of 200 estimates of the time series of global average 
temperature from 1850 versus a late twentieth century baseline. The largest spread 
between estimates is during the earlier part of the time series, where fewer weather 
observations are available, and more extrapolation is required. By randomly sampling from 
all possible 2000‐2020 GWLs from HadCRUT5 in our analysis, we are able to quantify this 
uncertainty in our analysis. The distribution of these estimates is shown in Appendix B. 

7.2 Measuring climate change in Scotland 

Operationally, there already exist indices for Scotland. For example, Jones and Lister (2004) 
have produced a Scotland temperature index based on a selection of weather station 
output, and Met Office (2019) define Scotland regional climatology using all land surface in 
Scotland. 

However, to build ScotClimATE we have had to develop a particular definition of Scotland 
mainland average temperature to provide a relevant measure of Scotland climate that 
captures general changes with GWL. Plotted in Figure 2, we average over cells within 
mainland Scotland, bound by 55 to 58○N and −6 to −1○E. This selection excludes outlying 
islands and far‐western coastal areas where climate changes are likely to be heavily 
moderated by the slow‐changing northern Atlantic Ocean compared with inland and eastern 
areas. This simple definition can be applied to both UKCP18 and HadUK‐Grid data, and can 
be readily reproduced in other datasets. 

To calculate the 2000‐2020 baseline climate, we use the annual average mainland Scotland 
climate. There is particular uncertainty in this calculation due to inter‐annual variability that 
the 20-year window is not long enough to account for. However, a much longer window 
would introduce other uncertainty, especially due to changing aerosol distributions over the 
late twentieth century. We apply a bootstrapping method – calculating averages of sets of 
randomly resampled 2000 to 2020 annual average temperatures with replacement – to find 
a distribution of possible baseline Scotland climate. 

Finally, we estimate the sensitivity of Scotland temperature to GWL from UKCP18 annual 
average data. For this, we use the °C change in annual average Scotland mainland 
temperature in the RCM with the °C change in global average surface temperature in the 
GCM. This is shown in Appendix B (Figure 13) alongside a bootstrapping of 1000 estimates 
of this sensitivity for each ensemble member. To do this, we have assumed a linear 
sensitivity of Scotland temperature over the approximately 4°C change in GWL in each 
simulation. Inspection of the UKCP18 data shows no clear evidence of non-linearity over the 
simulated warming range, so a linear approximation is adopted. Other model results should 
also be analysed to build a deep understanding of how Scotland’s climate may change with 
global warming. 
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Figure 3:  The histograms show 1000 estimates of projected Scotland average temperature 
distributions at four global warming levels (coloured bars). Distributions shift progressively 
to higher temperatures with increasing GWL. Dashed lines show a simple model fit closely 

matching the simulated distributions, expressed as probability density per °C. 

 

7.3 A model for Scotland’s temperature 

We consider changing Scotland temperature using the three components discussed above: 

TS(TG)= TS0+α(TG- TG0)          (1) 
 

where TS(TG) is the projected Scotland average temperature at a GWL of TG, TS0 is the 
2000‐2020 baseline Scotland temperature calculated from HadUK‐Grid, TG0 is the 2000‐
2020 baseline GWL calculated from HadCRUT5, and α is the sensitivity of Scotland 
temperature to GWL calculated from UKCP18. 

Without assuming underlying probability distributions of the values of TS0, α and TG0 we 
have randomly resampled the estimated values of these parameters to calculate 1000 
bootstraps of possible values of TS at different GWLs. This is shown as histograms of 
different colours in Figure 3. 

We have built a simple model to estimate TS(TG) with uncertainty. By assuming Gaussian 
distributions of possible values of TS0, α and TG0, we have calculated a mean fit and 
standard deviation of the parameter estimates (Table 3). Then, Equation 1 can be used to 
quickly find an estimate and uncertainty of TS(TG). These are included in Appendix B. 

Probability distributions of this simple model are included in Figure 3. It effectively captures 
the underlying distributions of the bootstrapped estimates. As GWL is increased from the 
estimated GWL during the recent climate reference period (+1°C, Table 3), the uncertainty 
in Scotland’s climate quickly increases. Table 3 documents that the estimate of 0.83 ± 0.10°C  
increase in Scotland’s average temperature per °C  increase in GWL is a major source of 
uncertainty in projecting future climate in Scotland. 
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Parameter Definition Mean fit 
Standard 
deviation 

Source data 

TS0 
Scotland average temperature 
from 2000 to 2020 

7.73○C  0.09○C 
HadUK‐Grid 

α 
Scotland average temperature 
change with GWL 

0.83 0.10 
UKCP18 GCM 
and RCM 

TG0 

Global average temperature 
 change for 2000 to 2020 versus 
1850 to 1900 baseline 

1.00○C 0.04○C 
HadCRUT5 

Table 3: Parameters used in projecting Scotland climate, TS, at different global warming levels. These 
parameters are used in Equation 1.Source data are described in Table 1. 

 

8 Statistics of extreme events 

8.1 Defining extreme events 

We earlier categorised extreme events by their unusually large intensity (Coles, 2001a). 
However, it is obvious that this definition can be interpreted in a number of ways – and, for 
the purpose of understanding climate hazards, it is often useful to understand multiple 
definitions of extreme climate hazards. 

8.1.1 Defining extreme events based on their frequency 

Extreme events considered in ScotClimATE are categorised purely by how unusually intense 
they are. The statistical model is fit only to the set of single most intense events for each 
year. This annual maxima approach is used for consistency across hazards and ensemble 
members, and provides a stable basis for estimating return periods of rare events. The tool 
is used to visualise intensity thresholds of heat and rainfall that are expected to be exceeded 
once in ten or more years, or the return period of intensities that are only expected once 
every few years or longer. 

To reiterate – the purpose of ScotClimATE is to provide users information on the most 
challenging weather for adaptation, and how this is projected to change with GWL. By using 
this method, we are able to directly analyse the intensity‐return period relationship of 
extreme events, and build statistical models that can project the behaviour of the rarest 
events that may have been seldom or never yet observed. 

8.1.2 Defining extreme events based on clear quantifiable intensities 

However, there are likely to be cases where scenario analysis requires users to consider 
other definitions of extreme hazards. It is clear to communicate thresholds that are 
connected to our day to day understanding of potentially hazardous weather. For example, 
for extreme heat LACS (Met Office, 2024a) communicates: 

• ‘Summer Days’ as passing a threshold of 25°C  

• ‘Hot Summer Days’ as passing a threshold of 30°C  

• ‘Extreme Summer Days’ as passing a threshold of 35°C  
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8.1.3 Defining extreme events based on their impacts 

Alternately, as adaptation planning is built on an understanding of risk, which is a product of 
hazard, exposure and vulnerability (Field et al., 2012; Grace et al., 2025): it is clear that it is 
also important to understand extreme events based on their impact. High impact, high 
mortality, events may not necessarily be the most unusually intense events (Philip et al., 
2020). Indeed, many of the highest impact events result from compounding hazards, where 
the individual hazards may not have exceptionally high intensity (Lee et al., 2024). 

There may be empirical definitions of extreme weather based on identifying thresholds 
linked to impacts on human life. The clearest example is the risk linked to temperature 
hazards (for a UK analysis see Gasparrini et al., 2022). For example, Masselot et al. (2023) 
have calculated empirical relative risk relationships between high and low temperatures and 
excess deaths in European cities. The threshold for increased mortality from high‐heat can 
be lower than one might expect; Public Health Scotland (2025) have used mortality data to 
identify 18.2°C as a threshold for Scotland temperature above which there is significant 
increased risk of death. 

8.2 The Generalised Extreme Value (GEV) distribution 

The use of non‐stationary GEV with some appropriate selection of covariate that captures 
wider scale climate change has been established for climate attribution of extreme events 
(Philip et al., 2020). It has further been used to project how the distribution of extreme 
events changes with human induced forcing (such as by Auld et al., 2023). 

The Generalised Extreme Value distribution (GEV) describes the distribution of the 
maximum values of a distribution in each of a series of independent blocks (Coles, 2001a). In 
ScotClimATE, the blocks are individual years, and the maxima are the most intense heat or 
rainfall events in each of those years. By selecting block maxima, we simplify the analysis 
versus selecting the peak values above a specified threshold: there is a clear relationship 
between the fitted distribution and the return period; we ensure that all extreme events are 
independent of each other; and we are able to easily include data equally from all UKCP18 
ensemble members despite large temperature differences between ensemble members. 

The process for this is: 

1. We extract extreme events from simulations and observations. 

2. We consider these with the modelled or observed annual average temperature 
in Scotland in the year when they occur. 

3. We fit an appropriate non‐stationary GEV distribution that captures how the 
statistics of the extreme events change with the annual average temperature in 
Scotland. 

4. We bias correct so that frequent present events look like observations, but 
projections at higher GWLs are informed by simulations. 

5. We test many possible resamples of the data to calculate confidence intervals for 
every result. 
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The non‐stationary GEV introduces changes in selected terms of a stationary GEV with a 
changing covariate (Coles, 2001b), such as changing climate. The stationary GEV is described 
with three parameters (see Coles, 2001a): the location describes position of its centre on an 
intensity scale; the scale describes the spread of the distribution on an intensity scale; and 
the shape describes the behaviour of the upper tail of high‐intensity events. In ScotClimATE: 
the location tells us about frequent extreme events that are expected to occur every few 
years; the scale tells us about the variability between years; and the shape tells us about 
how much more intense the rarest events are compared to the distribution of more-
frequent events. 

Depending on the value of the scale parameter, a GEV may have a defined upper limit or 
not. Auld et al. (2023) note that GEV distributions fit to extreme heat events generally have 
an upper limit, suggesting extremes above this limit are virtually impossible (Thompson et 
al. (2025) identify where this is not appropriate), whereas GEV distributions fit to extreme 
rainfall events generally do not. In ScotClimATE, we do not assume that an extreme intensity 
suggested as virtually impossible based on a GEV fit to UKCP18 data is in fact impossible – 
instead we communicate that it has an expected return time exceeding 200 years. 

8.3 Extracting information from simulations 

Introduced in Section 5, UKCP18 contains 1200 years of simulated UK weather in a wide 
range of possible climates. By identifying Scotland mainland annual average temperature as 
a covariate, we are able to use the full 1200 years data to fit suitable statistical models to 
distributions of extreme events that change with climate. Included in Appendix C is the 
relationship between the parameters of the GEV distribution and the covariate to build a 
five parameter statistical model (c, loc0, loc1, scale0, scale1). In ScotClimATE, non‐stationary 
GEV distributions are fit for every land cell in a 12km grid for extreme heat (Met Office 
Hadley Centre, 2018c), and a 5km grid for extreme rainfall (Met Office Hadley Centre, 2019). 

The twelve UKCP18 ensemble members produce a wide range of simulated climates for 
Scotland across the 1980‐2080 projection period, both in comparisons between members 
and within individual simulations. Between members, even at the same simulation years, 
there are a large range of annual mean temperatures. UKCP18 projections possess a cold 
bias for Scotland, with many simulated years colder on average than any observed years in 
HadUK‐Grid. However, the ensemble of results follow the same non‐stationary distributions 
of extreme events with Scotland climate – the physics being the same, but with different 
starting conditions between runs (Lowe et al., 2018). 

As shown in Appendix C, the large number of UKCP18 simulation years and wide range of 
simulated Scotland climates allows us to capture both the behaviour of very rare extremes 
(based on the shape and scale of parameters) and the change in the location and scale of 
the distribution with changing climate (based on the loc1 and scale1 parameters). The 
observational record alone would not have been useful for understanding possible future 
extreme hazards due the very small range of observed Scotland climates. 
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8.4 Bias correction and smoothing 

ScotClimATE is designed to visualise the statistics of extreme events in UK climate 
projections (UKCP18 Lowe et al., 2018). However, these projections contain biases. We 
apply a limited bias correction such that in ScotClimATE the intensity‐return period 
relationship of common extreme events in the present climate resemble observed common 
extreme events in the present climate. To this end, in each cell the distribution is shifted 
such that the location at the present climate is that of the fit to HadUK‐Grid observation-
based data (the loc0 parameter from the fit to HadUK‐Grid is used). Notably, we find that 
after this observation based bias correction, extreme heat events are around 2°C more 
intense in the Scottish central belt than if the statistical model had been built on UKCP18 
data alone. 

In this bias correction, we have attempted to preserve as much information on the 
variability of the highest‐intensity events between years, and the distribution of the rarest 
extreme events relative to more-frequent events, from UKCP18. Particularly for the rarest, 
highest‐intensity, events UKCP18 may offer insight into physically possible – but not 
necessarily observed yet – conditions that lead to hazardous weather. For the purpose of 
climate adaptation it is useful to exploit such hazard projections from UKCP18 (Grace et al., 
2025). 

As well as bias correction, we have applied a spatial smoothing to the statistical model fit to 
extreme rainfall projections in the CPM. The smoothing is based on a convolution with a 2D 
Gaussian kernel with σ = 10km. This is useful due to the small spatial scale of the most 
extreme rainfall events, and some unphysical processes that can occur during the CPM 
simulation (Kendon et al., 2019). In particular, it allows ScotClimATE to use information from 
nearby cells to inform projections where extreme rainfall events have been modelled or 
observed, and to fill individual cells where anomalous data exist and the statistical model 
could not be appropriately fit. 

It is worth noting that Met Office Hadley Centre (2021) suggest quantile mapping as a useful 
method for bias correction of UKCP18 data. In ScotClimATE we have opted not to use this 
method, particularly as the rare events we aim to capture may only be expected a few times 
in a century. Therefore, we might only require quantile mapping of the most extreme one in 
5000 days of data – for which we have a very small set of observations. Quantile mapping 
would become a very expensive method where we are only concerned with the statistics of 
unusual weather. 

9 The development process 
ScotClimATE was developed with funding and project supervision from CXC, and close 
communication with the Scottish Government Adaptation Team and with Scottish 
Government analysts with software expertise. Scientific supervision was provided by Prof. 
Simon Tett, the Chair of Earth System Dynamics at University of Edinburgh; with external 
quality assurance of the scientific methods reviewed at an early stage by Prof. Stuart 
Galloway of the University of Strathclyde. The project proposal to develop ScotClimATE 
extended the working team to include time for Dr David de Klerk, a research software 
engineer at the University of Edinburgh, to translate the scientific analysis underpinning 
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ScotClimATE into an interactive and user‐friendly online tool. This time was included within 
the original proposal budget specification. 

ScotClimATE has been produced through an agile development process. This process was 
proposed in order to maximise the utility of the tool for the users given the very short 
project time: three months to prototype delivery, one month of prototype testing, and 
three more months to final delivery. The agile process proposed: 

1. building a prototype version of ScotClimATE for visualising extreme heat 

2. gathering data from user testing of the prototype tool (user feedback contained 
in PSCAN User Survey 2025) and taking input from an expert steering group to 
inform further development 

3. agreeing immediate actions with the Scottish Government Adaptation Team and 
CXC to meet key milestones and to complete development 

Extreme heat was proposed for the prototype tool as a climate hazard with a clear potential 
for impact (Masselot et al., 2023) and a clear physical relationship for change with 
increasing annual mean temperatures. Three further hazards, sustained heat threshold for 
hot nights, extreme one‐day rainfall and extreme three‐day rainfall, were included based on 
insights from PSCAN user feedback and input from the Scottish Government Adaptation 
Team. 

9.1 User interaction and testing 

As discussed in Section 3, PSCAN are the intended users of ScotClimATE. Project 
development began in July 2025, with a sketch of the proposed user interface delivered to 
CXC and Scottish Government Adaptation Team in the first project meeting. In August 2025, 
project development and progress on initial development were introduced to the expert 
steering group and PSCAN. 

Insights following these early interactions were included in the prototype tool. In particular: 
a disclaimer page was added to ScotClimATE to outline the intended user purpose and to 
avoid misuse of the tool in property planning; uncertainty communication was simplified 
into calibrated language (Section 6); and data download options were added to allow users 
to further conduct their own offline analysis of projection data. 

The prototype tool was delivered to Scottish Government Adaptation Team at the end of 
September 2025. In mid‐October 2025 user testing was conducted during the PSCAN bi‐
annual meeting. Users were given a presentation overview of ScotClimATE and practical 
tutorial on how to use the prototype tool. Users were then able to test the prototype tool 
hosted online. An optional survey with corresponding participant information sheet was 
available for users to give feedback after testing. The survey was open for one week 
following the PSCAN bi‐annual meeting to allow users additional time for testing. Before the 
PSCAN bi‐annual meeting, the process including the tutorial, survey, and participant 
information sheet underwent ethical assessment and achieved approval from The University 
of Edinburgh School of GeoSciences Ethics Committee. 
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9.2 Feedback from user testing 

Fifteen PSCAN users returned surveys and consent for information from their feedback to 
be used in publications. Users were asked to rate the usefulness of the prototype tool, their 
ability to understand certain content in the tool, and the usability of the tool’s features. 
Then, users were given long answer boxes to provide insight into additional features and 
hazards that would be useful to include, as well as any additional feedback to help in the 
development of ScotClimATE. 

 

In its current form, how useful is the tool for helping you to plan for  
and assess changes in extreme heat at +2°C and +4°C respectively? 

 

 
 

Figure 4: Bar chart showing perceived usefulness of the tool (PSCAN User Survey 2025). No 
respondents selected “not at all useful” or “mostly not useful.” One selected “somewhat useful,” 

while most rated it “mostly useful” or “very useful,” each with six responses.  

 

PSCAN users provided extensive, helpful and insightful feedback that has been invaluable in 
the development of ScotClimATE. We understand that while the tool provides information 
on hazard, the users themselves are best placed to understand vulnerability and exposure 
to that hazard within their own service (Grace et al., 2025). We delivered a detailed 
synthesis of the user feedback to the Scottish Government Adaptation Team and to the 
steering group of experts. 
 

9.2.1 Usefulness and use cases 

Of 13 responses, 12 users found the prototype version of ScotClimATE either mostly or very 
useful in helping them to assess changes in extreme heat at +2°C and +4°C respectively 
(Figure 4). Users found it useful to both understand the return period of a given intensity of 
extreme heat and to project the intensity from a given return period. 
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Users provided thoughtful insights for how an understanding of return period of particular 
extreme heats can help adaptation planning for their services. Users suggest that they can 
determine an importance for preparedness to different temperatures by quantifying the 
probability of experiencing defined heat thresholds each year (the reciprocal of the return 
period). Similarly, by building the projected hazard into a risk framework – such as with a 
damage function for their own service – users might build a ranking of present and future 
risks. 

A strength of giving users access to visualisations of a whole Scotland analysis is that they 
are able to quickly see spatial distribution of how hazards present and develop. Even for 
users working within a particular Local Authority or NHS Board, they are able to identify 
other locations suitable for collaborative adaptation planning. This ability to identify where 
to share knowledge and insights may translate to a more collaborative approach to 
adaptation at the national scale. We provide a brief Scotland scale example of projecting 
return time from intensity in Section 10.1. 

 

Similarly, users can consider the frequency of risk that their service has to withstand. Users 
can use ScotClimATE to project the intensity of extreme events that is expected to be 
exceeded in particular return periods. By understanding particular temperature thresholds 
that the assets that they are responsible for are sensitive to, they can directly identify which 
assets are vulnerable in their climate scenario analysis. 

Given the four different calculations available in the prototype tool, how might 

you use it? 

“To determine how important it is for us to prepare for higher 
temperatures […]” 

“[…] assess and rank current and future risks.” 

“Go service‐by‐service in the local authority, identify critical temperatures 
& events with them and inform them how often those things are likely to 
occur. Compare return periods for risks across the country. Find other local 
authori‐ ties with similar climate risks.” 

(relevant segments of responses from PSCAN User Survey 2025) 

Given the four different calculations available in the prototype tool, how might 

you use it? 

“Intensity: this can be used to consider potential impact of hot 
temperatures on specific areas, urban and rural and especially specific […] 
assets. […]” 

“Would use this tool to assess which assets would be exposed to extreme 
events in different GWLs and return periods.” 

“[…] To determine adaptation measures.” 

(relevant segments of responses from PSCAN User Survey 2025) 
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Alternatively, for their own region, users can identify hazard thresholds they need to 
consider for different return periods that they are adapting to. This could accelerate users’ 
identification of adaptation measures they must take to prepare for increasing GWL. We 
provide a discussion of different hazard intensities at particular return periods and return 
times in Section 10.2. 

9.2.2 Understanding and usability 

Of 14 responses, 12 users agreed that they understood the purpose and caveats of the tool 
(Figure 5). However, one user identified that the disclaimer should inform users that the 
tool is for projecting meteorological hazards, not for providing information on other factors 
required to calculate risk such as vulnerability to hazards. Users expressed that further 
guidance on understanding vulnerability (beyond the scope of this project) would help them 
in adaptation planning for extreme hazards. 

Fewer users agreed that they understood how uncertainty was communicated through the 
tool. Of 14 responses, only three users strongly agreed that they understood how 
uncertainty was communicated. Indeed, the tool itself provided very little information on 
how uncertainty was defined or communicated. One user communicated that they had a 
statistics background so found the presentation that contained a description of how 
confidence intervals were calculated easy follow. Communicating the processes of 
uncertainty calculation requires technical information that is likely unfamiliar to most of the 
tool’s users (we provide a description here in Appendix D). 

 

 

Figure 5: Horizontal stacked bar chart showing survey responses (0–14 respondents) to four 
statements about the tool. Most respondents agree or strongly agree that the tool is easy to use and 
that sliders are easy to use. More mixed responses are shown for understanding uncertainty and the 

tool’s purpose and caveats (PSCAN User Survey 2025). 
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In ScotClimATE, confidence intervals indicate the distribution of possible fits to results given 
that the tool is built only for visualising UKCP18 projections. In rigorous weather attribution 
studies it is important to undergo formal model validation and to use as many lines of 
evidence as possible (see Otto et al., 2024; Thompson et al., 2025). In designing 
ScotClimATE, we accept that UKCP18 currently provides the most applicable and well‐
understood set of UK projections useful for adaptation purposes (Grace et al., 2025; Lowe et 
al., 2018). To these ends, narrow confidence intervals indicate where projections are well 
constrained within our methodology, whereas wide confidence intervals indicate poorly 
constrained projections. The projection from GWL to ScotClimATE is a major source of 
uncertainty in any projection (Section 8). 

In all 14 responses, users agreed that the map was easy to use. Users suggested additional 
functionality for the map interface, including: postcode location search; the ability to add a 
‘pin’ to a particular location to compile multiple hazards with similar functionality to the 
LACS “Generate Report” feature (Met Office, 2024a); and the ability to view other 
geographic information such as river basins and topography. 

Similarly, there was high agreement that the slider to set GWL was easy to use. However, 
one user was not able to slide them. This could have been from computation limitations 
because the prototype version of the online tool had not been fully optimised for many 
users to access it, or because the user’s device or web browser did not allow that 
functionality. Users highlighted that while the description of GWL was useful, they wanted 
to understand how this relates to representative concentration pathways (RCPs) (described 
by van Vuuren et al., 2011). We have elaborated on the strength of analysing projected 
hazards based on ScotClimATE as a function of GWL in Sections 3, 7 and 8. Even between 
UKCP18 ensemble members there is a wide range of Scotland climates at the same years 
with the same RCP. Users can consult IPCC reporting on how GWL is projected to change 
with time in different Shared Socio‐economic Pathways (such as in IPCC, 2021, Figure 
SPM.8). 

Many users provided helpful insights for how the language in the prototype tool needed to 
be revised to improve its usability. Users preferred clearer explanation for the parameters 
they were setting and less use of technical terminology. 

9.3 Additional features 

Following user testing, a second development cycle updated the prototype tool into the 
delivered version of ScotClimATE. Based on the user feedback, project team suggestions and 
Scottish Government Adaptation Team needs a prioritisation of the remaining work was 
agreed following the agile development process. Actions were prioritised and agreed. 

The first priority was a language review with a focus on building clarity and user 
understanding. For example, based on user feedback, explanation for the return period of 
hazards was included in terms of the ‘1 in x year event’, and when projecting from the 
intensity of hazards the description of the slider and the information in the description 
boxes were designed to change to repeat the definition of the hazard. The interface in the 
control panel was also slightly re‐ordered to improve the usability based on user 
suggestions. 
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Next, three additional hazards for sustained heat and for rainfall were analysed and 
included in ScotClimATE (details of the selection process for these hazards are included in 
Section 9.4). Optimising the web tool, debugging and additional map functionality were also 
prioritised. 

A number of user‐suggested features were rejected from inclusion. The ability for users to 
upload other datasets to analyse posed significant security concerns. Additionally, there 
would be significant software overheads in order to control and validate that users were 
uploading appropriate files and to build any system that would allow users to conduct their 
desired operations beyond the delivered scope of ScotClimATE. Similarly, we are unable to 
build the functionality to allow users to upload their own shapefile to define data 
downloads. Instead, ScotClimATE allows users to download netCDF4 data, which can be 
uploaded directly into certain geographic information system platforms such as ArcGIS (Esri, 
2025). 

Other functionality included deeper analysis of confidence intervals. This is likely not useful 
for the general user as confidence intervals in ScotClimATE are not based on a full 
assessment of multiple lines of evidence. However, the downloadable data from the tool 
includes a number of quantiles that can be used for a deeper analysis of the fitting 
uncertainty. For example, advanced users will be able to analyse the 95% confidence 
interval (such as in Section 10). 

Some users suggested further scientific analysis that would assist adaptation planning in 
Scotland. Generally, these involved understanding compound hazards, such as drought 
followed by rainfall and interpreting results at higher resolution than the underlying data. 
Other suggestions included decoding the impact contribution from different factors, such as 
from urban heat islands. These suggestions provided useful insight into user needs but were 
beyond the scope of ScotClimATE so have not been included in the tool. 

9.4 Additional hazards 

Users suggested a wide variety of other hazards that could be included in the prototype 
tool. We have synthesised these into five categories: temperature hazards, rainfall hazards, 
lack of rainfall hazards, coastal hazards and other hazards. Within these categories, analyses 
of individual hazards were determined to be: doable within the current workflow; 
potentially possible with a different work flow; already provided by LACS; or not possible in 
this project/requiring new theory or data. 

There was a methodological problem in the survey where users were asked to comment on 
‘other climate hazards’ after testing a prototype for visualising extreme heat. This resulted 
in very few responses for more heat hazards. However, between the project team and the 
Scottish Government Adaptation Team, it was decided that 3‐day sustained heat threshold 
for hot nights was a useful hazard to include for its relation to health impacts, especially 
following Public Health Scotland (2025) publishing analysis of Scotland heat mortality data.  

This hazard was analysed as block maxima in the same framework as extreme heat; 
sustained heat threshold can be defined as the annual maximum 3‐day minimum 
temperature. A related hazard in LACS is the annual count of nights warmer than 20°C . 
However, this threshold is generally inappropriate for understanding hot nights in Scotland 
where this threshold is generally not experienced even once per year. By analysing this 
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hazard from an extreme value perspective, we are able to understand the most challenging 
rare events. 

Users did not suggest hazards related to minimum temperatures. It is possible to conduct a 
similar analysis to extreme heat, but for a threshold of extreme lowest temperatures. LACS 
provides projections of annual minimum temperatures. Three users suggested it would be 
useful to visualise projections of heat at lower thresholds than are included in the tool, such 
as 25°C. This would be inappropriate to include as in many places these temperatures are 
expected multiple times per year already, so cannot be analysed as rare extreme events. As 
mentioned in Section 5, LACS already provides projections of the expected number of days 
exceeding 25, 30 and 35°C heat per year.  

Ten users identified that 1‐day maximum precipitation should be included in ScotClimATE. 
As well as this, two users identified sustained precipitation. We agreed with the Scottish 
Government Adaptation Team that we would include 1‐day and 3‐day maximum 
precipitation. Both of these were suitable for extreme value analysis using the UKCP18 CPM 
data Met Office Hadley Centre (2019). Three users suggested changes in seasonal rainfall, 
which are already available in LACS and do not follow an extreme value distribution. Three 
users suggested including extreme flooding projections which are not provided in 
ScotClimATE. Users should instead use the SEPA Flood Maps tool and SEPA Climate Change 
Allowances Guidance to understand these. 

Three users suggested lack of rainfall hazards. These could be understood in future analyses 
based on changes in standard precipitation indices for different lengths of drought. LACS 
currently provides summer and winter precipitation changes versus a 1981‐2000 baseline. 

Three user responses related to changing sea level and extreme maximum storm surge 
height. Met Office Hadley Centre (2018a) provide guidance on how storm surge projections 
can be derived from UKCP18 data. Changes in storm surge height arise from changes in the 
mean sea level, which is projected to increase with time, and the distribution of storm surge 
anomalies around this mean level. 

Other hazards related more directly to impacts, such as projected erosion rates, and 
changes to growing periods (counts of growing degree days per year are provided by LACS). 
Five users suggested the tool should include changes to maximum gust speeds. Making 
projections of future storminess remains a major challenge. In particular, this requires new 
understanding of changes in future North Atlantic storm counts and trajectories (Section 4). 

10 How to use the tool 
This section provides a brief tutorial for how to produce and interpret results in 
ScotClimATE. We provide examples of possible uses of the tool. Figures 6, 7, 8, 9 and 10 
demonstrate a range of possible outputs from the tool. In each multi‐panel figure, the rows 
show projections at different GWLs, while the columns indicate the central estimate of the 
projection and the 95% confidence interval. The lower 2.5% quantile is the threshold below 
which lie the lower 1‐in‐40 results, while the upper 97.5% quantile is the threshold above 
which lie the upper 1‐in‐40 results. Each of these figures can be produced by downloading 
output data from the final version of ScotClimATE. 
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Figure 6: How often 30°C heat is expected to be exceeded at +1°C, +2°C and +4°C warming (rows). 
Columns show central estimates between a lower 2.5% and upper 97.5% confidence bounds of the 
results. Darker shading means shorter return times. The panels show that 30°C heat becomes much 

more frequent at GWL of +2 and again at +4°C warming than in the recent past. 
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Figure 7:  The return time of sustained heat above a threshold of 18.2°C heat at GWL of +2 and +4°C 
in ScotClimATE (top row, bottom row). Columns show the central estimate, and lower and upper 

bounds of the 95% confidence interval (middle, left and right). This shows that 3-day sustained heat 
above 18.2°C is expected multiple times in 100 years in Southern and Western coastal regions at 

+4°C. 
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Figure 8: The hottest temperature threshold expected to be exceeded in 50 years at a GWL of +1°C 
in ScotClimATE. In the central belt, extreme heat between 31 and 35°C is expected. Columns show 
the central estimate, and lower and upper bounds of the 95% confidence interval (middle, left and 

right). 

 

10.1 When we know a threshold that our service is sensitive to 

When using ScotClimATE to help adaptation planning in the public sector, users can first 
consider the particular vulnerability of assets in their service to identify the thresholds of 

hazards that those assets are sensitive to. Extreme events pose particular challenges for 
risks with non‐linear damage functions, or relative risks that increase rapidly beyond a 
particular weather intensity. An example of this would be the ‘J‐shaped’ heat mortality 
curves, where relative risk increases quickly for heat above a minimum mortality 
temperature (Gasparrini et al., 2022; Masselot et al., 2023; Public Health Scotland, 2025). 

Supposing a user has identified a particular vulnerability at 30°C, they can produce a series 
of projections of the return period of that heat. This is shown in Figure 6. In the recent 
reference period, GWL of +1°C, this heat was expected for 1 in every 10 to 50 years in 
Central and North East Scotland, but much more frequently in the Tweed valley and along 
the Solway Firth where 30°C heat is expected in a comparable number of years as it is in 
northern England. This heat was expected in fewer than 1 in 50 years in the outlying islands 
of Shetland, Orkney and the Outer Hebrides. 

At a GWL of +2°C, 30°C is expected every 2‐5 years around Glasgow. Projections like this are 
at the limit of the usefulness of ScotClimATE. Where a high temperature is expected this 
frequently it is more appropriate to use LACS to analyse the projected count of days at this 
temperature per year. At a GWL of +4○, many areas in central Scotland should expect to see 
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at least one instance of 30°C heat most years. At this projection, 30°C heat is expected for 
more than 1 in every 25 years throughout mainland Highland. 

Public Health Scotland (2025) has identified a significant impact on mortality of Scotland 
heat above a threshold of 18.2°C. Using ScotClimATE, we can interrogate where this heat 
threshold may be sustained over three days. At a GWL of +2°C this is unlikely anywhere, 
perhaps occurring only a handful of times in a century in Glasgow and in the Tyneside 
conurbation, England. However, this sustained heat is projected to be much more-frequent 
at a GWL of +4°C. Likely mediated by summer sea surface temperatures, this sustained heat 
becomes more likely around coastal regions at the higher GWL. In the central estimate, 
around Glasgow, this may occur during more than 1 in every 10 years. 

10.2 When we have a defined frequency of a hazard that we need 
to be resilient to 

ScotClimATE can be used for visualising the intensity of hazards expected with an identified 
frequency. The tool is most useful for understanding hazards that may occur a few times in 
a century. Figure 8 shows the hottest temperature expected to be exceeded only once in 50 
years in the recent climate. These temperatures correspond with some of the hottest 
recorded temperatures in Scotland, such as during the July 2022 heatwave where heat 
exceeding 35°C was observed in the Scottish Borders (STV News, 2022; Met Office, 2026). 

10.3 When we want to understand changes in hazards 

The tool also allows users to visualise changes in extreme events. This is particularly useful 
when users want to understand the additional stress on a service from an extreme event 
due to global warming. This is shown for the 1‐in‐50 year threshold in Figure 9. At a GWL of 
+2°C this is 0 to 3°C higher than at +1°C. This projection suggests additional heat stress 
during rare extremes. 

Then, at GWL of +4°C, the projected increase in this unusually high heat is 3 to 6○ across 
most of Scotland, with greater increases in eastern regions than in western regions. This is a 
substantial increase in hazardous temperature. This highlights an important message for 
climate adaptation in Scotland. While Scotland average temperature is expected to increase 
slower than the global average temperature (Section 7), the infrequent hottest days 
increase in temperature faster than the global average temperature. 
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Figure 9: The change between different GWLs in the threshold of the hottest temperature expected 

to be exceeded in the 50-year return time in ScotClimATE. The top row shows the change at +2°C 
from +1°C and the bottom row shows the change at +4°C from +1°C. Columns show central 

estimates between a lower 2.5% and upper 97.5% confidence bounds of the results.  

 

Figure 10 shows projected changes in the 1 in 100 year 3‐day sustained rainfall at GWLs of 
+2°C and +4°C versus the recent climate. Mostly, these increases are projected at around 3 
to 5% per ○C change in GWL. In Aberdeenshire, some fits even project a decrease in 
extreme precipitation. However, the greatest increases in extreme sustained precipitation 
generally correspond with the wettest areas across western and elevated areas. 
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Figure 10: The change between different GWLs in the threshold of the most rainfall accumulated 
over three days in a 100-year return time in ScotClimATE. The top row shows the change at +2°C 

from +1°C and the bottom row shows the change at +4°C from +1°. Columns show the central 
estimate, and lower and upper bounds of the 95% confidence interval (middle, left and right). Note, 

the Shetland Islands lie too close to the edge of the UKCP18 CPM domain (Kendon et al., 2019).  

  

11 Conclusions 
Extreme weather events are challenging to adapt to. Our analysis shows that in Scotland, 
extreme heat and rainfall will become more hazardous in a warming world. For exposed 
people, services and assets, risks from these hazards will increase unless adaptation 
measures are taken to reduce their vulnerability. 

ScotClimATE adds to a growing set of online tools that public bodies can use to inform 
climate scenario analysis for adaptation planning. They can use SEPA Flood Maps to visualise 
flooding projections, the Local Authority Climate Service to visualise chronic and frequent 
hazards, and ScotClimATE to visualise unusual extreme events. In building ScotClimATE, the 
team have provided insights into how Scotland’s average temperature will warm with 
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different global warming levels, and how the hottest and wettest days are likely to change 
aligned with GWLs. 

In October 2025, users responded that the prototype version of ScotClimATE was useful for 
assessing changes in extreme heat. They generally agreed that its features were 
understandable and easy to use. Since then, we have drawn on their user feedback, input 
from the Scottish Government Adaptation Group and from a steering group of experts to 
improve the usability of the final tool and include projections of additional hazards useful in 
adaptation planning. 

11.1 Suggested future development of ScotClimATE 

A review at 12 to 24 months after launch could help users gain the most value from the tool. 
The review should gather feedback on how users engage with the tool, what has worked 
well, and where they have faced challenges. By learning from both successes and 
difficulties, the Scottish Government could better understand public sector needs for 
climate adaptation guidance and identify practical improvements to ScotClimATE. 

The project behind ScotClimATE has translated insights from scientific research into a tool 
that public bodies can use to understand extreme weather events. Section 9 explains how 
the tool helps users identify climate hazards that are shared across different areas of 
Scotland. This can encourage collaboration and knowledge sharing between organisations 
about how to manage climate hazards and risk. 

ScotClimATE could be developed into an educational resource beyond the framework of 
climate scenario analysis. The interface and visualisations are designed to be accessible by 
non‐specialists, and the projections it provides are of wider public interest than the 
identified PSCAN user base. 

An objective of SNAP3 is that Scotland should be ‘a global hub for adaptation research,’ 
(Scottish Government, 2024). To this end, the Scottish Government identifies the need for 
international collaboration and knowledge exchange for the success of its education and 
research institutions. The methodology behind the scientific analysis of ScotClimATE is ready 
to be applied to other UK and to international case studies. Similar tools for other UK 
regions can use the same datasets, but regional climate would need to be suitably defined 
for each region. 

The knowledge gained from developing and testing the online tool with users provides a 
framework for communicating climate science in a user-centred way. By sharing knowledge 
of projected climate hazards and adaptation measures internationally, researchers and 
public bodies could further progress adaptation efforts and deepen understanding of the 
shared challenge posed by climate change. 

11.2 Outstanding questions 

As we have highlighted in this report, the analysis in ScotClimATE is built only on a small 
number of underlying datasets. A more robust analysis of extreme events in Scotland should 
be built on many lines of evidence, as is done in robust attribution studies such as Otto et 
al., 2024; Philip et al., 2020; and Thompson et al., 2025. ScotClimATE was developed to meet 
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an immediate practical need with a short delivery timescale. As a result, the depth of 
analysis possible was limited. 
 
This means that ScotClimATE does not account for some aspects of hazards that have been 
identified in other studies. For instance, a potential collapse of South to North heat 
transport in the North Atlantic Ocean with increasing global temperatures. This is 
considered a low‐probability but high‐impact risk for Scotland (CCC, 2021, IPCC, 2023). Less 
ocean heat transport to UK waters could lead to a cooling climate in Scotland (Jackson et al., 
2015). However, based on the range of possible fits to UKCP18 projections, this is virtually 
impossible in ScotClimATE, where Scotland average temperature is assumed to warm at a 
rate of 0.83 ± 0.10°C per °C increase in GWL. 

New research is needed to quantify and project the possible – albeit low‐probability – 
hazard of cooling in Scotland. It may also be possible to make better use of existing scientific 
practice and expertise in Scotland. For example, a communication tool that visualises 
ongoing monitoring of the circulation in the North Atlantic (for example, Fox et al., 2025) 
may provide insight into the development of this hazard. 

The analysis behind ScotClimATE provides insight into the statistics of extreme weather in 
Scotland. Further research and improvements to the statistical method could narrow the 
range of projections the tool offers. However, variation in how much Scotland’s 
temperatures may warm is likely to remain a major source of uncertainty.  

The online tool is designed for a very specific purpose, but the framework that has been 
developed for visualising results is generic enough to incorporate other hazards and 
datasets using the same approach. We do not recommend repeating the analysis of the 
hazards provided in ScotClimATE during the lifetime of UKCP18 as it would not be useful – 
even as more observation data become available. Instead, the tool could be expanded to 
include other hazards as appropriate data is released. This could include projections of 
extreme storminess when high resolution projections of storm tracks become available, 
such as from the ongoing CANARI project. 
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13 Appendices 

Appendix A A Process overview of how data are used in ScotClimATE 

 
Figure 11: A diagram indicating which tool users can use to find projections for different hazards in Scotland.
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Appendix B A model for Scotland climate with global warming 
level 

 

 
Figure 12 The histogram in the left panel compares the GWL in the 2000 to 2020 reference period 

with the pre‐industrial baseline. Plotted are the number of HadCRUT5 (Morice et al., 2021) ensemble 
members in each 0.01°C bins. The histogram in the right panel shows estimates of the Scotland 

average temperature in the 2000 to 2020 reference period from 12km HadUK‐Grid data (Hollis et al., 
2018). Plotted are the number of bootstraps of average temperature resampled from annual 
averages over the reference period in 0.001○C bins. In each plot a normal distribution is fit to 
ensemble members (left) and bootstraps (right). The mean, µ, and standard deviation, σ, are 

reported for these fitted distributions. 

 
Following Equation 1, the central estimate of Scotland mean temperature can be expressed 
as 

                                          

TS(TG)= TS0+α(TG- TG0)                              

(2) 

where TS0, α and TG0 are the mean values of the Gaussian distributions fit to the histograms 
of the three parameters in Figures 12 and 13(right). Additionally, the standard deviation of 

the estimate of Scotland annual mean temperature at different GWL, σTS (TG), can be 

expressed with the standard deviation of each of the Gaussian fits to the histograms of 

parameter estimates. The distribution of α being fit to the histogram of gradients of the 
bootstraps in Figure 13. The equation for the standard deviation of the probability 
distribution of estimate of TS is ∶ 

                                          

σTS(TG)
2 =σTS

2 +(TG- TG0)
2
σα

2+α
2
σTG0

2                       (3) 
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Values for the mean fit and standard deviation of each parameter are provided in Table 4.  

 

 
 

Figure 13: The left panel shows a scatter plot of the annual mean Scotland temperature in UKCP18 
RCM ensemble members (Met Office Hadley Centre, 2018c) (colours) versus the respective global 

surface temperature in UKCP18 GCM simulations (Met Office Hadley Centre, 2018b). For each 
scatter, a linear best fit is made, with shading indicating the 95% confidence interval from 1000 

bootstraps. The right panel shows a stacked histogram of the gradient of each bootstrap in the left 
panel; the coloured elements count the number of bootstrapped change in Scotland temperature 

per degree change in global temperature in 0.005°C bins. 

 
 

Appendix C Fitting statistical models of extreme events 

Relationships between the location parameter and underlying climate are based on physical 

assumptions. For extreme heat, we have assumed that the hottest temperature each year 

changes linearly with Scotland average temperature, 

locationheat=loc0+ loc1⋅ TS
'         

                                (4) 
 

where T ′ is the Scotland mainland average temperature anomaly from approximate present day 
conditions, T ′ ≡ TS − 8○C. Extreme rainfall events are assumed to follow the Clausius‐Clapeyron 
relation, scaling exponentially with increased Scotland average temperature, 
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locationrainfall= exp(loc0+ loc1⋅ TS
')                                 

(5) 
 

In both cases, the scale parameter must be positive and a standard practice is used with the 
scale parameter scaling exponentially with the covariate, 

                                             

scale= exp(scale0+ scale1⋅ TS
')                                                       

(6)  
 

When fitting such statistical models, the parameters tend to not be independent – with 
bootstrapping, repeating the fitting procedure to random resamples with replacement of 
the data, we have quantified the correlation between the different parameters (not 
included in this report). As such, for each fit, the shape is stationary. In ScotClimATE, shape ≡ 
−c following the convention used in the SciPy stats module (SciPy Community, 2011). For 
each fit, the five parameters c, loc0, loc1, scale0, scale1 are found by maximising the 
likelihood of the distribution describing them.  

Figure 14 provides examples of non‐stationary GEV distributions fit to extreme heat versus 
Scotland average temperature. The changing probability of extreme heat being exceeded at 
different Scotland average temperature values can be expressed as lines intersecting the 
scattered data. For 1200 years of UKCP18 data, we see that half of the points lie above the 
one in 2-year line, but about one‐hundredth of the points lie above the one in 100 year line. 
In the left panel are fewer than 100 years of observation data, so the one in 100 year line is 
understood as an extrapolation of the underlying distribution.  

The fits in Figure 14 illustrate how the changing location and scale of extreme events can be 
found using the wide range of UKCP18 simulated climate compared with the narrow range 
of observed climate in Scotland. 
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Figure 14: Examples of the central estimate of non‐stationary GEV fit to the hottest temperature 
each year in UKCP18 projections (left) and HadUK‐Grid data (right). Grey shading shows the range of 
Scotland climate identified for the 2000‐2020 reference period in Figure 3. 
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Appendix D Calculating fitting uncertainty 

For any result in Scotland ClimATE there are ten parameters, two user set parameters and 
eight fitted parameters. Namely, the user sets a GWL and a return time or intensity 
threshold. There are three fitted parameters that map from GWL to Scotland average 
temperature and five that describe the statistical distribution of extreme events with 
changing Scotland climate. 
 
We have used non‐parametric bootstrapping – resampling with replacement – to identify 
distributions of possible fits of the underlying data. The first three fitted parameters for 
Scotland climate are independent of each other and carry their own uncertainty (Section 7). 
These closely follow Normal distributions (Figures 3 and 12). 
 
The five parameters of the statistical distribution may have covariance with each other. This 
is described with a covariance matrix (Appendix C). Therefore, on top of the ten parameters, 
the uncertainty is calculated using another three values of standard deviation and a 5×5 
covariance matrix. 
 
There are different methods for extracting confidence intervals from these. An analytical 
method can be implemented using the delta method. However, due to the short 
development time of this project, and the adaptability where different components 
interface, we have calculated confidence intervals numerically. 
 
One thousand random variates are generated for each set of the eight fitted parameters. 
Then, for each choice of user set parameters, there are one thousand possible results fit 
from all parameters. Confidence intervals correspond with the quantiles of those results 
ordered by value. 
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