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Executive Summary 
 
 
Introduction to the MONARCH project 
 
MONARCH (Modelling Natural Resource Responses To Climate Change) is a phased investigation 
into the impacts of climate change on the nature conservation resources of Britain and Ireland. It is an 
important step towards understanding the complex interactions between climate change, species and 
habitats. The first phase of MONARCH developed a modelling technique that predicts areas of 
suitable climate for species at a 10-kilometre square resolution, and provides a guide to the future 
distribution of a species within Britain and Ireland.  MONARCH 2 sought to develop this approach at 
the local and regional scale, downscaling the model to a 1-kilometre square resolution within areas of 
up to 2,500 square kilometres. The original species climate-space modelling approach was expanded 
to consider the role of land cover in influencing species’ distributions, the ability of species to 
disperse in response to climatic and land cover changes, and also the potential effect of these 
responses on the structure and function of ecosystems.  
 
This downscaled and expanded methodology was tested within case study areas chosen for their 
sensitivity to climate change, importance for nature conservation, geographical spread across Britain 
and Ireland and data availability.  The four case study areas selected were Hampshire, Central 
Highlands, Snowdonia and a cross-border area around Cuilcagh/Pettigo in Ireland. 
 
 
The MONARCH 2 methodology 
 
The MONARCH 2 methodology followed five stages: 

1. Relevant data sets on observed species’ distributions, climate, soil, land cover and statutory 
conservation sites were obtained at multiple scales and incorporated into a geographical 
information system (GIS). 

2. Four case study areas were selected for testing models of species’ distribution and dispersal at 
the local scale.  This involved the identification of climatically sensitive areas using the 
bioclimatic classification developed in MONARCH 1 and the identification of key habitats and 
species of conservation interest within them. 

3. Four or five species within each of two key habitats were selected per case study in conjunction 
with local stakeholders (except the Irish study which concentrated solely on peatland).  The 
species selection process ensured the inclusion of a range of interacting dominant, rare and 
recruitment species. 

4. Models for simulating the response of species’ distributions and dispersal to climate and land 
cover change at the landscape scale were developed for application in terrestrial environments.  
For the coastal environment, the models that predict the effect of habitat change resulting from 
sea-level rise (previously developed under MONARCH 1) and those that predict the effect of 
winter weather on the redistribution of waterbirds were integrated. 

5. The species distribution models were run under a range of future climate and land cover change 
scenarios.  Species dispersal and community impact models were developed to assess species’ 
movements into and out of the selected habitats and to determine potential implications for 
species composition of the communities. 

 
Four climate change scenarios for Britain and Ireland have been developed for three time slices on 
behalf of the UK Climate Impacts Programme (UKCIP), the latest, published in 2002, known as the 
UKCIP02 scenarios.  In MONARCH 1 the UKCIP98 scenarios were used as an input to the 
modelling. In MONARCH 2 the more recent UKCIP02 scenarios have been adopted, focusing on the 
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scenarios for the 2020s and 2050s. The Low and High emissions scenarios were used in MONARCH 
2 to capture the range of potential outcomes of future greenhouse gas emissions on British and Irish 
climate.  The UKCIP02 scenarios are based on a single climate model, the Hadley Centre Regional 
Climate Model (HadRM3). 
 
 
Bioclimatic classification 
 
The bioclimatic classification, originally developed in MONARCH 1, was revised using the 
UKCIP02 2050s High scenario to highlight geographical areas where the bioclimate would change 
most by 2050. These areas sensitive to climate change were combined with data on areas of nature 
conservation importance to select four case study areas for use in testing the MONARCH 2 
methodology.  The bioclimatic classification results showed that: 

• Within Britain and Ireland, 42% of the land area was predicted to have a future bioclimate 
unlike any current bioclimate classification category for Britain or Ireland. In Britain, 
Snowdonia, Sussex, Kent, the South Essex coast, Lanarkshire, mid-west coastal Scotland and 
the western Grampians showed the greatest difference in bioclimate between the baseline 
classification and the 2050s High climate change scenario.  In Ireland, Fermanagh, Galway and 
Connemara showed patterns of bioclimate that differed greatly from that presently experienced 
across the region. This culminated in the selection of four case study areas in regions where 
bioclimate was predicted to be outside the current bioclimate classification and where there 
were habitats of high conservation interest.  

• In each case study area, the effects of the 2050s Low and High emissions scenarios were 
examined using the 5-kilometre square UKCIP02 data.  Classification at this finer resolution 
highlighted differences between the two UKCIP baseline climate datasets that were particularly 
apparent in the upland case study areas, in that a number of the squares classified using the 
UKCIP02 baseline, did not fit into the UKCIP98 baseline classification.  These differences may 
reflect the lower number of stations and different interpolation routine used in the UKCIP98 
dataset. 

 
 
Species’ distribution and dispersal modelling 
 
Four models were tested in each of the four case study areas to assess the impacts of climate and land 
cover change on species’ distributions.   

1. The SPECIES model, developed in MONARCH 1, was used to simulate changes in the 
potential climate space of species at a 5-kilometre square resolution and provide a guide to 
future species distribution at the Britain and Ireland scale.  

2. The SPECIES model was developed further in MONARCH 2 for use within the case study 
areas. It was downscaled to operate at a 1-kilometre square resolution and forecast changes in a 
species’ climate space (and suitable land cover) at the local to regional scale.  

3. A land cover model was developed to create scenarios of land cover change consistent with the 
UKCIP02 climate change scenarios to refine the species distribution forecasts.  

4. A species dispersal model was developed to investigate the ability of species to track changes in 
their potential distributions under the climate and land cover change scenarios.   
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Results from testing the models in the four case study areas showed that: 

• The climatic sensitivity of the case study areas was not always reflected in the predictions from 
the SPECIES model.  This may be because the dominant and relatively robust species selected 
to characterise the habitats are widespread with no range margins in or near the case study 
areas. 

• While widespread and dominant species are predicted to continue to find suitable climate space 
in the future within the case study areas, losses in climate space for some dominant species are 
forecast for East Anglia and Central England. The northern range margins of species were 
projected to move northwards, while southern margins retreated in response to climate change. 

• The addition of land cover in the downscaled SPECIES model improved the simulation of 
current species’ distributions at the national scale generally, by constraining the simulated 
current suitable climate space.  This also caused the response of the species’ distribution to 
climate change to be suppressed in some predictions when compared with outputs from the 
original SPECIES model.   

• The land cover change model was most successful in simulating the current distributions of 
particular land cover classes where climate and soil conditions provided strong restrictions on 
their locations (e.g. peat or calcareous based land covers).  Results for land covers, such as 
broad-leaved mixed woodland and inland marshes in Ireland, where their presence reflects the 
strong influence of management on their current locations, were generally poor.   

• The dispersal model successfully simulated a range of dispersal abilities for species, with trees 
showing little expansion due to their long time to reproductive maturity, while species with long 
distance dispersal capabilities and high mean and/or maximum dispersal distance showed the 
greatest rates of expansion.  However, there is a shortfall on accurate data required for the 
dispersal model and the effect of this upon model predictions has not been assessed. 

 
• Generally, species showed limited dispersal rates that are inadequate to match the predicted 

changes in their suitable space.  A few species, however, may be able to track changing climate 
within the case study areas.   

  
 
Modelling the implications for the composition of species communities 
 
The SPECIES and dispersal modelling identified which species would potentially move into or out of 
a habitat, thus providing the inputs into the Arriver and Leaver conceptual models. Results from 
testing these two models in the four case study areas showed that: 

• The models provided a mechanism for assessing the impact of species’ movement on ecosystem 
structure and function. For example, hawfinch (Coccothraustes coccothraustes) may decline in 
Hampshire due to loss of suitable environmental space.  However, due to niche overlap with 
other species, a decline or loss of hawfinch from the beech hanger habitat may have only a 
small impact on the species composition and structure of this habitat.  In contrast, yellow-
necked mouse (Apodemus flavicollis) is predicted to become more widespread within the beech 
hangers and more widely in Hampshire by colonising new woodlands.   

• In situations where species already present in a habitat gain climate space in a case study area, 
there could be a change in their position in the community. This is illustrated by bracken 
(Pteridium aquilinum) and western gorse (Ulex gallii) in the montane/upland heath habitat of 
Snowdonia. The downscaled SPECIES model predicts that these species may spread and 
threaten to occupy habitat at higher altitudes where montane species of nature conservation 
interest are currently important. 
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Waterbirds and coastal habitats 
 
Two models were used to predict the effects of climate change and sea level rise on the distribution 
and numbers of over-wintering waterbirds in Britain and Ireland. The modelling approach was 
assessed using the estuaries of the Suffolk coastline and then applied in the Hampshire case study 
area. Results showed that: 

• Average minimum temperatures on the muddy estuaries of the east coast were found to explain 
a proportion of the variation in the distribution of six of the seven species considered.  This 
supports the hypothesis that changes in weather patterns over the past three decades have 
resulted in a broad scale redistribution of waders over-wintering in Britain from western coastal 
estuaries to those on the east coast.  

• Sea-level rise was simulated to have little impact on waterbird numbers in the estuaries studied 
because the coast is protected by hard defences, which are likely to be maintained.  Thus, there 
will be no substantial re-alignment of the estuary extents and consequentially the values of the 
morphological variables used by those models were largely unchanged under future scenarios. 

• The models examining the impacts of sea level rises and changes in winter temperatures (under 
the various UKCIP02 scenarios) showed that the estuaries of the Suffolk and Hampshire 
coastlines should retain the capacity to hold numbers of waders similar to those at present. 

 
 
Model limitations and assumptions 
 
MONARCH 2 models have been developed to help guide those involved in nature conservation 
policy and practice to appreciate the potential effects of climate change on species and their 
communities.   Nonetheless, model predictions should be interpreted with due caution and should be 
viewed as first approximations indicating the potential magnitude and broad pattern of future impacts, 
rather than as accurate simulations of future species’ distributions.  There are important limitations to 
the predictive capacity of the simulation models used in MONARCH 2 including: 

• The MONARCH 2 modelling framework has been designed to take best advantage of the 
available data at different spatial resolutions.  However, the project identified some serious 
shortfalls in available data of observed species’ distributions for Europe and the case study 
areas.  Base errors arising from data limitations are therefore unavoidable.  Data reliability was 
also an issue with the Land Cover Map 2000, while data compatibility issues occurred in the 
British and Irish climate and soils data, as well as between the UKCIP 1998 and 2002 scenarios, 
and the Land Cover Map 2000 and Phase 1 Habitat Survey.   

• The MONARCH 2 methodology also assumed that land cover is a suitable surrogate for habitat 
availability. The model of land cover change only took account of the impact of climatic factors 
on the distribution of land cover classes.  It did not consider any economic or social drivers that 
may affect the location or management of such land cover types.  It also assumed that land 
cover types excluded from the analysis are not significantly affected by climate change.  The 
land cover change model and the bioclimatic classification were developed using data for only 
Britain and Ireland.  There is a need to extend the range of climatic conditions over which both 
models were trained using European data in order to capture the full range of conditions that 
may exist in the future. 

• Biotic interactions between species, such as competition, predation and symbiosis with other 
species, were not considered in the models of species’ distribution.  Applying these models at 
the Britain and Ireland scale, where climatic influences on species’ distributions are shown to be 
dominant, can minimize the impact of biotic interactions.  
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• The models only examine the impacts of averaged climatic changes. The increased frequency 
and magnitude of extreme events such as droughts or storms may have significant impacts on 
species’ distributions that MONARCH is unable to fully take into account.  

 

• Predicting adaptive changes by species in response to climate change has not been accounted 
for within the MONARCH 2 modelling framework.  Thus, model predictions can be viewed 
with greater confidence for species not expected to undergo significant evolutionary change 
over the next 50 years.   

• The Arriver/Leaver models are currently limited in that they only assess changes in species 
composition and are often data limited.  This species’ interaction approach is not a direct 
measure of ecosystem function, like productivity, but it can inform on possible shifts or changes 
of community and ecosystem function.   

 
 
Case study areas 
  
The conclusions drawn from the modelling outputs for the four case study areas are summarised 
below.  These should be interpreted within context of the limitations and assumptions of modelling at 
this local scale that MONARCH 2 has identified. 
 
Hampshire  
 
1. Hampshire is predicted to experience bioclimatic conditions more akin to those of continental 

Europe by the 2050s.   
 
2. Despite this climatic change, the modelling suggests that the selected wet heath and beech 

hanger species will show little response to climate change. Suitable climate space is predicted to 
remain in Hampshire for the modelled Beech Hanger and wet heathland plants, although there is 
likely to be some loss for hawfinch and curlew (Numenius arquata). 

 
3. In terms of land cover, grassland shows a large reduction in extent across southern England, 

including Hampshire under future climate change scenarios.   
 
4. The dispersal model shows a limited extension in range for beech (Fagus sylvatica) and ash 

(Fraxinus excelsior) due to a combination of the relatively short timescale considered and their 
long time to reproductive maturity. Dog’s mercury (Mercurialis perennis), yellow-necked 
mouse and the wet heathland plants, however, seem able to expand their distribution. 

 
5.   On the estuaries, the models show little change in oystercatcher (Haematopus ostralegus) 

numbers, but if the number of redshank (Tringa totanus) wintering in the UK increases, then 
populations in Hampshire are likely to grow. 

 
 
Central Highlands 
 
1. The bioclimatic classification suggests that by the 2050s there will be a significant shift in 

pattern of climate across the region, with a larger area associated with upland instead of 
montane climatic conditions. 

 
2.   The land cover change scenarios reflected the climatic changes, predicting a significant 

decrease in suitable climate space for montane habitat under the 2050s High scenario, and also a 
total loss of suitable climate space for dwarf shrub land cover in the study area.  In contrast, 
there may be a large increase in the area suitable for neutral grassland.   
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3.    The SPECIES model indicated no change in extent for many of the Caledonian pine woodland 

and upland/montane heath species. Therefore, dominant species are expected to remain within 
the Black Wood of Rannoch. When land cover change was incorporated for stiff sedge (Carex 
bigelowii), then the loss of montane habitat led to a decrease in suitable area. 

    
4. The trees showed limited dispersal, although silver birch (Betula pendula) had the potential to 

disperse greater distances due to its shorter time to reproductive maturity. The hairy wood ant 
(Formica lugubris), which is currently rare in the case study area, also apparently has 
considerable potential for dispersal under future climate. 

 
5. Climate and disturbance induced changes affecting the canopy and ground-flora will have 

feedbacks that may alter the composition and structure of the woodland community. 
 
 
Snowdonia 
 
1. The bioclimatic classification identified Snowdonia as one of the areas where the climate is 

predicted to show greatest difference between the baseline bioclimate and the future 2050s High 
climate.    

 
2. The land cover model forecasts that suitable climate space for bog and deep peat, fen, marsh 

and swamp will increase by the 2050s, while that for open and dense dwarf shrub and neutral 
and acid grassland will show small losses in their extent. 

 
3. Sessile oak (Quercus petraea) and the selected montane/upland heath species are not expected 

to lose climate space within Snowdonia, but both bluebell (Hyacinthoides non-scripta) and pied 
flycatcher (Ficedula hypoleuca) become close to the range margin and could do so. 

 
4. The dispersal model indicates that the upland oak woodland plants show limited opportunity for 

dispersal, while the montane/upland heath species could disperse more widely. 
 
5. If bracken (Pteridium aquilinum) and western gorse (Ulex gallii) colonise higher altitudes, as 

the modelling work suggests, they will have significant impacts on the composition of upland 
heath, while the upland heath dominant heather (Calluna vulgaris) may colonise and 
dramatically alter the composition of the montane community. 

 
 
Cuilcagh/Pettigo peatlands 

 
1. The Cuilcagh/Pettigo peatlands are predicted to experience little bioclimatic change by the 

2050s, although some of the area would become warmer.  
 
2. This is likely to limit change in land cover with the current dominant species likely to remain 

so. 
 
3. The climate change scenarios predict that Ireland will become somewhat less suitable for all the 

modelled species, apart from white beak-sedge (Rhynchospora alba) and bracken. 
 
4. The addition of Corine land cover in the downscaled model did not provide a good match 

between the simulated climate space and current distributions of species and so the dispersal 
model was not run. 
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Next phase of research (MONARCH 3) 
 
MONARCH 2 has developed and tested the MONARCH 1 SPECIES model at a finer resolution, 
added ancillary components of land cover, dispersal and community impact, and applied these to four 
case study areas.  However, limitations in the downscaled procedures, particularly data limitations, 
preclude their widespread application. 

The third and final phase of MONARCH development will refine, speed up and improve the 
interpretative potential of MONARCH modelling as a universally applicable tool for assessing 
changes in species’ distribution due to climate change for Britain and Ireland.  MONARCH 3 will 
therefore be implemented at the 5-kilometre square resolution and take experience gained from 
MONARCH 2 forward as follows:  

• The SPECIES model will be automated, so that a greater range of species can be investigated, 
both to inform further our understanding of potential climate change impacts and to contribute 
to the Biodiversity Action Plan review process. 

• A less complex approach to the integration of land cover constraints to species’ distributions, 
utilizing simple land-cover ‘masks’ will be integrated with the automated SPECIES model.  

• The model will be validated through hindcasting using good long-term datasets for twelve 
species. 

• The range of uncertainty relating to the various emission scenarios, the choice of global climate 
model and natural climatic variation will be examined to assess their impacts on the 
MONARCH outputs using six species. 

 
 
Conclusions 
 
MONARCH 2 has sought to advance the science and understanding of the potential impacts of 
climate change on biodiversity by downscaling the resolution of the modelled climate and land cover 
suitability surfaces to the 1-kilometre square scale. It has also extended the scope of modelling to 
consider the role of land cover, the potential for dispersal and impacts on community structure. The 
original objective was to predict likely changes to species distributions at a (1-kilometre) landscape-
scale, because it is more appropriate to land managers seeking to consider climate change. However, 
MONARCH 2 has discovered that reducing the scale of application of climate space and associated 
modelling to a local or regional level requires data, in particular species distribution data, that is 
frequently unavailable or of an inadequate quality to enable the models to be run effectively.  In 
addition, many other factors, such as competitive interactions between species, are important at a local 
scale but they are not readily integrated into the models, while the inclusion of land cover appears to 
have masked the impact of climate. In essence, MONARCH 2 tested the capacity for downscaling the 
climatic envelope modelling approach and concluded that, owing to limitations at the finer scale, it 
was more appropriate to provide generic indications of likely changes within exemplar species for a 
full range of taxa at the Britain and Ireland scale, rather than further develop the downscaled 
approach. MONARCH 3 will therefore refine the modelling at the Britain and Ireland scale as in the 
original MONARCH model, but with added refinements and a faster procedure that will enable a 
better assessment of the potential changes in species distributions across Britain and Ireland under a 
changing climate.  
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1 Introduction, project aims and methods 
  
 P.M BERRY, P.A. HARRISON, J. E. HOSSELL and G.J. MASTERS 

 
1.1 Introduction 
 
Climate change has continued to be high on the global research agenda and the most recent 
Intergovernmental Panel on Climate Change scenarios suggest that by 2100 global temperatures could 
increase by between 1.4 and 5.8oC relative to 1990 (IPCC, 2001a). These increases could have a 
significant effect on biodiversity at the global scale (e.g. IPCC, 2001b; McCarty, 2001; Thomas et al., 
2004) and much observational evidence suggests that species are already being affected by climate 
change, as well as by other human activities (e.g., Walther et al, 2002; Parmesan and Yohe, 2003). 
These changes also will affect the ability of nations to fulfil their obligations under the UN 
Convention on Biological Diversity (CBD), and in 2002 the Conference of Parties to the CBD 
affirmed the need for enhanced co-operation between the United Nations Framework Convention on 
Climate Change (UNFCCC), the CBD and the United Nations Convention on Combating 
Desertification. An Ad Hoc Technical Expert Group was set up to examine interlinkages between 
biodiversity and climate change mitigation and adaptation. This group used MONARCH 1 (Harrison 
et al., 2001) as one of the case studies illustrating the need for harmonization of climate change 
mitigation and adaptation activities, and biodiversity considerations (Secretariat of the CBD, 2003). 
The need to incorporate climate change into conservation strategy is being increasingly recognized at 
the global level, as well as nationally and more regionally, but adaptation needs to be based on sound 
scientific knowledge, such as the MONARCH project aims to provide. 
 
The projected level of global climate changes, and its impacts, are not uniform, but vary regionally. 
Even within Britain and Ireland there is still significant regional variation such that under some 
scenarios there may be a difference of 2.5oC in mean temperature changes and 40% in precipitation 
(Hulme, et al, 2002). MONARCH 1 had provided indicative results of the impacts of climate change 
on selected species and habitats in Britain and Ireland, but in order for these to inform conservation 
management and policy at a more local scale, there was a need for the outputs to be downscaled. The 
development of the Hadley Centre regional climate model (HadRM3), which was used to produce the 
UKCIP02 climate change scenarios at a 50 km resolution, and which has been downscaled to a 5km 
resolution, enabled further advancement of the impact modelling research in MONARCH 2. There 
was also an interest to explore the inclusion of other factors and processes, such as habitat availability, 
dispersal and ecosystem functioning, in order to provide a more integrated approach. 
 
Since the completion of MONARCH 1, a number of sectoral and sub-UK regional studies have been 
completed under the umbrella of the UK Climate Impacts Programme (UKCIP). The potential 
impacts of climate change have been explored for agriculture, looking not just at impacts but also at 
the need to adapt and exploit opportunities (IWE, 2002), gardens (Bisgrove and Hadley, 2002), 
grassland ecosystems, and water demand (Downing et al., 2003). The first marine study covering all 
of Britain and Ireland, MarClim, is important because it is using long-term (50 year) datasets to 
examine the response of inter-tidal species to changes in climate and it will use the UKCIP02 
scenarios to investigate what this means for the future distributions of marine species. The 
Engineering and Physical Sciences Research Council (EPSRC) and UKCIP also have been promoting 
research into climate impacts on the built environment, including transport and utilities, given the 
long time-scale of the infrastructure involved (UKCIP and EPSRC, 2003). A generic climate change 
impacts risk assessment methodology also has been developed to aid decision making, in the context 
of climate change (Willows and Connell, 2003). 
 
In Britain and Ireland, recent climate change impacts research of biodiversity interest has included 
amphibians (Beebee, 2002) and plant phenology (Fitter and Fitter, 2002), butterflies (Hill et al., 2002) 
moths (Conrad et al., 2002), other insect herbivores (Masters et al., 1998; Masters and Brown, 2001), 
and range changes of birds (Wilson et al., 2002). The implication of climate change impacts for nature 
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reserves in Great Britain and their future viability also has been explored (Dockerty et al., 2003). 
Other work of relevance to the climate change debate is the impacts of the 1995 drought on insects 
and plants (Buckland et al., 1997; Morecroft et al., 2002). 
 
1.2 Aims 
 
The MONARCH project is a phased investigation into the impacts of climate change on the natural 
conservation resources of the British Isles. It uses an integrated methodology linking established 
impact models to coherent climatological classifications (Harrison et al., 2001a) and provides a 
valuable framework for studying the response of the key biodiversity elements to human-induced 
climate change. The first phase of the MONARCH project focussed on understanding broad-scale 
responses at the international (Britain and Ireland) scale.  However, a downscaled MONARCH 
approach was sought to investigate the impacts of climate change in areas of conservation importance 
at the landscape level and so help inform the development of climate change adaptation policy and 
practice at this level.  
 
Thus, the second phase of the MONARCH project aimed to advance methodologies at fine spatial 
resolutions in order to capture processes and interactions that are specific to ecosystems at the local 
landscape, scale, namely: 
 

land use change and interactions with species’ distributions,  • 
• 
• 

species’ dispersal in relation to fragmentation and loss of habitats,  
integration of the above to provide integrated management approaches to conservation. 

 
The first research module of Phase 2 (MONARCH 2.1) focused on the development of a conceptual 
and methodological framework for universal application anywhere in Britain and Ireland.  
 
The scientific objectives of MONARCH 2.1 were to:  
 
1. Define criteria for the selection of case study areas based on data availability and site sensitivity 

criteria. 
2. Predict future land use changes. 
3. Advance models for simulating the potential climate and suitability space of species at the 

regional scale. 
4. Integrate models of species dispersal with predictions of altered species’ suitability space to 

provide scenarios for species distributions. 
5. Develop a conceptual framework of the implications of species dispersal and redistribution for the 

composition of species communities. 
 
The second module (MONARCH 2.2) aimed to test the methodology within the case study areas 
identified in MONARCH 2.1. The areas chosen were Hampshire, Central Highlands, Snowdonia 
National Park and Cuilcagh/Pettigo, a cross-border area in Ireland. 
 
1.3 Methods 
 
An overview of the conceptual and methodological framework is presented in Figure 1.  The 
foundation for each case study was the creation of a GIS database at a fine spatial resolution 
containing all necessary environmental data sets, observed species’ distributions and climate change 
scenarios for selected time steps into the future. The GIS database provided the inputs to a set of 
integrated models of species’ climate space, species’ dispersal and land use/land cover change 
options. Models for simulating the response of species’ distributions and dispersal to climate and land 
cover change at the landscape scale were developed for application in terrestrial environments.  For 
the coastal environment, models that predict the effect of habitat change resulting from sea-level rise 
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(previously developed under MONARCH 1) and models that predict the effect of winter weather on 
the redistribution of waterbirds were integrated.  The impacts models were run with a range of future 
climate and land cover change scenarios.  Model results indicating species’ movements into and out 
of the selected habitats were used to inform conceptual models of community composition.  

Four case study areas were selected for testing models of species’ climate space and dispersal at the 
landscape scale.  This involved the identification of climatically sensitive areas using the bioclimatic 
classification developed in MONARCH 1 and their characterisation in terms of conservation 
attributes. Two habitats and four or five species for each habitat were selected per case study area in 
conjunction with local stakeholders.  Selection was constrained by a protocol that ensured a range of 
interacting dominant, rare, flagship and recruitment species were chosen. 
 
Figure 1: Conceptual and methodological framework for MONARCH 2 
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1.3.1 Data  
 
1.3.1.1 Climatic data 
 
Baseline climate 
 
For Great Britain, monthly climate data for all years from 1961 to 2000 were available for 26 
variables at a 5km x 5km spatial resolution from UKCIP (Hulme et al., 2002). Period-mean data from 
1961-90 was used within MONARCH 2 to ensure continuity with previous studies.  Six variables 
were directly extracted from the UKCIP baseline climatology: mean, minimum and maximum 
temperature, precipitation, sunshine hours and wind speed. For wind speed, data were only available 
for the years 1969 to 2000, so a period-mean for 1969-1990 was computed.   
 
For Ireland, monthly climate data for all years from 1961 to 2000 were available for eight variables at 
a 5km x 5km spatial resolution from the British-Irish Council (Jenkins et al., 2003). Individual years 
from 1961 to 1990 were directly extracted from the BIC database and used to compute a period-mean 
climatology for the same six variables. 
 
Monthly values of solar radiation were derived from the sunshine hours data using the method of 
Rietveld (1978). This method is based on Prescott’s (1940) modification of the original Ångström 
(1924) formula relating solar radiation to sunshine hours, astronomical daylength, the amount of 
short-wave radiation received at the top of the atmosphere and two coefficients describing the 
percentage of short-wave radiation reaching the earth’s surface or being absorbed by clouds on a 
completely cloud covered day.  
 
Monthly values of potential evapotranspiration were calculated using the method of Penman (1948). 
The Penman equation is utilised in many biological models and has been used widely throughout the 
world with generally satisfactory results (FAO, 1986). It consists of two terms: the energy (radiation) 
term and the aerodynamic (wind and humidity) term. The energy term describes the relationship 
between evaporation rates and the net flux of radiant energy at the surface. The aerodynamic term 
describes the external aerodynamic resistance between the surface (open water or vegetative canopy) 
and the air, assuming that evaporation is proportional to the vapour pressure deficit of the air and an 
empirical function of wind speed.  The method was originally calibrated for southeast England, but it 
has proved to be successful over a wide range of climatic regimes (Jones et al., 1990). The method is 
physically-based (although it contains an empirical wind function) and, therefore, provides realistic 
responses to climate change. 
 
For the coastal waterbird modelling, five weather data elements (monthly averages of mean minimum 
temperature, average precipitation, average wind speed, days of frost, days of snow/sleet) were 
required to calculate monthly regional averages. UKCIP02 baseline data were used to derive 
weather variables for Britain and Irish data were supplied by the Irish Meteorological Office. 
 
Climate change scenarios 
 
Climate change scenarios (UKCIP02) were available at a 5km x 5km spatial resolution from UKCIP 
(Hulme et al., 2002). The scenarios are based on the Hadley Centre high resolution regional climate 
model (HadRM3). Four scenarios have been constructed from HadRM3 which reflect differences in 
greenhouse gas emissions (Low emissions, Medium-low emissions, Medium-high emission and High 
emissions). These are based on the IPCC SRES emission scenarios (B1, B2, A2 and A1FI, 
respectively). The UKCIP02 scenarios differ from UKCIP98 in that they use the same climate 
sensitivity (HadCM3 = 3oC) for all scenarios, rather than scaling the high and low scenarios to upper 
and lower limits. It should also be noted that the UKCIP02 scenarios are based on a single climate 
model and, hence, do not cover any scientific or modelling uncertainties. This is discussed further in 
Chapter 2. 
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Scenarios have been created for three 30-year periods centred on the 2020s (2011 to 2040), the 2050s 
(2041-2070) and the 2080s (2071-2100). In MONARCH2, the Low and High emissions scenarios 
were utilised for the 2020s and 2050s time-slices. These show an annual warming rate of about 0.1 to 
0.3oC per decade for the Low emissions scenario, and about 0.3 to 0.5oC per decade for the High 
emissions scenario, depending on the region (Hulme et al., 2002). There is greater summer warming 
in the southeast than the northwest and greater warming in the summer and autumn than in winter and 
spring. Little change (or a slight drying) is projected for annual total precipitation changes. However, 
winters are wetter by 5 to 15% for the Low emissions scenarios, and by more than 30% for the High 
emissions scenario, whilst summers are drier by up to 50% by the 2080s for some regions and 
scenarios. 
 
The daily weather datasets generated by the LARS weather generator have also been produced for 
four of the UKCIP02 scenarios (Low and High emissions for the 2020s and 2050s time-slices). 
Projected changes in mean temperature and precipitation and wet and dry spell length from HadRM3 
were used to adjust the interpolated parameter files of LARS-WG according to the UKCIP02 
scenarios and generate 50 years of daily weather for each time slice and for each 5 km grid cell 
(Semenov and Barrow, 1997). 
 
1.3.1.2 Topography data 
 
The 1 km x 1 km GTOPO elevation data was used across all of Britain and Ireland. Although the 50m 
Ordnance Survey elevation dataset for Great Britain was held by UKCIP and was available for local 
analysis of case studies in lowland areas, it was not used, as this level of detail was not required. 
 
1.3.1.3 Soils data 
 
Data for the available water-holding capacity (AWC) of the soil were obtained for England and Wales 
from the Soil Survey and Land Research Centre (SSLRC) on a 5 km x 5 km grid via UKCIP. The 
Macaulay Land Use Research Institute (MLURI) AWC data for Scotland were only available at the 
10 km resolution. This spatial resolution was artificially increased to 5 km x 5km to match the 
resolution of the climate data and other soils data sets by simply replicating the AWC value for a 
10km2 grid cell in the four 5km2 grid cells it encompassed. The required soils variables did not exist 
for all of Ireland, so, in MONARCH 1, a soil map containing information on soil names from the 
General Soil Map of Ireland (Gardiner and Radford, 1980) was digitised and a conversion routine was 
developed to estimate values of AWC using a 10 km x 10 km grid (Harrison et al., 2001b). This 
process was repeated in MONARCH 2 to estimate values of AWC on a 5km x 5km grid based on the 
original digitised soil polygons. 
 
For the land cover modelling, the National Soil Map at a 1km x 1km resolution was used to estimate 
AWC for bare soil at 30cm depth. This data was then summarised to 10km2 cells based on the average 
of the available water capacities for agricultural land only.  
 
1.3.1.4 Land cover data 
 
The Land Cover Map 2000 (Centre for Ecology and Hydrology) at the 1 km x 1 km resolution was 
used to provide the inputs into the land cover change model (Chapter 3) and downscaled SPECIES 
model for Britain (Chapter 4). It is derived from a computer classification of satellite scenes, obtained 
mainly from Landsat satellites. 16 target classes were identified, to be mapped with 90% accuracy, 
and these were sub-divided into 27 sub-classes in order that broad habitats could be identified. 
Although LCM2000 covers Northern Ireland, CORINE data were used for the whole of the Irish case 
study area in order to have cross-border comparability. CORINE is based on the visual interpretation 
of satellite imagery and the allocation of land cover types to one of 44 standard land cover classes, 
thus it is not directly comparable to LCM2000, but LCM2000 has been attributed with CORINE 
designations. 
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1.3.1.5 Species distribution data 
 
Observed European distributions were obtained from Hulten (1959), Meusel et al. (1965; 1978; 1992) 
and Jalas and Suominen (1972-91) for plants, Tolman (1997) for butterflies, and Mitchell-Jones et al. 
(1999) for mammals. The European distribution data for birds were supplied electronically through 
the European Bird Census Council, but can be found in The EBCC Atlas of European Breeding Birds 
(Hagemeijer and Blair, 1997). All the British and Irish distributions, except for birds, were provided 
by the Environmental Records Centre, CEH Monks Wood. Data describing the British distributions of 
birds were taken from the New Atlas of Breeding Birds in Britain and Ireland (Gibbons et al., 1993). 
Species distributions at a 1km x 1km spatial resolution were required for characterising the initial 
population centres for the species dispersal model within the four case study areas. Observed data 
were only available for Hampshire (from the Hampshire Biodiversity Information Centre) and 
Cuilcagh/Pettigo (from Environment and Heritage Service, Northern Ireland). Data for Snowdonia 
were derived from a combination of the Phase 1 Habitat Survey of Wales (which includes the Upland 
Survey), various other survey records (e.g. some Carex bigelowii sites) and expert opinion. Observed 
data were available at the 5km x 5km spatial resolution for the Central Highlands from recorders of 
the Botanical Society of the British Isles. These were downscaled to a 1km x 1km resolution using 
expert opinion combined with the Land Cover Map 2000. The exact details are explained in the 
relevant chapters. A similar approach was used in the Republic of Ireland. 
 
1.3.1.6 Conservation data 
 
Conservation data were required to characterise the conservation interest of the bioclimate classes and 
case study areas, and to assist in the interpretation of model outputs.  Data on designated sites was 
collated in MONARCH 1 (Harrison et al, 2001a) and this was supplemented by data from JNCC. The 
data consisted of: 
 

All UK sites designated as Sites of Special Scientific Interest (SSSI) or Areas of Special Scientific 
Interest in Northern Ireland (ASSI). 

• 

• 
• 

• 
• 

Sites in both the UK and Ireland declared as National Nature Reserves. 
Sites in both the UK and Ireland designated under EU directives as Special Areas of Conservation 
(SAC) or Special Protection Areas (SPA). 
Sites in the UK identified under the Ramsar Convention.  
National Parks and Natural Heritage Areas in Ireland. 

 
1.3.2 Models 
 
1.3.2.1 Bioclimatic classification  
 
The bioclimatic work in MONARCH 2 aimed to provide a means to select those areas of the Britain 
and Ireland with high conservation interest that were most sensitive to climate change. The work 
followed the same method of bioclimatic classification that had been developed in MONARCH 1, but 
took the technique further to allow the classification to be re-assessed under the UKCIP98 2050s High 
climate change scenario. The areas found to be most sensitive to this level of climate change were 
examined with respect to their conservation interest. Several aspects of the potential impact of climate 
change on species and habitats were considered in determining which areas would be suitable for 
further analysis as case study regions within MONARCH 2.2. 
 
The UKCIP02 baseline and 2050s Low and High scenarios were also classified into the MONARCH 
2 bioclimatic classification for the four case study areas to examine the effect of the improvement in 
spatial resolution of these data sets on the pattern of bioclimatic classes at this local level. A number 
of differences were found between the baseline climate data at the 10km and 5km levels. The possible 
causes of these differences were explored. 
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The pattern of local bioclimate classes and their sensitivity to the UKCIP02 scenarios was related also 
to the distribution of the designated sites across the study areas and to the frequency and type of 
monitoring undertaken on the habitats and species being modelled in the case study areas. This 
analysis aimed to identify possible datasets/sites for monitoring and detecting climate change impacts. 
 
1.3.2.2 Species climate space and dispersal models 
 
At the continental scale, climate is expected to be the dominant factor affecting the distribution of 
species and, therefore, the components of habitats (Pearson et al., 2002).  Past observations and 
results of current modelling studies have shown that species, despite having apparently similar initial 
distributions, respond individually to climate change (Huntley et al., 1995; Cannon, 1998; Bale et al., 
2002), leading to totally new distributions and habitat composition. The SPECIES (Spatial Estimator 
of the Climate Impacts on the Envelope of Species) model was used to predict the changes in climate 
space and hence the potential geographical distribution of a wide range of species. SPECIES uses a 
complex computer simulation program (neural network) to characterise the current distribution and 
current climate space of species in Europe and to estimate their potential re-distribution under 
alternative climate change scenarios in Britain and Ireland (Pearson et al., 2002). 
 
A number of integrated algorithms in SPECIES undertake a pre-processing of input climatic and soils 
data to derive bioclimatic variables of relevance to species’ requirements. The model integrates these 
data to predict the potential distribution of species through the characterisation of bioclimatic 
envelopes. The model is trained using existing empirical data on the European distributions of species 
to enable a Europe-wide climate space to be characterised that captures the climatic range of future 
scenarios for Britain and Ireland. Once a network is trained and validated at the European scale, it is 
then applied at a finer spatial resolution in Britain and Ireland.   
 
Although climate may be the prime factor influencing species distribution at the broad-scale, other 
factors, such as habitat availability and dispersal ability, may be more important at regional scales. To 
study the combined effects of climate change and habitat fragmentation (as driven by changes in land 
cover) on species distributions, the SPECIES model was downscaled to 10km2. Outputs from the 
continental scale climate-driven neural network are used as inputs to a second neural network, along 
with 10km2 land cover data (Chapter 3.3), to generate regional scale suitability surfaces for species 
(Pearson et al., 2004), which are applied at the 1km2 scale in the dispersal model. This provides an 
insight into the roles of climate and land cover as determinants of species’ distributions and enables 
predictions of distributions under scenarios of changing climate and land cover type to be explored.  
Land cover change scenarios were developed using a generalised additive model based on climate, 
soil and environmental variables and the land cover classes. Using a logistic link function, the 
presence or absence of the classes that were considered to be impacted by climate change were 
predicted, based on baseline conditions for the LCM2000 classes for England, Wales and Scotland, 
and Corine land cover classes for Ireland. The UKCIP02 climate change scenarios then were applied 
to the models. 
 
The ability of species to track changes in the regional suitability surfaces simulated by the downscaled 
SPECIES model will be dependent on their individual dispersal mechanisms. Thus, the modelled 
suitability surfaces were coupled with a spatially-explicit cellular automata simulation of species 
dispersal in changing environments. The model simulates the stochastic dispersal of species in three 
basic steps: (i) survival, (ii) within-cell population dynamics, and (iii) dispersal (Pearson and Dawson, 
2004). Long distance dispersal is incorporated within the model enabling investigation of the potential 
for species to migrate rapidly under future climate change. Output from this hierarchy of models is a 
map of the probability of occurrence for each species, based on dispersal characteristics, climatic 
suitability and land use for future scenarios. These maps form an input to conceptual models of 
ecosystem functioning, enabling statements to be made about which species might be lost from, or 
gained by, a habitat.   
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1.3.2.3 A descriptive model of the implications for species communities  
 
Climate change will affect the composition of habitats, including the species and functional type 
richness and diversity, and also the species and functional type relative abundance.  Habitat level 
impacts were qualitatively estimated by examining the type and strength of species interactions, and 
also species functional type within a community.  Of prime interest was the consequence of species 
arriving or leaving a community, due to climate change, upon habitat composition and structure.  A 
conceptual framework was developed where a species interaction matrix, detailing trophic relations, 
within each habitat provided the basis of two conceptual models: the Arriver, which examined the 
consequences of a species arriving (e.g. range expansion) in a community, and the Leaver, which 
examined the consequences of a species leaving (e.g. local extinction) a community. 
 
1.3.2.4 Waterbird and coastal habitat models 
 
Wintering waterbirds have started to re-distribute themselves as a result of climate change, tending to 
winter more to the north and east of Britain and Ireland as winters have become milder. The numbers 
on estuaries are also a function of the morphology of an estuary, which determines the sedimentary 
profiles and hence feeding conditions for the birds. As part of MONARCH 2, the BTO developed a 
modelling protocol that provides predictions of changes in numbers. This was developed with respect 
to the estuaries on the internationally important Suffolk coast. Predictions were based on two-stage 
models. 
 
Stage 1: Predictions of bird numbers the region would hold based on climate. 
Stage 2: Predictions of the bird numbers the region could hold based on habitat availability following 
changes in estuary morphology due to sea-level rise. 
 
The model was also applied to four estuaries in Hampshire, as a contribution to the assessment of 
impacts of climate change on biodiversity of the area. 
 
1.4  Project partners 
 
1.4.1 Research Team 
 
Environmental Change Institute       Dr. Pam Berry, Dr. Terry Dawson, Dr. Paula Harrison,  
University of Oxford         Richard Pearson, Nathalie Butt  
Zoology Department         (Co-ordination, SPECIES and dispersal models)  
South Parks Road           
Oxford 
OX1 3PS. 
 
ADAS Ecology Group Dr. Jo Hossell, Dr. Alison Riding, Dr. Hester Lyons, 
Wolverhampton Research Team Dr. Catherine Bradshaw, Paul Scholefield, 
Woodthorne  Bethan Clemence  
Wergs Road (Bioclimatic classification, land use/land cover 
Wolverhampton change) 
WV6 8TQ  
 
British Trust for Ornithology Dr. Humphrey Crick, Dr. Mark Rehfisch,  
The Nunnery Dr. Graham Austin, Dr. Steve Freeman 
Thetford  (Water bird model, SPECIES and dispersal  
Norfolk  models for birds) 
IP24 2PU 
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CABI Bioscience         Dr. Greg Masters, Nicola Ward, Imogen Wilde 
Bakeham Lane           (Habitat level interpretation) 
Egham  
Surrey  
TW20 9TY           
     
1.4.2 Funders 
 
MONARCH 2 was funded by English Nature (lead), Countryside Council for Wales, Environment 
Agency, Environment and Heritage Service, Forestry Commission, Joint Nature Conservation 
Committee, National Parks and Wildlife Service (Republic of Ireland), National Trust, Royal Society 
for the Protection Birds, Scottish Executive, Scottish Natural Heritage, UK Climate Impacts 
Programme, Welsh Assembly Government, Woodland Trust. The Research Team would like to thank 
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2 Bioclimatic classification and case study selection 
 

 J.E. HOSSELL, A.E. RIDING and P.A. HARRISON 
 
Summary 
 
This chapter describes the creation of a baseline bioclimatic classification using the UKCIP98 10km 
data and its manipulation using the 2050s High scenario data to highlight areas of Britain and Ireland 
that show greatest bioclimatic sensitivity to climate change. In particular, South-east England, 
Snowdonia, the Central Highlands and north-west Ireland were identified as regions where the 2050s 
High bioclimate would be most different from the baseline. This information has been combined with 
data on the distribution of sites and habitats of conservation interest to enable the selection of four 
case study areas for use in testing the downscaled methodology developed in MONARCH 2. Around 
10 species have been selected within each case study area to test the new downscaled SPECIES and 
dispersal models developed in MONARCH 2).  
 
The publication of the UKCIP02 climate scenarios (Hulme et al., 2002), during the lifetime of the 
project, provided data at a higher spatial resolution (5km) than the previous UKCIP98 scenarios 
(10km resolution).  However, transferring to this new dataset has also required that the original 
bioclimatic classification derived using the UKCIP98 data (Hulme and Jenkins, 1998) be recalibrated 
in the four selected locations to use the more detailed 2002 scenario data.  This recalibration has 
highlighted some differences between the two baseline datasets.  It is unclear (without repeating the 
national level bioclimatic classification with the UKCIP02 data) what effect this would have had on 
the original selection of the four case study areas.  Certainly the sunshine hours data (calculated from 
cloud cover) are considerably different between the two datasets.  The possible reasons for the 
discrepancies between the two dataset baselines have been considered (see study area chapters) but 
the difference in the derivation of the two datasets means that it is not possible to directly attribute the 
disparity to a single cause. 
 
The uncertainty surrounding climate change scenario projections is also considered in this chapter 
through analysis of available scenario data from other Global Climate Models. The assessment 
indicates that UKCIP02 scenarios present a slightly warmer and drier summer pattern of change than 
the other four models considered and hence may represent a more severe set of impact results than 
studies based on other climate models.  
 
2.1 Introduction 
 
In MONARCH 1, a bioclimatic classification was devised to identify areas of similar climatic 
conditions, which were then characterised according to their nature conservation interest.  The aim of 
the classification was to discriminate between areas where similar species and habitats existed under 
different climatic conditions, on the basis that their response to climate change may not be uniform 
across the full range of a species’ or habitat’s distribution.  Studies of species response at the margins 
of their distribution, for example, have shown a greater sensitivity to climate change than populations 
within the core of their range (e.g. Parmesan et al., 1999). 
 
In MONARCH 2 this work has been taken a step further in using the classification to explore the 
bioclimatic sensitivity of Britain and Ireland to climate change.  The identification of four areas that 
are projected to experience relatively large climatic change has enabled the species impact models 
(see Chapters 3 and 4) to be tested in areas where significant but, depending on the site, contrasting 
types of species responses may be expected.  The method used to select the species to be studied in 
the testing of the species impact models is also described and the species selected for each area are 
listed. 
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The selection of the areas was made on the basis of the UKCIP98 scenario data.  With the publication 
of the UKCIP02 datasets, the bioclimatic classification method was used to reclassify the climate 
within the case study areas using these newer scenario data.  The differences between the UKCIP98 
and 02 baseline datasets have been examined and the UKCIP02 scenarios have been compared with 
scenarios constructed from other global climate models to explore uncertainty in projections of future 
climate. 
 
2.2 Bioclimatic classification method 
 
This section describes how that bioclimatic classification method was developed for the identification 
of detailed study areas and how the classification was then recalibrated to use the UKCIP02 data for 
these selected areas.  Throughout this chapter the suffix 98 will be used to refer to the bioclimatic 
classification derived from the UKCIP98 data, whilst 02 will be used for the classification using the 
UKCIP02 datasets.  The term “emission scenarios” is used to indicate the UKCIP02 climate change 
data in order to distinguish the use of these data from the UKCIP98 scenarios.   
 
The variables used in the Baseline98 classification of MONARCH 2 vary slightly from those used to 
define the classification developed in MONARCH 1.  The difference is due to the change in climate 
variables available with the UKCIP02 scenarios, since it was considered desirable to select only 
variables that were available or could be calculated from both the UKCIP98 and UKCIP02 datasets.  
The variables used are listed in Table A2.1 of the annex to this Chapter. 
 
The derivation of the bioclimatic classification involved three steps:   
1. Principal Components Analysis (PCA) to reduce down the number of variables in the analysis 

and derive independent, uncorrelated variables. 
2. Hierarchical clustering routine using the principal component data to establish the classes and the 

natural “break points” i.e. the optimal number of classes.  The clustering process used was the 
HCLUST algorithm within S-Plus 4 (Mathsoft, 1997).  The number of classes within the final 
classification was selected to provide a similar level of resolution to the MONARCH 1 
classification, which had 21 classes, but since a slightly different variable set had been used some 
variation in the optimal number of classes was expected. 

3. Discriminant function analysis to establish relationships between the classification and the 
original climate variables so that the climate change scenario data may be used to determine class 
membership.  The process used was the General Discriminant Function Analysis option within 
Statistica v6.0 (Statsoft Inc, 2001).  The module allowed the original climate dataset for the 
Baseline98 classification to be used to define the climatic boundaries for each of the classes.  
This enabled the class membership of a second dataset to be predicted based on these Baseline98 
conditions.  For the selection of the detailed study areas, the 2050s High scenario from the 
UKCIP98 dataset were classified into the Baseline98 classes in this way.  The baseline 
classification of the case study areas was then recalibrated using the UKCIP02 5km baseline and 
the effects of the 2050s Low and High emission scenarios were examined for these areas. 

 
Steps 1 and 2 of the method are the same as those used to develop the bioclimatic classification in 
MONARCH 1 (see Hossell et al., 2001; Hossell et al., 2003 for more detail on these methods).   
 
2.3 Bioclimatic classification results 
 
2.3.1 Principal Components Analysis (PCA) 
 
It is clear from Figure 2.1 that the east to west contrast in moisture levels provides a defining structure 
to the climate of Britain and Ireland.  The north to south pattern in the temperature variables accounts 
for the second greatest element of the climate variation across the countries.  Table 2.1 shows the 
climatic variables related to each of the first four principal components, which may be considered as 
new, independent variables defined by the analysis. 
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Figure 2.1: The pattern of the first four factors of the principal components analysis. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.1: Relationship of PCA factors to original variables for the Baseline98 climate data. 

Factor 1 Factor 2 Factor 3 Factor 4 
Precipitation Jan-Dec Mean Temperature Jan-May, 

Sept-Dec 
Mean Windspeed Jan-Dec PET Jan-Nov 

HER Jan-Dec Min. Temperature Jan-Dec   
Spring Precipitation Growing Degree Days   
 Abs. Min. Temperature   
 Growing Season Length   

HER = Hydrologically Effective Rainfall; PET = Potential Evapo-Transpiration. 
 
 
In order to determine how climate change may affect the relative climatic pattern across Britain and 
Ireland, the same PCA was also undertaken for the UKCIP98 2050s High scenario.  The results of this 
analysis are shown in Table 2.2.  The 2050s High scenario produces an extra principal component and 
suggests a more complex pattern of climate variation across the regions.  It is also interesting to note 
that climate change results in a switch between the first and second principal components.  Under this 
climate change scenario temperature becomes a more important distinguishing variable than rainfall 
across Britain and Ireland. 
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Table 2.2: Variables most strongly related to the first four factors of the UKCIP98 2050s High PCA. 

Factor 1 Factor 2 Factor 3 Factor 4 
Mean Temperature Jan-Jun, 
Sept-Dec 

Precipitation Jan-Dec Mean Windspeed Jan-Dec PET Feb-Nov 

Min. Temperature Jan-Dec HER Jan-Dec   
Sunshine hours Jan Spring Precipitation   
Growing Degree Days    
Abs. Min. Temperature    
Growing Season Length    
HER = Hydrologically Effective Rainfall; PET = Potential Evapo-Transpiration. 
 
 
2.3.2 Hierarchical clustering 
 
The clustering analysis places squares into all possible cluster combinations between one class (all 
squares in the same class) and 3785 classes (all squares in a separate class).  Within this range the 
choice of the number of classes is dependent upon the detail required in the classification and the 
positioning of natural breaks.  These breaks show where splitting a class into two greatly reduces the 
within class variation of the classification and so may be viewed as a measure of uniformity within 
classes.  In looking for a class solution at a similar level of detail to the MONARCH 1 classification, 
the analysis of natural points shows that 21, 23 and 26 classes would all be possible options.  Out of 
these three options, the greatest increase in the uniformity of class members occurs with the change 
from 25 to 26 clusters.  Hence, the 26 class “solution” was selected for the Baseline98 classification.  
Figure 2.2 shows the distribution of the 26 classes in the Baseline98 classification. 
 
Figure 2.2: The pattern of classes for the Baseline98 bioclimatic classification. 
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The difference between the number and membership of classes for the MONARCH 1 and 2 
classifications is to be expected, due to the difference in the number and type of climate variables 
used in the two classifications.  The increased number of classes in the Baseline98 “solution” is also 
valuable since it provides better discrimination between the bioclimate of south central England and 
central Ireland, which gain several of the extra 5 classes. 
 
2.3.3 Discriminant function analysis 
 
The class membership provided for the Baseline98 classification was added to the dataset of climate 
variables and the discriminant function analysis run to reclassify the data based on these variables.  
The analysis provided an 82.77% agreement with the classification produced using the clustering 
analysis.  Figure 2.3 provides a visual comparison of the two classifications.  The main changes are at 
the margins of some of the larger classes, where the discriminant function classification provides 
“smoother” boundaries with fewer outliers.  The match between the two classification schemes was 
high and showed that the climate variables could successfully be used to predict the Baseline98 
classification membership.  Figure 2.4 illustrates the gradient of the bioclimatic characteristics for the 
classes and shows how well the classes distinguish the different climatic patterns within Britain and 
Ireland 
 
Figure 2.3: Comparison of (a) the Baseline98 classification produced using cluster analysis with (b) 
the classification produced using discriminant function analysis. 
 

(a) (b) 
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Figure 2.4: The gradient of key climate variables for the 26 Baseline98 classes. 
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2.4 Conservation characterisation 
 
The different classes were characterised according to their nature conservation interest by examining 
the range of protected habitats in each class and the percentage of the class that is within a protected 
area.  The following tables highlight the most important classes in conservation terms.  Table 2.3 
shows the percentage of area designated in each class by country.  Tables 2.4 and 2.5 give a summary 
of the location, size and habitat types in each class for Britain and Ireland. 
 
Table 2.3: Bioclimatic classes characterised by area (total km2) and percentage cover of designated 
sites. Bold figures highlight the largest areas/percentage coverage across the classes. 

Class Total area 
(km2) 

N. Ireland 
ASSI 
(km2) 

Eire 
SAC 

(km2) 

Wales 
           SSSI 

(km2) 

Scotland 
SSSI 
(km2) 

England 
SSSI 
(km2) 

Total %  
designated 

area in class 
1 21300 114.8 581.2 108 881.2 118.8 8.5 
2 2000  193.8  9.7 
3 11900 32.8 637.5 512.5  9.9 
4 31200 21.0 2568.8 77  181.9 9.1 
5 7700   9.5 68.75 371 881.2 275 20.9 
6 3600  987.5  27.4 
7 15700  245  350 3.8 
8 18100 69.8 756.2 128  50 5.5 
9 13600  404 581.2 1168.7 15.8 
10 79400 24.8 31.3 153 1950 1618.7 4.8 
11 7700   4.0 593.8 139 206.3 50 12.9 
12 41900 543.2 912.4 88 31.3 393.8 4.7 
13 4400  1343.8   30.5 
14 24800  19  1681.3 6.9 
15 7100  700 450 16.2 
16 2000  31.3 126  156.3 15.7 
17 43800  388 112.5 2950 7.9 
18 5600  443.8   7.9 
19 2200  106.3  4.8 
20 11500  568.8 843.8 12.3 
21 1000  116 87.5 68.75 27.2 
22 9900   6.0 418.8  4.3 
23 2000  1081.3   54.1 
24 4000  368.8  9.2 
25 1800  425  23.6 
26 4300  400  9.3 
N.B. 1. Method probably slightly overestimates area of sites due to coarseness of grid.  Grid resolution varied 

per country due to processing times involved (Northern Ireland: 500m; Wales 1000m; England, 
Scotland, Eire: 2500m). 

2. In Irish Republic, SAC's used as the most complete designation. 
3. No designated sites in Isle of Man and Channel Islands. 

 
For Ireland, bioclimate class 4 holds the greatest size of protected area, but class 23 holds the greatest 
percentage of protected area for the size of class.  For Great Britain Class 10 holds the greatest 
amount of protected area but this is a large class anyway so the proportion of it protected is only about 
5%.  Class 6 holds the highest proportion of protected sites for its size and these are all in Scotland. 
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Table 2.4: Summary of class characteristics in Great Britain. 

Class Mean 
Altitude (m) 
of Baseline 
Class 

Baseline 
no of 
squares 

Location Area 
designated 
(%) 

Habitat Character (>10% of 
total number of sites in bold 
– largest number of sites in 
italics) 

1 125.72 168 West Coast of Scotland, 
Northern Hebrides and 
isolated upland areas in Wales, 

6.6 Machair, Coastal Salt 
marsh, Blanket bog 

2 405.80 20 Small class in very high 
upland areas of W Scotland 

9.7 Pine woodland 

3 42.03 64 Southern Outer Hebrides and  8.0 Machair, Coastal dune slacks
4 163.49 35 Brecon Beacons and Exmoor  7.4 Upland oak woodland 
5 298.76 74 Moderately high inland areas 

of western Scotland, Southern 
Uplands, Lake District, 
Snowdonia and Cambrians 

20.6 Tall herb ledge communities, 
alpine & boreal grasslands, 
montane heath 

6 617.22 36 Cairngorms tops 27.4 Alpine & boreal grasslands, 
Montane heath, Tall herb 
ledge communities, 

7 75.26 157 Coastal SW England, Southern 
Wales, Isle of Wight and 
Channel Islands 

3.8 Coastal dune slacks 

8 45.00 50 Gower Peninsula, Isle of Man 3.6 Coastal dune slacks 
9 277.38 135 Moderately high uplands in 

NW Highlands, Southern 
Uplands, Peak District and 
Cambrians 

16.0 Upland hay meadows, Blanket 
bog 

10 97.39 790 Lowland areas of Eastern 
Scotland, England, Midlands, 
and Welsh borders 

4.7 Raised bog, Drought prone 
acid grassland, Lowland 
calcareous grassland, Upland 
oak, Beech woodland, 
Coastal saltmarsh, Pine 
woodland, Coastal dune 
slacks, Wet heath 

11 131.84 58 Moderately high areas of 
Western coastal Highlands, 
Lake District, Snowdonia 

6.8 Coastal saltmarsh 

12 186.08 92 Sheltered areas of western 
Pennines 

5.6 Raised bog 

13 Not Present  n/a  
14 36.67 248 Eastern coast of England and 

some sheltered coastal areas in 
Western and Northern Wales 
and Scotland 

6.9 Coastal dune slacks, 
Drought prone acid 
grassland 

15 421.45 71 High upland mountains of 
Central Highlands, Southern 
Uplands and Pennines 

16.2 Alpine  & boreal grassland, 
Pine woodland, Upland hay 
meadows, Montane heath  

16 317.94 18 High upland areas of Lake 
District, Brecon Beacons, 
Cambrian Mountains, Exmoor 
and Dartmoor 

15.7 Wet heath 

17 76.33 438 Lowland plains of South 
central England, Cheshire, and 
coastal areas of Solway Firth 

7.9 Beech woodland, Lowland 
calcareous grassland,
Drought prone acid 
grassland, Raised bog, 
Coastal saltmarsh, Coastal 
dune slacks 

18 Not Present  n/a  
19 116.00 22 Upland areas in Hebrides 4.8 Machair 
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Class Mean 
Altitude (m) 
of Baseline 
Class 

Baseline 
no of 
squares 

Location Area 
designated 
(%) 

Habitat Character (>10% of 
total number of sites in bold 
– largest number of sites in 
italics) 

20 286.78 115 Eastern fringes of Cairngorms, 
Lammermuir Hills, Cheviots, 
and northern Pennines 

12.3 Upland hay meadow 

21 352.10 10 Isolated, wet high mountain 
areas of Lake District, 
Snowdonia and Skye 

27.2 Tall herb ledge communities 

22 37.13 93 Orkneys and Shetlands 4.5 Coastal saltmarsh 
24 287.82 40 Moderately high western 

edges of Scottish Highlands 
9.2 Pine woodland 

25 498.89 18 Mountain tops in Western 
Highlands 

23.6 Pine woodland 

26 433.88 43 Mountainous areas in eastern 
Cairngorms 

9.3 Pine woodland, Montane 
heath, Upland hay meadows 

Total  2795    
 

Table 2.5: Summary of class characteristics for the Republic of Ireland and Northern Ireland. 

Class Mean 
Altitude (m) 
of Baseline 
Class 

Baseline 
no of 
squares 

Location Area 
designated 
(%) 

Habitat Character (>10% of 
total number of sites in bold 
– largest number of sites in 
italics) 

1 261.16 45 Isolated uplands of Ireland and 
NI 

15.5 Wet heath, Montane Heath, 
Upland Oak, Blanket Bog  

3 76.16 55 Northern NI 12.2 Machair, Coastal Dune 
Slacks, Coastal saltmarsh, 
Montane Heath 

4 97.22 277 Inland Western Ireland 9.3 Lowland calcareous 
grassland, Raised Bog, 
Blanket Bog, Upland Oak , 
Coastal Salt Marsh, 
Machair, Coastal dune 
slacks, Wet heath, Montane 
Heath   

5 267.67 3 Isolated upland sites in NW 
Ireland 

26.1 Wet Heath 

8 34.21 131 Coastal Eastern and Southern 
Ireland 

6.3 Coastal saltmarsh, Coastal 
dune slacks, Machair, 
Lowland calcareous 
grassland 

9 366.00 1 Moderately high upland site in 
Sperrin Mountains  

0.0 Wet Heath, blanket bog 

10 55.50 4 Isolated lowland sites east of 
Sperrin Mountains 

14.0 Coastal saltmarsh, raised & 
blanket bog 

11 203.63 19 Moderately high areas of NW 
Ireland 

31.5 Montane Heath 

12 120.50 327 Central Eastern Ireland 4.5 Raised bog, Lowland 
calcareous grassland, Upland 
oak, Wet Heath & Blanket 
bog  

13 161.93 44 Exposed moderately high sites 
of SW and Central West coast 
of Ireland 

30.5 Montane heath, Wet heath, 
Blanket bog 

16 264.50 2 Isolated sites upland on NW 
coast of Ireland 

15.7 Montane heath 

18 76.34 56 Lowland coastal areas of SW 
and Central Western Ireland 

7.9 Coastal saltmarsh 
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Class Mean 
Altitude (m) 
of Baseline 
Class 

Baseline 
no of 
squares 

Location Area 
designated 
(%) 

Habitat Character (>10% of 
total number of sites in bold 
– largest number of sites in 
italics) 

22 123.00 6 Moderately high upland areas 
North of Sperrin mountains 

1.0 Coastal dune slacks 

23 237.80 20 Moderately high areas in SW 
and Central Western Ireland 

54.1 Montane heath 

Total  990   
 
2.5 Identification of climatically sensitive areas 
 
2.5.1 Climatically sensitive areas 
 
The discriminant function analysis was rerun using the climate variables for the UKCIP98 2050s High 
scenario.  The analysis assigned squares to classes based on a comparison of distance to a class 
centroid in relation to that of other classes.  However, the nature of the analysis is such that a square 
will always be assigned to a class regardless of the goodness of fit of that square’s bioclimate to the 
class mean.  Since it is expected that the future climate of Britain and Ireland may differ greatly from 
that experienced in the baseline, a cut-off limit was imposed to highlight squares that were outliers 
within a class.  The cut-off was defined as being the maximum squared Mahalanobis distance 
(854.49) between any two classes in the baseline classification.  Hence, if a future climate square was 
further from the centroid of its class than the maximum distance of the most dissimilar baseline 
classes, it was considered to be beyond the climate range of the Baseline98 classification (Figure 2.5).  
Of the 3785 squares in the classification, 1586 were classified as being beyond the Baseline98 
classification and hence in having no suitable analogue under the future scenario.  Figure 2.6 shows 
the pattern of classification for the cluster and discriminant function predicted memberships and for 
the pattern under the 2050s High scenario.  The map on the bottom right of this figure also shows the 
pattern of squares that fall outside of the scope of the Baseline98 classification.   
 
Figure 2.5: A schematic diagram illustrating the principle behind the method used to identify climate 
range beyond the Baseline98 boundary by determining the Mahalanobis distances of the squares that  
are particularly sensitive to climate change.  
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Figure 2.6: Maps showing the pattern of classification for the Baseline98 classes, the discriminant 
function analysis of the baseline data for the UKCIP98 2050s High scenario data and those squares 
whose 2050s High climate places them beyond the range of the Baseline98 classification.  
 
 
 

 
 

2.5.2 Potential new classes 
 
Figure 2.7 shows several ways of assessing the difference between the Baseline98 and UKCIP98 
2050s High classifications.  The two maps based on squared Mahalanobis distance explore: (a) how 
the climate of an anomalous square relates to the climate of the other anomalous squares; and (b) the 
absolute distance of a square from the baseline classification.  In addition, the bottom right map (d) 
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shows how the 2050s High climate may itself be classified using the same PCA and clustering 
technique as used in the Baseline98 classification and compares this to the baseline98 classification 
(c).  The clustering of the 2050s High climate produced a natural break at 22 classes, suggesting less 
distinction between climate conditions in the future, particularly across southern and central England, 
though the southern coast does become a distinct class in the future, which extends further inland than 
the coastal classes of the baseline. 
 
Snowdonia, Sussex, Kent and the South Essex coast show the greatest difference between the baseline 
classification and the future 2050s High climate.  In Ireland, Fermanagh, Galway and Connemara all 
show patterns of climate that differ greatly from that experienced across the region in the baseline.  
For Scotland, Lanarkshire and the western Grampians show the greatest difference from baseline 
conditions (Figure 2.7). 
 
Figure 2.7: The bioclimate classes classified as sensitive mapped according to their Mahalanobis 
clusters (a) or Malhanobis distance (b) along with comparison of the baseline98 (c) and UKCIP98 
2050s High (d) bioclimate classifications. 
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2.5.3 Selecting the case study areas 
 
One of the aims of MONARCH 2 was to find an objective way to select areas of Britain and Ireland 
for more detailed analysis using the species impact models (see Chapter 3).  The areas identified as 
being beyond the Baseline98 classification under their 2050s High climate were examined to identify 
areas with both high conservation interest and apparent sensitivity to climate change. These areas 
were considered to be most suitable for testing the working of the impact models.   
 
The objective selection of areas had to be constrained by more pragmatic requirements: 
 
• In order to provide a useful test for the species impact models, the selected areas should cover a 

range of habitat types; 
• To aid the selection of species to model, the areas selected needed to represent the country-based 

interests of the project's funders; this meant that four case study areas would be needed.   
• One area should highlight cross-border aspects of any conservation policy or management 

responses to climate change.   
 
 
2.5.4 Key conservation changes 
 
Some of the key issues for conservation policy and management in terms of climate change impacts 
(Hossell et al, 2001) are: 
 
1. Loss of climate suitable for a protected habitat 
2. Shift of a habitat to a new area 
3. Need for dispersal over great distances 
4. Influx of non-native species into the study area 
 
Each of these changes may be measured by a change to the future pattern of the bioclimatic 
classification: 
 
1. Loss of a class or series of classes that support all or significant areas of a habitat in the whole 

study area 
2. Local arrival of a class associated with a new habitat in one or more of the regions of the study 

area   
3. Largest shift of northern boundary or contraction of southern boundary of a class across the study 

area  
4. Influx of new climatic conditions into the study area.  
 
2.5.4.1 Loss of climate class associated with a habitat 
 
Tables 2.6 to 2.9 below show the main habitat groups by their Baseline98 class for the areas identified 
in the UKCIP98 2050s High analysis as being sensitive to climate change. 
 
Table 2.6: England: Areas and their habitats most sensitive to changes in climatic conditions. 

Key area affected Baseline class Habitat lost Comments 
Pennines and Cheviot 
Hills 

9, 15, 20  Upland Hay Meadow Large contraction of class range and 
loss from W of Pennines  

Norfolk, Lincolnshire 10, 14, 17 Drought Prone acid 
grassland 

Some Northward shift of conditions 
into Scotland –  
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Table 2.7: Scotland: Areas and their habitats most sensitive to changes in climatic conditions. 

Key area affected Baseline class Habitat lost Comments 
West Coast of Scotland & 
Hebrides 

1  Blanket bog Equal largest number of protected 
sites 

Central West Highlands of 
Scotland 

9 Blanket bog Equal largest number of protected 
sites 

Cairngorm tops, & 
Grampians, Southern 
Uplands 

5, 6, 15, 26 Montane Heath/Pine 
woodland 

Large reduction in area of suitable 
future conditions, possible shift of 
Welsh and Lake District conditions 
into Central West Highlands 

Cairngorm tops, & 
Grampians 

5, 6 Tall herb ledge 
communities 

Large reduction in area of suitable 
future conditions, possible shift of 
Welsh and Lake District conditions 
into Central West Highlands 

Cairngorm tops, & 
Grampians, Southern 
Uplands 

5, 6, 15 Alpine & boreal 
grasslands 

Large reduction in area of suitable 
future conditions, possible shift of 
Welsh and Lake District montane 
heath conditions into Central West 
Highlands  

 

Wales 
 
No loss of major habitats apparent, since incoming classes have a similar habitat type.  However, 
some vegetation changes may be expected (perhaps in pattern of habitat composition), since there are 
a large number of climate sensitive squares in the country.  But the incoming classes have similar 
habitat types so the changes may be restricted to variation in species composition within existing 
communities. 
 
Table 2.8: Ireland: Areas and their habitats most sensitive to changes in climatic conditions. 

Key area affected Baseline class Habitat lost Comments 
South of Lough Neagh, 
Cork, Central, Eastern 
Ireland 

4, 12, 13, 23 Lowland Calcareous 
grassland, Raised bog, 
Blanket bog 

Replaced by coastal class conditions 
 

 
 
2.5.4.2 Potential local arrivals 
 
Scotland and Ireland both gain “new” classes from the Baseline98 classification under the 2050s High 
scenario.  The table below shows what those new classes are, what habitats they are associated with in 
Britain, the areas that they occupy and the classes they displace. 
 
Table 2.9: Possible new arrival of habitats based on the change in bioclimatic class. 

Key area affected Baseline class Habitat potentially 
arriving? 

Comments 

South of Lough Neagh, Cork, 
Central Eastern Ireland 

7, 18 Coastal dune slacks, 
coastal salt marsh 

Largely replace squares in 
classes 4, 12, 13 and 23  

Inner Hebrides round Mull 18 Coastal saltmarsh New class to Scotland  
 
 
2.5.4.3 Greatest shifts in class boundaries 
 
Class 22 shows the greatest shift in its southern boundary under the 2050s High scenario.  The class 
area contracts to Orkney and Shetland with the class’ climatic conditions no longer represented in 
Northern Ireland at all. 
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2.6 Selected case study areas 
 
On the basis of both criteria for the selection of areas and the potential changes in conservation 
interest for which the models need to be tested, the case study areas chosen for further analysis in 
MONARCH 2 were: 
 
1. Hampshire, England (potential influx of new species from continental Europe) 
2. Snowdonia, Wales (large bioclimate change in area of high conservation interest) 
3. Central Highlands, Scotland (potential large reduction in sensitive habitat) 
4. A cross border area around Cuilcagh/Pettigo in Ireland (representing class 12 with greatest area of 

ASSIs).  
 
Figure 2.8 shows the location of these case study areas. 
 
Figure 2.8: The location of the case study areas. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.7 Selection of habitats and species 
 
Habitat and species selection was undertaken by members of the Research Team in conjunction with 
the funders and other stakeholders. A workshop to assist this process was held in all the case study 
areas, apart from Central Highlands.  The selection was constrained by a protocol, detailed below, and 
by the limited capacity to model species within a relatively short time frame.   
 
The case study areas were selected to encompass an area of 1,000 – 2,500 km2 and thereby suitable 
for landscape-scale modelling of climate change impacts.  This size was sufficient to embrace the 
habitats of conservation interest for which the region as a whole had been selected.    
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2.7.1 Selection criteria 
 
The aim was to focus on two habitats per case study area and to choose four or five species for each 
habitat according to the criteria below. 
 
2.7.1.1 Habitats 
 
BAP priority habitats (or EU Habitats Directive descriptors), which are: 
 
• characteristic of the current bioclimatic zone (ideally with a restricted geographic range 

nationally), and, 
• important in defining the landscape of the case study area. 
 
It is important to note that these selected habitats did not cover the whole case study area, which was 
larger to facilitate dispersal modelling and determine species that may move into the selected habitats. 
 
2.7.1.2 Species 
 
Within the selected habitat(s), species were identified that fulfilled the following criteria: 
 
• Dominant species: characteristic of each habitat selected, as these will be fundamental to 

ecosystem functioning (the NVC was used when appropriate to inform choice).  The target was to 
choose two or three species from this category; by nature, dominant species generally would be 
plants; 

• Rare or Flagship species:  ideally chosen from other taxa (not plants) that are interactive with the 
dominant species identified above, as they may be affected significantly by any change in status 
of the latter.  The target was to choose one species from this category.  This category was 
accepted as not being necessary for each habitat selected; 

• Recruitment species:  species able to move into the habitat from other habitats within the case 
study area or from elsewhere, which may have a significant impact on ecosystem functioning.  
The target was to choose one or two species from this category. 

 
It is important to note that keystone species status was not selected as a criterion, as although such 
species are critical to ecosystem dynamics they are very difficult to identify without experimental 
data. 
 
The impact of climate change on habitats was not considered directly, instead the response of species 
was modelled (Chapter 3) and the implications for community composition deduced (Chapter 4).  A 
maximum of ten species per case study was modelled (due to budgetary and time constraints). The 
selected species and habitats are given in Table 2.10. 
 
2.8 Bioclimatic classification of the case study areas 
 
The climate variables in each of the study areas were updated using the UKCIP02 datasets.  This 
process was designed to make use of the increased resolution of the UKCIP02 datasets to 5km x 5km.  
In recalibrating the baseline98 classification using the UKCIP02 baseline (Baseline02) climate, the 
pattern of the classification in the study areas has changed somewhat (results for each case study area 
are presented in Chapters 6 to 9).  In particular, the squared Mahalanobis distances (a measure of the 
closeness of fit of the climate of a square to the mean for the class) for the Baseline02 classification 
were much higher than for the Baseline98, suggesting that there was discrepancy between the baseline 
climates of the two datasets.  With the change in the resolution of the data, it was not unexpected for 
squares to move to a similar class with the UKCIP02 data.  However, in some cases the UKCIP02 
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data placed squares beyond the limits of the Baseline98 classification, indicating that the higher 
resolution data were markedly different from the UKCIP98 data.   
 

Table 2.10:  The habitats and species selected for study within the case study areas.  D: dominant, F: 
Flagship R: rare, Rec: Recruitment 

Hampshire 
Beech hangers 
Beech  - Fagus sylvatica (D) 
Ash - Fraxinus excelsior (D) 
Dog’s mercury - Mercurialis perennis (D) 
Yellow-necked mouse - Apodemus flavicollis (F) 
Hawfinch - Coccothraustes coccothraustes (R) 

Wet heath 
Cross-leaved heather - Erica tetralix (D) 
Purple moor grass - Molinia caerulea (D) 
Heather - Calluna vulgaris (Rec)  
Bog bush-cricket - Metrioptera brachyptera (F) 
Curlew - Numenius arquata (F) 

Central Highlands  
Caledonian pine woodland 
Scots pine - Pinus sylvestris (D) 
Silver birch - Betula pendula (D) 
Sessile oak - Quercus petraea (Rec) 
Hairy wood ant - Formica lugubris (R) 
Willow tit - Parus montanus (Rec) 

Upland/montane heath 
Heather - Calluna vulgaris (D) 
Bilberry - Vaccinium myrtillus (D) 
Cowberry - Vaccinium vitis-idaea (D)  
Stiff sedge - Carex bigelowii (D) 
Ptarmigan - Lagopus mutus (F) 

Snowdonia 
Upland oak woodland 
Sessile oak - Quercus petraea (D) 
Bluebell - Hyacinthoides non-scripta (F) 
Common cow wheat - Melampyrum pratense (D) 
Pied flycatcher - Ficendula hypoleuca (F) 

Upland/montane heath 
Heather - Calluna vulgaris (D) 
Bilberry - Vaccinium myrtillus (D)  
Bracken - Pteridium aquilinum (Rec) 
Western gorse - Ulex gallii (Rec) 
Stiff sedge - Carex bigelowii (D) 

Cuilcagh/Pettigo 
Blanket bog 
Crowberry - Empetrum nigrum (D)                                 Golden plover - Pluvialis apricaria (F) 
Hare’s-tail cotton grass - Eriophorum vaginatum (D)     Lesser twayblade - Listera cordata (R) 
White beak-sedge - Rhynchospora alba (D)                    Downy birch - Betula pubescens (Rec) 
Deergrass - Trichophorum cespitosum (D)                      Bracken - Pteridium aquilinum (Rec) 
Sphagnum moss - Sphagnum cuspidatum (D) 
 
An investigation of the mean variable values for the two baseline datasets showed that sunshine hours 
showed the greatest difference.  The level of discrepancy between the two baseline classifications was 
somewhat reduced by removing sunshine hours as a variable from the UKCIP02 climate variables.  
However, despite the removal of the sunshine hours data from the UKCIP02 dataset, there were still 
some differences between the Baseline98 and 02 classifications, although some of the changes were 
no more than squares moving between closely related classes.  Some classes are closer to each other 
in ‘statistical space’ than others, so the probability of shifting classes is greater for some classes than 
for others.  This has important implications for estimating the degree of change for a grid square 
because classes are not uniformly “distant” from each other.   
 
In Hampshire, for example, most of the changes apparent between the Baseline98 and the Baseline02 
classifications seem to be small changes reflecting the improved resolution of the UKCIP02 baseline 
data.  However, for the Scottish and Welsh case study areas the changes between classes represented 
large shifts and in some cases (particularly in Scotland) the changes were sufficient that the UKCIP02 
baseline data did not fit within the Baseline98 classification.  This means that, for some squares, the 
effect of the change in baseline data was as great as the effect of applying the 2050s High scenario 
data.  This would suggest that the Baseline98 classification is not a good representation of the pattern 
of climate in such areas.  It is not possible, however, to say if the differences in the datasets would 
have affected the basis upon which the study area was selected.  Such an assessment would require 
the creation of a Baseline02 classification at the national level and then its perturbation using the 
2050s High emission scenario (essentially a repeat of the Baseline98 classification process but using 
the UKCIP02 dataset). 
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More detail on the nature of the differences between the classification pattern using the 10km x 10km 
UKCIP98 data and that using the 5km x 5km UKCIP02 data is discussed in the individual case study 
area chapters.  However, in order to discover why the discrepancies between the two baseline 
classifications may have occurred, a comparison was made of the ways in which the UKCIP98 and 
UKCIP02 baseline datasets were derived. 
 
2.8.1 Relationship between 10km UKCIP98 and 5km UKCIP02 data sets 
 
2.8.1.1 Differences in the number of stations used to generate the datasets 

 
The UKCIP98 data were derived from a restricted number of stations, ranging from 80 for the wind 
speed variables to 750 for the rainfall (Hulme and Jenkins, 1998).  By contrast the UKCIP02 data 
made use of the Meteorological Office’s more extensive archive of UK observations.  Table 2.11 
shows the total number of sites and the number of sites per month available for each variable type.  As 
was shown with the UKCIP98 Irish data, the use of too few meteorological stations can have a 
significant effect on the quality of the interpolated data (see Hossell et al., 2001 for more details of 
this issue) by smoothing over the variation that does occur. 

 
Table 2.11: Number of sites used to provide data for the UKCIP02 baseline dataset (after Hulme et 
al., 2002). 

Variable type Total no. of sites No. of sites per month 
Temperature 1400 550 
Rainfall (no missing days allowed) 11000 4000 
Sunshine 650 300 
Wind (1969-90) 400 200 
Cloud (used to calculate sunshine hours) 400 200 
 
 
2.8.1.2 Differences in interpolation techniques 
 
The UKCIP98 baseline dataset used a partial thin-plate splines technique to interpolate the station 
data (Barrow et al., 1993).  The method uses elevation, latitude and longitude as independent 
predictor variables to improve the pattern of the gridded data.  The UKCIP02 data are interpolated 
using an inverse cubed weighting technique, with latitude, longitude, altitude, coastal proximity and 
urbanisation used for different variables as independent predictors of the climate variables.  This 
technique was preferred over less well-proven methods such as splines and kriging (Hulme et al., 
2002).  
 
2.8.1.3  Local spatial variation in climate variables 
 
There may be significant differences in the spatial pattern of climate between the 10km x 10km and 
5km x 5km scale where there are local differences in topography.  Proximity to the coast may also 
affect spatial variation in climate at this scale.   
 
Whilst it is difficult to assess the effects of these individual differences between the datasets, it is clear 
that considerable differences do exist between the 10km and 5km baseline datasets.  The significance 
of the differences needs to be noted when undertaking analyses using both datasets or comparing 
impacts studies that have used the different scenario sources since the starting point for the analyses 
will be different, as well as the scenario data. 
 
2.9 Uncertainty in future climate change projections 
 
The UKCIP02 climate scenarios (Hulme et al., 2002) have been used in the MONARCH 2 study for 
model development and application.  All the UKCIP02 scenarios are based on the high-resolution 
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regional climate model (HadRM3) from the Hadley Centre for Climate Prediction and Research.  Four 
scenarios are available reflecting differences in greenhouse gas emissions, labelled Low Emissions, 
Medium-Low Emissions, Medium-High Emissions and High Emissions.  Although the UKCIP02 
scenarios represent the effects of uncertainties in future emissions on UK climate, they do not cover 
uncertainties in how the climate system will respond to these emissions (scientific or modelling 
uncertainty).  The reason for this is that, at the time the UKCIP02 scenarios were designed, only the 
Hadley Centre had a set of model experiments for Europe conducted using regional climate models at 
a high spatial resolution of 50km2 (Hulme et al., 2002).  To address this limitation, scientific 
uncertainties have been explored by analysing the range of regional climates over Britain and Ireland 
simulated by other global climate models.  It is important that MONARCH 2 research explores this 
uncertainty so that results can be framed within this wider risk context. 
 
Results from four global climate models (GCMs) have been made available through a data exchange 
agreement with the EC 5th Framework ACCELERATES and ATEAM projects.  These are the DOE 
PCM model from the USA, the CSIRO2 model from Australia, the CGCM2 model from Canada, and 
the HadCM3 model from the UK.  It is important to note that results from other regional climate 
models were not available and hence, these additional scenarios are based on coarser scale results 
from global climate models with spatial resolutions over the UK ranging from 250 to 360 km.  These 
raw climate model outputs were downscaled to a 10-minute grid for Europe within the 
ACCELERATES/ATEAM projects.  Each GCM pattern of change has been scaled to four emissions 
storylines from the IPCC Special Report on Emissions Scenarios (SRES): B1, B2, A2 and A1FI.  
These correspond to the UKCIP02 Low, Medium-Low, Medium-High and High Emissions scenarios, 
respectively.   
 
The UKCIP02 patterns and magnitudes of climate change for the 2050s time slice (2041-2070 
average) are compared with those from the four global climate models over Britain and Ireland in 
Figures 2.9 to 2.12.  The patterns for summer temperature change for the UKCIP02 scenarios are 
similar to the HadCM3 model, the global model used to drive the Hadley Centre high-resolution 
regional model, with a south-east to north-west gradient (Figures 2.9 and 2.10).  However, the 
magnitude of change differs slightly under both the B1 (Low) and A1FI (High) emissions scenarios, 
with higher increases in the south-east and lower increases in the north-west for the HadCM3 model.  
The CGCM2 model also exhibits a south-east to north-west gradient in summer temperature change 
under both emissions scenarios, but the magnitude of change is less than the UKCIP02 scenarios.  The 
other models differ from the UKCIP02 scenarios in terms of both pattern and magnitude of change.  
In particular, the PCM model shows significantly lower increases in summer temperature ranging 
from 0.3 to 1.0 under the B1 emissions scenario and from 1.0 to 2.0 under the A1FI emissions 
scenario.  This compares with ranges of 0.3 to 2.1 and 0.5 to 3.3 for the UKCIP02 Low and High 
scenarios, respectively.  
 
Changes in summer and winter precipitation for the UKCIP02 High scenario and the comparative 
A1FI emissions scenario for the four global climate models are shown in Figures 2.11 and 2.12.  The 
UKCIP02 and HadCM3 models are significantly drier than the other three climate models in summer.  
Mean changes in summer precipitation across Britain and Ireland are –21.8 and –16.1% for the 
UKCIP02 and HadCM3 models, respectively, whilst the CSIRO2, CGCM2 and PCM models show 
mean changes of –0.9, +0.8 and +1.4%, respectively.  The UKCIP02 High scenario exhibits a south to 
north gradient, with decreases in summer precipitation projected for virtually all of Britain and 
Ireland.  Alternatively, the PCM, CSIRO2 and CGCM2 models project increases in summer 
precipitation for Scotland and Northern Ireland and either small increases or small decreases for 
England, Wales and the Republic of Ireland, depending on the model. 
 
Changes in winter precipitation are more consistent between the different models.  All show increases 
in precipitation, with the exception of the PCM model which projects slight decreases for northern 
England, southern Scotland and parts of northern Ireland.  Changes in winter precipitation range from 
–2 to +24% across the different models for the A1FI (High) emissions scenario. 
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Figure 2.9: Change in summer mean temperature (oC) for four global climate models under the B1 
SRES emissions scenario compared to the UKCIP02 Low emissions scenario for the 2050s. 
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Figure 2.10: Change in summer mean temperature (oC) for four global climate models under the 
A1FI SRES emissions scenario compared to the UKCIP02 High emissions scenario for the 2050s. 
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Figure 2.11: Change in summer precipitation (%) for four global climate models under the A1FI 
SRES emissions scenario compared to the UKCIP02 High emissions scenario. 
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Figure 2.12: Change in winter precipitation (%) for four global climate models under the A1FI SRES 
emissions scenario compared to the UKCIP02 High emissions scenario. 
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2.10 Discussion and conclusions 
 
This chapter has outlined the basis on which the UKCIP98 baseline data for 1961-90 were used to 
define a bioclimatic classification, which was then characterised using protected site and BAP habitat 
distribution information.  At the Britain and Ireland scale of the initial MONARCH study, the 10km 
gridded dataset of the UKCIP98 scenarios provided an appropriate resolution to derive the Baseline98 
classification.  It allowed the development of a classification of sufficient detail that could be readily 
matched to the data on nature conservation sites and habitats.  Perturbing this dataset with the 
UKCIP98 2050s High scenario highlighted a number of areas that appear to be particularly sensitive 
to climate change.  Based on the conservation information and bioclimatic sensitivity data, four case 
study areas were selected in which to further test the species impact models.  These areas were 
Hampshire, Central Highlands, Snowdonia and a cross border area around Cuilcagh/Pettigo in Ireland.   
 
In focusing in more detail on the case study areas, it is clearly valuable to use climate data at a higher 
resolution.  Hence, the bioclimatic classification was recalibrated in each area to the UKCIP02 
baseline data.  In doing this analysis, differences between the two baseline datasets were highlighted.  
These were particularly apparent in the upland case study areas and may reflect the lower number of 
stations used in the UKCIP98 dataset.  However, since the two UKCIP baseline datasets have been 
developed using such different techniques and with different sources of climate data, it is impossible 
to determine why the datasets produce such different climate patterns over the case study areas.  It 
also means that it is difficult to compare any analyses that have been undertaken on both datasets, 
since it is not possible to determine if any difference in results is due to the different scenario 
projections within the datasets or related to the different starting points of the baselines.  This adds to 
the uncertainty of the climate change impact projections. 
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Chapter 2 Annex 
  Technical details of climatic analysis 
 
A2.1 Climatic variables 
 
Table A2.1 shows the variables used in the Baseline98 classification of MONARCH 2, with shaded 
rows indicating the variables not included in the classification developed under MONARCH 1.   
 
Table A2.1: Climate variables used in the Monarch 2 bioclimatic classification. 

Variable type Abbreviation Unit of 
measurement 

Number 
of 
variables 

Description 

Mean Temp MeanT °C 12  
Minimum temp MinT °C 12  
Growing Degree Days >5°C GDD °C 1  
Rainfall PPT mm/day 12  
Potential evapotranspiration PET mm/day 12  
Hydrologically effective 
rainfall 

HER mm/day 12  

Absolute minimum 
temperature over 20 years  

Abs Min °C 1  

Maximum temperature of the 
warmest month 

MaxT °C 1  

Mean wind speed MeanW m/s 12  
Average spring rainfall Spngppt mm/month 1  
Total Sunshine hours Sun hours/month 12 Calculated from cloud cover for 

all timeslices 
Growing season length GSL Days 1 Calculated using the sign curve 

estimate of the daily 
temperature.  Growing season 
starts on 10th day above 5°C 
and ends on 5th day below 5°C 

 
 
A2.2 Principal Component Analysis results 
 
The 89 variables given in Table A2.1 were used within the PCA to reduce the number of variables for 
the clustering analysis and to remove any correlation between the original variables.  Table A2.2 
shows the eigenvalues for each of the seven factors derived from the PCA.  The eigenvalue is a 
measure of the number of the original variables explained by the new factor.  These factors accounted 
for more than 96% of the variation within the Baseline98 climate data.   
 
Table A2.2: Eigenvalues from PCA 

Factor Eigenvalue % Total
variance 

Cumulative 
Eigenvalue 

Cumulative 
% 

 

1 28.63453 32.17363 28.63453 32.17363  
2 27.33975 30.71882 55.97428 62.89245  
3 13.34653 14.9961 69.32081 77.88855  
4 11.89566 13.36591 81.21647 91.25446  
5 2.142563 2.407375 83.35903 93.66183  
6 1.530370 1.719517 84.88940 95.38135  
7 0.899150 1.010281 85.78855 96.39163  
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So for example, the eigenvalue for Factor 1 shows that 28.6 of the 89 starting variables are explained 
by this new factor.   
 
For the UKCIP98 2050s High scenario PCA eight principal components were derived (Table A2.3), 
suggesting a more complex climatic pattern under this scenario. 
 
Table A2.3: Eigenvalues for the eight principal components in the UKCIP98 2050s High PCA 
 

Factor Eigenvalue % Total 
variance 

Cumulative 
Eigenvalue 

Cumulative 
% 

 

1 28.82451 32.387 28.82451 32.387  
2 26.89026 30.214 55.71477 62.601  
3 13.50827 15.178 69.22304 77.779  
4 11.90176 13.373 81.1248 91.152  
5 1.500363 1.6858 82.62516 92.8378  
6 1.563382 1.7566 84.18855 94.5944  
7 1.046196 1.1755 85.23474 95.7699  
8 1.089764 1.2245 86.32451 96.9944  

 
 
A2.3 Hierarchical clustering 
 
This is calculated using squared Euclidean distance as an indication of the maximum dissimilarity 
between members of each class (Venables and Ripley, 1994).  Figure A2.1 gives the squared 
Euclidean distances for class solutions between two and 50.   
 
Figure A2.1 Euclidean distances for the first 50 cluster solutions for the Baseline98 classification. 
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A2.4 Discriminant function analysis 
 
An alternative measure of similarity of the cluster analysis and discriminant function analysis 
predictions for class membership may be measured by a similarity index (S) (Carey et al., 1995): 
 
S=2c/(a1+a2) 
 
Where c is the number of 10km2 grid squares in common between two classes and a1 and a2 are the 
numbers of squares in those classes respectively.  With this measure the match between the original 
and the discriminant function classification is 81.67%. 
 
Table 2.4 provides the breakdown of the membership of the two classifications for Britain and 
Ireland. 
 
Table 2.4: Comparison of class membership between cluster analysis and discriminant function 
analysis 

Britain Ireland  
 

Class number Clustered Class 
numbers 

Predicted Class 
Numbers 

Clustered Class 
numbers 

Predicted Class 
Numbers 

1 145 168 38 45 
2 22 20   
3 47 64 36 55 
4 47 35 251 277 
5 88 74 4 3 
6 35 36   
7 156 157   
8 54 50 146 131 
9 126 135 6 1 

10 729 790 58 4 
11 59 58 14 19 
12 129 92 288 327 
13 3  43 44 
14 312 248   
15 68 71   
16 13 18 2 2 
17 426 438 56 56 
19 22 22   
20 131 115   
21 8 10   
22 96 93 29 6 
23   19 20 
24 29 40   
25 18 18   
26 32 43   

 
Table 2.5 shows some of the climatic characteristics of the classes with variables selected to represent 
the first three factors of the PCA.   
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Table 2.5: Mean values for key bioclimatic variables in each baseline class (bold shows greatest 
value, italics shows lowest value).  

Related 
PCA 

Factor 

1 2 3 

Class Summer 
HER 

(mm/day) 

Winter 
HER 

(mm/day) 

GDD >5 °C GSL 
(days) 

Absolute 
minimum 

temperature 
(°C) 

Mean Jan Wind 
Speed (m/s) 

1 0.75 4.49 1240.11 245.30 -17.37 7.29 
2 3.77 10.03 839.23 189.36 -20.87 7.59 
3 0.44 3.72 1443.49 307.19 -15.87 8.13 
4 0.48 4.04 1580.33 311.26 -15.71 5.87 
5 1.76 6.63 1044.85 211.87 -19.19 7.39 
6 0.79 5.00 605.37 160.46 -23.68 7.10 
7 0.01 3.17 1980.47 352.11 -14.52 6.43 
8 0.15 2.88 1789.57 339.38 -14.92 6.66 
9 0.48 4.39 1097.73 210.33 -19.54 6.20 

10 0.02 1.78 1518.78 249.32 -17.68 5.48 
11 1.33 5.87 1300.90 249.71 -17.35 7.17 
12 0.28 3.26 1420.46 258.43 -17.14 5.22 
13 1.56 6.45 1471.61 305.28 -15.81 6.29 
14 0.02 1.65 1618.78 270.52 -16.84 6.62 
15 0.94 5.85 866.57 188.40 -21.21 6.54 
16 1.75 7.35 1284.13 234.13 -18.37 6.70 
17 0.01 2.30 1768.72 280.75 -16.53 5.10 
18 0.79 5.36 1788.58 353.29 -14.05 6.56 
19 2.46 8.24 1203.46 245.77 -17.27 8.08 
20 0.19 2.80 1013.07 201.80 -20.12 6.07 
21 3.85 9.79 966.88 208.25 -19.21 8.44 
22 0.18 3.32 1090.51 234.32 -17.27 7.79 
23 2.49 7.98 1391.14 300.05 -15.93 6.47 
24 2.71 8.19 988.53 205.76 -19.45 7.66 
25 2.71 9.06 737.19 178.28 -21.84 7.53 
26 0.35 3.59 772.49 177.63 -22.13 6.69 

 
 
A2.5 Baseline98 and Baseline02 classifications 
 
With the removal of the sunshine hours from the Baseline98 and 02 datasets the correspondence 
between the original hierarchical clustering classification (Baseline98) and the discriminant function 
classification was reassessed to determine the effect of the change in variables.  The ability of the 
reduced Baseline98 set to predict the original hierarchical clustering classification fell slightly from 
82.77 to 81.96%. 
 
Even following the removal of the sunshine hours data, there were some discrepancies between the 
classification of squares in the study areas for the UKCIP98 and UKCIP02 datasets.  Some of these 
changes were relatively small as some classes are climatically very close.  Those classes where the 
statistical separation is relatively small are marked with an asterisk in Table 2.6 and the squared 
Mahalanobis distance to the nearest class is given.   
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Table 2.6: The three nearest neighbours to each class and identification of classes that are nearest to 
other classes (*) based on the squared Mahalanobis distance.  
 

Class 
 

Nearest Classes 
 

Squared Mahalanobis distance to 
nearest class 

        1st            2nd            3rd  
  1* 12 11 4 23.6 
  2 25 21 24 83.4 
  3* 4 8 1 39.2 
  4* 12 1 8 21.1 
  5* 11 16 24 35.5 
  6 26 15 9 316.6 
  7 17 8 4 80.6 
  8* 4 3 17 32.1 
  9* 20 12 15 30.1 
10* 14 17 12 19.5 
11* 1 5 4 25.3 
12* 4 10 1 21.1 
13 23 11 4 67.9 
14* 10 17 3 19.5 
15* 9 5 20 46.5 
16 5 11 13 55.1 
17* 10 4 1 22.4 
18 13 4 8 68.2 
19 24 11 15 93.1 
20* 9 10 12 30.1 
21 2 19 24 88.4 
22 10 3 14 70.1 
23 13 16 18 67.9 
24 5 19 2 64.1 
25 2 24 5 83.4 
26 20 6 15 66.7 
 
 
A2.6 Uncertainty in climate change scenarios 
 
Changes in mean temperature and precipitation for all climate models and all seasons are summarised 
in Tables 2.7 and 2.8.  The values highlight the uncertainty surrounding projections of future levels of 
climate change by indicating the magnitude and pattern of change produced by four other Global 
Climate Models, which use different parameters and climate sensitivity, by comparison to the 
UKCIP02 scenarios.  The assessment indicates that UKCIP02 scenarios present a slightly warmer and 
drier summer pattern of change than the other four models considered. 
 
A2.7 References 
 
Carey, P. D., Preston, C., Hill, M. O., Usher, M. and Wright, S. (1995). An environmentally defined 
biogeographical zonation of Scotland designed to reflect species distributions. Journal of Ecology, 83, 
833-845. 
 
Venables, W.N. and Ripley, B.D. (1994). Modern Applied Statistics with S-Plus. New York, Springer-
Verlag. 
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Table 2.7: Mean, minimum and maximum changes in mean temperature (oC) across Britain and 
Ireland for the UKCIP02 Low and High scenarios and the comparative B1 and A1FI emissions 
scenarios for four global climate models for the 2050s. 

B1 (Low) emissions  A1FI (High) emissions Climate 
model Spring Summer Autumn Winter  Spring Summer Autumn Winter 
UKCIP02:          
Mean 1.10 1.46 1.46 1.02  1.75 2.32 2.33 1.62 
Minimum 0.50 0.30 0.60 0.60  0.80 0.50 0.90 0.90 
Maximum 1.30 2.10 1.80 1.30  2.10 3.30 2.90 2.10 
HadCM3:          
Mean 1.35 1.39 1.38 1.46  2.01 2.30 2.23 1.88 
Minimum 0.67 0.30 0.70 0.80  0.93 0.43 0.87 1.10 
Maximum 1.83 2.53 1.87 2.00  2.40 4.20 3.30 2.43 
CGCM2:          
Mean 1.00 1.37 1.27 0.96  1.49 2.30 1.90 1.68 
Minimum 0.90 1.10 1.07 0.83  1.13 1.27 1.60 1.27 
Maximum 1.30 1.57 1.43 1.37  2.00 2.83 2.10 2.13 
CSIRO2:          
Mean 1.09 1.56 1.95 1.80  1.23 1.61 1.89 1.89 
Minimum 0.23 0.97 1.47 1.40  0.63 0.93 1.47 1.40 
Maximum 1.90 1.93 2.33 1.97  1.90 1.97 2.20 2.13 
PCM:          
Mean 0.67 0.40 0.76 0.66  1.39 1.21 2.00 1.65 
Minimum 0.50 0.33 0.70 0.43  1.10 1.00 1.80 1.23 
Maximum 1.40 0.97 1.03 2.27  3.03 2.00 2.73 4.97 

 
 

Table 2.8: Mean, minimum and maximum changes in precipitation (%) across Britain and Ireland for 
the UKCIP02 Low and High scenarios and the comparative B1 and A1FI emissions scenarios for four 
global climate models for the 2050s. 

B1 (Low) emissions  A1FI (High) emissions Climate 
model Spring Summer Autumn Winter  Spring Summer Autumn Winter 
UKCIP02:          
Mean -0.98 -13.70 -2.86 7.55  -1.55 -21.77 -4.55 11.99 
Minimum -5.60 -20.20 -6.90 0.60  -8.90 -32.10 -11.00 1.00 
Maximum 7.40 3.00 3.00 14.50  11.70 4.80 4.80 23.10 
HadCM3:          
Mean 3.58 -11.50 2.74 9.25  3.21 -16.13 6.43 14.94 
Minimum -2.77 -18.90 -5.03 -0.67  -4.53 -28.93 -0.77 -2.13 
Maximum 9.77 3.53 10.03 18.03  9.23 0.97 15.63 23.57 
CGCM2:          
Mean 4.19 -0.81 4.50 6.95  3.02 0.83 0.43 11.78 
Minimum -0.53 -8.00 -3.27 -0.30  -7.27 -18.57 -4.43 3.07 
Maximum 8.13 6.90 12.00 10.37  12.57 11.13 8.93 17.87 
CSIRO2:          
Mean 6.86 4.00 4.97 4.45  4.10 -0.87 4.50 8.01 
Minimum 1.00 -1.73 -1.43 0.77  -1.57 -6.03 2.20 3.23 
Maximum 9.67 6.77 9.67 9.83  7.60 2.93 8.70 17.57 
PCM:          
Mean 3.38 2.53 0.53 1.64  8.05 1.44 1.04 2.68 
Minimum 1.87 -0.50 -2.20 0.13  3.37 -8.27 -5.30 -1.90 
Maximum 8.97 6.23 5.23 10.57  21.60 12.03 14.80 18.97 
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