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Executive Summary

This report provides an analysis of future Irish climate

conditions for the period 2021–2060 based on the outputs

from a new regional climate modelling facility located in

Met Éireann. These are the first results from the Met

Éireann Regional Climate Model and represent the first

steps in an ambitious programme to run an ensemble of

simulations that will improve our understanding of climate

change and its implications for Ireland, and quantify the

uncertainties in the climate projections. The simulation of

the future climate is driven at the boundaries by the output

of the Max Planck Institute Global Climate Model with

future greenhouse gas concentrations following the

moderately increasing concentrations scenario used by

the Intergovernmental Panel on Climate Change.

Projected temperature changes from the model output

show a general warming in the future period with mean

monthly temperatures increasing typically between 1.25

and 1.5°C. The largest increases are seen in the south-

east and east, with the greatest warming occurring in July. 

For precipitation, the most significant changes occur in

the months of June and December; June values show a

decrease of about 10% compared with the current

climate, noticeably in the southern half of the country;

December values show increases ranging between 10%

in the south-east and 25% in the north-west. There is also

some evidence of an increase in the frequency of extreme

precipitation events (i.e. events which exceed 20 mm or

more per day) in the north-west. 

In the future scenario, the frequency of intense cyclones

(storms) over the North Atlantic area in the vicinity of

Ireland is increased by about 15% compared with the

current climate. This is related to the projected general

rise in sea surface temperatures. 

In a practical application of this new data set, a

hydrological model was used to assess the impact of

climate change on river discharge and local flooding in the

Suir catchment area. The increase in winter precipitation

was found to produce a significant increase in the more

intense discharge episodes, raising the risk of future

flooding in the area.

As part of the climate model validation work, a 40-year

simulation of the past climate (1961–2000) was also

completed. The output data complement the archive of

existing climate observations and, together with the data

for the future climate, greatly enhance the scope for

studies of the impacts of climate change in Ireland.
vii



1 Introduction and Outline of Report

1.1 Background 

The Community Climate Change Consortium for Ireland

(C4I) project has enabled the establishment of a regional

climate modelling facility in Met Éireann. A key objective

is to develop a new national capacity to forecast future

climate conditions in Ireland. This is considered to be

necessary for the development of national planning for

adaptation to the impacts of projected climate change.

This report provides an analysis of the first major output

from the C4I regional climate model; it is the first of a

series of such reports, which will build on this analysis. 

Addressing anthropogenic climate change, caused by the

build up of greenhouse gases (GHG) in the atmosphere,

is one of the greatest challenges of this century. The work

of the Intergovernmental Panel on Climate Change

(IPCC) has provided an authoritative analysis of the

science of climate change, as well as mitigation and

adaptation options, and informs the actions under the UN

Framework Convention on Climate Change (UNFCCC). 

The IPCC Third Assessment Report (TAR) (IPCC, 2001)

has attributed observed warming to anthropogenic

influences. More recent reports on climate change show

rapid changes in key regions such as the Arctic (ACIA,

2005) and locally in Ireland (Sweeney et al., 2002). It is

also recognised that, due to the long atmospheric

lifetimes of GHG, climate change impacts will continue to

evolve over the coming decades regardless of

international actions, such as the Kyoto Protocol to the

UNFCCC, to reduce emissions. 

To be effective, mitigation actions to reduce emissions of

GHG need to be taken at a global level. However, impacts

assessment and adaptation measures are largely taken at

national and local levels. Effective adaptation actions

need to be informed of likely changes and uncertainties in

climate projections. Work in the C4I project is a key

component in the development of national and local

adaptation planning. 

1.2 Outline of this Report

A Regional Climate Model (RCM) has been used to create

a 40-year simulation of the past climate (1961–2000).

This was done to verify that the model is capable of

capturing the essential features of the Irish climate at the

scale of the model configuration (i.e. on a 0.12° horizontal

grid). This produced an extensive data set of surface and

upper-air weather parameters for comparison against

available climatological observations in the Met Éireann

archive. These results are discussed in Chapter 2. An in-

depth analysis of the changing precipitation patterns over

the 40 years is provided in Chapter 3. 

Following the verification of the model performance in

recreating the past climate, the model was used to

simulate the future climate for the period 2021–2060. The

Regional Climate Model was driven by output from the

Max Planck Institute ECHAM4 coupled atmosphere–

ocean Global Climate Model (GCM). This transient

simulation, extending from 1860 to 2100, used observed

GHG concentrations up to 1990 and a scenario of

moderately increasing GHG concentrations for the future

(the Special Report on Emissions Scenarios (SRES)-B2

scenario – see Appendix IV for details). Evaluation of the

climate change requires a reference simulation and this

was run for the period 1961–2000, again driven by

ECHAM4 data. The results are discussed in Chapter 4. 

The results of a case study in which a standard

hydrological model was used to simulate river discharge

in the Suir catchment area are discussed in Chapter 5.

The increase in winter precipitation was found to produce

a significant increase in the more intense river discharge

episodes, raising the risk of future flooding in the area.

Chapter 6 analyses the frequency and intensity of

cyclones, and their movement, comparing statistics from

the ERA-40 re-analysis data with those from the past

simulation. In the future simulation (2021–2060), the

frequency of very intense cyclones/storms with core

pressures less than 950 hPa, shows substantial changes:

a 15% increase compared to a reference simulation with

even stronger increases in winter and spring seasons.
1
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2 Simulation of Past Climate

Summary of contents: The regional climate model has been

validated by performing a 40-year simulation of the Irish climate

(1961–2000), using re-analysis data1 to drive the model, and the

output compared against a wide range of observational data from

the Met Éireann climatological archive. Results confirm that the

model is able to capture the essential features of the Irish climate.

Some systematic differences are observed in the simulation of

some weather elements. These do not compromise the ability of

the model to simulate the future climate.

2.1 Introduction

The regional climate model used by the C4I project is

based on the operational weather forecast model

developed by Met Éireann as part of the HIRLAM Project

and further refined by the Rossby Centre climate

modelling research unit at Swedish Meteorological and

Hydrological Institute (SMHI) (Rummukainen et al., 2001).

Initial studies showed that while the dynamical

downscaling is sensitive to the domain size and

orientation for specific weather events, for climate

evaluation the sensitivity was marginal for the range of

domains used in the original assessment work.

Accordingly, the choice of domain for validating the model

and for generating future climate scenarios was based

primarily on two factors: computational economy, and the

desirability of having the lateral boundary zones away

from areas of steep orography while sufficiently far away

from Ireland to reduce errors (see Appendix I for a more

general description of regional climate modelling and

further details regarding the model configuration).

This domain, shown in Fig. 2.1, is based on a rotated grid

system with 156 × 166 grid points in the horizontal,

corresponding to a resolution of about 0.12°

(approximately 13 km) over Ireland. In the vertical extent,

there are 40 unequally spaced levels.

The rationale for the validation exercise is to ensure that

the model is capable of reproducing the essential features

of the Irish climate and to reveal any significant

deficiencies. For this purpose, the European Centre for

Medium-Range Weather Forecasting (ECMWF) ERA-40

global re-analysis data (Uppala et al., 2005) were used to

drive the model, producing a dynamically downscaled

simulation of the climate for the period 1961–2000. The

actual simulation was launched from 1959 to allow time

for the soil moisture to ‘spin up’. 

The simulation produces a wide range of meteorological

products, listed in Appendix III, delivered with a 3-h

frequency.

2.2 Verification

To verify the outputs, three data sources were exploited: 

1. United Kingdom Climate Impacts Programme

(UKCIP) data, a data set that includes monthly

averages of 2-m temperature and monthly total

precipitation, on a 5 km grid covering Ireland. 

2. The Met Éireann climate archive, containing detailed

information from the Irish synoptic and climate

stations. 

3. Satellite data from the Hamburg Ocean Atmosphere

Parameters and Fluxes from Satellite Data (HOAPS)

database. 

The ERA-40 re-analysis fields are also available. For

validation, the simulation fields were either transformed to1. The ERA-40 re-analysis data are described in Appendix II.

Figure 2.1. Model domain.
2



CLIMATE CHANGE – Regional climate model predictions for Ireland
the UKCIP grid or spatially interpolated to the locations of

the stations.

In this report, only the essential validation results are

presented; further information can be found on the C4I

web site (http://www.c4i.ie).

Verification results for Ireland, based on the Irish

observational data and the UKCIP and ERA-40 fields, are

presented in Section 2.3. Section 2.4 discusses the

validation over sea using satellite data from the HOAPS

database.

2.3 Validation over Ireland

2.3.1 Mean sea level pressure (MSLP)

Figure 2.2 shows the average of the MSLP fields over the

model domain for the simulation period 1961–2000: (a)

RCM data, (b) ERA-40 data, and (c) the mean difference.

Relative to the reference ERA-40 data the large-scale

circulation pattern is captured quite well by the model;

there is a slight negative bias centred over England but

the maximum difference is within 0.5 hPa of the ERA-40

values. 

2.3.2 Temperature, radiation and cloud cover

Figure 2.3 shows the validation results for the average

January 2-m temperature from 1961 to 2000: (a) ERA-40

re-analysis data, and (b) differences relative to UKCIP; (c)

RCM, (d) and differences relative to UKCIP. The model is

in much better agreement with the observed temperatures

(i.e. UKCIP) than with the ERA-40 data. The main

differences for the model occur around the coast and in

some mountainous areas but overall are small (areas

marked in white are within 0.25°C of observations).

Differences near the coast could be due to a lack of

observational data and a consequent poor interpolation

for the UKCIP data; those in mountainous areas could be

partially attributed to the relatively crude (0.12°)

representation of the orography by the model. Results for

other months are very similar. 

Figure 2.4 shows the yearly 2-m temperature time series

for Valentia from 1961 to 2000. The inter-annual variability

is captured well by the model, as are the longer-term

trends. The 5-year running average values, plotted in

bold, show an increase in temperature up to 1975,

followed by a cooling to 1986, and a marked increase

towards the end of the century.

Figure 2.2. Verification of the Regional Climate Model. The mean sea level pressure field is a sensitive indicator

of the atmospheric flow. The ERA-40 data are based on weather observations and therefore provide a measure

of the true state of the atmosphere on scales in excess of about 125 km. These data, available at 6-h intervals,

drive the climate model, the information flowing through the lateral boundaries. In the interior of the domain, the

model has freedom to develop it own climate, unconstrained by observations, but ideally should not affect the

large-scale flow pattern of the ERA-40 data; the main impact should be in the smaller scales related to the

resol ution of the c limate model , i.e. in the ra nge 13–125 km. Averaged over t he simulation p eriod 1961–2000, for

(a) the c limate mo del si mulation d ata and (b) ERA-40 data, the plo ts show goo d agreement (mean differ ence in

(c)). Units are in hPa.

(a) (b) (c)
3
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R. McGrath et al., 2001-CD-C4-M2
Figure 2.3. Regional Climate Model verification. The temperature measured at 2-m height (i.e. the standard

meteorological temperature) is difficult to model. The ERA-40 data, while based on meteorological observations,

do not accurately reflect the regional variation in observed temperatures, mainly because of the relatively

coarse resolution (around 125 km) of the global model; surface elevations in the model are average values, the

averages taken over an area with a size reflecting the resolution. This will be particularly true in mountainous

areas. Therefore, the UKCIP data are used for verification; these data are based on observed temperatures

interpolated to a 5-km grid covering Ireland. The impact of the higher resolution of the RCM compared with the

ERA-40 (global) model is clearly seen in the difference plots (b) and (d) for the average January (1961–2000)

temperature. Results are similar for other months. 

Figure 2.4. Regional Climate Model verification: variation of the annual mean 2-m temperature at Valentia

Observatory for the period 1961–2000. Observed values are shown in blue, RCM values in green; 5-year running

average values are highlighted in bold.

(a) ERA-40 1961–2000 (b) ERA-40 minus UKCIP

(c) RCM 1961–2000 (d) RCM minus UKCIP
4



CLIMATE CHANGE – Regional climate model predictions for Ireland
The yearly time series of short-wave radiation at the

surface and total cloud cover are also shown (Fig. 2.5). In

the case of the radiation, the model values are

systematically too high compared to the observations

and, while the patterns in the 5-year running average

values are broadly similar, the model fails to catch the

slow decline in the observed values over the period. The

long-term reduction in the observed radiation (‘global

dimming’) is an intriguing feature that has been the

subject of several studies (e.g. Stanhill, 1998) and may be

related to increases in atmospheric aerosols due to

increasing pollution emissions in this period. However, the

model has a fixed set of parameters to calculate the

radiation effects of aerosols, which may explain the lack

of a trend in the simulated data. 

To investigate the diurnal cycle of temperature, decadal

monthly averages were calculated based on 3-h values

from both the observation and simulation data. Figure 2.6

shows the results for Kilkenny for January and July in the

1960s and 1990s. The model slightly underestimates the

range of the cycle in January, and overestimates the

maximum temperature in July in the 1960s. However,

both the model and observations show a shift towards

warmer temperatures from the 1960s to the 1990s, and

the amplitude of the diurnal cycles are generally well

reproduced.

2.3.3 Precipitation

Sample results for the average monthly precipitation for

the representative months of January and April are shown

in Fig. 2.7. The plot for January shows that rainfall in the

midlands is overestimated by about 20% in comparison

with observational data. Two factors may have

contributed to this: the observations generally

Figure 2.5. Regional Climate Model verification: variation of the annual mean solar radiation (a) and cloud cover

(b) at Valenti a Observatory f or th e period 1961–2000. Observed values are shown in b lue, RCM values in green;

5-year run ning average values are h ighli ghted in bold . Note t he slow de clin e in the observed sol ar radi ation.

(a) Solar  radiation

(b) Clou d cover
5



R. McGrath et al., 2001-CD-C4-M2
underestimate rainfall amounts, particularly in windy

conditions, and the model may produce too many light

precipitation events. In contrast, there is too little rainfall in

mountainous areas, where the model underestimates

rainfall by up to 15%. This could be attributed to a lack of

detail in the representation of the surface features at the

0.12° resolution of the model.

Agreement between the model and observations is better

in April, a drier month. Overall, there is an overestimation

of rainfall, probably due to an excess of low precipitation

events. Agreement in mountainous areas is better,

however, suggesting that only the heavy rainfall over the

mountains is difficult to simulate.

The yearly precipitation time-series plot for Belmullet (Fig.

2.8) shows that the inter-annual variability and time trend

are well reproduced. The model shows a consistent

positive bias, as was seen in the monthly plots.

The number of dry days per year (<0.2 mm) for Belmullet

is plotted in Fig. 2.9a. The tendency of the model to over-

predict small amounts of rain is clearly seen in the data.

However, both the model and observations show that the

number of dry days has not changed much over the

simulation period. The annual number of days with heavy

rainfall (24-h total exceeding 20.0 mm) is shown for

Belmullet in Fig. 2.9b. Here, the model is in good

agreement with observations, with both showing an initial

decrease in the 1960s, followed by an increasing trend. A

more detailed analysis of the simulated precipitation data

is presented in Chapter 3.

2.3.4 Wind

Figure 2.10 shows the yearly 10-m wind speed for

Belmullet. The peaks and troughs in wind values from

year to year are captured well by the model, although the

Figure 2.6. Regional Climate Model verification: diurnal cycle of temperature change. Observed 3-h mean 2-m

temperatures for Kilkenny for January and July are shown in green, with RCM values in red.

(a) January 1960s (b) January 1990s

(c) July 1960s (d) July 1990s
6



CLIMATE CHANGE – Regional climate model predictions for Ireland
Figure 2.7. Regional Climate Model verification. Mean monthly precipitation (1961–2000) for January (a) and

April (c) and differences relative to the UKCIP data ((b) and (d)). The UKCIP data are based on observed

precipitation values interpolated to a 5-km grid. Units: millimetres.

Figure 2.8. Regional Climate Model verification: variation of the annual mean precipitation for Belmullet for the

period 1961–2000. Observed values are shown in blue, RCM values in green; 5-year running average values are

highlighted in bold. 

(a) January: RCM (b) RCM minus UKCIP

(c) April: RCM (d) RCM minus UKCIP
7
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Figure 2.9. Regional Climate Model verification: variation of the annual mean number of dry days (<0.2 mm/day)

(a) and heavy rainfall days (>20.0 mm) (b) for Belmullet for the period 1961–2000. Observed values are shown in

blue, RCM values in green; 5-year running average values are highlighted in bold.

(a)

(b)

Figure 2.10. Regional Climate Model verification: variation of the annual mean wind speed at 10-m height for

Belmullet for the period 1961–2000. Observed values are shown in blue, RCM values in green; 5-year running

average values are highlighted in bold. 
8



CLIMATE CHANGE – Regional climate model predictions for Ireland
model winds are generally stronger than the observed

values. Similar results are found for other stations.

2.4 Validation over the Ocean

The North Atlantic Ocean plays a predominant role in

determining the Irish climate; any changes in this region

may have significant impacts for Ireland and other areas

of Europe. It is therefore vital to include the sea areas in

the model validation. However, compared with land areas,

surface observations (mainly reports from ships and

buoys) are sparse and data quality is also a significant

issue. This is a key topic for the understanding of current

weather patterns and future climate issues for Ireland,

and an advanced programme to enhance and develop

additional necessary observational capacity in this region

is needed. Fortunately, the HOAPS archive (see

Appendix III for a description) has an extensive set of

derived meteorological parameters, based on satellite

measurements, over the sea areas; this was used to

supplement the surface observations for validating the

model. 

The following products, generated from the last decade of

the 40-year regional climate simulation (1991–2000),

were validated using this database: the vertically

integrated water vapour, 10-m wind speed, net long-wave

radiation, sensible and latent heat fluxes. The vertically

integrated water vapour was also compared against the

ERA-40 data as this parameter is assimilated from

observations in the re-analyses.

The spatial distribution of the vertically integrated water

vapour is very similar in all three data sets (Fig. 2.11).

However, particularly in the summer months, the water

vapour content is slightly higher both in the ERA-40 and

Figure 2.11. Verification of the Regional Climate Model: vertically integrated water vapour (kg/m2) as decadal

mont hly means  for January 1991–2000 from (a) HOAPS, (b) ERA-40 a nd (c) the RCM . Plo ts (d) to (f) show the

equivalent data for Ju ly 1991–2000. Note that t he HOAPS data are only availab le over th e sea area.

(a) (b) (c)

(d) (e) (f)
9



R. McGrath et al., 2001-CD-C4-M2
RCM data compared to HOAPS. The RCM bias is not

unexpected as the model humidity is driven by the ERA-

40 data. The slight overestimation in summer may explain

the overestimation of precipitation in this season.

The spatial distribution of the 10-m wind speed shows a

good agreement between the RCM and HOAPS data

(Figure 2.12). However, the speed is systematically

underestimated by 3 to 4 m/s in winter and 2 m/s in

summer. 

A scatter plot of the RCM simulated wind speed and the

observed data from the K2 ocean buoy at 51° N, 13.3° W

shows that the RCM winds have a small systematic

positive bias but otherwise the fit is quite reasonable over

the range of speeds encountered (Fig. 2.13). This is

slightly at odds with the HOAPS data which suggests that

the model wind speeds are underestimated. 

The discrepancy may be explained by the fact that the

ocean buoy measures the wind speed at a height of 3 m

instead of at the standard height of 10 m, i.e. observed

values are a little too low. However, it is difficult to draw

general conclusions from a single site. The accuracy of

the satellite derived 10-m wind speed is given as 1.4 m/s

(Schulz et al., 1997) and hence does not explain the

difference.

The latent heat fluxes (Fig. 2.14) are very well

represented in our model simulation. The differences

(slightly stronger negative heat fluxes in the RCM

compared to HOAPS) are within the uncertainties of the

satellite data. Also, the net long-wave radiation is well

simulated. It is a little less negative than in HOAPS (Fig.

2.15), which might be connected to the slightly

overestimated water vapour content.

2.5 Conclusions

The validation results confirm that the RCM is effective in

simulating the essential features of the Irish climate. While

there is evidence of systematic differences relative to

observations for some weather elements, it does not

compromise the ability of the model to simulate the future

climate. 

Figure 2.12. Verification of the Regional Climate Model: 10-m wind speed (m/s) as decadal monthly means for

January 1991–2000 from ( a) HOAPS and (b) the RCM. Plo ts (c) and (d) show th e equi valent d ata for July 1991–

2000. Note that t he HOAPS data are only availabl e over sea areas.

(b) (c) (d)(a)

Figure 2.13. Scatter plot of the observed wind speed

from ocean buoy 62081 (51° N, 13.3° W) for December

1991 to December 2000 compared to the Regio nal

Climate Model output. Bu oy measurements are at a

heigh t of 3 m wh ereas the model ou tput i s at a height

of 10 m (resul ts interp olated to the location of the

buoy) . The red li ne ind icates the l inear least-squares

fi t.
10



CLIMATE CHANGE – Regional climate model predictions for Ireland
Figure 2.14. Verification of the Regional Climate Model: latent heat flux (W/m) as decadal monthly means for

January 1991–2000 from (a) HOAPS and (b) the RCM. Plots (c) and (d) show the equivalent data for July 1991–

2000. Note that the HOAPS data are only available over sea areas.

Figure 2.15. Verification of the Regional Climate Model: net long-wave radiation (W/m) as decadal monthly means

for January 1991–2000 from (a) HOAPS and (b) the RCM. Plots (c) and (d) show the equivalent data for July 1991–

2000.

(a) (b) (c) (d)

(a) (b) (c) (d)
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3 Validation of Simulated Precipitation Patterns over
Ireland for the Period 1961–2000

Summary of contents: An advanced statistical method was

used to analyse the annual and interannual variability of the

precipitation patterns over Ireland, as simulated by the Regional

Climate Model, for the period 1961–2000. The annual and

monthly precipitation results show that, compared with

observations, the model captures the major spatial patterns for

this period although the seasonal cycle in the simulation is less

pronounced. Spatial analysis of the monthly precipitation over the

40-year period shows two major patterns. The first, showing a

precipitation maximum in the south-west, is well simulated; the

second, showing a maximum in the west and north-west shows

a strongly increasing trend, which is slightly underestimated in

the model simulation. Both patterns show seasonal and

interannual variability, the latter being the more important feature.

In general, the model captures the major spatial and seasonal

patterns observed between 1961 and 2000 but slightly over-

estimates monthly average precipitation levels.

3.1 Introduction

Any model that aspires to provide useful guidance on

future climate change must be capable of realistically

simulating the current and past climate. However,

reproduction of the strong spatial and temporal variability

of precipitation over Ireland is a challenging modelling

task, especially given the intensity of extreme events.

Ireland, in spite of its relatively high latitude, has a

temperate maritime climate thanks to the warm North

Atlantic current, the impact of which is most noticeable

along the west coast. The prevailing westerly winds and

the local orography to a large extent determine the

precipitation patterns for the country (Keane and Collins,

2004), with the highest values generally occurring in

regions with high orography. 

Precipitation, measured over a long period, is rather

evenly distributed throughout the year over Ireland.

However, there is considerable temporal and spatial

variability if the focus is shifted to short time periods. In a

principal component analysis (PCA) of monthly

precipitation between 1941 and 1970, for example, Logue

(1984) found that with data expressed as percentages of

the annual average, the leading principal component

(PC1) is a measure of a tendency for rainfall to be higher

in summer compared to winter and has a maximum in the

midlands and north-east of the country. The second

component (PC2) shows a tendency for the first half of the

year to be relatively wet and the second half relatively dry;

it has a maximum in the south-east.

3.2 Observed Trends and the North
Atlantic Oscillation

The pressure distribution over the North Atlantic Ocean,

which can be characterised by the North Atlantic

Oscillation (NAO) Index, influences the strength of the

surface westerly flow (Rogers, 1985). The link between

the NAO and precipitation over Europe has been

investigated in many previous studies (Rex, 1951;

Namias, 1964; Moses et al., 1987; Wilby et al., 1997;

Davies et al., 1997). Also, the evaluation of the

atmospheric moisture budget reveals coherent large-

scale changes since 1980 (Hurrell, 1995). Kiely et al.

(1998) and Kiely (1999) studied the changing precipitation

climate in Ireland and identified 1975 as a significant year

(coinciding with the evolution of the NAO): after 1975, the

mean precipitation increased as well as the number of

extreme precipitation events. The most pronounced

increase in the number of extreme precipitation events

occurred in August, September and October. In the

monthly mean precipitation, there are abrupt increases in

March and October after 1975. Investigations of

precipitation variation in the decades after 1970 were also

carried out by McElwain and Sweeney (2003). They

studied the recent trends in temperature and precipitation

using Irish observation data. The analysis of the

precipitation changes supports the findings of the UKCIP

with evidence of a trend towards a winter increase in the

north-west of the country and summer decreases in the

south-east. In general, the changes are consistent with

the summary in the IPCC report (IPCC, 2001) that

precipitation amounts have increased by 0.5–1% every

decade in the mid/high latitudes of the Northern

Hemisphere in the 20th century.
12



CLIMATE CHANGE – Regional climate model predictions for Ireland
3.3 Experiment Design and Analysis
Procedure

3.3.1 Model set-up and data sets

A description of the RCM set-up used for the 40-year

(1961–2000) climate simulation can be found in Chapter

2. In this study, simulated monthly precipitation values

were evaluated against gridded observation data for

Ireland from the UKCIP; the data are available on a grid

with a horizontal resolution of 5 km. Monthly and annual

precipitation anomalies, normalised by the corresponding

standard deviation, were calculated for both the

simulation data and observations for the full time series.

3.3.2 Analysis procedure

3.3.2.1  REOF analysis

An advanced statistical technique, using rotated empirical

orthogonal functions (REOF) and PCA, was used to

analyse the data. This is a widely used method for the

analysis of spatial or temporal patterns of various

meteorological parameters (Horel, 1981; Richman, 1986,

1987; Jolliffe, 1987; Kawamura, 1994; Chen et al., 2003).

The REOF method, applied to sequences of annual and

monthly mean precipitation values at each land grid point,

reveals patterns that highlight the spatial characteristics of

the precipitation anomaly. In a variation of the method (the

so-called non-standard method), the spatial and temporal

elements (here mean monthly precipitation values) are

swapped in the analysis to show a temporal pattern. For

the non-standard method, the original (not normalised)

data were used. In addition, another technique known as

wavelet analysis was used to analyse the seasonal and

inter-annual variability (Torrence and Compo, 1998);

results from this method are not presented in this article.

3.4  Results

3.4.1 The spatial pattern of annual and monthly

anomalies

Results for the annual mean precipitation data are shown

in Fig. 3.1. The main component of the regional spatial

pattern is generally well simulated by the RCM when

compared against the UKCIP observations. 

The mean values of precipitation are subject to seasonal

variation although spatial distribution details (location of

maxima and minima) are relatively stable (Keane and

Collins, 2004). However, local differences in the spatial

distribution between individual months must not be

overlooked. For most months, the simulation captures the

spatial characteristics of the precipitation pattern, at least

for the main component. In general, agreement between

the RCM and observations is better in the wet winter

season (see, for example, the January data in Fig. 3.2)

compared with the dry summer season. In the observation

record, there is a fast transit from the wet to the dry

season in spring, which is too slow in the simulation. Also,

in autumn the transition from the dry to the wet season is

slower in the simulation than in the observations. The

simulated spatial pattern of November is very different

from the observed one and is very similar to the simulated

October pattern.

Figure 3.3 shows the relative importance of the main

component in the pattern analysis for the different

months. In the dry season, the main component has less

of an influence compared with the wet season. The

difference between winter and summer is larger in the

observation analysis than in the simulation analysis.

Thus, in summer there is more spatial variability in the

observation analysis than in the simulation analysis. A

reason for this could be the occurrence of more

convective precipitation in the summer months than in the

winter months.

In general, the model has a less pronounced seasonal

cycle in the spatial variability than the observations.

3.4.2  Spatial pattern evolution

The analysis of the monthly and annual data shows that

the model largely captures the main features of the

precipitation pattern. Here we focus on the time evolution

of the monthly data using the same analysis technique

(Fig. 3.4). The main component in the analysis shows a

maximum in the south and south-west of the country, with

good agreement between the RCM and observation data,

although the simulation data tend to have more

precipitation over the country on average. The simulation

values are a little weaker than the ones from the

observations in the south-western rainfall maximum, while

the simulated rainfall is a little stronger in the midlands.

The second pattern shows precipitation maxima located

in the west and north-west of the country (Figs 3.4b and

3.4d). In general, the simulation data show the same

deficiencies as in the first pattern: the simulated

precipitation maxima are less pronounced than in the

observation analysis.
13
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The weight or relative loading as a function of time for the

first and second component is shown in Fig. 3.5. Before

1975, the precipitation amount of the first component is

relatively small, except for a few peak values (Fig. 3.5a);

after 1975, the contribution from this component is

generally higher than before 1975 and shows a

pronounced decadal variability. The time evolution of the

second pattern is different from that of the first pattern

Figure 3.1. The regional, seasonal and long-term variation in precipitation patterns are difficult to analyse. If we

focus on t he annual mean values for th e peri od 1961–2000 then we have 40 sequences of values for e ach l and

point – a c onsi derab le amount of da ta to as sess when co mparing the out put from the Re gion al Climate Model

against o bserved (e .g. UKCIP) da ta. As t he data seque nces are c orrelated, a princi pal comp onent analysis is

used to si mpli fy the analys is: the da ta are reorg anis ed into co mpon ents th at are independent, each of w hich

‘exp lains’ a pr oportio n of the variance or spread in th e data. The princi pal comp onents (PCs) are ord ered in

terms of inf luence or contri butio n to th e vari ance. Typ ical ly, the essenti al feature s of th e data can be expres sed

in the firs t few PCs and the remainder ignored , thereby simp lifyi ng the analysis . The first or l eading PC is shown

for th e obs erved (a) and simulat ed (b) annual norm alised precipitation, i.e. anomaly values: po siti ve values (e.g.

shaded red) i ndic ate values in e xcess of th e annual average, negative values below th e average. The impor tance

of th e PC is indi cated by its contri butio n to the data variance (35.2% and 37.4% for th e model and obser vations,

respectiv ely) . Note t hat th e model anomalies are positiv e except for s ome small patch es alon g the east and

south -east coasts; th e largest positiv e values are located in the north-we st and wes t regi ons. In the second PC

pattern (not s hown) for th e obs ervat ions , accounti ng for 2 9.4% of the t otal variance, the largest posit ive

anomaly value is located in t he nort h-west o f the coun try, wi th negative values elsewh ere, especially i n the

south -east. This patter n is like ly to be more pronou nced in later data accordin g to McE lwain' s (2003) analysi s of

Malin Head (north coast) prec ipi tation d ata whi ch shows an increasin g trend fro m the late 1970s, poss ibly

conn ected wit h the evo lutio n of the NAO index. The thir d spatial pattern (not shown ) shows a negativ e anom aly

over t he whol e of Ir eland with th e larg est n egat ive value located ov er th e north- east of th e cou ntry. The fourth

and fift h spatial patterns expla in ver y littl e of the variance; more th an 80% is exp lained by t he firs t three

components. In g enera l, agreement between the model and ob servation s is quit e good for the le adin g PC, less

so for the higher  PCs.

(a) (b)
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Figure 3.2. Principal component analysis of monthly mean precipitation values for January. The first and second

components (PC1 and PC2) for the observations (top) and Regional Climate Model data (bottom) are shown.

Positive values (e.g. shaded red) indicate values in excess of the annual average, negative values below the

average. Agreement for both components (accounting for around 70% of the variance) is quite good. Note that

PC1 is quite similar to the annual spatial precipitation pattern (Fig. 3.1a); its distribution reveals strong gradients

with high values in the north-west of the country and lower values in the south-east. Agreement between the

model and observations is generally better in the wet winter months compared with the summer months.

(a) (b)

(c) (d)

Figure 3.3. Bar chart of the percent variance explained by the leading components for the observation (red) and

simulation (blu e); mo nths are numb ered 1–12, wit h the annual data labelled as number 13.
15
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(Fig. 3.5b). Before 1975 it is still similar, while after 1975

the time series shows a stable increasing trend in the

observation and simulation analysis. 

Because the first two components (explaining more than

80% of the variance) show comparably low values for the

time period before 1975, the precipitation is comparably

low in this time period over the whole country. The

increase in the average intensity, as well as in the

variability of the first component with its precipitation

maximum in the south-west after 1975, is consistent with

Kiely’s (1999) research. According to the second

component, the precipitation shows a gradual increase in

the west and north-west after 1975. 

A more detailed analysis of the data shows that there are

two major frequencies: one has a period of about 4

months, reflecting the seasonal variation, while the other

has a period of about 1 year. Both frequencies are

detectable in the observation and simulation data.

Although the spatial patterns are different between the

first and second components, the frequency analysis is

similar. These two periods characterise quite well the

evolution of precipitation over time. 

3.5  Discussion and Conclusions 

The annual and monthly precipitation analysis results

show that the model can capture the leading spatial

patterns in Ireland. However, the simulation tends to have

Figure 3.4. The first and second principal components of the observed (a, b) and simulated (c, d) precipitation for

1961–2000.

(a) (b)

(d)(c)
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a less pronounced seasonal cycle compared to the

observations. The transit from the wet winter to the dry

summer season and from the dry to the wet season is

slower in the model simulation. Summer-time precipitation

amounts are overestimated in the simulation. Also, the

orographically induced precipitation maxima are

underestimated in the simulation. 

The time evolution of the leading spatial patterns of the

observed rainfall shows two major patterns. In one

pattern, the precipitation maximum is located in the south-

west of Ireland. The evolution of this pattern shows a

strong decadal variability, which is very well simulated by

the model. The time evolution of the second pattern,

linked to precipitation maxima in the west and north-west

of Ireland, shows a strong continuously increasing trend

which is also well simulated by the model.

Figure 3.5. The first (a) and second (b) eigenvector of the observed (red) and simulated (blue) precipitation (one

year moving average) in mm/month (1961–2000). The eigenvector ref lects the time weight ing given to the

pr inci pal components shown i n Fig. 3.4.

(a)

(b)
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4 Simulation of the Future Climate: 2021–2060 

Summary of contents: Projections for the future Irish climate

were generated by downscaling the data from the German (Max

Planck Institute) global model, ECHAM4, using a Regional

Climate Model. Simulations were run for a reference period

1961–2000 and a future period 2021–2060; differences between

the periods provide a measure of the expected climate change.

Results show a general warming in the future climate with mean

monthly temperatures increasing typically between 1.25°C and

1.5°C. The largest increases are seen in the south-east and east,

with the greatest warming occurring in July. For precipitation, the

most significant changes occur in the months of June and

December. June values show a decrease of about 10%,

noticeably in the southern half of the country. March, July and

August are largely unchanged but all other months show overall

increases. December values show increases ranging between

10% in the south-east and 25% in the north-west. There is also

some evidence of an increase in the frequency of extreme

precipitation events (i.e. events of 20 mm or more per day) in the

north-west. 

4.1 Introduction

The UNFCCC provides the international structure for

actions on anthropogenic climate change. The ultimate

objective of the UNFCCC is stabilisation of atmospheric

GHG concentrations at a level that would prevent

dangerous anthropogenic interference with the climate

system. The EU considered that a global temperature

increase of more than 2°C above pre-industrial levels

would inevitably result in dangerous climate change. To

ensure that this level is not exceeded it is widely

considered that stabilisation of atmospheric GHG levels at

equivalent to between 450 and 550 ppm is required.

Current atmospheric levels are just under 400 ppm.

The EU climate protection target has not been accepted

by all Parties to the UNFCCC. This means that the extent

of future action on climate change remains uncertain.

Consequently, there is considerable uncertainty regarding

the concentrations of GHG that are implicated in climate

change. However, the social and political influences can

be modelled on a general ‘scenario’ basis. For the same

GHG scenario, there is considerable agreement between

different simulations of the future climate up to about mid-

century (see IPCC, 2001). This provides the justification

for the premise used in this study. However, the results

should be treated with some caution as they are based on

the data from a single GCM. Ideally, we should downscale

the data from several GCMs, using an ‘ensemble’

approach to quantify uncertainties. This study is a step

along this path. 

Simulation data from the Max Planck Institute

ECHAM4/OPYC3 coupled atmosphere–ocean general

circulation model (Roeckner et al., 1996) were chosen to

drive the RCM. This transient simulation, extending from

1860 to 2100, used observed GHG concentrations up to

1990 and the SRES-B2 scenario for the future (i.e.

moderately increasing GHG concentrations; see

Appendix IV and also refer to the UNEP GRID-ARENDAL

web site http://www.grida.no/climate/ipcc/emission for

further details). It is important to note that the GCM

simulation was not linked to any meteorological

observations in simulating the past climate; snapshots of

the weather on particular days in the past will have little in

common with the observed weather but averaged over

seasons they should be in agreement. It is essential to

generate a reference simulation, linked with the current

and past climate, when downscaling with the RCM, to

assess the future simulation. The reference run was

chosen to cover the 40-year period 1961–20002 while the

future run covered the period 2021–2060. Differences

between the two runs give a measure of the expected

change in the Irish climate. 

Only the main results are presented here; further

information can be found on the C4I web site

http://www.c4i.ie.

4.2 Results

4.2.1 Mean sea level pressure (MSLP)

Figure 4.1 shows the MSLP field averaged over the 40-

year integration period from 1961 to 2000. Differences

between the RCM and ERA-40 data (Fig. 4.1c) show that

the ECHAM4-driven model produces a slightly stronger

gradient across Ireland, resulting in a stronger westerly

airflow compared with the observation-based ERA-40

data.

2. 1961–1990 is the official WMO climate reference period. We
use a longer period to aid comparison with the future period.
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Plots of the mean differences between the reference

(past) and future simulations are shown in Fig. 4.2. The

differences are small but in the future period the mean

pressure is slightly lower over the entire model domain –

this is also reflected in the difference plot where all values

are negative. The pressure gradient is slightly increased,

particularly in the north of the model domain. 

4.2.2 2-Metre temperature

Figure 4.3 shows the January and July average 2-m

temperature over Ireland for 1961–2000 and differences

relative to the observation-based UKCIP data set. In

general, the data from the reference regional model run

are too warm: January temperatures are about 1.5°C

above observations and while the July data are in better

agreement, there is still a warm bias in many areas. In

addition, the annual variability is not as large as observed.

However, the importance of the simulations is not in

precisely reproducing the present climate, but rather in

providing a reference data set for evaluating trends in the

future climate. 

Figure 4.4 compares the past (1961–2000) and future

(2021–2060) ECHAM4-driven simulations. It can be seen

that the average January temperatures over Ireland have

increased between these two periods by about 1.25°C

(Fig. 4.4b), with the largest increase in the south-east and

east. The average July temperatures have increased

even more, by about 1.5°C (Fig. 4.4d), again with the

largest increase in the south and south-east.

The yearly 2-m temperature time series for Valentia is

shown in Fig. 4.5. The reference simulation results

(purple) show good inter-annual variability, but fail to

reproduce the observed temperatures (blue) during the

cooler 1980s. The change in temperatures between the

reference and future simulation (shown in red) is clearly

Figur e 4.1. Average MSLP 1961–2000 (in hPa) fro m (a) the Regio nal Cl imate Model and (b) ERA-40 data. The mean

differ ence fiel d is show n in (c).

(a) (b) (c)

Figur e 4.2. Average MSLP 1961–2000 (in hPa) fro m the ECHAM4-driv en Regio nal Climate Mod el for (a)

past/refer ence peri od (1961–2000) and (b) future  perio d (2021–2060). Mean diff erences between the sim ulat ions

are shown i n (c).

(a) (b) (c)
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Figure 4.3. Regional Climate Model reference simulation driven by ECHAM4 data: average 2-m temperature

(1961–2000) for (a) January and (c) July. Differences relative to the UKCIP observed data are shown in (b) and

(d). Units: degrees Celsius.

Figure 4.4. Regional Climate Model simulation for 2021–2060 driven by ECHAM4 data: average 2-m temperature

for (a) January and (c) July. Differences relative to the reference (1961–2000) simulation are shown in (b) and (d).

Units: degrees Celsius.

(a) (b)

(c) (d)

(a) (b)

(c) (d)
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visible, with an increase of about 1°C at the start of the

future period rising to about 2°C by the 2050s. The inter-

annual variability still exists, although almost all

temperatures are warmer than those for the present

climate.

4.2.3 Radiation and cloud cover

Figure 4.6 shows the yearly time series of the short-wave

radiation at Valentia. The observations show a trend of

decreasing short-wave radiation incident at the surface

over the period 1961–2000. The reference simulation

(1961–2000) produces more short-wave radiation than

observed, and does not show any overall trend during the

simulation period. Similarly, the future simulation data

show no significant trend. Failure to capture the trend

could be attributed to the fact that the ECHAM4 model has

static aerosol concentrations; the ‘global dimming’ effect,

which is probably linked to increasing concentrations of

aerosols and a consequent reduction in radiation reaching

the surface of the earth, is not taken into account.

Although there are no strong long-term trends in the

simulated short-wave radiation at Valentia, there are

some inter-annual differences that could be due to

changes in cloud cover. Plots of the yearly mean cloud

(Fig. 4.7) and relative changes between the reference and

future RCM simulation data show some correlation with

the short-wave radiation plots (Fig. 4.6). 

Figur e 4.5. Yearly 2-m temperatur e tim e ser ies for Valenti a Observator y. Observed (bl ue), 1961–2000 refer ence

simulati on (purple) , 2021–2060 fut ure s imul atio n (red); 5-year run ning average values are shown i n bol d.

Figure 4 .6. Yearly ti me seri es of sh ort-wave radiati on at Valenti a Observator y. Observed (blu e), 1961–2000

reference simulation (p urple), 2021–2060 fut ure si mulat ion (red) ; 5-year runnin g average values are s hown in

bold.
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4.2.4 Precipitation

The months of June and December show the largest

changes in average monthly precipitation between the

reference and future simulations, as shown in Fig. 4.8.

Over most of the southern half of the country, as well as

in mountainous areas in the west and north, the June

monthly rainfall amounts in the future simulation are over

10% lower than those in the 1961–2000 reference period.

It is the only month which is significantly drier compared to

the reference period. March, July and August are largely

unchanged but all other months show overall increases in

precipitation. December shows the largest increase with

changes ranging from around 10% in the south-east to

25% in the north-west (Fig. 4.8d).

The yearly rainfall time series for Belmullet is shown in

Figure 4.9. The reference simulation (purple) produces

higher rainfall values than those observed (blue), showing

that the ECHAM4 climate for the period 1961–2000 is too

wet. The precipitation results for the future period (red)

show an increase in rainfall amounts for most years

compared to the reference simulation. With 5-year

running average values the future simulation shows

higher rainfall amounts for almost all years compared with

the reference. The variability in the trend of the future

precipitation is not as large as that for the reference,

showing that higher annual rainfall amounts occur more

consistently in the future than in the present climate.

The number of dry days per year (<0.2 mm) for Belmullet

is shown in Fig. 4.10a. As in the case of the validation run

(see Chapter 2), the model produces small amounts of

rain too frequently, resulting in fewer dry days. Compared

with the reference period the number of dry days in the

future simulation is similar. 

The frequency of heavy precipitation (>20 mm) days per

year is shown for Belmullet in Fig. 4.10b. For the

reference period, the model over-predicts the frequency

of such events. This is quite likely related to the more

pronounced westerly flow in the ECHAM4 data which may

give rise to a moister atmosphere with increased

precipitation. The average number of heavy rainfall days

seems to have increased in the future simulation results

although both periods remain within the range of 4 to 26

days per year.

4.2.5 10-Metre wind

Detailed results for the ECHAM4 simulations are available

on the C4I web site http://www.c4i.ie.

4.3 Conclusions

Projections for the future Irish climate have been

generated using the RCM. Simulations were run for a

reference period 1961–2000 and a future period 2021–

2060; differences between the periods provide a measure

of expected climate change. 

Results show a general warming in the future climate with

mean monthly temperatures increasing typically between

1.25°C and 1.5°C. The largest increases are seen in the

south-east and east, with the greatest warming occurring

in July. For precipitation, the most significant changes

occur in the months of June and December. June values

Figure 4.7. Yearly tim e series of cloud cover at Valent ia Observator y. Observed (b lue), 1961–2000 reference

simul atio n (purpl e), 2021–2060 futur e simulat ion (r ed); 5-year runni ng average values are shown in bold.
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Figure 4.8. Regional Climate Model simulation for 2021–2060 driven by ECHAM4 data: monthly rainfall

accumulation for (a) June and (c) December. Differences relative to the reference (1961–2000) simulation are

shown in (b) and (d). Units: millimetres.

Figure 4.9. Yearly rainfall time series for Belmullet. Observed (blue), 1961–2000 reference simulation (purple),

2021–2060 future simulation (red); 5-year running average values are shown in bold.

(a) (b)

(c) (d)
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show a decrease of about 10%, noticeably in the southern

half of the country. March, July and August are largely

unchanged but all other months show overall increases.

December values show increases ranging between 10%

in the south-east and 25% in the north-west. There is also

some evidence of an increase in the frequency of extreme

precipitation events (20 mm or more per day) in the north-

west. For cloud cover and short-wave radiation, the

signals are more mixed with no obvious trends in the

future. However, the results need to be treated cautiously

as the ECHAM4 general circulation model has a static

aerosol representation and the regional model does not

capture the decreasing trend in short-wave radiation,

possibly linked to increasing aerosol concentrations, seen

in the observational records from stations such as

Valentia.

Figure 4.10. Yearly time series for Belmullet: (a) number of dry days (<0.2 mm), (b) number of heavy rainfall days

(>20.0 mm). Observed (blue), 1961–2000 reference simulation (purple), 2021–2060 future simulation (red); 5-year

running average values are shown in bold.

(a)

(b)
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5 The Impact of Climate Change on River Flooding under
Different Climate Scenarios 

Summary of contents: Application of a standard hydrological

model to the Suir catchment area shows that the model is

capable of capturing the variability of river discharge with

reasonable accuracy when driven by observations (calibration) or

high-resolution data from a Regional Climate Model (validation). 

When driven by the projected precipitation data from the RCM for

the period 2021–2060, the hydrological model shows a

significant increase in the more intense discharge episodes, and

an increase in the frequency of extreme discharges. 

5.1 Introduction 

The IPCC has stated that mean surface temperatures

may rise 0.3–0.6°C per decade in the 21st century (IPCC,

2001). As increased temperatures will lead to greater

amounts of water vapour in the atmosphere and an

accelerated global water cycle, it is reasonable to expect

that river catchment areas will be exposed to a greater risk

of flooding. Many impact studies have already been

carried out to assess such risks in other countries

(Bergstrom et al., 2001; Pilling and Jones, 2002; Arnel,

2003). This study examines the risks for Ireland using the

Suir catchment area as a test case. 

The Land Surface Parameterisation (LSP) scheme is an

important part of the RCM; it acts as a bridge connecting

the atmosphere and water cycle. Significant efforts have

been made to improve the representation of the land

surface–atmosphere interaction during the last two

decades, particularly for the hydrological component.

However, because of the different spatial resolutions of

the climate and hydrological models, it is still difficult to

couple the models directly. For the hydrological model,

the most important processes in the context of climate

change and river flooding are known to be precipitation

and evapotranspiration. In this study, the precipitation

values from different RCM simulations are used to drive

the hydrological model in the Suir catchment area. For

evapotranspiration data, the monthly mean climate values

from Johnstown Castle are used as proxies in the

catchment area.

5.1.1  The HBV hydrological model
The hydrological discharge model (HBV) of the SMHI is

used in this study (Bergstrom, 1995; Lindstrom et al.,

1997). The model is a semi-distributed, conceptual

hydrological model using sub-basins as the primary

hydrological units; it takes into account area-elevation

distribution and basic land-use categories (forest, open

areas and lakes). The sub-basins option is used in

geographically or climatologically heterogeneous basins

or large lakes. It has been widely used in Europe and

other parts of the world in applications such as

hydrological forecasting, water balance mapping and

climate change studies. 

5.1.2  Data sets

To investigate the influence of climate change on regional

water resources and flooding, three global data sets were

used to drive the RCM. For the past climate (1961–2000),

ERA-40 and ECHAM4 data were used, while for the future

climate simulation (2021–2060) the model was driven by

ECHAM4 data consistent with the SRES-B2 scenario

(see Appendix IV for details). As the ERA-40 data are

based on observations and are generally regarded as

providing an accurate description of the atmosphere, they

provide an excellent means for testing the performance of

the climate model in a hydrological application. To

consider the effect of the different boundary data on the

future climate simulation run, the ECHAM4 past climate

simulation was used as a control.

5.2 Results

5.2.1  Calibration

In the HBV model, the parameters with the largest

uncertainty are related to the soil moisture

parameterisation scheme. The main parameters are FC

(maximum soil moisture storage in millimetres), LP

(fraction of FC above which potential evapotranspiration

occurs and below which evapotranspiration will be

reduced) and the coefficient BETA (determining the

relative contribution to run-off from a millimetre of

precipitation at a given soil moisture deficit). These

parameters are dependent on the properties of the

catchment, such as the land-use type, the wilting point

and soil porosity. Because of the uncertainty, the Monte

Carlo Random Sampling (MCRS) method is popularly
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used for the parameter estimation. However, as the HBV

program source code is not available, the above method

is difficult to apply. In order to overcome this obstacle,

quasi-stratified sampling in the form of Latin Hypercube

Sampling (McKay et al., 1979) was used. In this method,

the limited sampling numbers can produce similar results

to the Monte Carlo approach (Yu et al., 2001). 

For the calibration of the Suir catchment run, observed

precipitation data for the period January 1960 to

December 1964 and monthly mean climate

evapotranspiration data were used to drive the HBV

model. The actual catchment area and rainfall stations are

shown in Fig. 5.1. Note that the calibration period includes

relatively dry and wet years. Although insufficient

observation data coverage limited the duration of the

calibration to 5 years, it should be sufficient according to

the model documentation of SMHI, which recommends

the use of 5–10 years of data. The performance of the

model was judged using a modified R2 statistical

correlation measure, defined as follows. 

where QC represents computed discharge, QR is

observed discharge and QRmean is the mean of QR over

the calibration period.

For the calibration of Suir catchment data, the R2 value

(unity for perfect performance) was 0.787. 

Figure 5.2 presents the calibration results. Except for the

peak values, which are slightly underestimated, the

variation in the simulated discharge coincides with the

observed discharge fairly well.

5.2.2 Validation
In the validation run, the parameter values are kept the

same as in the calibration, but simulations are repeated

with independent input series from different present-day

simulation results. Results are shown in Fig. 5.3. The

evolution of the simulated discharge shows good

agreement with observed data, similar to the calibration

run and with peak values underestimated. On the whole,

the simulation is a little worse compared to the calibration

run with an R2 value of only 0.545, while the correlation

coefficient reaches 0.79. This confirms that the model

simulates the evolution of the discharge well, whereas the

underestimated peak values caused the R2 value to be

relatively low. Figure 5.4 shows the return values of the

annual extremes of the observation and ERA-40-driven

simulation. The distribution of return values for the

different return periods show good agreement, although

they are systematically underestimated by 15–20% in the

simulation. 

5.2.3 Future
Figure 5.5 shows the impact of climate change on the river

discharge. For the past climate, the ECHAM4-driven

Figure 5.1. Suir catchment area and rainfall stations.

R2 Σ QR QRmean–( )2 Σ QC QR–( )2
–( )

Σ QR QRmean–( )2
------------------------------------------------------------------------------------------------=
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Figure 5.2. Observed and simulated (using observed precipitation data to drive the HBV model) discharge (m3/s).

Figure 5.3. Observed and simulated (ERA-40-driven simulation) discharge (m3/s).

Figure 5.4. Return values of observed (a) and simulated (ERA-40-driven simulation) (b) maximum annual

discharge.

(a) (b)
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control simulation slightly over-predicts the discharge

compared to the observations (Fig. 5.5a), and the timing

of peak events is slightly shifted. Note, however, that we

cannot expect an exact agreement concerning the timing

of peak events between observation and simulation as the

ECHAM4 data are based on averaged atmospheric

conditions. However, the number of peak values is similar,

which gives us confidence in the future projections. In the

future run (Fig. 5.5b), the frequency and intensity of heavy

discharges (e.g. >350 m3/s) have clearly increased

compared to the control run (Fig. 5.5a). The return value

analysis (Fig. 5.6) also shows similar results with the 10-

year return value increasing from about 290 to 360 m3/s.

Figure 5.7 shows the effect of climate change on the

Figure 5.5. Simulated discharge using the ECHAM4-driven Regional Climate Model simulation for the past and

future climate and observed discharge (m3/s).

(a) (b)

Figure 5.6. Return values of maximum annual discharge using the ECHAM4-driven Regional Climate Model

simulation for (a) present-day climate (1961-2000) and (b) future climate (2021-2060).
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annual cycle of the discharge: it remains unchanged in the

dry season, but increases by up to 20% in December and

January.

5.3 Conclusions

Application of the HBV model to the Suir catchment area

shows that the hydrological model is capable of capturing

the local variability of river discharge with reasonable

accuracy when driven by observations (calibration) or the

output from an RCM driven by high resolution re-analysis

data (validation). In both cases, the same model

parameters were used in the HBV model. 

Using the simulation data from the RCM for the future

period (2021–2060), the hydrological model shows a

significant increase in the more intense discharge

episodes, a pattern that is also shown in the return values

of extreme discharge. This has implications for future

planning to reduce impacts of flooding. 

Figure 5.7. Annual cycle of simulated discharge driven by ECHAM4 data for the past (red) and future (green)

climate (m3/s).
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6 Cyclone Statistics and Tracks in the Climate Simulations:
Past and Future 

Summary of contents: To assess the ability of the Regional

Climate Model to realistically reproduce the frequency and

intensity of cyclones, data from the RCM simulation (1961–2000)

driven by standard re-analysis meteorological data, were

compared against the re-analysis data, using an algorithm

developed to identify and track cyclones. Analysis of the

frequency and intensity of cyclones shows that the RCM is in

good agreement with the re-analysis data. The number of weak

cyclones/storms with core pressures between 990 and 1000 hPa

is overestimated by 20 to 30% but the number of intense

cyclones/storms with core pressures of less than 950 hPa is very

well captured. 

For the future period, climate data from the ECHAM4-driven

RCM simulation were used (based on the SRES-B2 emission

scenario of GHG concentrations). Results for the reference

(1961–2000) and the future (2021–2060) simulations were

compared. The total number of cyclones with core pressure less

than 1000 hPa and their seasonal and spatial distributions are

similar for both periods. The frequency of very intense cyclones/

storms with core pressures less than 950 hPa shows substantial

changes: a 15% increase in the future simulation with even

stronger increases in winter and spring seasons. Only the

autumn numbers show a decrease in these systems. The tracks

of these storms are also displaced further south relative to those

in the reference simulation.

6.1 Introduction

The damage and disruption caused by intense low-

pressure cyclones or storms can cause significant

hardship for ecosystems and normal socio–economic

activities, particularly in transport, energy and agriculture.

This is most evident in tropical and subtropical regions

which are impacted by hurricane systems. There are

considerable ongoing efforts to improve the prediction of

the intensity and movement of such storms, which even

outside of the hurricane zones can be very damaging and

economically costly. Understanding the impacts of

projected changes in such systems as a result of climate

change is an important task in predicting impacts. Here,

analyses of projected changes in these areas are

presented. 

6.1.1 Tracking cyclones

The following algorithm was used to track the movement

of cyclones.

On a horizontal grid of Nx × Ny points a low-pressure

centre is identified at grid point (i, j) if these criteria are

met:

• the pressure value, p(i, j), is less than a given

threshold, e.g. 1000 hPa;

• the point is a local minimum of pressure.

A point (i, j) is defined to be a local minimum of surface

pressure if its pressure value p(i, j) is less than the

pressure values of all points contained in the surrounding

four grid boxes (i.e. the surrounding 80 grid points, see

Fig. 6.1). This corresponds to p(i, j) being the minimum

pressure within a distance of approximately 53 km in all

directions. Since for each point we examine the four

surrounding grid boxes, we do not take into account the

boundary points and the three nearest points to the

boundaries.

For example, a point will be identified as the centre of a

cyclone if for the pressure value p(i, j), we have:

p(i, j) < 1000 hPa 

and

p(i, j) < p(i + k, j + l), k = –4,…..,+4 (k ≠ 0)

where 

4 < i < Nx – 3 and 4 < j < Ny – 3.

6.1.2 Cyclone statistics
The algorithm was applied to the RCM results and the

ERA-40 re-analysis data. As the ERA-40 data are only

available at 6-h intervals, the same interval was used for

the RCM data. Figure 6.2a shows the frequency of lows

as a function of core-pressure value for both data sets.

The data bins along the x-axis have an increment of 1

hPa. 

Although both curves in Fig. 6.2a follow a similar trend,

the RCM returns substantially more lows, particularly at

higher pressure values. The discrepancy arises from the

fact that the RCM tends to split a large-scale low-pressure

system with only one local minimum in the ERA-40 data
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into several local minima that are counted as separate

lows in our algorithm (Fig. 6.3). This is a common

occurrence in RCM simulations and since the local

minima obviously belong to the same system we

introduce an extra constraint in the algorithm: two local

minima are considered to belong to the same system if

they are less than 1000 km apart. The distance of 1000

km was chosen since this is a typical extension of a low-

pressure system. With this constraint the low-pressure

system is assigned the minimum pressure value and its

position is taken to be the position of this minimum. The

revised statistics (Fig. 6.2b) show much better agreement

with ERA-40. 

Figure 6.4a shows the annual number of lows with a core

pressure of less than 1000 hPa. The patterns are very

similar for the RCM and ERA-40 data with the model

numbers being slightly higher. This is also reflected in the

ratio plot shown in Fig. 6.4b. 

The seasonal number of lows over the 40-year period is

depicted in Fig. 6.4c. Both the RCM and the ERA-40 data

follow the same trend with the greatest and lowest number

of systems occurring in winter and summer, respectively.

Figure 6.4d shows the spatial distribution of the cyclones

split into quadrants. The percentages are broadly similar

but the regional model has slightly more lows in the

eastern half of the area compared with ERA-40. As

expected, most of the lows fall into the northern half of the

area. 

The time-series plot of the number of lows (Fig. 6.5)

shows that the RCM is capable of capturing the seasonal

variations.

Figure 6.1. Locating a low point.

Figure 6.2. Frequency of lows as a function of core pressure (a) without using a distance constraint, and (b)

using a distant constraint. Frequency is shown for the ERA-40 re-analysis data (black) and the Regional Climate

Model driven by the re-analysis data (red).

(a) (b)
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Figure 6.3. An example of (a) one local minimum in ERA-40 and (b) three local minima in the Regional Climate

Model.

Figure 6.4. (a) ERA-40 and Regional Climate Model annual number of lows, (b) ratio of annual number of lows

(RCM/ERA-40), (c) total seasonal number of lows, and (d) spatial distribution of lows with a core pressure of less

than 1000 hPa in the regional model and ERA-40 for the time period 1961–2000.

(a) (b)

(a) (b)

(c) (d)
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6.1.3 Intense cyclones

In this section, statistics are presented for cyclones with

core pressures less than 950 hPa. Note that with the lower

pressure threshold the RCM results agree more closely

with the ERA-40 re-analysis data. This is evident from the

plot depicting the annual number of lows (Fig. 6.6a). The

seasonal and spatial distributions of the cyclones are

shown in Figs 6.6b and 6.6c, respectively. As expected,

most of the intense cyclones occur in winter and are

located in the northern half of the area. A time-series plot

of the seasonal number of lows (Fig. 6.7) shows good

agreement between the RCM and ERA-40. Note the

increase in frequency in the 1990s. 

It is encouraging that the results compare well for intense

cyclones not only in the annual numbers, but also in the

spatial and seasonal distributions, since extreme events

are interesting in terms of impacts.

Figure 6.6. (a) Annual, (b) seasonal and (c) spatial distribution of the number of lows with a core pressure of less

than 950 hPa in ERA-40 and the Regional Climate Model.

(a) (b)

(c)

Figure 6.5. Seasonal number of lows with a core pressure of less than 1000 hPa from ERA-40 and the Regional

Climate Model for 1 961–2000. 
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6.2 Cyclone Tracking

In this section, the spatial movement of cyclones with a

core pressure less than 950 hPa is examined. To track the

movement of the systems the cyclone centres are located

at output times t and t + ∆, where ∆ is the data output

frequency, set to 6 h to suit the ERA-40 data. A cyclone at

time t is considered to be the same cyclone identified at

time t + ∆ if the estimated speed of movement, based on

the great circle distance between the positions, is less

than 120 km/h. In addition, only cyclones that exist for at

least 24 h are considered.

Applied to the RCM and ERA-40 fields (Fig. 6.8) we can

see that the RCM is in good agreement with ERA-40.

Results for one particular storm that caused widespread

damage when it crossed Ireland and the UK on 25

January 1990 are shown in Fig. 6.9. The RCM track of this

so-called Burns’ Day storm, while a little too far south,

agrees well with the ERA-40 track. However, the

intensification of the system lags ERA-40 although it does

eventually catch up with an extreme pressure of 950 hPa

(Fig 6.10). 

6.3 Simulation of the Future Climate

This section examines the impact of climate change on

the frequency and intensity of cyclones, using the two

ECHAM4-driven RCM simulations for 1961–2000

(reference simulation) and 2021–2060 (future simulation)

described in Chapter 4. Data at 3-h intervals were used.

Figure 6.7. Seasonal number of lows with a core pressure of less than 950 hPa from ERA-40 (top) and the

Regio nal Cl imate Model (bott om) for 1961–2000.

(a)

(b)

Figure 6.8. Tracks of storms with a core pressure of less than 950 hPa and with a lifetime of at least 24 h from (a)

ERA-40 and (b ) the Regio nal Climate Model for th e time period 1961–2000.

(a) (b)
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Figure 6.11 shows the frequency of lows as a function of

core-pressure value for both sets of data. The differences

between the simulations are generally small but for the

higher core-pressure values the number of cyclones in the

future simulation is slightly less compared with the

reference simulation.

Figure 6.12 shows the seasonal and spatial distribution of

lows with a core pressure of less than 1000 hPa. Again,

the differences between the simulations are small and

similar results are found when the core-pressure

threshold is reduced to 960 hPa. 

However, with a core-pressure threshold of 950 hPa a

different pattern emerges (Fig. 6.13). Even if there is a

substantial decadal variability (Fig. 6.13a), there are at

least three peaks in the annual number of lows in the

future simulation, which exceed all the peaks in the

reference simulation. Furthermore, the intense storms are

more frequent in winter and spring (Fig. 6.13b), whereas

there is a substantial decrease in autumn. Although the

spatial distributions are similar (Fig. 6.13c), the future

simulation shows more of these intense cyclones in the

south-east quadrant, which is the quadrant with the

highest land proportion and therefore more important in

terms of impacts. In the future simulation, the storm tracks

also extend further south relative to the reference

simulation (Fig. 6.14).

6.4 Conclusions

The RCM has been shown to realistically reproduce the

frequency and intensity of cyclones in the current climate.

The number of intense cyclones with core pressures of

less than 950 hPa is very well captured by the model. 

Comparison of results for the reference (1961–2000) and

future (2021–2060) simulations show that for cyclones

with core pressures less than 1000 hPa the total numbers

and the seasonal and spatial distributions are similar

during both periods. However, the frequency of very

intense cyclones with core pressures less than 950 hPa,

Figure 6.9. Tracks of th e Burn s’ Day stor m fro m ERA-

40 (black arrows ) and the Region al Cl imate Model

(red arrows) fro m 00 UTC 25 January 1990 to 00 UTC

26 January 1990.

Figure 6.10. Core-pressure v alues of the Burn s’ Day

stor m fro m ERA-40 and the Regio nal Clim ate Model

for t he perio d 00 UTC 25 January 1990 to 00 UTC 26

Januar y 1990.

Figure 6.11. Number of lows as a function of core-

pressure v alue f or the reference 1961–2000 (blue

line) and future 20 21–2060 (red lin e) simulation s.
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Figure 6.12. (a) Annual, (b) seasonal and (c) spatial distribution of the number of lows with a core pressure of

less than 1000 hPa for 1961–2000 and 2021–2060 as simulated by the Regional Climate Model driven by ECHAM4

data.

(a) (b)

Figure 6.13. (a) Annual, (b) seasonal and (c) spatial distribution of the number of lows with a core pressure of

less than 950 hPa for 1961–2000 and 2021–2060 as simulated by the Regional Climate Model driven by ECHAM4

data.

(c)

(a) (b)

(c)
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shows substantial changes: a 15% increase in the future

simulation with even stronger increases in winter and

spring. Only the autumn numbers show a decrease.

Previous studies on cyclone activity in the North Atlantic

region show different results for the total number of lows:

Zhang and Wang (1997) and Lambert (1995) found a

decrease; König et al. (1993) found no significant

changes; Hall et al. (1994) and Sinclair and Watterson

(1999) found an increase. However, the increased

intensity of cyclones in the future climate of the North

Atlantic area close to Ireland and the UK during the winter

months is a common feature in these studies (e.g.

Lambert, 1995; Geng and Sugi, 2003). In terms of

impacts, it is interesting to note that in the future

simulation the very intense cyclones (core pressures

below 950 hPa) extend further south relative to the

reference simulation (Fig. 6.14).

Figure 6.14. Tracks of storms with a core pressure of less than 950 hPa and with a lifetime of at least 12 h from

the Regio nal Cl imate Model drive n by ECHAM4 data for (a) t he period 1961–2000 and (b) th e peri od 2021–2060.

Arr ows show the direct ion of mo vement of in divid ual storm s. 

(b)(a)
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Glossary of Terms

CosmoGrid Network of distributed computing

resources in Ireland (see
www.CosmoGrid.ie) 

ECHAM4 European Centre Hamburg Model Version

4. Global climate model developed at the
Max Planck Institute for Meteorology in
Hamburg, Germany

ECMWF European Centre for Medium-Range
Weather Forecasting

ERA-40 Re-analysis project of the European Centre
for Medium-Range Weather Forecasting;
archive of re-analysis data

GCM Global Climate Model (also General
Circulation Model)

HBV Hydrological discharge model

HOAPS Hamburg Ocean Atmosphere Parameters

and Fluxes from Satellite Data. A satellite-
derived global climatology of freshwater
flux (see www.hoaps.zmaw.de), produced

by the Meteorological Institute of the
University of Hamburg and the Max Planck
Institute for Meteorology in Hamburg

IPCC Intergovernmental Panel on Climate
Change

RCM Regional Climate Model

SMHI Swedish Meteorological and Hydrological
Institute

SRES Special Report on Emissions Scenarios.

The ECHAM4/OPYC3 simulation uses the
SRES-B2 scenario, a scenario of
moderately increasing greenhouse gas

concentrations, for the period 1990–2100.
For further details, see
www.grida.no/climate/ipcc/emission/095.htm

SST Sea Surface Temperature

T159 Refers to the resolution of the global ERA-
40 data in spherical harmonic format.

Triangular truncation at wave number 159
corresponds to grid point resolutions of
approximately 1.125 degrees. ECHAM4

data have a native horizontal resolution of
approximately 2.8 degrees (T42)

UKCIP UK Climate Impacts Programme. Resource
provides gridded observation data for

elements such as temperature and
precipitation

UNFCCC United Nations Framework Convention on
Climate Change
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Appendix I: Climate Modelling – Background

A1.1 Regional Climate Modelling – Why
We Need It

Climate is how weather acts over many years. It includes

all the features that we associate with the weather ,such

as temperature, wind patterns and precipitation. We can

measure our climate by observing and recording the

essential details of the environment but to understand the

forces that shape the climate system, and to enable us to

predict future change, we need a climate model. The

model is a numerical description of the processes that

influence the climate. As the atmosphere and oceans are

the main driving forces for climate, the model needs to

have a global perspective if it is to be realistic. Translated

into a complex suite of software, the model is run on a

computer to simulate the real climate.

Unfortunately, even with today’s enormously powerful

computer systems, it is a challenging task to develop and

run models that track the myriad processes in the

atmosphere, ocean- and terrestrial-based ecosystems,

that make up the climate. The numerical models process

information on a three-dimensional grid but both the time

taken to run the model and the memory resources it

requires grow rapidly with the number of grid points. A fine

grid will provide more detail than a coarser grid but the

computational cost may be prohibitive. Currently, the

general circulation models (GCMs) describing the

atmosphere, coupled with an oceanic counterpart,

provide information on grids with a horizontal spacing of

typically 100–300 km. 

The GCM projections are obviously of interest to planners

and developers but ,for many applications, the information

does not have sufficient detail. If you are planning a low-

lying housing development in a river catchment area, for

example, the issue of local flooding is highly pertinent but

if the nearest grid point of the GCM is located 100 km

away the information it supplies may not be particularly

useful. One way to fill the gap is to use a regional climate

model (RCM). In a sense, the regional model acts like a

magnifying glass to coax extra detail out of the GCM. With

the attention on a localised area, marked out with a much

finer grid than the global model, the GCM data are

streamed through the area boundaries and in the process

they adjust (dynamically downscale) to the finer grid and

finer surface details. Because the regional model does not

have the entire globe to handle, the computational burden

is greatly reduced and horizontal resolutions of 10–15 km

can be employed.

Ideally, the flow of information through the lateral

boundaries of the Regional Climate Model should be

unhindered (‘transparent’ boundaries) but this is difficult to

achieve; the boundaries are a source of noise that must

be controlled by the model. Normal practice is to ensure

that the area used by the regional model is sufficiently

large so that the boundaries are well away from the area

of interest (Ireland). The large-scale features of the GCM

data should not be altered by the regional model; its

purpose is to extract the smaller-scale details. However,

this capability may be compromised if the regional area is

too large. The choice of a suitable area is based on

subjective assessment and judicious experimentation.

For computational economy, it is also desirable to have

the area as small as possible. 

The RCM used by C4I was largely developed under the

HIRLAM project, with Met Éireann as a partner, and was

further developed for climate work by the Rossby Centre

in Sweden, with contributions from C4I.
41



R. McGrath et al., 2001-CD-C4-M2
A1.2 RCM – Vertical Levels 

The C4I Regional Climate Model has 40 vertical levels

that hug the surface in the lower atmosphere but that

flatten out higher up. The two lowest levels are at 35 m

and 112 m above the surface, respectively; the top level

is at 10 hPa (around 31 km). The plot below shows the

approximate heights (in kilometres) and the layout of the

model levels in the vicinity of a typical mountain.
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Appendix II: Data Sets in Regional Climate Modelling

A2.1 Local Observations

An extensive set of meteorological observations are

available from Met Éireann. Most of the data are surface

based but upper-air sounding data for Valentia

Observatory are also available; additional data for

Northern Ireland are available from the ECMWF

observation archive. The UKCIP data sets represent

interpolated surface observation data on a 5-km grid

covering the land area; they are particularly useful for

validating the output data from the Regional Climate

Model (also on a grid). 

A2.2 Re-analysis Data (ERA-40)

The quality and density of meteorological observations

are important issues in the detection of climate change; a

lack of observations will make it difficult to derive the

average weather in a region while the information will be

flawed if the quality of the data is poor. The ERA-40

project was set up to provide the most accurate three-

dimensional descriptions of the atmosphere based on

available observations. The impact of inhomogeneities in

observation coverage and observation quality are

reduced by using state-of-the-art atmospheric models.

Model output consists of numerous weather parameters

on a three-dimensional global grid at 6-h frequency

covering the period from September 1957 to August 2002.

The data, regarded as providing an accurate measure of

the true state of the atmosphere, are ideal for validating

regional climate models.

A2.3 Satellite Data: HOAPS

Remote sensing is the technology of observing the Earth

from space. The microwave radiation radiated naturally

from the Earth's surface and atmosphere is rich with

information about the atmosphere (temperature, humidity,

clouds, and rain) and the surface (temperature,

vegetation, roughness, and moisture). Since microwaves

can penetrate clouds, surface characteristics can be

measured from space even when clouds are present. The

Special Sensor Microwave Imager (SSM/I) is a passive

microwave radiometer flown aboard the American polar

orbiting DMSP satellites for retrieving this information.

HOAPS (Hamburg Ocean Atmosphere Parameters and

Fluxes from Satellite Data) is a global climatology of sea

surface parameters, surface energy and freshwater

fluxes, derived from satellite radiances for the time period

July 1987 to December 1998. It was produced by the

Meteorological Institute of the University of Hamburg and

the Max Planck Institute for Meteorology in Hamburg. The

SSM/I and the Advanced Very High Resolution

Radiometer (AVHRR) data from the satellites were used

to derive global fields of surface meteorological and

oceanographic parameters. The archive contains

information on latent heat flux, evaporation, precipitation

and net freshwater flux over ice-free ocean areas for

various averaging periods and grid sizes. 
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Appendix III List of Meteorological Products Generated by the
Regional Climate Model

Output products available from the RCM simulations are

listed below: 

• Geopotential at surface, 150, 500, 850, 925 and 1000

hPa

• Temperature at surface and 2 m, and at 150, 500,

850, 925 and 1000 hPa

• 3-h maximum and minimum surface and 2-m

temperature

• 2-m dew-point temperature

• Temperature at three depths

• Wind at 10 m, 60 m, and at 150, 500, 850, 925 and

1000 hPa

• Maximum (3-h) 10-m wind

• Surface friction velocity

• Relative humidity at 2 m, and at 150, 500, 850, 925

and 1000 hPa

• 2-m specific humidity

• Mean sea level pressure

• Total, large-scale and convective precipitation

• Soil moisture at three depths

• Water run-off at two depths

• Total cloud cover

• Vertically integrated cloud liquid water and water

vapour

• Cloud top temperature (infrared)

• Cloud water reflectivity (visible)

• Water vapour brightness temperature and correction

for clouds

• Freezing height

• Planetary boundary layer height

• Averaged surface sensible, latent and momentum

heat flux

• Averaged surface short-wave and long-wave

radiation

• Averaged upward and downward short-wave and

long-wave radiation at surface and top of the

atmosphere.
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Appendix IV: Greenhouse Gas Emission Scenarios

Future levels of greenhouse gases are based on plausible

‘storylines’ of future development. Each storyline is

associated with a projected emission pattern that can be

used in climate model simulations. The main storylines,

documented in the IPCC Special Report on Emission

Scenarios (SRES) (IPCC, 2000), are listed below.

A1. The A1 storyline and scenario family describes a

future world of very rapid economic growth, global

population that peaks in mid-century and declines

thereafter, and the rapid introduction of new and more

efficient technologies. Major underlying themes are

convergence among regions, capacity building and

increased cultural and social interactions, with a

substantial reduction in regional differences in per capita

income. The A1 scenario family develops into three

groups that describe alternative directions of

technological change in the energy system. The three A1

groups are distinguished by their technological emphasis:

fossil intensive (A1FI), non-fossil energy sources (A1T),

or a balance across all sources (A1B) (where balanced is

defined as not relying too heavily on one particular energy

source, on the assumption that similar improvement rates

apply to all energy supply and end-use technologies).

A2. The A2 storyline and scenario family describes a very

heterogeneous world. The underlying theme is self-

reliance and preservation of local identities. Fertility

patterns across regions converge very slowly, which

results in a continuously increasing population. Economic

development is primarily regionally oriented and per

capita economic growth and technological change more

fragmented and slower than other storylines.

B1. The B1 storyline and scenario family describes a

convergent world with the same global population, that

peaks in mid-century and declines thereafter, as in the A1

storyline, but with rapid change in economic structures

toward a service and information economy, with

reductions in material intensity and the introduction of

clean and resource-efficient technologies. The emphasis

is on global solutions to economic, social and

environmental sustainability, including improved equity,

but without additional climate initiatives.

B2. The B2 storyline and scenario family describes a

world in which the emphasis is on local solutions to

economic, social and environmental sustainability. It is a

world with a continuously increasing global population, at

a rate lower than A2, intermediate levels of economic

development, and less rapid and more diverse

technological change than in the B1 and A1 storylines.

While the scenario is also oriented towards environmental

protection and social equity, it focuses on local and

regional levels.
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