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ABSTRACT

The response ofNorthAtlantic andEuropean extratropical cyclones to climate change is investigated in the

climate models participating in phase 5 of the Coupled Model Intercomparison Project (CMIP5). In contrast

to previous multimodel studies, a feature-tracking algorithm is here applied to separately quantify the re-

sponses in the number, the wind intensity, and the precipitation intensity of extratropical cyclones. Moreover,

a statistical framework is employed to formally assess the uncertainties in the multimodel projections. Under

the midrange representative concentration pathway (RCP4.5) emission scenario, the December–February

(DJF) response is characterized by a tripolar pattern over Europe, with an increase in the number of cyclones

in central Europe and a decreased number in the Norwegian and Mediterranean Seas. The June–August

(JJA) response is characterized by a reduction in the number of North Atlantic cyclones along the southern

flank of the storm track. The total number of cyclones decreases in both DJF (24%) and JJA (22%).

Classifying cyclones according to their intensity indicates a slight basinwide reduction in the number of cy-

clones associated with strong winds, but an increase in those associated with strong precipitation. However, in

DJF, a slight increase in the number and intensity of cyclones associatedwith strongwind speeds is found over

theUnitedKingdomand central Europe. The results are confirmed under the high-emissionRCP8.5 scenario,

where the signals tend to be larger. The sources of uncertainty in these projections are discussed.

1. Introduction

Extratropical cyclones can have a large socioeconomic

impact. High winds and extreme precipitation from

extratropical cyclones can result in windstorm damage,

flooding, and coastal storm surge (Lamb 1991; Fink et al.

2009; Della-Marta and Pinto 2009). Extratropical cyclones

are also an important component of themidlatitudewater

cycle (Hawcroft et al. 2012), providing freshwater for

agriculture and society. Developing our knowledge of

how extratropical cyclones might change in a warmer

world is critical to understanding how societies may need

to adapt to climate change.

The Fourth Assessment Report (AR4) of the In-

tergovernmental Panel on Climate Change (IPCC) sum-

marized that increasing greenhouse gases will lead to ‘‘a

poleward shift of storm tracks in both hemispheres that is

particularly evident in the SH [Southern Hemisphere],

with greater storm activity at higher latitudes’’ (Meehl

et al. 2007). There is evidence that this simple picture is

not a good description of the response of the North At-

lantic storm track. In winter, climate model simulations

show an eastward extension of the storm track associated
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with an increased storminess over the United Kingdom

and central Europe (Sinclair and Watterson 1999; Geng

and Sugi 2003; Leckebusch and Ulbrich 2004; Pinto et al.

2007b; Bengtsson et al. 2006; Pinto et al. 2009; Catto

et al. 2011). This could enhance the windstorm risk and

the economic loss potential caused by cyclone activity

(Pinto et al. 2007a; Della-Marta and Pinto 2009). Cli-

mate models also show a future reduction in the number

ofMediterranean cyclones (Bengtsson et al. 2006; Lionello

and Giorgi 2007; Raible et al. 2010), which could increase

the susceptibility of the region to droughts. However, the

spread in themodel responses appears to be large (Ulbrich

et al. 2008, 2009; Harvey et al. 2012).

A source of uncertainty in the response of North

Atlantic cyclones is given by the complex interaction

between different physical drivers of change (Woollings

2010). Because extratropical cyclones grow as baroclinic

instabilities organized along oceanic storm tracks (Hoskins

and Valdes 1990), any change in the mean baroclinicity

of the atmosphere or in the efficiency of baroclinic con-

version will likely affect cyclone behavior (O’Gorman

2010). The future increase in the atmospheric moisture

content is a major driver of changes (Schneider et al.

2010). Increased latent heat release in the warm sector of

cyclones might enhance cyclone development by gener-

ating additional available potential energy (Laı̂n�e et al.

2009). However, the increased poleward and upward

moisture fluxes will also tend to reduce the zonal-mean

baroclinicity so that cyclone development might be in-

stead inhibited (Held 1993). The polar amplification of

global warming (Hwang et al. 2011), the expansion of

the tropics (Fu et al. 2006), and the weakening of the

meridional overturning circulation (MOC) will further

affect the baroclinicity of the North Atlantic region

(Woollings et al. 2012).

As extratropical cyclones are complex dynamical

features, their diverse behavior is best analyzed by track-

ing the individual trajectories using objective feature-

tracking algorithms. This allows the response to climate

change in the number and the intensities of cyclones to

be quantified separately. However, because of the lack

of high-frequency data, cyclone tracking could not be

applied to analyze earlier multimodel dataset, such as

those provided in phase 3 of the Coupled Model In-

tercomparison Project (CMIP3). Emerging pictures in

the storm-track response to climate change, such as the

one given in the AR4, have been built on the existence

of consistent responses in single-model studies based on

tracking algorithms (Schubert et al. 1998; Geng and Sugi

2003; Leckebusch and Ulbrich 2004; Bengtsson et al.

2006; Pinto et al. 2009; Catto et al. 2011) and on the results

of multimodel analyses based on simple measures of

storm-track activity. This includes Eulerian bandpass filter

variance statistics (Yin 2005;Ulbrich et al. 2008;O’Gorman

2010) and simple cyclone identification techniques

(Lambert and Fyfe 2006). These approaches have limi-

tations. The insight from the comparison of single-model

studies is limited by the use of different tracking algo-

rithms and metrics of cyclone intensity, which might

highlight different aspects of cyclone behavior in the

different models (Neu et al. 2013). The Eulerian mea-

sures of storm-track activity cannot discriminate between

the changes in the number and intensity of cyclones, and

provide no direct information on the response of the

extremes of cyclone intensity.

The aim of this study is to assess the projections of

North Atlantic and European cyclones by investigating

the climate change response of the models from phase 5

of the CoupledModel Intercomparison Project (CMIP5;

Taylor et al. 2012). As high-frequency data (6 hourly)

are included for the first time inCMIP5, a cyclone-tracking

algorithm (Hodges 1994, 1995, 1999) can be used to

quantify the future changes in the number, the wind speed

(dynamical intensity), and the precipitation rate (hydro-

logical intensity) of cyclones in a wide range of models.

Moreover, a statistical framework is adopted to quantify

the uncertainties in the model responses (Sansom et al.

2013). Both the borealwinter [December–February (DJF)]

and summer [June–August (JJA)], which have been

previously given little attention, are investigated.

The structure of the paper is as follows. The dataset,

the tracking algorithm, and the statistical framework are

described in section 2. The future changes in the mean

storminess are presented in section 3. Section 4 examines

the future changes in the cyclones of strong intensity.

Section 5 discusses the relation with the large-scale state of

the atmosphere and ocean. The conclusions of the study

are presented in section 6.

2. Data and methods

a. CMIP5 models

The climate change response of 19 CMIP5 models is

determined by comparing 30-yr periods of the historical

(1976–2005) present-day simulations and the future cli-

mate simulations (2070–99) forced by the representative

concentration pathway 4.5 (RCP4.5) and 8.5 (RCP8.5)

scenarios (Taylor et al. 2012). In the historical (HIST)

simulations, theCMIP5models are forced by the observed

greenhouse gas (GHG) concentrations, ozone, solar forc-

ing, land use, and aerosols over the last 150 years. The

RCP4.5 simulations are future scenarios conditional on

a midrange mitigation of GHG emissions. In particular,

CO2 emissions peak by 2040 and progressively decline so

that CO2 concentrations are stabilized at 543ppm by 2100.
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This roughly corresponds to a doubling of CO2 concen-

trations with respect to preindustrial conditions. High

GHG emissions are instead specified in the RCP8.5 sce-

nario, where CO2 concentrations do not stabilize within

the twenty-first century (Meinshausen et al. 2011).

The 19 CMIP5models considered in this study are listed

in Table 1, including their full expanded names, horizontal

and vertical resolutions, and the number of analyzed runs

of the HIST and RCP ensemble simulations.

b. Cyclone tracking and data

Cyclones are identified and tracked using the Hodges

(1994, 1995, 1999) objective feature-tracking algorithm.

This algorithm has already been applied to study the

future response of extratropical cyclones in single-model

studies (Bengtsson et al. 2006, 2009; Catto et al. 2011). The

main characteristics of the tracking algorithm are as fol-

lows. The 850-hPa vorticity is computed from the 6-hourly

zonal and meridional wind speeds and it is then smoothed

on a T42 grid by removing the spectral components of

total wavenumbers larger than 42 and smaller than 6.

This procedure filters the small-scale noise and the large-

scale background field. Cyclones are then identified as

relative maxima in the filtered vorticity that exceed an

intensity of 1025 s21. The T42 smoothing also allows

cyclones of similar spatial scales to be identified in mod-

els of different atmospheric resolutions (Blender and

Schubert 2000). Once the vorticitymaxima are identified,

their tracks are determined byminimizing a cost function

for the track smoothness, measured as changes in di-

rection and speed, subject to constraint on displacement

and track smoothness. Finally, to avoid the inclusion of

unrealistic stationary and short-lived features, only the

cyclone tracks that have a lifetime greater than 2 days and

propagation greater than 1000km are retained for the

analysis. The future responses appear to be only weakly

sensitive to halving this threshold.

Measures of both the dynamical and of the hydrologi-

cal intensity of cyclones are evaluated. The dynamical

intensity of cyclones is measured by referencing the

tracks to the full-resolution maximum wind speed at

850hPa searchedwithin a 68 spherical cap centered on the
T42 vorticity maxima. The cyclone hydrological intensity

is measured as the 6-hourly precipitation rate averaged

over a 58 spherical cap. The 6-hourly precipitation rate,

which is not a standard CMIP5 diagnostic, is obtained by

averaging the 3-hourly precipitation rate at the times

leading and following the one of vorticity estimation. The

choice of these metrics is also motivated from an impact

assessment perspective, as winds and precipitation are

strongly related to windstorms and floods. The sensitivity

of the results to other measures of dynamical intensity—

minimum-mean sea level pressure (MSLP) and maximum

T42 vorticity at 850 hPa—has been tested and is briefly

discussed in section 4a. The spatial maps of the number of

cyclones per month per unit area (i.e., the track density)

and of themean precipitation and wind speeds associated

with cyclones are computed using the spherical kernel

estimators described in Hodges (1996). Because of lim-

ited data availability, the precipitation associated with

cyclones in the RCP scenarios is only evaluated for the

18-yr period 2082–99, which is the standard end-of-the-

century CMIP5 output period for 3-hourly precipitation.

c. Statistical framework

In this study, themean climate response b is estimated

from the unweighted multimodel-mean difference be-

tween the historical and future day simulations. If avail-

able, multiple runs from eachmodel are first averaged for

each scenario. Sansom et al. (2013) showed that b is

equivalent to the maximum likelihood (ML) estimate of

the expected climate response from a two-way analysis of

variance (ANOVA) framework (see the appendix). We

use this statistical framework to evaluate the statistical

significance of themean climate response and to compare

the size of the mean climate response with internal vari-

ability (signal-to-noise ratio). Internal variability is here

defined as the sampling uncertainty in the 30-yr means

that is induced by different initial conditions.

Consensus in multimodel projections is often evalu-

ated by the sign agreement in the climate responses, or

by comparing the size of the mean climate response with

the spread of the model responses. These approaches

tend to systematically reject consensus where the mean

climate response is small relative to the internal variabil-

ity (i.e., in regions of low signal-to-noise ratio). However,

additional information can be gained from a statistical

analysis in regions of small mean climate response if cli-

mate models agree that the response is small.

To quantify this, we use the ANOVA framework to

determine the uncertainty in the mean climate response

from the differences in the responses of the models,

which is called the structural uncertainty in Sansom et al.

(2013), and from the internal variability. If the variance

ratio f 2 of the structural uncertainty to the internal

variability is small (f 2 , 1), there is consensus between

the model responses, regardless of the absolute size of

the mean response. As the responses of the cyclone

tracks generally have a low signal-to-noise ratio (see

section 3), the choice of this metric seems to be appro-

priate for this study. The 90% confidence intervals on

the mean climate response caused by internal variability

are presented for key quantities. The confidence in-

tervals here are estimates of the spread in the mean

climate response one would obtain if CMIP5 runs were

repeated (i.e., perturbed the initial conditions). In other

5848 JOURNAL OF CL IMATE VOLUME 26



TABLE 1. List of CMIP5 models considered in the study. For each model the following features are described: the model expansion

(acronym), the model-developing institution, the resolution of the atmospheric component, the number of historical (i.e., HIST) and

RCP4.5/RCP8.5 runs, and the availability of high-frequency precipitation (Precip.) data. The dimensions of the output Gaussian grids are

also indicated in brackets for the spectral models. It should be noted that precipitation is available for only oneCNRM-CM5HIST run and

MIROC5 includes only two ensembles in the RCP8.5 run.

Basic model information Atmospheric resolution No. of runs Precip.

Model name Institution Horizontal Vertical HIST RCP Y/N

1 BCC Climate System Model,

version 1.1 (BCC-CSM1.1)

Beijing Climate Center (BCC),

China

T42 (128 3 64) 26 3 1 Y

2 Second Generation Canadian

Earth System Model

(CanESM2)

Canadian Centre for Climate

Modelling and Analysis

(CCCma), Canada

T63 (128 3 64) 35 5 1 N

3 CNRM Coupled Global

Climate Model,

version 5 (CNRM-CM5)

Centre National de

Recherches M�et�eorologiques
(CNRM), France

TL127 (256 3 128) 31 5 1 Y

4 CSIRO Mark, version

3.6.0 (CSIRO Mk3.6.0)

Commonwealth Scientific and

Industrial Research Organisation

(CSIRO), Australia

T63 (192 3 96) 18 4 5 N

5 EC-Earth Consortium

(EC-EARTH)

European Consortium (EC) TL159 (320 3 160) 62 3 3 Y

6 Flexible Global Ocean–

Atmosphere–Land System

Model gridpoint, second

spectral version (FGOALS-g2)

State Key Laboratory of Numerical

Modeling for Atmospheric

Sciences and Geophysical Fluid

Dynamics (LASG), China

128 3 60 26 1 1 Y

7 GFDL Earth System Model with

MOM4 ocean component

(GFDL-ESM2M)

Geophysical Fluid Dynamics

Laboratory (GFDL), United States

144 3 90 24 1 1 Y

8 GFDL Earth System Model with

GOLD ocean component

(GFDL-ESM2G)

GFDL, United States 144 3 90 24 1 1 Y

9 Hadley Centre Global

Environment Model, version 2

(Earth System) (HadGEM2-ES)

Met Office Hadley Centre,

United Kingdom

192 3 144 38 1 1 N

10 Hadley Centre Global

Environment Model, version 2

(Carbon Cycle) (HadGEM2-CC)

Met Office Hadley Centre,

United Kingdom

192 3 144 38 2 1 N

11 INM Coupled Model, version 4.0

(INM-CM4)

Institute of Numerical

Mathematics (INM), Russia

180 3 120 21 1 1 Y

12 IPSL Coupled Model, version 5,

coupled with NEMO, low

resolution (IPSL-CM5A-LR)

L’Institut Pierre-Simon Laplace

(IPSL), France

96 3 96 39 4 4 Y

13 IPSL Coupled Model, version 5,

coupled with NEMO, medium

resolution (IPSL-CM5A-MR)

IPSL, France 144 3 143 39 1 1 Y

14 MPI Earth System Model, low

resolution (MPI-ESM-LR)

Max Planck Institute (MPI) for

Meteorology, Germany

T63 (192 3 96) 47 3 3 N

15 MRI Coupled Atmosphere–Ocean

General Circulation Model,

version 3 (MRI-CGCM3)

Meteorological Research Institute

(MRI), Japan

TL159 (320 3 160) 48 5 1 N

16 MIROC, version 5 (MIROC5) Model for Interdisciplinary Research

on Climate (MIROC), Japan

T85 (256 3 128) 56 5 3 Y

17 MIROC, Earth System Model

(MIROC-ESM)

MIROC, Japan T42 (128 3 64) 80 3 1 Y

18 MIROC, Earth System Model,

Chemistry Coupled

(MIROC-ESM-CHEM)

MIROC, Japan T42 (128 3 64) 80 1 1 Y

19 Norwegian Earth System Model,

version 1 (intermediate

resolution) (NorESM1-M)

Norwegian Climate Center (NCC),

Norway

144 3 96 26 3 1 Y
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words, they capture the uncertainty caused by internal

variability in the runs but not the uncertainty caused by

differences in the responses of the models.

3. Future response of the mean storminess

In this section, we discuss the projected response of

North Atlantic and European extratropical cyclones to

climate change in CMIP5. We begin by recapping the

results of Zappa et al. (2013), who investigated the biases

of the CMIP5 historical simulations against observations.

The DJF and JJA mean climate change responses in the

CMIP5models (RCP4.5minusHIST) are then presented

for the track density and intensity of North Atlantic cy-

clones. The individual model track density responses can

be found in the supplemental material (available online

at http://dx.doi.org/10.1175/JCLI-D-12-00573.s1). Finally,

the sensitivity of the climate change response in the

RCP8.5 scenario is discussed.

a. The ability of the CMIP5models to represent North
Atlantic and European cyclones

Figures 1a and 1c show theDJF track density from the

European Centre for Medium-Range Weather Fore-

casts (ECMWF) Interim Re-Analysis (ERA-Interim;

1980–2009) and the mean bias of the CMIP5 models

(HIST minus ERA-Interim). The CMIP5 models tend

to underestimate track density in theNorwegian Sea and

to overestimate it in a zonal band between the sub-

tropical Atlantic and central Europe. The magnitude of

the biases are on the order of 10%–30% of ERA-In-

terim values, and they show that the simulated North

Atlantic storm track is on average southward displaced

in the Atlantic and too zonal into Europe. In the Med-

iterranean area, too many cyclones tend to propagate to

the northeast relative to the Alps, and a too few prop-

agate to the southeast along the Mediterranean Sea.

However, the CMIP5 models differ in the extent that

they can capture the observed spatial distribution of

cyclones. In particular, Zappa et al. (2013) show that

some models tend to have a realistic tilt of the North

Atlantic storm track and small biases in cyclone in-

tensity, so that the sensitivity of the future responses to

the historical biases can be tested.

Figure 1d shows that the JJA track density bias of the

CMIP5 models (HIST minus ERA-Interim) is smaller

than that found in DJF. As discussed in Zappa et al.

(2013), the CMIP5 models are better at capturing the

location and the tilt of the North Atlantic storm track in

JJA. However, some models tend to underestimate the

total number of cyclones, which is associatedwith themean

track density bias found in Fig. 1d. The Mediterranean

FIG. 1. (a),(b) Track density in ERA-Interim (1980–2009) and (c),(d) mean track density bias of CMIP5 models in

the HIST simulations relative to ERA-Interim, for (left) DJF and (right) JJA. Units are in number of cyclones per

month per unit area, where unit area is equivalent to a 58 spherical cap. In (a),(b), the large blue circular sector defines
the region of the North Atlantic and European cyclones. The small boxes define theMediterranean [in (a) only] and

central European area of interests. In (c),(d), stippling shows where more than 80% of the models have a bias of the

same sign, and the contours show the CMIP5-averaged track density with isolines every four cyclones per month per

unit area.
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storm track shows weaker activity in JJA than in DJF in

both the ERA-Interim and the CMIP5 models.

b. Winter track density response

We now describe the mean DJF CMIP5 track density

response to climate change for the RCP4.5 scenario.

Figure 2a shows the mean climate response (shading)

and the mean state in the HIST simulations (contours).

Moreover, Fig. 2b shows the statistical analysis based

on the Sansom et al. (2013) statistical framework. The

shading identifies the regions where the mean climate

response is statistically different from zero at the 5%

level. The color of the shading gives the signal-to-noise

ratio b/s. Black stippling identifies areas with consensus

on the responses of the models (f 2 , 1).

The response in DJF track density over Europe is

dominated by a tripolar pattern. There is a reduction in

track density in the Norwegian and Mediterranean Seas

and subtropical central Atlantic, while the track density

increases close to the British Isles. The overall track

density response over the North Atlantic suggests a re-

duction in the tilt of the North Atlantic storm track, and

of an eastward extension of the storm track into Europe.

This is consistent with the increase in the eastern At-

lantic storm-track activity found by Ulbrich et al. (2008)

in the CMIP3 models and by Harvey et al. (2012) in

CMIP5. Themean track density response also resembles

what found in some previous single-model studies (Sinclair

andWatterson 1999; Geng and Sugi 2003; Leckebusch and

Ulbrich 2004; Pinto et al. 2007b; Bengtsson et al. 2006;

Pinto et al. 2009; Catto et al. 2011).

The analysis based on the statistical framework of

Sansom et al. (2013) shows that the above-described

responses are all statistically significant at the 5% level

(Fig. 2b). The signal-to-noise ratio is typically on the order

of one, with larger values being found in the Mediterra-

nean and smaller values over the British Isles. Consensus

in the responses of CMIP5 models is found over most of

the domain. This includes regions of low signal-to-noise

ratio, which suggests that CMIP5 models agree that little

FIG. 2. (left) Mean DJF multimodel response and (right) statistical analysis of the (a),(b) track density, (c),(d)

mean cyclone dynamical intensity measured by 850-hPa wind speed, and (e),(f) mean precipitation intensity. In the

left panels, the gray contours show the multimodel-mean values in the HIST simulations with contour intervals (CIs)

of four cyclones per month per unit area, 4m s21, and 2mmday21 for (a),(c), and (e), respectively. The right panels

show the signal-to-noise ratio b/s in the regions where the mean climate response is statistically significant at the 5%

level. In (b),(d), the stippling is applied where f 2 , 1 to show regions of consensus on the size of the responses.
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track density changewill occur in thewesternAtlantic and

North America.

As described above, the most prominent spatial DJF

biases in the CMIP5 models is a tendency to poorly

capture the southwest–northeast tilt of the North At-

lantic storm track. The DJF response of the CMIP5

models can also primarily be interpreted as a change in

the tilt of the storm track. This raises a number of

questions concerning the sensitivity of the climate change

response of North Atlantic cyclones to the historical

biases in the CMIP5 models. Figure 3 shows the mean

track density response computed for the CMIP5 mod-

els, which, as described in Zappa et al. (2013), have

a better representation of the storm-track position and

tilt: HadGEM2-ES, HadGEM2-CC,1 EC-EARTH, and

MRI-CGCM3. Despite a better representation of the

recent climate, which does not necessarily imply a more

accurate projection, we note how the response of this

subset of models is similar to the mean CMIP5 response.

In particular, the tripolar pattern is still identified and the

track density still increases over the United Kingdom

and decreases in the Norwegian and Mediterranean

Seas. Therefore, the broad features of theNorthAtlantic

and European response appear to be weakly sensitive to

the historical biases.

c. Winter cyclone intensity response

Figures 2c and 2d show the change in the wind speeds

associated with cyclones (dynamical intensity) for the

RCP4.5 scenario. The CMIP5 models show a statisti-

cally significant reduction in the wind intensity of cy-

clones over the Mediterranean area the subtropical

Atlantic, and the Norwegian Sea. A slight increase is

found in northern France and Germany. Note that the

mean responses in the wind intensity of cyclones (Fig. 2c)

and in the track density (Fig. 2a) tend to be spatially

coherent and have the same sign (e.g., both the number

and the wind speed of cyclones decrease in the Medi-

terranean area and both show an increase close to the

British Isles). Despite being significant, these signals

have a small signal-to-noise ratio. Consensus in themodel

responses is generally found. These results are consistent

with some single-model studies (Bengtsson et al. 2006;

Pinto et al. 2007b).

Figures 2e and 2f show the future response in the

mean precipitation associated with cyclones (hydrolog-

ical intensity). The increase in precipitation is expected

in response to the increased atmospheric moisture

content in a warmer climate (Held and Soden 2006; Pall

et al. 2007; Schneider et al. 2010). However, the response

is not spatially uniform. The maximum increase occurs

close to the eastern coast of the United States, which

corresponds with the region of maximum precipitation

in the HIST simulations. The response is instead small,

and not significant, in the oceanic region to the southeast

of Greenland. This pattern is consistent with the spatial

distribution of the near-surface atmospheric warming

(see Fig. 9a, described in greater detail below).

The response in the precipitation intensity is also

small in the Mediterranean area. This may be a conse-

quence of the reduction in the wind intensity of cyclones,

which, by weakening the atmospheric vertical motions,

tends to offset the thermodynamic tendency toward

more precipitation (Emori and Brown 2005; Finnis et al.

2007). We cannot test the f 2 metric of consensus be-

cause, as discussed in section 2c, the precipitation in-

tensity is computed for a different number of years in the

HIST (1975–2005) and RCP4.5 (2082–99) simulations

and such asymmetry violates the constant variance as-

sumption of the statistical framework. Multimodel

consensus has been instead evaluated by simply con-

sidering whether at least 80% of themodels agree on the

sign of the response (not shown). Sign agreement in the

precipitation response is generally found over all the

regions featuring large precipitation increase (e.g., sig-

nal-to-noise ratio larger than 2), so this appears to be

a robust feature of CMIP5 models.

In conclusion, there is emerging consensus in the re-

sponse of North Atlantic and European cyclones in

CMIP5 models. Rather than a poleward shift, the re-

sponse is characterized by a tripolar pattern over

Europe, with a reduction in cyclone activity (number

and intensity) on the flanks of the storm track and in the

Mediterranean, and an eastward extension toward the

British Isles. To the north of 458N and over the continents,

FIG. 3. Mean DJF track-density response (RCP4.5 minus HIST)

computed for the four models with the best representation of the

location and tilt of the North Atlantic storm track in CMIP5. Units

are in number of cyclones per month per unit area. Gray contours

show the mean historical track density with isolines every four

cyclones per month per unit area.

1 This model, not included in Zappa et al. (2013), has present-day

cyclone statistics very similar to HadGEM2-ES. We include it here

to reduce the sampling uncertainty on the mean response.
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the response of the largest signal-to-noise ratio is the

increase in the mean precipitation intensity of cyclones.

Instead, to the south of 458N, and especially in the Medi-

terranean area the track density reduction has the largest

signal-to-noise ratio. The mean wind intensity of cyclones

tends to decrease apart from over central Europe, where

there is a small, but significant, increase.

d. Summer track density response

Figures 4a and 4b show the JJA CMIP5 track density

response to climate change for theRCP4.5 scenario. The

mean response to climate change is a reduction in track

density on the southern flank of the storm track (358–
458N) and an increase in track density downstream of

the southern tip of Greenland (;608N). The pattern is

consistent with the track density response found in

single-model studies (Geng and Sugi 2003; Bengtsson

et al. 2006) and also with the transient eddy kinetic en-

ergy response found by O’Gorman (2010) in the CMIP3

models. Such a meridional dipole might be suggestive of

a poleward shift of the storm track, and, as discussed in

section 5, a poleward shift is effectively found in the

upper-tropospheric jet. However, at the surface, the re-

duction in the number of cyclones on the southern flank

of the storm track seems to dominate. Also in JJA, as in

DJF, the signal-to-noise ratio of the responses is on the

order of one.

There is consensus in the track density responses of

CMIP5 models over most of the North Atlantic and

Europe. No consensus is found in the reduction in track

density over the United States and in the increase in

track density close to Greenland. However, in North

America the response has the same sign in the majority

(.80%) of CMIP5 models, which suggests that similar

climate processes, but of different magnitudes, are oc-

curring in the different models. This uncertainty does

not appear to be related to theHIST track density biases

in the region. No consensus in the sign of the response is

also found in the track density increase close to Green-

land. Differences in the representation of Greenland’s

orography and of its interaction with the response of the

jet (see section 5) might contribute to such uncertainty.

e. Summer cyclone intensity response

Figures 4c and 4d show that the mean dynamical in-

tensity of cyclones decreases in JJA over the North At-

lantic and North America, while no significant changes

occur in the Norwegian Sea. In particular, the signal is

FIG. 4. As in Fig. 2, but for JJA.

15 AUGUST 2013 ZAPPA ET AL . 5853



largest along the southern flank of the storm track, in

correspondence with the region where track density also

tends to decrease. Consistent with the track density re-

sponse, consensus in the model responses is again found

over most of the domain with the exception of North

America. The reduction in the mean wind intensity of

cyclones in JJA tends to be larger compared with that

found in DJF.

Figures 4e and 4f show that the precipitation intensity

of cyclones is projected to increase, especially over land

to the north of 508N. The response is instead weak in

the subtropical central and eastern Atlantic, where the

precipitation intensity even tends to decrease locally. As

discussed for the Mediterranean area in DJF, this sug-

gests that the reduction in the wind intensity of cyclones

in the subtropical Atlantic acts against the precipita-

tion increase expected from the increased atmospheric

moisture content. The signals are still large compared

with internal variability, especially over land and to the

north of 508N.

In conclusion, the future response of North Atlantic

cyclones in JJA is characterized by a reduction in cyclone

activity (number and wind intensity) on the southern

flank of the storm track (308–458N). At the same time,

there is an increase in the precipitation intensity of cy-

clones especially over land and to the north of 508N.

By comparing the signal-to-noise ratios, the increase in

the precipitation of cyclones is the dominant signal

emerging at high latitudes, while over a large midlatitude

area (308–458N) the reduction in cyclone number and

intensity have the largest signal-to-noise ratio. Cyclone

intensity and number are also predicted to decrease

over North America, but the size of the response is

more uncertain.

f. Sensitivity to scenario

Figures 5a and 5b show the DJF- and JJA-mean track

density responses for the RCP8.5 scenario (RCP8.5

minus HIST). The patterns are very similar to those seen

in the RCP4.5 scenario except that the magnitude of the

RCP8.5 responses is roughly double those in the RCP4.5

scenario, consistent with increased anthropogenic forc-

ing. The signal-to-noise ratio is also larger (not shown).

For example, the track density reduction on the south-

ern flank of the storm track reaches a signal-to-noise

ratio of about 3 in both DJF and JJA.

Table 2 summarizes the sensitivity of the mean re-

sponse to the emission scenario for different areas of

interest. In particular, the mean response in the track

density and in the wind speed and precipitation in-

tensities area averaged over central Europe (508–608N,

208W–308E) and the Mediterranean area (308–458N,

108W–408E) are presented for the RCP4.5 and RCP8.5

emission scenarios (these areas are also shown by

boxes in Figs. 1a and 1b). The Mediterranean is only

considered in DJF, when the regional storm track is

more active. The 90% confidence intervals on themean

response caused by internal variability in the model

runs are indicated in the table (see section 2c for more

details).

For the RCP8.5 scenario, in the multimodel mean,

a very large track density response is found in the

Mediterranean in DJF (220% 6 2%). For the same

scenario, the track density decreases over central Eu-

rope in JJA (210%6 2%) but increases in DJF (4%6
1%). The increase in the central European track density

is also associated with an increase in the mean wind

intensity of cyclones (0.9% 6 0.5%). A large increase

in the precipitation intensity of cyclones is also found

over central Europe in both DJF (18% 6 1%) and JJA

(9%6 1%). However, the spread of some of the model

responses appears to be large, especially under the

RCP8.5 scenario and for precipitation. For example,

large responses of opposite signs are found for the Eu-

ropean precipitation intensity in JJA (212%, 128%)

and in the Mediterranean in DJF (214%, 19%). Such

uncertainty is likely caused by the competing effects of

increased moisture content and reduced cyclone in-

tensity over these regions. Large spread is also found for

the track density reduction over the Mediterranean in

DJF (234%, 210%).

FIG. 5. As in Figs. 2a and 4a, but for the mean track density re-

sponse to the RCP8.5 scenario in (a) DJF and (b) JJA. Units are in

number of cyclones per month per unit area. Only the responses

statistically significant at the 5% level are shown.
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4. Response of strong cyclones

We now describe the response of cyclones associated

with strong wind speeds and precipitation. The response

is presented using both basinwide statistics, to determine

the changes in the overall characteristics of the storm

track, and as a function of the location, which is more

appropriate for interpreting the regional impacts.

a. Basinwide response

North Atlantic and European cyclones are defined as

those reaching their maximum T42 vorticity at 850 hPa

(the tracked variable) within 308–908N and 808W–408E
(the area delimited in Figs. 1a,b). The frequency dis-

tribution (FD) of the maximum along-track wind in-

tensity of North Atlantic and European cyclones, as

measured by wind speed at 850 hPa, is then computed

for each model. The multimodel means of the FD in

the HIST and in the RCP4.5 simulations are shown in

Figs. 6a and 6b. Little change is found between the two

simulations. However, by looking at the difference

(RCP4.5 minus HIST) in the FDs we find a reduction in

the number of cyclones associated with 850-hPa wind

speed larger than 25m s21 in DJF and 20m s21 in JJA.

This signal can also be seen in the tail of the FD, sug-

gesting that the basinwide response is a reduction in

the number of cyclones associated with strong 850-hPa

wind speeds.

To better compare the CMIP5 models, a metric of the

number of strong cyclones is introduced that takes into

account the HIST biases of the models. Strong cyclones

are defined as those exceeding a threshold in the maxi-

mum along-track wind speed at 850 hPa. For eachmodel

and season, the threshold is chosen to be equal to the

90th percentile of the maximum along-track wind speed

FD of North Atlantic and European cyclones in the

HIST simulation. This allows us to always consider the

strongest 10% of cyclones relative to the model clima-

tology. In the multimodel mean, the number of strong

North Atlantic cyclones decreases by28%6 3% inDJF

and by26%6 3% in JJA.Moreover, the total number of

North Atlantic cyclones decreases by 23.6% 6 0.6% in

DJF and 21.9% 6 0.6% in JJA.

Figures 7a and 7b show the distribution of the CMIP5

model responses in the total number of cyclones, and

in the number of cyclones associated with strong wind

speeds, so that the spread of the responses can be in-

vestigated. The responses are shown for both the RCP4.5

and RCP8.5 scenarios. The total number of cyclones

decreases in the majority of CMIP5 models in both the

seasons and scenarios (i.e., the interquartile ranges lie

entirely below zero). However, the spread of the model

responses in JJA is roughly the double than in DJF, thus

suggesting larger uncertainty in the summer. A similar

picture is found for the response in the number of strong

cyclones: a reduction is found in the majority of models

in both DJF and JJA, but larger uncertainty charac-

terizes JJA.

In summary, we have found that both the total num-

ber of North Atlantic cyclones and those of strong wind

intensity tend to decrease in response to climate change.

The sensitivity of the results to the adopted metric of

cyclone dynamical intensity has been tested. We find

that CMIP5 models also show a reduction in the number

of North Atlantic cyclones associated with strong T42

vorticity at 850 hPa. When considering the along-track

minimum in MSLP, the number of deep cyclones tends

to decrease in DJF but a slight increase, with large

spread, is found in JJA. This highlights that care is

needed when using MSLP to evaluate changes in dy-

namical intensity under climate change. The minima in

MSLP can be also affected by the variations in the large-

scale MSLP field (Bengtsson et al. 2009; Ulbrich et al.

2009). Moreover, as the radius of cyclones may also

change (Schneidereit et al. 2010), deeper cyclones may

not necessarily imply stronger winds, although larger

cyclones may still have a higher impact on wave activity

and storm surge.

TABLE 2. Area-averagedmultimodel-mean response for the RCP4.5 andRCP8.5 emission scenarios in the central European area (EU;

for DJF and JJA) and for the Mediterranean area (MED; for DJF). The investigated fields are the track density (Track den.), wind speed

cyclone intensity (Wind), and precipitation cyclone intensity (Precip.). Here, r (%) is themean responseb expressed as percentage change

on the mean HIST values. The uncertainties show the 90% confidence intervals on r caused by internal variability in the model runs (see

section 2c for more details). Also, b/s is the signal-to-noise ratio.

Scenario

EU DJF EU JJA MED DJF

r (%) b/s r (%) b/s r (%) b/s

Track den. RCP4.5 2 6 1 0.7 24 6 2 1.2 212 6 2 2.9

RCP8.5 4 6 1 1.1 210 6 2 2.5 220 6 2 4.8

Wind RCP4.5 0.4 6 0.5 0.3 21.4 6 0.5 1.2 21.8 6 0.5 1.6

RCP8.5 0.9 6 0.5 0.8 20.3 6 0.5 0.2 23.0 6 0.5 2.5

Precip. RCP4.5 9 6 1 7 8 6 1 3.5 3 6 1 1.5

RCP8.5 18 6 1 14 9 6 1 3.8 0 6 1 0.1
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The same analysis presented for the wind intensity of

cyclones has been repeated for the precipitation intensity

(i.e., the area-averaged precipitation rate in a 58 spherical
cap centered on the cyclone). The FD of the along-track

maxima in the cyclone precipitation intensity (Figs. 6c,d)

shows a future reduction (RCP4.5 minus HIST) in the

number of weakly precipitating cyclones and an increase

in the number of strong and extreme precipitating cy-

clones in both DJF and JJA. In the multimodel mean,

there is a 26% 6 2% (DJF) and 33% 6 2% (JJA) in-

crease in the number of cyclones with precipitation in-

tensity within the top 10% of the HIST simulations.

Figure 7c shows that the response has the same sign in all

the CMIP5 models, although the spread in the model

responses appears to be large (10%–56% inDJFand 0%–

60% in JJA). A larger mean signal and a larger spread of

the responses are found for the RCP8.5 scenario.

b. Spatial distribution of the strong cyclones’ response

Figure 8a shows the DJF-mean track density response

of the subset of cyclones associated with strong wind

speeds, which is defined in the previous subsection. Note

that we here use stippling to identify areas with responses

that are statistically significant at the 10% level. The DJF

response is dominated by a large (;20%) track density

reduction between Newfoundland and the Greenland

Sea. This signal contributes to the basinwide reduction in

the number of strong cyclones found in the previous

subsection. However, we also note a smaller increase in

the track density of strong cyclones between the British

Isles and Scandinavia. In particular, themultimodelmean

shows a track density increase of 3%6 5% by averaging

the mean response over the same central European area

considered in section 3f.

FIG. 6. Multimodel mean of the frequency distributions of the maximum (a),(b) along-track wind speed and (c),(d)

precipitation of NorthAtlantic and European cyclones, for (left) DJF and (right) JJA. The full black line refers to the

HIST simulation, and the dashed gray line to the RCP4.5 simulation. The frequency distribution of wind (pre-

cipitation) is scaled to the number of cyclones per season per 5m s21 (0.2mmhr21).
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To further analyze the increase in European stormi-

ness, Fig. 8c shows the mean response in the wind in-

tensity of the subset of the strong cyclones. While no

significant changes are found over most of the Atlantic,

an increase in the 850-hPa wind speeds of the strong

cyclones is found over central Europe in the multimodel

mean (3%6 1%). The increase in both the number and

the wind intensity of the cyclones associated with strong

wind speeds might contribute to larger economic loss

potential from cyclone activity (Mailier et al. 2006; Pinto

et al. 2012). However, the signal-to-noise ratio of the

European track density and intensity mean responses

are small and CMIP5 models tend to agree that the re-

sponses are small compared with internal variability

( f2 , 1).

Figures 8b and 8d show the same analysis but for JJA.

The dominant track density signal is a reduction along

the southern flank of the storm track and in particular

overNorthAmerica.However, the track density increases

in the Norwegian Sea area. This dipolar structure is re-

lated to the larger uncertainty in the JJA response

compared with DJF (see Fig. 7b). In some models the

FIG. 7. Box plot of the distribution of the model responses in (a) the total number of cyclones, and the number of North Atlantic and

European cyclones associated with (b) strong winds and (c) strong precipitation. The responses are expressed as changes relative to the

HIST simulations. The center of the box is themedian response, the edges of the box extend to the 25th–75th percentiles, and the whiskers

extend to the minimum and maximum values. Strong cyclones are defined as in text.

FIG. 8. Multimodel (a),(b) mean track density and (c),(d) wind speed intensity responses (RCP4.5 minus HIST)

computed for the subset of strong cyclones, for (left) DJF and (right) JJA. Strong cyclones are defined as in text.

Stippling is applied where the mean response is statistically significant at the 10% level. The contours show the

multimodel-mean values in theHIST simulations. In (a) and (b), the CI is a cyclone permonth per unit area. In (c) the

displayed contours are 30 and 35m s21; in (d) they are 20 and 25m s21. In (c) and (d), the mean response is masked

where the mean historical strong cyclones track density is smaller than 0.2 cyclones per month.
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low-latitude reduction dominates (e.g., MIROC-ESM),

while in other models the high-latitude increase domi-

nates (e.g., MIROC5).

It is also of interest to note that the mean intensity

of the strong cyclones generally shows no significant

changes over most of the Atlantic in both DJF and JJA.

This suggests that it is the number of strong cyclones,

rather than their intensity, that is predominantly af-

fected by the large-scale changes in the baroclinicity of

the atmosphere. These changes are discussed in the next

section.

5. Relation to the large-scale environment

The anthropogenic forcing will alter the state of the

atmosphere, ocean, and sea ice. These changes may all

affect the behavior of cyclones by modifying the baro-

clinicity of the atmosphere and the role of diabatic

processes in cyclone development. Understanding the

role of these physical drivers of change is important to

gain confidence in climate model projections. However,

care is needed when attributing the response in the be-

havior of cyclones to a specific change in a component

of the climate system, as the responses of the different

components are interconnected. Here, we investigate

the consistency of the North Atlantic cyclone responses

with the large-scale changes in the baroclinicity of the

atmosphere. In particular, we discuss why the reduction

in strong cyclone activity mainly occurs along the north-

ern flank of the storm track in DJF and on the southern

flank in JJA.

Figures 9a and 9b show the mean climate response

(RCP4.5 minus HIST) in the near-surface atmospheric air

temperature T2m. The DJF response in T2m is dominated

by the surface polar amplification of global warming,

which is related to the Arctic sea ice lost and radiative

feedback processes (Holland andBitz 2003). The low-level

meridional temperature gradient and atmospheric baro-

clinicity along the northern flank of the storm track are

therefore reduced. This is consistent with the found re-

duction in the number of strong cyclones. Furthermore,

aminimum in SSTwarming is found in theNorthAtlantic.

Previous studies suggested that this minimum in North

Atlantic SST warming, which is associated with the

weakening of the MOC, might strengthen the storm-track

activity over the eastern Atlantic by enhancing the surface

atmospheric baroclinicity (Brayshaw et al. 2009;Woollings

et al. 2012). In JJA, the response in T2m has a more uni-

form spatial distribution and it shows very little polar

amplification of global warming. This is consistent with the

absence of a decrease in high-latitude cyclone activity in

JJA, in contrast to DJF.

Figures 9c and 9d show the mean response (RCP4.5

minus HIST) in the zonal wind at 250 hPaU250. TheU250

gives the intensity of the jet stream and is a measure of

the atmospheric baroclinicity, via thermal wind balance.

In DJF, the mean response of U250 is composed of

a strengthening on the subtropical side of the Atlantic

jet stream and of an eastward extension into Europe. As

suggested in previous single-model studies (e.g., Pinto

et al. 2007b), the eastward extension of the jet appears to

be consistent with the increase in European storminess.

FIG. 9. Multimodel-mean response (RCP4.5 minus HIST) in the (a),(b) near-surface atmospheric air temperature

(8C) and (c),(d) zonal wind at 250 hPa (m s21), for (left) DJF and (right) JJA. The mean values in the HIST simu-

lations are contoured in (c) and (d) with a CI of 5m s21.
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However, there is no clear picture of what basic climate

process might drive such eastward extension. For in-

stance, although the weakening of the MOC might in

part play a role, an eastward extension of the jet is also

found in slab ocean experiments where the oceanic heat

transport is unchanged between present and future

simulations (Woollings et al. 2012). Future analyses will

have to understand this important aspect of the regional

atmospheric circulation change. An apparent incon-

sistency between the jet and the tracks is found in the

subtropical central Atlantic where the jet becomes

stronger but the number of cyclones decreases. Also,

Mizuta (2012) finds little association in the month-to-

month variability between the observed jet stream speed

and the number of strong cyclones over this region. This

may suggest that the enhanced baroclinicity associated

with the stronger subtropical jet is not available for cy-

clone development, possibly because it is too far south

from the region of highest low-level baroclinicity that

sits over the Gulf Stream. Other mechanisms, discussed

below, might therefore be important in this region.

In JJA, the response in the jet stream appears to be

well associated with the response in the cyclone tracks.

The U250 decreases on the southern flank of the jet

stream and increases on the northern flank (see Fig. 9d).

The pattern is suggestive of a poleward shift and re-

sembles the track density response. A common feature

of the DJF and JJA track density and wind intensity

responses is therefore a reduction on the southernmost

latitudes with cyclone activity, including the previously

discussed subtropical central Atlantic area, which has

a strengthened jet stream in DJF. This common feature

is likely associated with the well-known tendency to

a broadening of the tropics and increase in subtropical

static stability in response to climate change (Seidel

et al. 2007; Lu et al. 2008, 2009).

6. Conclusions and discussion

In this study, we have investigated the response of the

winter (DJF) and summer (JJA) North Atlantic and

European extratropical cyclones to climate change in

the CMIP5 models. This is motivated by the large so-

cioeconomic impacts that changes in the location and

intensity of extratropical cyclones might have on Europe.

The climate response is computed as a difference be-

tween 30-yr periods of the historical (HIST; 1976–2005)

and future day (2070–99) simulations in the RCP4.5 and

RCP8.5 emission scenarios. A cyclone-tracking technique

(Hodges 1994, 1999) is used to quantify the response in

the number of cyclones and in their intensity, which is

measured by the maximum wind speed at 850hPa (dy-

namical intensity) and by the area-averaged precipitation

(hydrological intensity). In contrast to previous studies

that only looked at cyclone tracks in individual or small

groups of models, the inspection of a large multimodel

ensemble allows the uncertainties in the projection to be

quantified (Sansom et al. 2013).

With regard to the response in the RCP4.5 scenario,

the main results of this study are as follows:

d In DJF, the response of North Atlantic and European

cyclones is characterized by a tripolar pattern, rather

than by a poleward shift. In the multimodel mean, the

number of cyclones decreases in the Norwegian Sea,

while a small, but significant, increase is found over the

British Isles (3% 6 2%). Here, all the presented

uncertainties are 90% confidence intervals in the mean

response caused by internal variability in the model

runs, and not the spread in the model responses. A

larger reduction in the number of cyclones is found

in the Mediterranean Sea (212% 6 2%). The total

number of cyclones decreases (23.6% 6 0.6%).
d In JJA, there is a reduction in cyclone activity (number

and intensity) along the southern flank of the North

Atlantic storm track, which is associated with the

poleward shift of the upper-tropospheric jet. The

total number of cyclones decreases (21.9%6 0.6%).
d The mean precipitation intensity of cyclones shows

a large increase consistent with the warming of surface

air temperature. To the north of 458N, and especially

over land, the signal-to-noise ratio is in the range 4–6,

which is large compared with the response in the

number and wind intensity of cyclones.
d On a basin scale, the number of cyclones associated

with the 90% percentile strong wind speed decreases.

However, both the number (3%6 5%) and the mean

wind speed (3% 6 1%) of these strong cyclones

increase over theUnitedKingdom and central Europe

in DJF.
d The spread in the response of the models varies

depending on the variable and the region of interest.

Larger spread is generally found for the precipitation

intensity, and the track density over the Mediterra-

nean Sea in DJF and over North America in JJA.

Good consensus is instead found in the track density

and wind intensity responses over Europe in DJF.
d Apart from the larger Mediterranean response in

DJF, the track density and wind intensity responses

have a signal-to-noise ratio on the order of one. This

clearly indicates that usingmultiple runs of the present

and future climate is needed to accurately quantify the

response of extratropical cyclones in climate model

simulations.

The same conclusions are drawn from the climate re-

sponse to the RCP8.5 scenario, where both the mean
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response and the spread of the model responses tend to

become larger.

There are multiple factors that contribute to the

confidence in these multimodel projections. First, the

results seem qualitatively consistent with the findings of

two other recent analyses of extratropical cyclones in

the CMIP5 models (Chang et al. 2012; Mizuta 2012),

which use different tracking algorithms. The similarity

suggests that the projections presented here are likely to

be robust with respect to the employed methodology.

Second, under the RCP4.5 forcing, we have found that

the uncertainty in the track density and wind intensity

projections caused by differences in the responses of

the models tend to be smaller than the uncertainty

caused by internal variability. This is indicative of con-

sensus among the CMIP5 model projections. Moreover,

the mean response of the CMIP5 models also appears

to be similar to those given in previous single model

studies (Sinclair and Watterson 1999; Geng and Sugi

2003; Leckebusch and Ulbrich 2004; Pinto et al. 2007b;

Bengtsson et al. 2006, 2009; Pinto et al. 2009; Catto et al.

2011), some of which also used a different tracking al-

gorithm. Third, the tripolar pattern characterizing the

response of North Atlantic cyclones in DJF seems to be

only weakly affected by the biases of the models in

capturing the observed tilt and the position of the North

Atlantic storm track. Finally, the response of the cy-

clones appears to be consistent with well-known changes

in the large-scale environment such as the broadening of

the tropics, the polar amplification of global warming

(DJF), and the North Atlantic jet stream poleward shift

(JJA) and eastward extension into Europe (DJF).

The ultimate source of confidence comes from detect-

ing and attributing the changes predicted by the models

in the observed cyclone statistics. This study identifies

the responses that can be expected to emerge first from

internal variability. The increase in the mid- to high-

latitude precipitation intensity of cyclones over land has

the largest signal-to-noise ratio, followed by the reduction

in the number of Mediterranean cyclones in DJF and by

the reduction in cyclone activity along the southern flank

of the Atlantic storm track in JJA. The signal-to-noise

ratio in the responses of the number and wind intensity of

NorthAtlantic cyclones inDJF appear to be small, which

might make the detection of any change more difficult.

These results suggest that changes in North Atlantic

and European cyclonesmay be important for adaptation

planning to climate change. In particular, the increase in

both the precipitation and wind intensity of cyclones can

enhance the flood and windstorm risk over the British

Isles and central Europe. The large reduction in the

number of Mediterranean cyclones in winter may affect

the freshwater availability of the region, which is largely

dependent on the storage of the cyclone-generated win-

tertime precipitation. To increase confidence in these

projections, it would be useful to better understand their

relation with the physical drivers of change. In particular,

the sensitivity of cyclone behavior to the tropical SST

warming, the North Atlantic SST warming, the weaken-

ing of the MOC, and the Arctic sea ice loss will be in-

vestigated in future research.
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APPENDIX

Statistical Framework

a. The ANOVA framework

Let ymsr represent a climate statistic from model m,

scenario s, and run r from a multimodel ensemble of M

models andN runs containing a historicalH and a future

F scenario. Sansom et al. (2013) show that ymsr can be

described by the ANOVA framework:

ymsr 5m1am1bs 1 gms1 �msr and

�msr ;
iid

N(0,s2) , (A1)

where the effect m is the expected climate in the his-

torical scenario and bF is the expected climate change

response. The effect am is the difference between the

historical climate of modelm and the expected climate

m. The interaction terms gmF represent the difference

between the climate response simulated by model m

and the expected response bF. The random component

�msr represents the internal variability in the ymsr and is

assumed to be normally distributed. The framework is

subject to the constraints that�M
m51am 5 0, bH 5 0, and

gmH 5 0 for all models and�M
m51gmF 5 0.
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b. Mean climate response

TheML estimate b̂F of the expected climate response

bF is

b̂F 5
1

M
�
M

m51

(ymF . 2 ymH.
) , (A2)

where Rms is the number of runs of modelm in scenario

s and yms. is the average of ymsr over the multiple runs.

Note that b̂F is equivalent to the ‘‘one model, one vote’’

multimodel-mean approach of the climate response es-

timate.

The estimated variance of bF is

Var(b̂F)5
ŝ2

M2 �
M

m51

�
RmH 1RmF

RmHRmF

�
and (A3)

ŝ25
1

N2 2M
�
M

m51
�

s2(H,F)
�
R

ms

r51

(ymsr 2 yms.)
2, (A4)

where ŝ2 is the ML estimate of the internal variability.

The signal-to-noise ratio is defined as b̂F /ŝ. Only for the

precipitation intensity, because of data limitations, s is

computed exclusively from the HIST runs. See Sansom

et al. (2013) for full details of the estimation procedure.

The hypothesis of a nonzero climate response (Ha;

bF 6¼ 0) can be tested by comparing the test statistic

Tb 5
jb̂F 2 0jffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var(b̂F)

q , (A5)

with the quantiles of the t distribution with N 2 2M

degrees of freedom.

The relative amplitude of the mean climate response

r5 b̂F /m̂ has variance Var(r);Var(b̂F)/m̂, where m̂ is the

multimodel-mean historical climate. The uncertainty in

m has been neglected as small relative to that in b̂F .

c. Variance ratio f 2

The variance ratio f 2 is a useful measure of agreement

betweenmodels on the climate change response. It is the

ratio of the variance explained by the model depen-

dence in the climate change response (gmF interaction

terms) relative to the variance explained by the internal

variability. The fraction of variance explained by in-

ternal variability is given by 12R2
g, where R2

g is the

coefficient of determination of theANOVA framework.

The coefficient of determination gives the proportion of

the total variability explained by the framework. The

fraction of variance explained by the model-dependent

component is obtained as the difference between the

variance explained by the ANOVA framework above

R2
g and the variance explained by a simpler framework

R2
a, where the interaction terms are constrained to be

zero (gmF5 0"m). Therefore, f 2 5 (R2
g 2R2

a)/(12R2
g).

See Sansom et al. (2013) for a detailed description of the

simpler framework.
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