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Abstract Climate change is expected to increase winter

rainfall and flooding in many extratropical regions as

evaporation and precipitation rates increase, storms

become more intense and storm tracks move polewards.

Here, we show how changes in stratospheric circulation

could play a significant role in future climate change in the

extratropics through an additional shift in the tropospheric

circulation. This shift in the circulation alters climate

change in regional winter rainfall by an amount large

enough to significantly alter regional climate change pro-

jections. The changes are consistent with changes in

stratospheric winds inducing a change in the baroclinic

eddy growth rate across the depth of the troposphere. A

change in mean wind structure and an equatorward shift of

the tropospheric storm tracks relative to models with poor

stratospheric resolution allows coupling with surface cli-

mate. Using the Atlantic storm track as an example, we

show how this can double the predicted increase in extreme

winter rainfall over Western and Central Europe compared

to other current climate projections.
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1 Introduction

Current climate models predict greater mean and extreme

winter rainfall in response to increasing levels of green-

house gases (Solomon et al. 2007). This consensus is

derived from state of the art climate models which contain

an extensive set of parametrizations to represent atmo-

spheric, oceanic and land surface processes.

Most models used for future climate projection devote

only a small fraction of their total computational cost to the

stratosphere and its interaction with surface climate is often

poorly reproduced in simulations of past climate (Scaife

et al. 2005; Gillett 2005). Similarly, while the potential

sensitivity of climate projections to global horizontal reso-

lution is widely recognised (Matsueda et al. 2009), most

models used in recent IPCC projections had relatively poor

vertical resolution of the atmosphere above the tropopause

(Cordero and Forster 2006). Despite this, in contrast to
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these standard resolution models, extended atmospheric

models have been produced which have a good represen-

tation of the stratosphere and mesosphere (Pawson et al.

2000; Morgenstern et al. 2010) and work is now pro-

gressing to couple these models to interactive ocean com-

ponents to provide extended climate models that can be

used to make projections of the effects of increasing

greenhouse gases on the coupled ocean-troposphere-stra-

tosphere system (Huebener et al. 2007; Shaw and Shepherd

2008).

Here, we compare climate change due to changing

greenhouse gas amounts in standard climate models and

vertically extended models to determine whether an

improved representation of the stratosphere (and associated

model changes) is likely to alter the surface climate

response. While there is an enormous choice of possible

climate model formulations that can not easily be distin-

guished on observational or theoretical grounds (Murphy

et al. 2004; Sigmond et al. 2008) we will also use a multi-

model ensemble that has been applied in other contexts

(Son et al. 2008) to show that the effect of extending cli-

mate models to better represent the stratosphere is largely

independent of model formulation, at least across the range

of currently available models.

2 Method: standard and extended climate models

We analyse two climate models in detail: model 1 is the

Hadley Centre Global Environmental Model (HadGEM,

Martin et al. 2006; Ringer et al. 2006) and model 2 is the

ECHO-G Middle Atmosphere Model (EGMAM, Huebener

et al. 2007). The ‘‘standard’’ versions of these models have

a vertical domain with limited stratospheric resolution. The

‘‘extended’’ versions of the models represent the full depth

of the middle atmosphere as described below.

Standard model 1 (HadGEM) has 38 levels from the

surface to *40 km altitude. Extended model 1 has iden-

tical levels up to level 30 near the tropopause and a further

30 levels to around 84 km near the mesopause. Horizontal

resolution is 1.25� Latitude by 1.875� Longitude in both

cases. Physical parametrizations are similar in the models

but extended model 1 incorporates a shorter timestep and

additional gravity wave drag to obtain realistic simulations

of the stratosphere (Scaife et al. 2002). Extended model 1

simulates near surface control climate close to that of

standard model 1 (Fig. 1). The models were run under

preindustrial greenhouse gas conditions and potential

future conditions with four times the mixing ratio of carbon

dioxide. Ozone levels were kept constant in the simula-

tions. Extended model simulations were run for 30 years

and standard model simulations were run for 24 years for

both 1 9 CO2 and 4 9 CO2. Both models were driven by

ocean surface conditions from 1 9 CO2 to 4 9 CO2 sim-

ulations with a coupled ocean-atmosphere version of the

standard model.

Standard model 2 is ECHO-G (Legutke and Voss 1999)

and has 19 levels from the surface to *30 km altitude.

Extended model 2 has 25 levels from the surface to

*30 km and 14 further levels to *80 km in the upper

mesosphere (Huebener et al. 2007). Horizontal resolution is

T30 (*3.75�). Physical parametrizations are similar in the

models but extended model 2 incorporates additional

(different to extended model 1) spectral gravity wave drag

(Manzini and McFarlane 1998). Huebener et al. (2007)

showed that extended model 2 simulates near surface

control climate close to that of standard model 2. Extended

model 2 was run in coupled ocean-atmosphere mode from

a pre-industrial control simulation with a 1% CO2 increase/

year until quadrupling and stabilized for 300 years at four

times the CO2 level. Standard model 2 was run in coupled

ocean-atmosphere mode from a present-day simulation

a

b

c

d

Fig. 1 Climatological winter sea level pressure in the two extended models (a, c) and standard climate models (b, d) used in this study. All

quantities are winter means (December–February) and units are hPa
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with 1% CO2 increase/year, stabilized at 4 times the CO2

level. Ozone levels were kept constant in the simulations.

We analysed 150 years from the standard and extended

models for both 1 9 CO2 and 4 9 CO2. Again, note that

extended model 2 simulates a near surface climate which is

close to that of standard model 2 (Fig. 1).

We also use model results from the World Climate

Research Programme’s (WCRP’s) Coupled Model Inter-

comparison Project phase 3 (CMIP3) multi-model dataset

(Meehl et al. 2007) and from the Chemistry Climate Model

Validation (CCMVal) project (Morgenstern et al. 2009) to

test whether our results are similar to those in other climate

models. The following IPCC models were used to make a

multimodel ensemble of standard models: INM-CM3.0,

IPSL-CM4, UKMO-HadGEM1, MRI-CGCM2.3.2, MI-

ROC3.2(medres), GISS-ER, GFDL-CM2.1, GFDL-CM2.0,

ECHAM5/MPI-OM, ECHO-G, CNRM-CM3, CGCM3.1.

Details of the models and simulations performed can be

found at: http://www-pcmdi.llnl.gov/ipcc/about_ipcc.php.

The following CCMVal models were used to make a

multimodel ensemble of extended models: CMAM,

CNRM-ACM, LMDZrepro, UMSLIMCAT, WACCM,

CCSRNIES, SOCOL, UMUKCA-UCAM and EMAC-

FUB. CCMVal-Ref-B2 simulations were used which

include the A1B IPCC scenario. By 2100 the change in

ozone in these simulations is small, especially in the

northern hemisphere, while the CO2 concentration is

approximately doubled so we scale the differences between

2,100 and 1,960 in the CCMVal results by a factor of two

to create an approximate comparison with our 4 9 CO2

experiment [a similar comparison between IPCC and

CCMVal simulations has already been carried out for the

southern hemisphere (Son et al. 2008)]. A summary of the

simulations is given in Table 1.

3 Changes in sea level pressure

We simulated a baseline climate and a climate with 4 times

the amount of carbon dioxide in Standard models 1 and 2

and Extended models 1 and 2, as explained above. Climate

change in near surface temperature due to increasing levels

of greenhouse gases is relatively similar in the standard

models with a large increase in surface temperature in

almost all regions. At high latitudes, sea level pressure falls

in standard models and this is compensated by a broad

region of increased pressure across the Atlantic and Pacific

in mid latitudes (Fig. 2a). However, there is also a broad

range of responses in Atlantic sea level pressure in the

standard models. In contrast, the differences between each

extended model and its corresponding standard model are

very consistent across models. Relative to their respective

standard model versions, there is a large reduction in sea

level pressure across the Atlantic and Pacific that exceeds

4 hPa (Fig. 2b, c). This difference maximises in the

Atlantic and Pacific storm track regions and the signal is

much larger in winter than summer (not shown), as would

be expected for stratosphere-troposphere interaction given

that the stratosphere is more dynamic active in the winter

season (e.g. Boville 1984; Perlwitz and Graf 1995). The

effect on the climate change signal of extending the models

upwards is very similar in the two models despite their

different formulation and the fact that one of the models

has an active ocean while the other has prescribed ocean

conditions. The larger area of significant differences in

Model 2 is due to the much longer length of the simulations

there (see earlier model description).

4 Changes in jet stream winds

Given that the signal is similar in the Atlantic and Pacific

storm track regions but is more significant in both models

in the Atlantic, we now focus on this region in more detail.

As might be expected, differences between the extended

and standard models are largest in the stratosphere (Fig. 3).

There is a strong dipole response in the stratospheric zonal

wind and the polar night jet is weakened and shifted

equatorward in the extended models 1 and 2 (Fig. 3a) as

has been observed in other recent experiments on the

stratospheric response to climate change, albeit with some

variation between models (Huebener et al. 2007; Sigmond

et al. 2008; McLandress and Shepherd 2009; Charlton-

Perez et al. 2008; Shindell et al. 1999; Butchart et al. 2010.

Table 1 Summary of simulations analysed in this study

Control Experiment Model type Stratosphere resolving?

HadGEM standard 1 9 CO2 4 9 CO2 Atmosphere only No

HadGEM extended 1 9 CO2 4 9 CO2 Atmosphere only Yes

ECHOG 1 9 CO2 4 9 CO2 Coupled ocean–atmosphere No

EGMAM 1 9 CO2 4 9 CO2 Coupled ocean–atmosphere Yes

IPCC AR4 1 9 CO2 4 9 CO2 Coupled ocean–atmosphere No

CCMVal 1 9 CO2 2 9 CO2 (92) Atmosphere only Yes

A. A. Scaife et al.: Climate change projections 2091
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We can attribute the weakening and shifting of the polar

night jet to the increase in planetary wave driving and the

average strength of the Brewer-Dobson circulation which

occurs in response to increasing greenhouse gas amounts in

climate models (Butchart and Scaife 2001; Butchart et al.

2010). This change appears to occur through a change in

the mean strength of the circulation rather than through a

change in the frequency of sudden warmings which shows

only a small and statistically insignificant increase in

model 1. With their lower vertical resolution in the

stratosphere, standard models 1 and 2 show a much weaker

dipole and even opposite signed changes in the high lati-

tude stratosphere (Fig. 3c).

We now use ensembles of different models to test

whether the main differences in response to increasing

greenhouse gases between our standard and extended

models can be found in other models. A similar exercise

has recently been carried out for the response to ozone

depletion (Son et al. 2008). The multimodel results confirm

that the response described above is insensitive to model

formulation. Figure 3b and d show changes in the ensem-

bles of extended and standard models. These models span a

wide range of formulations and a wide range of physical

parametrizations for unresolved processes such as gravity

wave drag. Despite their different formulations, the mul-

timodel average of extended models shows an almost

identical signal to that in our two extended models with a

very strong dipolar pattern in the zonal wind. Similarly, the

multimodel average of standard models is very similar to

the climate change response in our two standard models

with a much weaker dipole. Because the extended and

standard models have different formulation we can not

absolutely attribute the difference between them to strato-

spheric resolution. However, it does show that there appear

to be robust differences between extended climate models

and standard models across the range of currently used

models.

5 Changes in baroclinic eddies and storminess

The zonal wind response to increased greenhouse gases

extends coherently from the stratosphere into the upper

troposphere where there is a similar dipole structure

(Fig. 3a, b). Although this extends into the troposphere,

changes in surface winds are much smaller than the large

changes near the tropopause and climate change therefore

mainly affects the vertical shear of the wind across the

depth of the troposphere. Along with the regional decreases

in sea level pressure this suggests the possibility of a

strengthened mid-latitude Atlantic storm track through

increased baroclinic instability in the troposphere. To

c

b

aFig. 2 Climate change in sea

level pressure in standard

(IPCC) models (a) and the

difference between the extended

and standard versions of model

1 and model 2 (b, c). All

quantities are winter means

(December–February) and units

are hPa. Statistical significance

at the 95% level of confidence is

shown by hatching. For a this is

significance from 0 using a 2

tailed test and the inter-model

variability. For individual

models 1 and 2 it is calculated

using a 2-tailed t test for the

difference between extended

and standard models
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quantify this, we first calculate the change in the Eady

growth rate (Eady 1949; Wittman et al. 2004) of the fastest

growing baroclinic eddies in the current and potential

future climate:

Eady growth rate : r ¼ 0:31 fU=NH ð1Þ

Here f is the Coriolis parameter, U/H is the vertical shear

of the zonal wind over the whole troposphere (surface to

200 hPa) and N is the mean static stability over the whole

troposphere. Growth rates are calculated at 10�W through

the centre of the Atlantic anomaly (neighbouring

longitudes give similar results).

The response of the mean winds to increasing green-

house gas amounts in our extended models dramatically

changes the growth rate of baroclinic eddies compared to

the standard models (Fig. 4). In the standard models the

latitude of maximum growth rate for baroclinic eddies

increases, as has been found in other studies (Yin 2005;

Frierson et al. 2007). In contrast, the vertically extended

models show increases in the growth rate at mid-latitudes

and zero or decreasing growth rate at high latitudes due to

the dipole in the zonal wind shear that is coherent with

lower stratospheric winds. The consistent southward shift

in Eady growth rate in the extended models is striking

given that there is a range of responses to increasing

greenhouse gases in standard models (Geng and Sugi 2003;

Lambert and Fyfe 2006; Pinto et al. 2007) and that storm

tracks are currently expected to move polewards (e.g., Yin

2005). Similar changes occur in the CCMVal multimodel

ensemble which show a negative change in the northern

annular mode index (Morgenstern et al. 2009) so we now

focus on our two models in more detail to understand their

effect on the troposphere and surface climate.

Such a large increase in Eady growth rate ought to also

be visible in the storm track and associated cyclones. To

calculate storminess we use a standard measure (Blackmon

a b

c d

Fig. 3 Climate change in zonal

winds from 1 9 CO2 to

4 9 CO2 climate in extended

models (a, b) and standard

models (c, d). a shows the

average of extended models 1

and 2. b shows the average of 9

extended model simulations

from the CCMVal project.

c shows the average of standard

models 1 and 2. d shows the

average of 12 standard model

simulations used in the latest

IPCC report. Hatching shows

statistical significance at the

95% level as in Fig. 1. The

winds are a section near the

middle of the Atlantic basin

anomaly at 10 W (neighbouring

longitudes show similar

patterns)

Fig. 4 The Eady growth rate for baroclinic eddies in the standard

(blue) and extended (black) models. The change in the growth rate

from 1 9 CO2 to 4 9 CO2 climate is plotted. Units are days
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1976) of the standard deviation of 2–6 days band passed

geopotential height at 500 hPa. The climatology of this

quantity is shown in Fig. 5a which shows maxima in the

Pacific and Atlantic storm tracks. The corresponding

change in winter storminess is shown in Fig. 5, where an

increase in mean winter storminess of up to 20% occurs

near western Europe and extends into central Europe, with

a decrease to the north and south west. This change in

storminess closely matches the change in mean sea level

pressure in the storm track regions (Fig. 2b) which is

consistent with the mean climate shift being explained as a

change in the storm track. Daily data for model 2 were not

b

aFig. 5 Climatology and

Climate change in winter

storminess (a, b) in extended

model 1 calculated from daily

500 hPa height data for the DJF

season (daily data for model 2

were not available for this

calculation). Values are plotted

as a percentage of the variability

in the control simulation and

hatching shows statistical

significance at the 95% level

using a t test

a

c d

bFig. 6 Climate change in

winter mean rainfall in standard

models (a, c) and the difference

between extended and standard

models (b, d). Units are mm/day

and hatching shows statistical

significance at the 95% level

using a 2 tailed t test
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available for this study but the similarity of Fig. 2b and c

shows that similar changes occur in both extended models.

Recent observational estimates indicate a discrepancy

between recent changes in mid-latitude storminess and the

change found in standard models (Wang et al. 2008) which

is similar to the pattern of increased storminess in Fig. 5b.

Furthermore, recent studies of the extended multi-model

set used here also conclude that the Northern Annular

Mode index decreases in extended models (Morgenstern

et al. 2009) which is consistent with the results shown here

as the storm tracks move coherently with the NAM. Cou-

pled with the results shown here, the northward migration

of the extratropical storm tracks under climate change may

be overestimated in standard resolution climate models.

6 Changes in rainfall

The increased storminess in our extended model simula-

tions has a dramatic impact on climate change in winter

rainfall. The standard models already show an increase in

winter rainfall across Northern Europe with increasing

levels of greenhouse gases (Fig. 6a, c). However, the two

extended models predict a further large increase in rainfall

across much of central and western Europe (Fig. 6b, d).

Again the agreement between the extended models is very

good, suggesting that the effect of extending the models

upwards is largely independent of model details or ocean-

atmosphere coupling. This exacerbates the increase in

rainfall across much of Northern Europe, cancels the pro-

jected drying of the Iberian peninsula and exacerbates

Mediterranean and North African drying. In some smaller

regions across northernmost Europe, projected increases in

rainfall are reduced. As an example of the potential impact

on climate projections of extreme events, corresponding

changes in the frequency of extreme rainfall are shown

from model 1 (Fig. 7). Both the mean and extreme rainfall

closely match the pattern of change in storminess and mean

sea level pressure, supporting our mechanism that both the

rainfall and sea level pressure changes are due to a change

in the storm track. The frequency of 1 in 50 daily heavy

Winter rainfall events in western Europe (10 W–20 E and

40–55 N) increases by almost twice as much as CO2

increases in extended model 1 than in standard model 1.

7 Summary and concluding remarks

Winter regional climate change may be systematically

different in climate models that have a good representa-

tion of the middle atmosphere to those that do not. Dif-

ferences between model formulations mean that we can

not absolutely attribute this to resolving the stratosphere

alone. However, the models used here show a consistent

response to better representation of stratospheric processes

and all that entails, despite differing greatly in their for-

mulation of fundamental processes such as atmosphere-

ocean coupling, clouds or gravity wave drag. This

suggests that although strong sensitivity to formulation

has been found in an individual model (Sigmond et al.

2008) the result of extending models upwards (and all

that entails) alters the climate change response in a way

that is largely independent of such model details. As such,

extending models upwards may represent a first-order

correction to climate projections for the mid-latitudes.

Hence, the effects of including the stratosphere may be

more robust across models than the basic climate pro-

jections themselves.

a b

Fig. 7 Percentage change in the frequency of extreme rainfall in

extended model 1 (daily data for model 2 were not available for this

calculation. The very marked similarity between mean rainfall

changes and rainfall extremes is easily seen by comparison with

Fig. 6 for model 1). Extremes here are defined as 98th percentile daily

totals at each model grid point. Climate change in standard model 1

(a) and the difference between extended and standard model 1 (b).

Hatching shows where the change in mean rainfall is statistically

significant at the 95% level according to a t test and has the same sign

as the change in extreme rainfall frequency
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The mechanism in extended models begins with changes

in the Brewer-Dobson circulation that have been found in

many extended models (Butchart and Scaife 2001; But-

chart et al. 2010). These shift the stratospheric polar night

jet southwards, changing the shear in the upper tropo-

sphere. These changes then appear to couple with baro-

clinic eddies in the troposphere through a consistent change

in baroclinic growth rates, shifting the preferred latitude for

growth of eddies, and hence the storm track southwards,

thereby increasing mid-latitude storminess. This greatly

affects projections of winter winds, rainfall and therefore

the likelihood of future flooding (e.g., Dankers and Feyen

2008) in the mid-latitude storm track regions.
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