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ABSTRACT

The possible role of stratospheric variability on the tropospheric teleconnection between El Niño–

Southern Oscillation (ENSO) and the North Atlantic and European (NAE) region is addressed by com-

paring results from two ensembles of simulations performed with an atmosphere general circulation model

fully resolving the stratosphere (with the top at 0.01 hPa) and its low-top version (with the top at 10 hPa).

Both ensembles of simulations consist of nine members, covering the 1980–99 period and are forced with

prescribed observed sea surface temperatures. It is found that both models capture the sensitivity of the

averaged polar winter lower stratosphere to ENSO in the Northern Hemisphere, although with a reduced

amplitude for the low-top model. In late winter and spring, the ENSO response at the surface is instead

different in the two models. A large-scale coherent pattern in sea level pressure, with high pressures over the

Arctic and low pressures over western and central Europe and the North Pacific, is found in the February–

March mean of the high-top model. In the low-top model, the Arctic high pressure and the western and

central Europe low pressure are very much reduced. The high-top minus low-top model difference in the

ENSO temperature and precipitation anomalies is that North Europe is colder and the Northern Atlantic

storm track is shifted southward in the high-top model. In addition, it has been found that major sudden

stratospheric warming events are virtually lacking in the low-top model, while their frequency of occurrence

is broadly realistic in the high-top model. Given that this is a major difference in the dynamical behavior of

the stratosphere of the two models and that these events are favored by ENSO, it is concluded that the

occurrence of sudden stratospheric warming events affects the reported differences in the tropospheric

ENSO–NAE teleconnection. Given that the essence of the high-top minus low-top model difference is a

more annular (or zonal) pattern of the anomaly in sea level pressure, relatively larger over the Arctic and the

NAE regions, this interpretation is consistent with the observational evidence that sudden stratospheric

warmings play a role in giving rise to persistent Arctic Oscillation anomalies at the surface.

1. Introduction

There is growing evidence that the state and the

variability of the lower stratosphere affect tropospheric

climate. Observational works have shown that large

perturbations of the Northern Hemisphere polar vortex

are associated with a seesaw in surface pressure encom-

passing the entire high latitudes (the Arctic Oscillation,

AO; Baldwin and Dunkerton 2001; Thompson and

Wallace 2000). Moreover, since the pioneering work of

Boville (1984), it is known that large biases in the

modeling of the lower-stratospheric polar-night jet have

an impact on aspects of the modeled tropospheric cir-

culation, such as stationary planetary waves and even

smaller-scale transient eddies. More recently, additional

evidence has been reported. For instance, Norton (2003)

showed that the persistence of the surface Arctic Oscil-

lation is sensitive to the variability of the stratospheric

polar vortex. Charlton et al. (2004) used a weather fore-

cast model and have found that the transient response of

the troposphere, on time scales between 10 and 20 days,

is sensitive to the stratospheric initial conditions. Scaife

et al. (2005) applied an experimental design similar to
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the one of Norton (2003) and found that an imposed

strengthening of the polar vortex during the boreal

winter over about 30 yr can induce a positive trend in

the North Atlantic Oscillation. Although these model-

ing works (as well as others) varied greatly in design and

time scales considered, they all tend to show that the

averaged influence of the stratosphere on the tropo-

sphere [as depicted by the sea level pressure (SLP) or

the 1000-hPa geopotential height] has a large-scale quasi-

annular or quasi-zonal pattern, generally more pro-

nounced over the North Atlantic sector. The construction

of a comprehensive theory for the downward propaga-

tion of the stratospheric disturbances is a topic of current

research, and several mechanisms have been proposed

(Song and Robinson 2004 and reference therein;

Thompson et al. 2006).

Despite growing evidence of the effect of stratospheric

dynamics on surface conditions in the development of

climate (coupled atmosphere–ocean) models, the vertical

resolution and location of the model top have hardly

received any attention (Kushner et al. 2007).

The purpose of this work is to study the possible role

of stratospheric variability in the tropospheric tele-

connection between El Niño–Southern Oscillation

(ENSO) and the North Atlantic and European (NAE)

region. The mechanisms responsible for the remote in-

fluence of ENSO on the North Atlantic and European

region are still controversial and certainly indirect. The

‘‘canonical’’ teleconnection that emerged from obser-

vations (Fraedrich and Müller 1992, among others)

consists of a cold and dry anomaly over northern Eu-

rope, high sea level pressure over Scandinavia and low

sea level pressures over central and western Europe,

and increased precipitation over Southern Europe.

Brönnimann (2007) reported that the ENSO tele-

connection over Europe may also depend on the sea-

sons and that it is more substantial for strong ENSO

events, for instance the one that occurred in 1940–42.

The extensive literature on the mechanism behind the

ENSO–NAE teleconnection has so far mostly focused

on the role of tropospheric downstream effects ema-

nating from the North Pacific (Hoerling et al. 1997;

Honda et al. 2001, among others) and on the role of

tropical Atlantic and Indo–Pacific sea surface temper-

atures (SSTs; Mathieu et al. 2004, among others). These

mechanisms are discussed in the recent review of the

ENSO effects on Europe by Brönnimann (2007), where

also the possible role of the stratosphere is reported.

The motivation to investigate a stratospheric role in

the ENSO teleconnections is given by 1) the evidence of

the influence of ENSO on the stratospheric polar vortex

(Manzini et al. 2006, and references therein) and 2) the

propensity for the possible downward influence of the

stratosphere to be realized in the NAE region. Our

objective is, therefore, also relevant for the broader

topic of determining the type of atmospheric models

(specifically, the vertical resolution and location of

model top) most appropriate for seasonal forecast at

high and middle latitudes, because of the dependence of

the predictability of the North Atlantic and European

winter climate on ENSO (Mathieu et al. 2004). How-

ever, comparing the role of the stratosphere to other

processes that may be involved in the ENSO–NAE

teleconnection is a rather comprehensive topic, beyond

the scope of the present investigation.

In this work, we compare results from two ensembles

of simulations performed with atmosphere general cir-

culation models with prescribed observed sea surface

temperatures. The first ensemble is obtained from a

stratosphere-resolving atmosphere general circulation

model (results reported in Manzini et al. 2006). The

second ensemble is obtained from a state-of-the art at-

mospheric model—such as those used in climate mod-

els (coupled atmosphere–ocean models; Randall et al.

2007)—with a top in the middle stratosphere. The latter

model can, therefore, be considered as a benchmark

model of the current state of modeling the stratosphere

in climate research. Because the two models considered

are closely connected, as described below, the compar-

ison of the two ensembles of simulations gives insights

in to the impact of the modeling of the full stratosphere.

The model results of Manzini et al. (2006) showed

that the northern lower-stratospheric response to ENSO

is characterized by a polar warming of a few degrees in

winter and early spring. These results are broadly con-

sistent with the later reported estimate from observa-

tions of Camp and Tung (2007) as well as earlier works.

In Manzini et al. (2006), the modeled stratospheric re-

sponse is robust and large scale enough in the ensemble

mean to emerge also in the zonal mean and to propagate

to the surface. Therefore, Manzini et al. (2006) sug-

gested that there could be a downward feedback of

the ENSO stratospheric response to the surface in late

winter and early spring at northern middle and high

latitudes. Evidence for this downward feedback is pre-

sented here by comparing modeled tropospheric mete-

orological fields in the two ensembles of simulations

done with and without a well-resolved stratosphere,

respectively. In addition, this work extends the Manzini

et al. (2006) results of the stratospheric response to

ENSO by analyzing the occurrence of sudden strato-

spheric warming events and their dependency on ENSO

in both models.

In summary, a case of a stratospheric polar vortex

modified by upward propagating tropospheric distur-

bances (troposphere–stratosphere connection favored
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by ENSO conditions) is used to investigate if the fol-

lowing large-scale disturbances of the polar vortex,

manifested as zonal mean anomalies, can feed back on to

the tropospheric climate. Therefore, the current investi-

gation is also an attempt to extract the tropospheric

response of the troposphere–stratosphere–troposphere

events discussed by Reichler et al. (2005), in a less ide-

alized and less controlled set of numerical experiments.

This paper is structured as follows: methodology and

models are described in section 2. Results from the two

ensembles of simulations are reported in section 3, and a

discussion and conclusions are presented in section 4.

2. Methodology

The ensemble of simulations reported in Manzini

et al. (2006) was performed with the MAECHAM5

general circulation model (hereafter ‘‘high top’’ model)

with vertical domain ranging from the surface to 0.01

hPa and 39 vertical levels.

Here the results from the Manzini et al. (2006) ensem-

ble are compared to an analogous ensemble of 9 simula-

tions performed instead with the standard ECHAM5

model (hereafter ‘‘low top’’ model) with vertical do-

main ranging from the surface to 10 hPa and 19 vertical

levels.

For details on the ECHAM5 general circulation

model, refer to Roeckner et al. (2006). The horizontal

resolution employed in both the high- and low-top

models is T42. The two models share the same repre-

sentation of tropospheric physics, including orographic

gravity wave drag parameterization and its parameter

setting, and the same vertical resolution from the sur-

face to 500 hPa. This design is targeted to minimize the

difference in the results from the models as a result of

the representation of the lower troposphere. Given that

the top of the ECHAM5 model is at 10 hPa, the

ECHAM5 model includes only a partial representation

of the stratosphere with respect to the MAECHAM5

version for the following reasons: (i) ECHAM5 has

lower vertical resolution in the upper troposphere and

lower stratosphere (see Table 1); (ii) ECHAM5 has

relatively large dissipation (sponge layer), applied be-

tween 50 and 10 hPa, and realized by lowering the order

of the horizontal diffusion operator and by increasing its

strength. The well-known justification of the sponge

layer is to reduce reflection from upward propagating

waves and to obtain a realistic mean state. However,

stratospheric variability is also removed. The MAE-

CHAM5 model is, therefore, less dissipative between 50

and 10 hPa than the ECHAM5 model, and planetary

waves are free to propagate upward above 50–10 hPa

and interact with the mean stratospheric flow in the

MAECHAM5 model only. A further difference is the

inclusion of the nonorographic gravity wave drag only in

the MAECHAM5 model (see Manzini et al. 2006 and

references therein). Given that the implementation of

the nonorographic gravity wave drag is momentum

conserving and that the orographic gravity wave drag is

depleted within the model domain in MAECHAM5,

spurious downward influences (Shaw and Shepherd

2007) can be excluded by design in MAECHAM5. In-

stead, the low-top ECHAM5 model can be affected by

such influences. This aspect of the ECHAM5 model can

be considered as another possible deficiency in design

caused by the limited representation of the stratosphere

in current climate models.

In the following section, we compare results from two

ensembles of simulations: one ensemble performed with

a high-top model and the other with a low-top model.

For each ensemble there are nine simulations, and each

simulation is performed with the prescribed observed

monthly-mean SST and sea ice concentration [Atmo-

spheric Model Intercomparison Project II dataset

(AMIPII) from the Program for Climate Model Diag-

nosis and Intercomparison (available online at http://

www-pcmdi.llnl.gov/projects/amip)] for the 20-yr period

1980–99 (after 2 yr of spinup for each simulation).

Within each ensemble, each simulation differs only for

the initial conditions, taken from a 20-yr control simu-

lation with climatological SST and sea ice cover (SIC)

performed with the respective model. In both models,

greenhouse gases are held fixed at present values. A

monthly zonal mean climatological ozone distribution

(Fortuin and Kelder 1998) is used.

The statistical comparison between the two ensem-

bles is limited to the warm ENSO events, extracted

following the composite approach described in Manzini

et al. (2006). For each month of the extended winter

season (October–April), warm ENSO, neutral, and cold

ENSO composites of monthly means are constructed

from the ensemble monthly-mean time series. Both the

warm and cold ENSO composites are made of the four

largest events that occurred in the period 1980–99. The

neutral composite is made of the 11 yr within the 1980–

99 period that exclude both warm and cold ENSO

TABLE 1. Number of levels and their average resolution (DZ) for

the low-top (ECHAM5) and high-top (MAECHAM5) models.

500–100 hPa

No. of

levels

500–100-hPa

DZ (km)

100–10-hPa

No. of

levels

100–10-hPa

DZ (km)

ECHAM5 6 2 4 4.6

MAECHAM5 7 1.4 9 1.9
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events (refer to Manzini et al. (2006) for further details).

Given the nonlinearity of the tropospheric telecon-

nections related to ENSO events (Hoerling et al. 1997),

the warm ENSO anomalies are defined as the differ-

ence: warm ENSO composite minus the neutral com-

posite. Given that in the following study only the warm

ENSO anomaly is considered, the ‘‘warm’’ specification

is omitted.

The analysis is restricted to the warm ENSO events

because Manzini et al. (2006) showed that the strato-

sphere response is negligible for the cold ENSO events,

at least for those occurred during the 1980–99 decades.

In the polar lower stratosphere, the mean climate

of MAECHAM5 tends to be warmer than that of

ECHAM5 during northern winter (at the North Pole at

10 hPa, up to 10–14 K). These differences are localized

in the sponge region of the ECHAM5 model and are

expected to be due to the dissipation differences in the

two models. In the troposphere, these differences are

instead less than 1 K. Close to the surface, the mean

surface climate of the two models is constrained to be

the same by the prescription of the identical sea surface

temperatures and sea ice concentrations.

3. Results

a. ENSO signal in the winter stratosphere

The influence on the zonal mean winter stratospheric

circulation of ENSO events found in Manzini et al.

(2006) is reported here in Fig. 1 (left panels). In addi-

tion, Fig. 1 shows the ENSO anomalies for the zonal

mean temperature at 808N and zonal mean zonal wind

at 608N for the low-top (ECHAM5) model (right

panels). The comparison of the high-top model with

40-yr European Centre for Medium-Range Weather

Forecasts Re-Analysis (ERA-40) is shown in Manzini

et al. (2006) and is not reported here. Their results in-

dicated that the high-top model captures the behavior of

the ENSO anomaly emerging from the ERA-40 data.

In February, the peak anomaly in zonal mean tem-

perature at 10 hPa is comparable in the two models

(about 4 K). However, at 100 hPa the February tem-

perature anomaly in the low-top model is half the size

(Fig. 2, upper left). Below the sponge region of the low-

top model, the high minus top model difference in zonal

mean temperature is largest (about 2 K) between 100

and 200 hPa in February and March (FM). The weak-

ening of the polar vortex that occurs in February and

March in the lower stratosphere is clearly more pro-

nounced in the high-top model than in the low-top

model [larger by about a factor of 2 at 10 hPa and be-

tween a factor of 2 and 3 at 100 hPa (Fig. 2, upper

right)]. Close to the surface (Fig. 2, bottom right), the

high-top model minus the low-top model difference is

almost entirely due to the anomaly of the high-top

model. Figure 2 shows that in autumn and in the early

part of the winter, the response of the two models is in

closer agreement than in late winter and early spring

(February and March). A more subtle difference is that

the temperature anomaly in the low-top model lacks the

time–pressure vertical tilt in the sponge zone (30–10

hPa). This is manifested in the large negative difference

in zonal mean temperature in March at 10 hPa (Fig. 2,

bottom left). The sustained zonal mean zonal wind

difference (Fig. 2, bottom right; about 1 m s21) indicates

that the zonal mean anomalies are weaker throughout

the troposphere in February and March in the low-top

model.

To further characterize the difference in the response

to ENSO events in the Northern Hemisphere winter

stratosphere, the ENSO anomaly in the monthly-mean

geopotential height at 50 hPa is shown in Fig. 3 for

December–February for the high-top and low-top

models and ERA-40. In the high-top model, the Arctic

polar geopotential height anomaly evolves from being

negative in December to being positive in February,

behavior that is consistent with the previously reported

changes in the zonal mean temperature and zonal wind.

A similar evolution occurs also for the low-top model.

However, in the low-top model, the positive geopotential

height anomaly remains confined over Canada, hence

the anomaly pattern is more wave-like. This latter be-

havior is consistent with the limited anomaly in zonal

mean in the low-top model (Figs. 1 and 2). Conversely,

in February, a more annular structure characterizes the

geopotential height anomaly associated with ENSO

in the high-top model. A significant negative anomaly

over northern Europe is indeed present only in the high-

top model. The less zonal (or annular) response of the

low-top model in February is found also in the tem-

perature (not shown here, whereas the results for the

high-top model and ERA-40 are shown in Manzini et al.

2006). The large positive anomaly evolving toward the

North Pole from December to February is also found for

the ERA-40 data (Fig. 3, lower panels). However, some

caution must be taken into account in the interpretation

of the ENSO anomaly from the reanalysis because two

of the winters (1982/83 and 1991/92) included in the

composite follow volcanic eruptions, which occurred

in the Northern Hemisphere. Therefore, the ENSO

anomaly could be distorted in ERA-40, given that the

effects of volcanic eruptions should be a cooling and

strengthening of the vortex (negative geopotential

height anomaly over the North Pole; Labitzke and van

Loon 1989).
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The results of Manzini et al. (2006) and the additional

ones reported here for both models are broadly con-

sistent with the finding of Taguchi and Hartmann (2006)

about increased occurrence of stratospheric sudden

warmings for ENSO events in their model, because a

weaker polar vortex is suggestive of the occurrence of

sudden stratospheric warmings. However, Manzini et al.

(2006) did not explicitly look at the occurrence of these

large-scale perturbations of the polar stratosphere. In

the current context of understanding the high-top minus

low-top model differences, it is of interest to evaluate

daily variations in zonal mean temperature and zonal

wind for both ensembles of simulations.

Figure 4 shows the daily evolution (from July to June)

of the climatological mean (calculated for each calendar

day) zonal mean zonal wind (black curve) for the high-top

and low-top models at 608N and at 10 (left) and 70 hPa

(right), respectively. The dark gray envelopes indicate

61 total standard deviation (total meaning from the 9-

member 3 20-yr time series, therefore including internal

variability). The light gray envelopes are individual max-

ima and minima from all daily time series (180 yr). The

mean behavior of the daily zonal mean zonal wind is

comparable in the two models. As reported in section 2,

this is expected because the sponge in the low-top model

is designed to produce a reasonably realistic mean state

in the lower stratosphere. The mean zonal wind is only

slightly stronger in the winter, fall, and spring seasons in

the low-top model. For instance, by mid-April the vortex

in the high-top model has collapsed on average, whereas

the zonal mean zonal winds are still positive (albeit

weak) at the beginning of May in the low-top model.

FIG. 1. October–April monthly zonal mean ENSO anomaly. (top) Temperature (contour: 1 K) at 808N for the (left) high-top

and (right) low-top models. (bottom) Zonal wind (contour: 1 m s21) at 608N for the (left) high-top and (right) low-top models.

Light and dark shades indicate statistical significance at the 95% and 99% levels, respectively. (Left panels reprinted from

Manzini et al. 2006).
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The daily variability is instead rather different in the

two models. In the high-top model, there are clearly a

number of major sudden stratospheric warmings (neg-

ative zonal winds at 608N and 10 hPa) throughout the

winter season and the early spring (top panel). Major

sudden stratospheric warmings are instead virtually

absent in the low-top model (bottom panel)—obviously

a deficiency. Moreover, the difference in the range of

variability is due to not only a lack of vortex break-

downs but also to a reduced range of strong vortex ep-

isodes (the occurrence of zonal winds between 40 and 60

ms21). The difference in the standard deviation be-

tween the high-top and low-top models is statistically

significant from September to May (F test).

The right panels in Fig. 4 show that also at 70 hPa, just

below the sponge layer of the low-top model, strato-

spheric variability is reduced in the low-top model. The

difference in the standard deviation (up to a factor 2) is

statistically significant from September to May (F test).

To quantify their occurrence, statistics of major sud-

den stratospheric warmings in the high-top model are

shown in Fig. 5. Namely, Fig. 5 shows the frequency of

occurrence of sudden stratospheric warmings events per

year in the extended winter season (from November to

March) stratified by calendar month. The criteria used

for defining a major warming event is consistent with

the standard definition (Labitzke 1981): the warming

occurs if the 10-hPa meridional zonal mean temperature

gradient between the North Pole and 608N is positive

and the zonal mean zonal wind at 10 hPa and 608N

becomes easterly, for at least 4 days. Final warmings are

removed from the statistics. Black numbers in Fig. 5

represent the number of members in the ensemble re-

porting a given frequency of occurrence of warming

events per year (the number of events for each month of

the ensemble member time series divided by 20 yr); the

black diamond is the average frequency (the total

number of events for the 9 members divided by 180 yr).

For each ensemble member, the statistics are unreliable

(large spread), because the number of the years is small

(20 yr). Clearly, here are some ensembles members that

are outliers, a consequence of the large internal varia-

bility of the winter stratosphere. The results in Fig. 5 can

be compared with those of Charlton et al. (2007), their

Fig. 3. Note that the model data for MAECHAM in

Charlton et al. (2007) are from the high-top model of

this work (i.e., the MAECHAM5 model). Indeed, the

last 20-yr simulation of the 30-yr simulation considered

in Charlton et al. (2007) is one of the members depicted

in Fig. 5. In their Fig. 3, Charlton et al. (2007) compared

FIG. 2. (upper) October–April monthly zonal mean ENSO anomaly at 100 hPa for the high-top (solid curve) and low-top

models (dashed curve). (left) Temperature (K) at 808N. (right) Zonal wind (m s21) at 608N. (lower) High-top minus low-top

model difference of the ENSO anomaly in the (left) zonal mean temperature (contour: 1 K) at 808N and (right) zonal mean

zonal wind (contour: 1 m s21) at 608N from October to April, from the surface to 10 hPa.
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the sudden stratospheric warmings, in frequency of

events per year stratified by month, of a number of

models to the NCEP-NCAR reanalysis. Concerning

the MAECHAM5 model, their figure shows a possible

overestimation of the frequency of events in November

and underestimation from January to March with re-

spect to the frequency deduced from the National

Centers for Environmental Prediction–National Center

for Atmospheric Research (NCEP–NCAR) reanalysis.

Figure 5 demonstrates that by simply considering more

cases, the MAECHAM5 sudden stratospheric warming

climatology is improved with respect to the one shown

in Charlton et al. (2007), because of the reduction in

frequency in November and the increase in March,

when considering the total number of 180 yr. Moreover,

all the Charlton et al. (2007) observed frequencies

FIG. 3. (left) December, (middle) January, and (right) February ENSO anomaly in geopotential height (contour: 50 m) at 50 hPa for

(top) high-top model, (middle) low-top model, and (bottom) ERA-40 data. Light and dark shades indicate statistical significance at

the 95% and 99% levels, respectively.
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(based on 45 yr, which is about twice of each of our

members) fall into the MAECHAM5 range results, in-

dicating care in not over interpreting the observations.

Indeed, the frequency for the full winter (not stratified by

month) is probably very realistic for the MAECHAM5

model. Therefore, we can conclude from comparing

with observations that the stratospheric variability of

the high-top model is in good agreement with obser-

vations and, most importantly for our case here, not

overestimated.

Once it has been established that the variability in the

high-top model in the stratosphere is broadly realistic,

it is of interest to show the daily time series of the

ensemble mean zonal mean zonal wind stratified by

ENSO. In the case of the high-top model, the daily time

series (from July to June) of the ensemble mean zonal

mean zonal wind (10 hPa and 608N) stratified by ENSO

is depicted in Fig. 6 (thick red curves). Each individual

ensemble member time series is also shown in Fig. 6

(thin red curves). The black curves and the gray enve-

lopes are from Fig. 4. From visual inspection of the

panels of Fig. 6, it is evident that the ensemble mean

time series for the 1997/98 winter is dominated by an

external forcing. From January to April, the 1997/98

polar vortex is weaker: the ensemble mean zonal wind is

clearly smaller than the climatological mean. This is

because major sudden stratospheric warming events

occur for a number of the individual members in 1997/

98 (thin red curves). A negative deviation of the en-

semble mean zonal mean zonal wind time series to the

climatology is also found for 1982/83 in January and

February (note that there are no volcanic effects in the

model). Also in this case, a number of major warmings

are seen from Fig. 6. During both winters, the ENSO

events are known to have been strong. The ensemble

mean time series for the other two cases (weaker ENSO

events) considered are, instead, close to the climatology.

The 1986/87 winter has a few members disturbed in

December and thereafter in March, a behavior some-

times observed, whereas the 1991/92 winter is slightly

more disturbed in February and March. The results for

the two strong ENSO events demonstrate that the polar

FIG. 4. July to June daily zonal mean zonal wind (m s21) at 608N and (left) 10 hPa and (right) 70 hPa for the (top) high-top and

(bottom) low-top models. Black curve: climatological average (20 yr 3 9-member set) daily time series. Dark gray curve: daily

time series of 61 total standard deviation (for the 20 yr 3 9-member set). Light gray curve: daily maxima and minima values.
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warming occurring in the stratosphere of the high-top

model is associated with sudden stratospheric warmings.

Our results for the high-top model are, therefore, con-

sistent with those of Taguchi and Hartmann (2006).

The corresponding results for the four ENSO winters

for the low-top model are shown in Fig. 7. As expected

from Fig. 4, there are no major warmings for the low-top

model. Nevertheless, the subset of the ENSO winters

shows a tendency to be more disturbed (pulses of weaker

winds), especially for the 1982/83 and 1997/98 winters.

b. ENSO signal at the surface in late winter/early
spring

In this section, we concentrate on late winter and

early spring because Figs. 1 and 2 suggest that this is

the period when the downward influence of the strato-

sphere on the troposphere is the strongest.

Figure 8 shows the ENSO anomaly in SLP for Janu-

ary–March from the high-top and the low-top models

and for the ERA-40 reanalysis. The negative anomaly

that characterizes the tropical extratropical ENSO tel-

econnections for the Northern Pacific region in winter

(Hoerling et al. 1997) is captured by both models. The

ENSO anomaly in the North Pacific appears to be more

persistent in time in the models, being still present in

March, than for the ERA-40 data. The ENSO anomaly

is not statistically significant in the North Pacific in

February and March in the ERA-40 data, indicating a

dominance of variability (either internal or from other

sources) as well as a role for ENSO interevent variability.

It is possible that both models are overemphasizing the

response in the North Pacific, a result of a bias of the

tropospheric part of the models or of the methodology

used (analysis of ensembles of simulations with pre-

scribed SSTs). Moreover, the simulations exclude other

sources of variability and change, such as varying green-

house gases and aerosols, volcanoes, quasi-biennial os-

cillation, and solar variations. Possibly, a much larger

number of ENSO events would be needed to extract an

ENSO signal—if any—in the North Pacific in March

from observations. This aspect is beyond the scope of

this investigation and is not further researched here.

The experimental design used and the lack of a number

of other sources of variability and change in the models

are, of course, facilitating the extraction of the ENSO

response, however, making the comparison with obser-

vations more ambiguous.

The interesting aspect of Fig. 8 is that the evolution of

the ENSO SLP anomaly over the Arctic and the NAE

region is different in the two models. For the high-top

model, a positive pressure anomaly develops over the

Arctic (about 8 hPa in March) and a negative pressure

anomaly over the North Atlantic and European region

(about 24 hPa in March). All the centers of the SLP

anomalies in March are statistically significant in the

high-top model. This evolution is hinted at in the low-top

FIG. 5. Major sudden stratospheric warming statistics stratified by month, November–March.

Black numbers: number of ensemble members with a given frequency of occurrence of sudden

stratospheric warming events. Diamonds: average frequency (total number of events for the 20

yr 3 9-member set divided by 180 yr).
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model, leading to anomalies of the same sign and anal-

ogous patterns in March, albeit much weaker (especially

over the Arctic) and not significant. The ERA-40 data,

although based on only four ENSO events, also show a

large and significant positive anomaly over the Arctic

and negative anomaly over the NAE region in March,

substantiating the high-top model results. The results

of the high-top model are consistent with the ENSO–

NAE teleconnection found, for instance, in the work of

Fraedrich and Müller (1992), the so-called canonical re-

sponse to ENSO summarized in Brönnimann (2007).

Inspection of the SLP anomaly for the individual

events (not shown) reveals that for the high-top model,

the anomaly pattern over the Arctic and NAE regions

is consistent among the events, whereas it is more

occasional—even absent—for the low-top model. Clearly

for the individual events, but also in the composite,

ERA-40 is more dominated by small-scale disturbances.

Given that the model formulation in the lower at-

mosphere is identical in the high-top and low-top models,

a role for the stratosphere in organizing the SLP anom-

alies in the northern late winter and early spring tropo-

sphere is implied. This interpretation is consistent with

the high-top minus low-top model difference in the zonal

mean zonal wind anomalies in the troposphere (Fig. 2).

To further assess and quantify the role of the strato-

sphere on surface climate in late winter and early spring,

Fig. 9 shows the FM average of the ENSO anomalies for

the SLP, the 1000-hPa temperature, and the precipita-

tion for the high-top and low-top models. Figure 9 (right

panel) shows SLP and 1000-hPa temperature for the

ERA-40 data and precipitation (updated from Xie and

Arkin 1997). In Fig. 10 the difference (high-top model

minus low-top model) for the three surface field

anomalies considered is depicted. The ENSO anomaly

in SLP for the FM average (Figs. 9 and 10) point, again,

to the more annular (or zonal) character of the high-top

model results. The SLP anomaly difference (Fig. 10)

is about 21 over western Europe, 16 over the Arctic,

and 22 hPa over the North Pacific. For both models, the

statistical significance (not shown) of the centers of

the SLP anomalies for the FM average is comparable to

that of the two individual months (Fig. 8). In summary,

the more zonal (or annular) late winter–early spring

FIG. 6. July–June daily zonal mean zonal wind (m s21) at 608N and 10 hPa for the high-top model. Dark red curves: ensemble

average (9-member set) stratified by ENSO event for (top left) 1982/83, (top right) 1986/87, (bottom left) 1991/92, and (bottom

right) 1997/98. Light red curves: individual members stratified by ENSO event. Black and light gray curves from Fig. 4 (top, left).
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behavior that characterizes the response to ENSO in the

high-top model reported for the lower stratosphere

(Fig. 3) is also found at the surface.

At the 500-hPa level (not shown), the geopotential

height ENSO respnsein the high-top model is also more

annular. However, synoptic-scale anomalies are more

substantial at this level, because baroclinic disturbances

dominate the flow in the middle troposphere (Thompson

and Wallace 1998).

Focusing on the Arctic and NAE regions, where the

relative difference in the ENSO response in the two

models are more substantial, Fig. 9 shows that the ENSO

anomaly in the 1000-hPa temperature for the high-top

model is positive over the Arctic and negative over

northern and central Europe (about 21 K over Scandi-

navia, with statistical significance at the 95% level; not

shown), and Siberia (about 21.5 K, with statistical sig-

nificance at the 99% level; not shown). This result is

consistent with the anomalies in SLP. The reported high

SLP anomaly over the Arctic and low SLP anomaly over

central Europe implies anomalous easterlies at the sur-

face, hence reduction of advection of warm air from the

North Atlantic Ocean to northern and central Europe. A

similar pattern is also seen from the ERA-40 data

(middle right, Fig. 9; not statistically significant). In the

low-top model, the negative anomaly over Eurasia is

weaker and confined to its northern latitudes, and the

positive anomaly over the Arctic is virtually absent (not

statistically significant). Figure 10 substantiates this re-

sult, showing that the temperature difference is slightly

positive (1 K) over the Arctic and negative over northern

and central Europe and Siberia. For central Europe the

difference reaches 22 K (Fig. 10).

For the NAE region, the ENSO anomaly in precipi-

tation (Fig. 9) is characterized by a similar anomaly in the

high-top and low-top models, showing a southward shift

of the North Atlantic precipitation band associated with

a displacement of the storm track toward southern Eu-

rope. This behavior also emerges for the Xie and Arkin

(1997) data, but it is not statistically significant. Also in

this case, the anomaly is stronger for the high-top model,

about 50% more over western and southern Europe (Fig.

10). Over western and central Europe, the precipitation

anomaly is statistically significant at the 99% level for the

high-top model. The precipitation anomalies are not

significant in the low-top model (not shown).

FIG. 7. Same as Fig. 6 but for the low-top model.
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In summary, both models show anomalies in tropo-

spheric surface climate over the North Atlantic and

Europe that are broadly consistent with the ENSO

signal in late winter over Europe, consisting of low

temperatures in northern Europe, low SLP over central

and western Europe, and increased precipitation over

southern Europe (Fraedrich and Müller 1992; Mathieu

et al. 2004). However, the strength of the response is

larger and more realistic for the high-top model, poin-

ting to a role for the stratosphere in the ENSO tele-

connection over Europe.

4. Discussion and conclusions

The role of stratospheric variability on the winter

tropospheric teleconnection between ENSO and the

FIG. 8. (right) January, (middle) February, and (right) March ENSO anomaly in SLP (contour: 2 hPa) for (top) high-top model,

(middle) low-top model, and (bottom) ERA-40 data. Light and dark shades indicate statistical significance at the 95% and 99% levels,

respectively.
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North Atlantic and European region has been investi-

gated by analyzing results from atmospheric general

circulation models with and without a well-resolved

stratosphere. Results have been compared from two

ensembles of nine simulations each, performed with the

high-top and low-top versions of the same atmospheric

general circulation model, respectively. Each simulation

is 20-yr long and is forced by prescribed observed sea

FIG. 9. FM ENSO anomaly in (top) SLP (hPa), (middle) 1000-hPa temperature (K), and (bottom) precipitation (mm day21) for (left) high-

top model, (middle) low-top model, and (right) ERA-40 data for SLP and 1000-hPa temperature; precipitation data from observations.
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surface temperatures from 1980 to 1999. Next are the

main results obtained in this work.

1) The ENSO anomaly in the northern polar lower

stratosphere, consisting of a polar warming of a few

degrees and a polar vortex weakening in late winter,

is also reproduced in the ensemble that does not

include a well-resolved stratosphere, the low-top

model (Fig. 1). This result is consistent with the in-

terpretation that the ENSO perturbation of the

northern polar stratosphere is realized as an anom-

alously large planetary wave forcing emerging from

the troposphere (Manzini et al. 2006), a dynamical

process common to both the high-top and low-top

models. However, there are subtle differences in

how the ENSO anomaly is realized already in the

lower stratosphere. In February and March, the

ENSO anomalies in zonal mean temperature and

zonal mean zonal wind are reduced to about half in

size in the low-top model at 100 hPa (Fig. 2). In the

low-top model, the result for the ENSO zonal mean

anomalies is consistent with a less annular anomaly

in geopotential height at 50 hPa during winter (Fig.

3). The sustained zonal mean zonal wind difference

(Fig. 2) indicates that the zonal mean anomalies are

weaker throughout the troposphere in February and

March in the low-top model.

2) The virtual lack of sudden stratospheric warmings in

the low-top model (Figs. 4 and 7) clearly demon-

strates that planetary waves do not grow enough in

the stratosphere of the low-top model. Planetary

waves are, indeed, damped in the sponge layer of the

low-top model. Stratospheric variability measured as

the occurrence of major stratospheric warming

events has been found to be realistic in the high-top

model (Figs. 4–6). Because the middle and high

stratospheres are missing in the low-top model and

planetary waves are subjected to artificial damping

in the lower stratosphere of the low top model, the

picture that emerge is that wave–mean-flow inter-

action does not fully occur, and the planetary wave

perturbations retain their wave-like character in the

low-top model.

3) The inspection of the SLP anomalies reveals that the

more annular (or zonal) character of the ENSO

anomaly found for the high-top model in the lower

stratosphere in February (Fig. 3) is also manifested

at the surface in March (Fig. 8). The ENSO SLP

FIG. 10. High-top minus low-top model difference in the FM

ENSO anomaly for (top) SLP (hPa), (middle) 1000-hPa temper-

ature (K), and (bottom) precipitation (mm day21).
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anomaly in the high-top model is characterized by a

large-scale and coherent pattern, with higher pres-

sures over the Arctic and lower pressures over

western Europe and the North Pacific. In relative

terms, the two models differ most in the Arctic and

NAE regions. Focusing on the NAE region, the

high-top minus low-top model difference in the

ENSO SLP anomalies is consistent with cooling in

the northern and central Europe region (difference

up to 22 K) and a southward shift and increase (of

about 50%) of the precipitation band associated with

the North Atlantic storm track (Fig. 9 and 10).

The major difference in the dynamical behavior of the

two models is the virtual lack of sudden stratospheric

warming events in the low-top model. It is, therefore,

concluded that (i) the occurrence of these extreme strato-

spheric events affects the ENSO–NAE teleconnection;

and (ii) the missing process in the low-top model is

wave–mean-flow interaction due to the occurrence of

sudden stratospheric warming events in the middle

stratosphere.

Although other factors cannot be ruled out and may

also enhance the sensitivity of the ENSO response in

the Arctic and NAE regions in the troposphere, the

numerical experiments carried out have clearly extrac-

ted a sensitivity of the winter tropospheric ENSO–NAE

teleconnection to the modeling of the stratosphere.

Limited modeling of the stratosphere includes all the

features of a model associated with a poor representa-

tion of the stratosphere, including not only the location

of the model top and the vertical resolution in the model

stratosphere but also the vertical resolution in the tro-

popause region, which is the dissipation (and its possible

spurious effects) close to the upper boundary of the low-

top model. Although the finer vertical resolution of the

high-top model already above 500 hPa may also play a

role in the downward transfer of a stratospheric signal,

this difference is not the main cause for the reported

difference at the surface between the two models, be-

cause we have shown that the stratospheric signal (wave–

mean-flow interaction) itself is severely misrepresented

in the low-top model.

The essence of the high-top minus low-top model

difference is a more annular (or zonal) pattern of the

anomaly in SLP, relatively larger over the Arctic and

the NAE regions. Our interpretation of the role of sud-

den stratospheric warming events in the ENSO–NAE

teleconnection is, therefore, consistent with the observa-

tional evidence that sudden stratospheric warming events

play a role in giving rise to persistent Arctic Oscillation

anomalies at the surface (Baldwin and Dunkerton 2001).

Beyond showing the role of sudden stratospheric warming

events, the mechanism of transmission of the stratosphere–

troposphere connection is not addressed here. However,

we would like to note that the high-top minus low-top

model difference in the sea level pressure anomaly is

consistent with a mechanism connecting the stratosphere

to the surface via changes in the mass circulation.

We have shown that the variability of the lower strato-

sphere plays a role in the manifestation of the ENSO–

NAE teleconnection, presumably and most importantly

for the strong ENSO events that may affect also the

North Atlantic and the European region. These results

show the importance of including the representation of

a well-resolved stratosphere in the modeling of climate

variability and prediction for the North Atlantic–Euro-

pean region. However, given the large internal variability

of the winter stratosphere, including a proper modeling

of the stratosphere may not lead to a direct improvement

in predictability, but rather to an improvement of the

modeling of the troposphere–stratosphere system by re-

moving a model bias, in this case the systematic under-

determination of stratospheric variability.

In summary, the ENSO–NAE teleconnection can

be facilitated by sudden stratospheric warming events.

These extreme stratospheric events are more frequent

during ENSO. Therefore, they may provide a positive

dynamical feedback within the troposphere–stratosphere

system. This interpretation is consistent with the chain

of effects characterizing the troposphere–stratosphere–

troposphere events that has been proposed by Reichler

et al. (2005).

The methodology used (ensembles) has allowed for

the extraction of the ENSO tropospheric teleconnections

and the difference in the ENSO anomaly in SLP, 1000-

hPa temperature, and precipitation between the high-top

and the low-top models. However, it is difficult to com-

pare quantitatively the ensemble results with observa-

tions (or reanalysis data) because of the high level of

internal variability present in the observed record. In

addition, the use of prescribed sea surface temperature

may have ‘‘overpredicted’’ the surface response to SSTs

(van Oldenborgh 2005). Therefore, it would be of in-

terest to investigate if a similar sensitivity in the ENSO

response to the modeling of the stratosphere is also

obtained in coupled atmosphere ocean models.
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