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Abstract A composite analysis of Northern Hemi-

sphere’s mid-winter tropospheric anomalies under the

conditions of strong and weak stratospheric polar vortex

was performed on NCEP/NCAR reanalysis data from 1948

to 2013 considering, as additional grouping criteria, the

coincidental states of major seasonally relevant climate

phenomena, such as El Niño-Southern Oscillation (ENSO),

Quasi Biennial Oscillation and strong volcanic eruptions.

The analysis reveals that samples of strong polar vortex

nearly exclusively occur during cold ENSO states, while a

weak polar vortex is observed for both cold and warm

ENSO. The strongest tropospheric and near-surface

anomalies are found for warm ENSO and weak polar

vortex conditions, suggesting that internal tropospheric

circulation anomalies related to warm ENSO construc-

tively superpose on dynamical effects from the strato-

sphere. Additionally, substantial differences are found

between the continental winter warming patterns under

strong polar vortex conditions in volcanically-disturbed

and volcanically-undisturbed winters. However, the small-

size samples obtained from the multi-compositing prevent

conclusive statements about typical patterns, dominating

effects and mechanisms of stratosphere-troposphere inter-

action on the seasonal time scale based on observational/

reanalysis data alone. Hence, our analysis demonstrates

that patterns derived from observational/reanalysis time

series need to be taken with caution as they not always

provide sufficiently robust constraints to the inferred

mechanisms implicated with stratospheric polar vortex

variability and its tropospheric and near-surface signature.

Notwithstanding this argument, we propose a limited set of

mechanisms that together may explain a relevant part of

observed climate variability. These may serve to define

future numerical model experiments minimizing the sam-

ple biases and, thus, improving process understanding.

Keywords Stratospheric polar vortex � ENSO � QBO �
Winter climate � Teleconnections � Reanalysis � Volcanic
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1 Introduction

For about two decades there has been growing evidence in

observational and model studies that tropospheric circula-

tion and regional climates in boreal winter can be modu-

lated by the strength of the Northern Hemisphere (NH)

stratospheric polar vortex (e.g., Baldwin et al. 1994; Perl-

witz and Graf 1995; Kodera et al. 1996). The general

picture suggests at least some degree of linearity in the

tropospheric and near-surface signatures of the polar vor-

tex, so that continental winter cooling corresponds to weak

polar vortex conditions (e.g., Baldwin and Dunkerton

2001) while continental winter warming corresponds to

strong polar vortex conditions (e.g., Graf et al. 1994). A

number of mechanisms have been proposed based on

observational and simulated data to explain the linkage

between stratospheric polar vortex and tropospheric cir-

culation, but there is still lack of theoretical understanding

and numerical models and observations often disagree (for

an extensive discussion see Gerber et al. 2012). It remains

unclear how much the dominant processes (and forcing
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agents) behind mechanisms of stratosphere-troposphere

interactions themselves directly impact the tropospheric

circulation and thereby alter the polar vortex’s signature on

surface regional climates. In this study, we perform such an

assessment based on observational/reanalysis data and

focusing on the seasonal time scale and on a few major

features of interannual climate variability.

Since the earliest studies on the mechanisms of strato-

sphere-troposphere/surface interaction, investigations of

the volcanically-forced atmospheric dynamics greatly

raised interest and stimulated the debate on this topic.

Particularly the link of the observed post-eruption

strengthening of the polar vortex with the post-eruption

enhanced positive phase of the North Atlantic Oscillation

(NAO) and continental winter warming (e.g., Graf et al.

1994) stimulated research. This resulted in the scientific

literature delineating today a rather varied list of exter-

nally-forced and -unforced coupling processes that can be

relevant for the observed variability. For instance, reflec-

tive properties of strong lower stratospheric winds modu-

late phase and amplitude of tropospheric Rossby waves

(Perlwitz and Graf 1995; Wittman et al. 2004), providing

an internal mechanism of stratosphere-troposphere inter-

action. This, however, may be not the dominant coupling

process after strong tropical volcanic eruptions (Graf et al.

2007). Perlwitz and Harnik (2004) noted the importance of

downward reflection of planetary waves from higher

stratospheric levels. Ambaum and Hoskins (2002) men-

tioned the importance of the modulation of the height of

the polar tropopause in response to stratospheric warming

or cooling, which leads to positive (negative) polar tropo-

spheric pressure anomalies under weak and warm (strong

and cold) stratospheric polar vortex. Castanheira et al.

(2009) indicated that the effect of downward propagating

zonal wind anomalies in high mid-latitudes and their

interaction with topography leads to the typical NAO-type

anomaly in the mid-latitude troposphere, while in agree-

ment with Ambaum and Hoskins (2002) pressure anoma-

lies over the polar cap are due to barotropic effects. The

interaction of tropospheric baroclinic eddies with down-

ward propagating wind anomalies at the edge of the polar

vortex (Wittman et al. 2007; Scaife et al. 2012; see also the

discussion in Gerber et al. 2012) seems to be an important

factor of amplification of initial disturbances in both simple

and complex models. This was also shown by reanalysis

data for strong and weak polar vortex episodes in terms of

Eady growth rates (Walter and Graf 2005; for a discussion

of the underlying mechanisms see Walter and Graf (2006)).

It is therefore plausible that different mechanisms are at

work at polar and mid-latitudes of the Northern

Hemisphere.

Analysis of state-of-the-art coupled climate model

simulations shows a large spread in the simulated

stratospheric polar response to climate change (e.g. Mor-

genstern et al. 2010). It also highlights the difficulties to

accurately simulate the observed NH winter response after

large volcanic eruptions (Driscoll et al. 2012; Charlton-

Perez et al. 2013). These difficulties might be due to noise

affecting the small sample of observations, but Stenchikov

et al. (2006) showed clear dynamic model deficiencies

related to the coupling between NAO and polar vortex

strength, which have not been fully overcome in later

model generations. So, the interpretation of stratosphere-

troposphere coupling processes based on current coupled

climate model simulations still suffers from non-negligible

limitations. Hence, we have to rely on the available

reanalysis data as the best source of physically-consistent

information about the real atmosphere, but the available

length of these data limits the power of statistical analysis

and bears the danger of sampling biases. In fact, physical

processes involved in climate variability are often inferred

from specific properties of the derived patterns. In this

case, the question is therefore whether average patterns

obtained from observational/reanalysis series provide suf-

ficiently robust constraints to the inferred mechanisms

implicated with stratospheric polar vortex variability and

its tropospheric and near-surface signatures.

Additional issues for the dynamical interpretation of the

observed variability may arise from the diverse temporal

scales characterizing the interacting processes. Many of the

aforementioned studies focused on individual events of

strong and weak polar vortex responsible for intra-seasonal

variability. However, changes in the strength of the polar

vortex are induced by anomalies of vertically propagating

planetary wave activity at time scales of few days, and the

anomalies then last in the stratosphere for much longer

(e.g., Castanheira et al. 2009) due to the slow relaxation of

the stratosphere by radiative processes. The possibility that

the polar vortex anomalies were themselves produced by

waves generated in the troposphere was acknowledged in

most studies (e.g., Polvani and Waugh 2004; Gerber and

Polvani 2009). Garfinkel et al. (2013) recently demon-

strated using a dry model that in equilibrated simulations

the tropospheric internal variability dominates the response

of the extra-tropical troposphere to a stratospheric polar

vortex, so that the evidence supporting any stratosphere-

troposphere coupled mechanism is likely buried under the

massive tropospheric variability. Previous studies on

stratosphere-troposphere interactions, however, often

ignored that the processes and forcing agents responsible

for anomalous tropospheric wave activity can themselves

persist over longer periods of time and hence can sustain-

ably impact the tropospheric circulation. This might lead to

misinterpretation of the imprint of certain established

stratospheric polar vortex conditions on observed tropo-

spheric anomalies, and hence of related mechanisms,
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especially since the dataset is short and, thus, prone to

sampling biases. Such anomalies, which are persistent for

more than a season and which we concentrate on include

those of volcanic origin, El Niños/La Niñas (or warm/cold

states of the El Niño-Southern Oscillation or ENSO), the

Quasi Biennial Oscillation (QBO) and, potentially, varia-

tions in the solar irradiance. Other such features, which will

not be covered within the current study, are early Siberian

snowfall (Cohen et al. 2007), as well as North Pacific and

Indian Ocean sea-surface temperatures (Hurwitz et al.

2012; Fletcher and Kushner 2011) and decadal variability

of North Atlantic temperatures (Schimanke et al. 2011).

The strong variability of tropical Pacific sea-surface

temperature anomalies (SSTAs) related to the ENSO phe-

nomenon cause variability in deep tropical convection and

in generation of Rossby waves. This is particularly critical

due to its global tropospheric teleconnections and its

influence on stratospheric dynamics (e.g., Ineson and

Scaife 2009). Early suggestions of El Niño leading to weak

polar vortex are from van Loon and Labitzke (1987).

Garfinkel and Hartmann (2007) as well as Wei et al. (2007)

were able to show that the cold phase of ENSO typically

leads to strong vortex in the polar stratosphere. In addition,

Taguchi and Hartmann (2005) demonstrated that the tro-

pospheric anomaly patterns over the Pacific/North Ameri-

can sector observed at sudden stratospheric warmings

(episodes of very weak polar vortex) depend on the state of

ENSO. Using a high-top climate model forced by observed

SSTAs, Manzini et al. (2006) showed that El Niños can

weaken the stratospheric polar vortex with subsequent

impact on the troposphere via the zonal-mean flow, but

they did not find any significant effect of La Niñas.

Moreover, ENSO patterns have changed during the last

decades, with Central Pacific and hybrid El Niños recently

becoming more frequent (Johnson 2013). Such a change in

SSTA patterns and, consequently, also in latent heating of

the tropical troposphere may have impacted the strength

and shape of global teleconnections (Kodera 2010; Graf

and Zanchettin 2012; Garfinkel et al. 2012). Kodera (2010)

suggests that changes in El Niño patterns lead to changes in

its teleconnectivity, with El Niños prior to 1978 mainly

affecting the strength of the polar vortex via the Pacific-

North American pattern (PNA), while mainly leading to a

strengthened subtropical jet afterwards. However, the same

change of teleconnections may as well have been induced

by the changes of the location where tropical Pacific

SSTAs induce deep convection and latent heat release (Jin

and Hoskins 1995; Graf and Zanchettin 2012). Of course,

in its different definitions ENSO expresses only part of the

tropical Pacific climate variability. For instance, since the

end of the 20th century strong warming of the tropical sea

surface not related to the ENSO phenomenon extended

from the Indian Ocean to the Western Pacific. Since this

warming influences deep tropical convection and latent

heat release over the Western Pacific as well, it is poten-

tially influencing or modulating the contribution of tropical

Pacific anomalies to Atlantic and European seasonal cli-

mate anomalies (Walter and Graf 2002).

Garfinkel and Hartmann (2007, 2008) demonstrated that

during La Niña conditions, independent of the phase of the

QBO, the wave number one disturbance in high northern mid-

latitudes is in quadrature with its climatological pattern and

resembles a negative phase of the PNA, hence supporting the

development of a strong polar vortex. This result is in con-

tradiction to the simulations by Manzini et al. (2006), who did

not find a significant effect of La Niñas on the stratosphere.

Under El Niño conditions, now in line with Manzini et al.’s

(2006) study, the Aleutian Low is enhanced and a positive

phase of the PNA is prominent, leading to stronger wave

activity flux into the stratosphere and a weak polar vortex.

This effect is stronger for westerly than for easterly QBO.

Different pathways are described for the ENSO signal to

reach Eurasia, which include a subtropical (Jin and Hoskins

1995; Branstator 2002) and a mid-latitude tropospheric wave

train as well as the stratosphere-troposphere coupling

(Brönnimann 2007; Cagnazzo and Manzini 2009).

Overall, the multiplicity—and in some aspects incon-

gruence—of the above-mentioned mechanisms points to

our inability to fully disentangle the complexity of the

climate system especially due to the limitations inherent in

the two available tools: incompleteness of simulated pro-

cesses and exiguity of observations. On the other hand, in

the current situation of a relatively short observational time

series it is of essential importance to identify biased

observational features and accordingly re-review proposed

mechanisms, i.e. our current understanding of observed

climate dynamics. In this study we concentrate on features

of seasonal and lower frequency climate variability that

dynamically interact with the stratospheric polar vortex,

especially as precursors in its development phase, and that

persist long enough to imprint themselves on tropospheric

and near-surface patterns, thereby influencing the tropo-

spheric signature of the stratospheric polar vortex in its

established phase. Among these features are tropical

Pacific SSTAs, the QBO phase as well as solar irradiance

and strong volcanic eruptions. It is interesting to investigate

with these features in mind:

• To what degree are the tropospheric anomaly patterns

linearly related to the strength of the stratospheric polar

vortex?

• Are there sampling biases invoked by tropospheric

mechanisms favouring strong or weak vortices in the

stratosphere?

• To what degree can we distinguish between effects of the

polar vortex and other linked or coinciding features?
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We will first briefly introduce the data and methodology

used. We will then show how ENSO, QBO and solar

activity phases are aligned to strong and weak polar vortex

winters. Anomalies related to volcanic eruptions are dis-

cussed separately. Composite analysis will provide infor-

mation about asymmetries in the climate anomalies of

near-surface temperature and mid-tropospheric pressure

fields during strong and weak polar vortex winters. The

anomalous patterns will serve, supported from analysis on

additional climate parameters as appropriate, as basis to

critically discuss formerly proposed mechanisms and

dominant processes behind the connection between polar

vortex and tropospheric weather and climate. We will

concentrate on the main winter months—January and

February—since then the strongest anomalies can be

expected, unaffected by the build-up and dissolution pro-

cesses of the polar vortex. We therefore focus on the low-

frequency processes in NH winter associated to an already

established background state described by certain persist-

ing polar vortex conditions and coincident persisting tro-

pospheric anomalies.

2 Data and methods

We use monthly-mean data of geopotential height at 500 and

50 hPa levels, near-surface (1,000 hPa) air temperature, sea-

surface temperature and precipitation rate at the surface

obtained from NCEP reanalysis (Kalnay et al. 1996) for the

period 1948/01 until 2013/04. The data were provided by the

NOAA/OAR/ESRL PSD, Boulder, Colorado, USA. NCEP/

NCAR reanalysis data are widely used for inferences about

different aspects of the Earth system’s dynamics and vari-

ability and have proven to be a reliable source of information

especially for large-scale process analysis. The analysis is

conducted on mid-winter (January–February, or JF) average

time series covering the period 1948–2013. Local linear

trends were removed before the analysis. If not mentioned

otherwise we exclude from our analysis all winters that were

impacted by the three big volcanic eruptions of Agung

(February 1963, winters 1963/64 and 1964/65), El Chichón

(March 1982, winters 1982/83 and 1983/84) and Pinatubo

(June 1991, winters 1991/92 and 1992/93). Anomalies are

calculated as seasonal deviations from the local seasonal

climatology. Significance of the anomalies is assessed based

on random occurrence (500 surrogate data sets) as in Graf and

Zanchettin (2012). The same randomization approach is

followed to assess the significance of differences between

selected composite patterns. In all figures statistically non-

significant (p [ 0.05) local statistics are indicated by dots.

Since we are interested in the signature of the strato-

spheric polar vortex on tropospheric climate, our results are

based mainly on a composite analysis for the strongest and

weakest of polar vortices during the investigated period.

The strength of the stratospheric polar vortex is calculated

via the JF mean geopotential height anomaly at the 50 hPa

level over the northern polar cap (north of 65�N). A Polar

Vortex Index (PVI) is accordingly defined as the inverted

and linearly detrended standardized time series of the so-

defined geopotential height data (Fig. 1a). Winters char-

acterized by strong and weak polar vortex correspond to

those years when PVI is, respectively, above 1 and below -

1. Selected years with strong polar vortex are 1967, 1972,

1974, 1976, 1989, 1990, 1996, 1997, 2000, and 2005.

Selected years with weak polar vortex are 1958, 1960,

1970, 1977, 1985, 1987, 2004, 2006, 2009, 2010 and 2013.

Four of the six volcanically-affected winters were also

characterized by strong polar vortices (1964, 1983, 1984,

and 1993); these are analysed separately. We note that

previous to 1957 there were no strong PVI anomalies

detected in the NCEP reanalysis, which may be due to

incomplete information available on the stratosphere

before the International Geophysical Year 1957.

We also make use of the following indices. The December-

January Niño3.4-index anomalies from the 30-year clima-

tology (www.cpc.ncep.noaa.gov/products/analysis_monitor

ing/ensostuff/ detrend.nino34.ascii.txt), as used to calculate

the Oceanic Niño Index (ONI) index, are used to identify

winters characterized by warm (index C0.5) and cold

(indexB -0.5) ENSO conditions (Fig. 1b). The so-defined

ENSO index allows accounting for the time needed by wave

disturbances from the tropics to propagate into higher lati-

tudes and the stratosphere. Using a JF ENSO would change

the sampling of coupled ENSO and PVI states for warm

ENSO/strong PVI (empty bin), warm ENSO/weak PVI (by

exclusion of winter 1969/70) and cold ENSO/strong PVI (by

exclusion of winters 1971/72 and 1996/97). The QBO index

(www.esrl.noaa.gov/psd/data/correlation/qbo.data) is used to

determine the QBO phase in early winter. QBO is marked

‘‘west’’ if the 30 hPa zonal mean wind at the equator is

exceeding 4 m/s and ‘‘east’’ if it is less than -4 m/s. Slightly

increasing these limits has no effect on the grouping. The

November monthly-mean value of the QBO index is con-

sidered to take into account the *45 day relaxation time of

the stratosphere. Using the JF or DJ QBO only marginally

changes the grouping results. Solar irradiance described by

the solar 10.7 cm index obtained from www.spaceweather.

ca/data-donnee/sol_flux/sx-6-mavg-eng.php was defined as

low or high irradiance when the index is below 125 and above

140, respectively (Camp and Tung 2007).

3 Results

Figure 2 illustrates some conventional linear regression

results between the strength of the polar vortex (Fig. 1a)
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and selected NH atmospheric climate parameters based on

reanalysis winter data for the full 1948–2013 period. Linear

analysis shows that the polar vortex extensively imprints

on stratospheric (Fig. 2a) and mid-tropospheric (Fig. 2b)

circulation as well as on near-surface regional temperatures

(Fig. 2c). For a strong polar vortex the NAO is in its

positive phase, mid- and high latitudes over Eurasia are

anomalously warm, and Northeast Canada and especially

the Davis Strait are anomalously cold. Negative tempera-

ture anomalies also appear over North Africa, the Middle

East and southern Central Asia. This is in agreement with

results from the early 1990s (e.g., Perlwitz and Graf 1995)

and this relationship was indeed used to explain, for

instance, continental winter warming after strong tropical

volcanic eruptions (Graf et al. 1993; Robock 2000). SSTAs

point towards colder conditions in the tropical Pacific

under strong polar vortex, but the regressions are weak and

only locally significant (Fig. 2d). When the six volcani-

cally impacted winters are excluded, the linear regression

patterns remain qualitatively unchanged, but the statistical

significance of near-surface temperature anomalies

(Fig. 2e–g) is strongly reduced especially over Eurasia,

while the cold signal in tropical Pacific SSTAs becomes

more prominent (Fig. 2h). Linear regression implicitly

assumes that the underlying processes responsible for the

statistical relationship are symmetric, i.e. the tropospheric

signature of weak polar vortex conditions entails the same

spatial patterns as that of strong polar vortex conditions but

with opposite sign, e.g., a weak polar vortex leads to

anomalously cold conditions over mid- and high-latitude

Eurasia (compare Fig. 2c). Given the rather small number

of years that can be used to perform such statistical analysis

and given that a variety of potential mechanisms of

stratospheric impact on the troposphere have been pro-

posed, it is worthwhile to investigate if ‘‘linearity’’ really is

a suitable principle. In particular, as recent simulations by

Fletcher and Kushner (2011) show, decreasing the strength

of the climatological stationary wave reduces the impor-

tance of linear interference between the SSTAs in the

tropical Pacific and the northern annular mode, and

increases the importance of nonlinearity. This simulated

extra-tropical annular mode response to climate forcings is

found to be quite sensitive to the amplitude and phase of

the climatological stationary wave and the wave response.

The assumption of symmetric tropospheric signatures of

anomalously strong and weak polar vortex conditions can

be tested by simple composite analysis for a number of

very strong versus a number of very weak polar vortices

(defined by PVI exceeding ±one standard deviation). If the

two composites sample from anomalous polar vortex

conditions of similar amplitude and in the case of strong

symmetry, the sum of the two composites should become

evanishing small. Conversely, if substantial asymmetry

occurs in any direction, included a biased sampling, local

differences significantly different from zero must appear.

Following our definition, the anomalously strong and weak

polar vortex conditions account for composite PVI values

of 1.351 ± 0.272 and -1.542 ± 0.246 (mean ± standard
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Fig. 1 Top: time series of Polar

Vortex Index (PVI) for the

Northern Hemisphere. Bottom:

time series of the ENSO index

(see methods for details). The

horizontal red dashed lines

indicate the thresholds used to

identify strong and weak PVI

states, and cold and warm

ENSO states. Blue circles

indicate volcanically-disturbed

winters characterized by a

strong polar vortex
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deviation), respectively. The selected weak polar vortex

conditions are therefore, on average, slightly more intense

than the strong polar vortex ones. Nonetheless, in their

absolute values, the two groups are not significantly dif-

ferent according to a Mann–Whitney U test (p [ 0.05 for a

two-tailed test). Linearity in the associated patterns is

inferred by using composite analysis according to the cri-

terion |PVI| C 1. In general, evanishing anomalies indicate

that there is symmetric behaviour in the troposphere within

the given limits of statistical significance despite a possible

bias towards weak polar vortex conditions (not shown).

The above discussed results are derived from rather small

ensembles, and the results, hence our inference of overall

linearity, may be affected by spurious statistics due to the

limited sampling. As mentioned above, a number of factors

with characteristic timescale of at least one season might

influence the results: ENSO, QBO, and solar activity. The

volcanically impacted winters were excluded from the

analysis and will be discussed separately.

The matrix in Table 1 illustrates how the weak and

strong polar vortex winter composites are aligned with the

states of the DJ ENSO, of the November QBO phase and of

solar activity. There is indeed some potential sampling

problem if one looks solely from the point of stratosphere-

troposphere coupling as most (7 out of 10) strong polar

vortices occurred during cold ENSO. Hence, the observed

anomalies in the troposphere will be a combination of

tropospheric teleconnection to La Niña plus a potential

impact from the stratosphere. There is only one strong PVI

event under warm ENSO (2005), when the polar vortex

(g) 1000 hPa air temperature, no volc
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Fig. 2 continued

Table 1 Distribution of strong and weak polar vortex winters (JF) versus state of ENSO (Oceanic Niño Index) in DJ, phase of November QBO,

and 10.7 cm solar activity index

ENSO

WARM COLD/NEUTRAL

Polar Vortex STRONG -05 +67, -72, -74, -76, +89,+90,-96, -97, +00

WEAK +58, +70, -77, -87, -10 +60, -85, +04,   -06,-09, -13

Numbers indicate the last two digits of the year. High (low) solar activity indicated by ?(-). Small numbers mean that ENSO index is only

weakly positive or negative, bold numbers indicate ENSO warm or cold phase. QBO phase in November before: west in red, east in black and

neutral in green

b Fig. 2 Linear regression coefficients of mid-winter (JF) 50-hPa

(Panels a, e) and 500 hPa (b,f) geopotential heights, 1,000 hPa air

temperature (c, g) and Pacific sea-surface temperatures (d, h) on the

PVI index (see methods) for the full period (a–d) and excluding

volcanically-affected winters (e–h). Data are NCAR/NCEP reanaly-

ses covering the period 1948–2013. Statistically non-significant

statistics are stippled (see methods). Data are linearly detrended prior

to regression analysis
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was strongly displaced from the pole and had its centre

over the Canadian Arctic (not shown). Using the JF ENSO

index would remove this winter from the warm ENSO/

strong PV bin. It would deserve a specific investigation,

which is beyond the scope of the current study and will be

ignored in the following discussion. In 1967 the ENSO

index is negative, but not exceeding -0.5 standard devia-

tions, so being regarded as near neutral. The 1990 ENSO

index is near zero, hence clearly neutral.

In accordance with previous findings, most of the strong

polar vortex winters follow a westerly (6 out of 10) or

neutral (2 out of 10) phase of the QBO. The only excep-

tions are the winters of 1990 and 1997, which were pre-

ceded by an easterly QBO in November. Cold ENSO and

westerly QBO conditions are favourable for reduced wave

activity flux into the stratosphere: Less tropical Rossby

wave activity is generated due to reduced precipitation in

the tropical Pacific, tropical waves are reflected back

towards the equator and the Aleutian Low is weak (see,

e.g., Garfinkel and Hartmann 2010). Six of the ten strong

polar vortex winters occurred during weak solar irradiance,

four of them during strong solar irradiance. This does not

indicate a preferred link of a strong polar vortex with solar

irradiance. Hence, we will not consider solar irradiance in

the following discussion. In any case the result supports the

statement of Camp and Tung (2007) that there is ‘‘a least

disturbed situation of the stratospheric polar vortex (the

vortex is cold and strong) when ENSO is in its cold phase,

QBO is west and solar activity is low’’. Weak polar vortex

is found for both, cold and warm ENSO with the easterly

QBO slightly dominating, but again solar irradiance is

quite equally distributed. Having weak polar vortex in both

ENSO phases is in agreement with Butler and Polvani

(2011), who demonstrated equal probability of sudden

stratospheric warming for cold and warm ENSO. ENSO is

obviously not the only phenomenon that can disturb the

formation of the polar vortex.

In summary, our sample is clearly dominated by cold

ENSO conditions during strong polar vortex winters.

However, the occurrence of cold ENSO conditions does

not necessarily correspond to strong stratospheric polar

vortex as, similarly, not all warm ENSO winters are

accompanied by weak polar vortex. This allows inferring,

through comparison of composite anomalous patterns, the

relative importance of contributions from tropospheric

processes linked to the state of ENSO for the tropospheric

signature of strong and weak polar vortex conditions. This

is explored in the next sections. We will first take on the

perspective of a season’s forecaster by looking at signifi-

cant anomalies during different constellations of ENSO

and polar vortex. This is followed by analysis of the dif-

ferences between composite pairs aimed at further clari-

fying the individual effects of polar vortex, ENSO and

volcanic forcing. Due to their different construction, we

only qualitatively compare the regression patterns (Fig. 2)

and composite patterns (Figs. 3, 4, 6, 8).

3.1 Polar vortex and ENSO

A composite analysis is performed on the reanalysis field

data based on Table 1, using PVI as grouping criterion, and

ENSO as pre-grouping criterion. Specifically, we concen-

trate on a comparison of mid-winter anomalies of strong

and weak polar vortex during warm and cold ENSO states

(i.e., exceeding ±0.5 standard deviations). Figure 3 illus-

trates the anomalous patterns associated to the seven win-

ters characterized by strong polar vortex and cold ENSO

conditions. The deepening of 50 hPa geopotential heights

indicates the stronger-than-average stratospheric polar

vortex (Fig. 3a). The significant negative SSTAs in the

Central Pacific, the Indian Ocean and the Caribbean Sea

reflect the sampled cold ENSO state (Fig. 3d). They do not

represent a typical La Niña pattern, which would entail

large and extensively significant Eastern Pacific SSTAs,

but rather a Central Pacific La Niña pattern (Johnson 2013).

The mid-tropospheric pressure anomalies (Fig. 3b) only

partly project on the NAO in the central North Atlantic as

would have been expected from linear regression analysis

(Fig. 2), specifically since the southern belt of high pres-

sure anomaly is separated into two distinct centres. Tem-

perature anomalies in the lower troposphere (Fig. 3c) can

be explained by the anomalous advection of air masses

associated to the anomalous atmospheric circulation pat-

tern (Fig. 3b). They grossly overlap with the linear

regression pattern in Fig. 2c, but distinguishing traits are

found as well. Most importantly, the warming pattern over

Eurasia expected from linear regression analysis is missing.

There is just a local positive temperature anomaly over

Scandinavia to the north of the mid-tropospheric high

pressure anomaly suggesting its origin as warm air

advection from the Atlantic sector likely due to increased

blocking activity over Europe. Negative temperature

anomalies along the North Pacific coast can be linked to the

weakened, though not significantly, Aleutian Low. As seen

in the linear regression pattern (Fig. 2c), the temperature

anomaly dipole over the eastern parts of North America is

typical for circulation anomalies evolving from the pres-

sure anomaly dipole over the western North Atlantic with

low pressure to the north and high pressure to the south.

Similarly, the strong cold anomalies in eastern North

Africa and the Middle East are likely produced by advec-

tion of cold continental air between the European high

pressure and the low pressure anomaly over Middle Asia.

Figure 4 illustrates the anomalous patterns associated to

the four winters characterized by weak polar vortex and

cold ENSO conditions. Positive pressure anomalies in the
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lower stratosphere reflect the weaker-than-normal polar

vortex; they are centred over the pole with some extension

towards Greenland and Northern Eurasia (Fig. 4a). In the

ENSO region, SSTAs are overall negative, but only locally

significant (Fig. 4d). Again, tropospheric anomalies only

partially overlap with the linear regression pattern in

Fig. 2c. Pressure anomalies in the mid-troposphere

(Fig. 4b) prominently differ from the pattern expected from

linear regression: significant centres emerge over the

eastern North Pacific (in line with the expected response of

the Aleutian Low to the cold tropical Pacific SSTAs), over

the Greenland, Iceland and Norwegian Seas (positive) and

over Central Europe and the Mediterranean (negative).

Hence, the hemispheric signature does not resemble the

negative NAO-like pattern over the Atlantic as expected

from linear regression on PVI (Fig. 2b). Temperature

anomalies in the lower troposphere are generally rather

weak and only locally significant (Fig. 4c). Nonetheless,
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Fig. 3 Anomaly patterns of mid-winter (JF) 50-hPa (Panel a) and

500 hPa (b) geopotential heights, 1,000 hPa air temperature (c) and

Pacific sea-surface temperatures (d) under strong polar vortex and

cold ENSO conditions (years: 1972, 1974, 1976, 1989, 1996, 1997,

2000). Statistically non-significant anomalies are stippled
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consistent with the gross features of the pattern expected

from linear regression, anomalies over Eurasia are negative

in a large belt across the mid-latitudes associated with a

warm belt at its southern flank.

Figure 5 demonstrates that there are statistically signif-

icant differences between the tropospheric patterns asso-

ciated with weak and strong polar vortex conditions under

similar cold ENSO conditions. Tropical Pacific SSTs only

sporadically exhibit significant differences (Fig. 5d); sig-

nificant differences between tropospheric geopotential

heights concentrate on the North Atlantic and Eurasia with

a clear barotropic effect over the Canadian Arctic and the

Greenland, Iceland and Norwegian Seas (Fig. 5b). In the

midlatitudes there is some indication of a circum-global

zonal wave train along approximately 45–50�N. Near-

surface temperature differences show a warmer Arctic at
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Fig. 4 Anomaly patterns of mid-winter (JF) 50-hPa (Panel a) and

500 hPa (b) geopotential heights, 1,000 hPa air temperature (c) and

Pacific sea-surface temperatures (d) under weak polar vortex and cold

ENSO conditions (years: 1985, 2006, 2009, 2013). Statistically non-

significant anomalies are stippled

3254 H.-F. Graf et al.

123



weak polar vortex especially over the Labrador Sea and

surrounding regions (Fig. 5c). Over Eurasia significant

differences occur only over Central and Northern Europe

(colder during weak polar vortex), while same-sign dif-

ferences over the Far East of Siberia and Central China are

much weaker. There is a strong and significant belt of

positive temperature differences (weak minus strong polar

vortex) extending from Northeast Africa across the Middle

East to Northern India and West China, which also imprints

on the mid-tropospheric geopotential height.

Figure 6 shows the anomalous patterns associated to the

five winters characterized by weak polar vortex and warm

ENSO conditions. The anomalous 50 hPa geopotentential

height pattern (Fig. 6a) indicates that the weak
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Fig. 5 Differences between average patterns of mid-winter (JF)

50-hPa (Panel a) and 500 hPa (b) geopotential heights, 1,000 hPa air

temperature (c) and Pacific sea-surface temperatures (d) under strong

and weak polar vortex conditions, both concomitant with cold ENSO

(i.e., difference between patterns in Figs. 3 and 4). Statistically non-

significant anomalies are stippled
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stratospheric polar vortex does not extend as strongly over

Scandinavia and Northern Siberia as for the cold ENSO

conditions (compare Fig. 4a). It also entails a quasi-cir-

cumpolar belt of low pressure anomalies in the mid-lati-

tudes, significant over the Eastern Hemisphere. This

pressure anomaly pattern points towards reduced zonal

winds along the edge of the stratospheric polar vortex. The

positive tropical Pacific SSTAs indicate Central Pacific

warming (Fig. 6d). This is consistent with Garfinkel et al.

(2012) but not with Hegyi and Deng (2011). Again, the

NH anomalous patterns in the mid- and lower troposphere

only partially overlap with the linear regression pattern in

Fig. 2c. They also substantially differ regionally from

those in Fig. 4, especially over the North Pacific and

North America, as a consequence of the sampled warmer

state of ENSO (Fig. 7d). In accordance with the tropical
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Fig. 6 Anomaly patterns of mid-winter (JF) 50-hPa (Panel a) and

500 hPa (b) geopotential heights, 1,000 hPa air temperature (c) and

Pacific sea-surface temperatures (d) under weak polar vortex and

warm ENSO conditions (years: 1958, 1970, 1977, 1987, 2010).

Statistically non-significant anomalies are stippled
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Pacific SSTAs and associated locally enhanced precipita-

tion rates (not shown), a strongly enhanced low pressure

anomaly is established over the North Pacific (Fig. 6b)

corresponding to a strengthened Aleutian Low. From the

southern United States and Mexico across the North

Atlantic and well into Western Europe a belt of highly

significant low pressure anomalies is a very prominent

feature of the mid-tropospheric geopotential height

anomaly pattern. The strongest positive mid-tropospheric

geopotential height anomaly appears over South Green-

land and the Davis Strait. This anomaly covers also large

parts of Canada and the North Pole, and it extends to the

east towards Iceland, Spitsbergen and the Russian Arctic.

The high latitude positive and the mid-latitude negative

geopotential height anomalies clearly project on a strong

negative phase of the NAO.
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Fig. 7 Differences between average patterns of mid-winter (JF)

50-hPa (Panel a) and 500 hPa (b) geopotential heights, 1,000 hPa air

temperature (c) and Pacific sea–surface temperatures (d) under warm

and cold ENSO conditions, both concomitant with a weak polar

vortex (i.e., difference between patterns in Figs. 6, 4). Statistically

non-significant anomalies are stippled
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Cold near-surface temperature anomalies dominate

northern Eurasia with centres over North and East Europe

and central Siberia (Fig. 6c), in good accordance with

expectations during a negative phase of the NAO, and are

indeed quite similar to the anomalies for weak polar vortex

and cold ENSO conditions (Fig. 4c). In this case, however,

the negative anomaly over Europe is located over Scandi-

navia, whereas under cold ENSO conditions it was dis-

placed over the continent. The strength and extent of

temperature anomalies over North America are the most

distinguishing features of this composite pattern: they

reflect the configuration of hemispheric-scale circulation

described by a coupled positive PNA/negative NAO state

(compare with, e.g., Zanchettin et al. 2012).

The differences between warm and cold ENSO phases at

weak polar vortex (Fig. 7) indicate a shift of the polar

vortex towards the Eastern Hemisphere at warm ENSO

resulting in a positive (negative) height anomaly at 50 hPa

over western North America (North Atlantic and North

Europe). A similar shift was also reported based on surface

pressure observations (Quadrelli and Wallace 2002). Dif-

ferences between the mid-tropospheric geopotential pat-

terns include a strongly enhanced Aleutian Low during

warm ENSO with the associated typical positive PNA

pattern. The low pressure anomaly over the Nordic Seas

and Northern Europe is a barotropic effect of the polar

vortex displacement. Near-surface temperature differences

are significant mainly over North America (Fig. 7c) as an

effect of circulation anomalies linked to the positive PNA

pattern at warm ENSO.

In summary, our composite analysis reveals that the

state of ENSO significantly interferes with the tropospheric

and near-surface signatures of the polar vortex, particularly

concerning the North Pacific/North American/western

North Atlantic sector. The polar vortex’s signature over

Eurasia is overall consistent with the expectation from

linear regression, with generally colder conditions under

weak vortex, and vice versa. Nonetheless, regional details

of this response are likely to be affected by ENSO also in

this region, especially in terms of geopotential height over

the Nordic Seas and Scandinavia. These geopotential

height anomalies do not manifest themselves in tempera-

ture anomalies, which, for the data available, seem to be

dominated over Eurasia by the polar vortex.

3.2 Volcanic effects

There is evidence that strong stratospheric polar vortices

have developed after the strongest tropical volcanic erup-

tions, which we have excluded from the previous analyses.

Under volcanically-forced conditions the gradient of radi-

ative heating at the stratospheric aerosols between lower

and polar latitudes leads to a forcing of the polar vortex

already during its developing phase in fall. This in turn

leads to enhanced lower stratospheric westerlies that pre-

vent wave activity flux entering stratospheric heights and

thereafter penetrate down into the subpolar troposphere.

For strong aerosol loadings this heating gradient may

override the counter-acting effects from tropospheric wave

disturbances of the vortex. In case of volcanic impact the

stratospheric polar vortex is directly radiatively forced

in situ. This is different from the cases presented above, for

which the strong polar vortex evolved due to lack of

planetary wave disturbances. The four volcanic winters

with strong stratospheric polar vortex were characterized

by diverse states of ENSO (Fig. 1b). It is therefore relevant

to compare anomalous patterns associated to strong polar

vortex conditions in volcanically-disturbed winters (Fig. 8)

and in volcanically-undisturbed winters (Fig. 3).

Anomalous 50 hPa geopotential heights indicate a

strong polar-symmetric stratospheric vortex (Fig. 8a) in

volcanically disturbed winters. The positive anomalies at

tropical and sub-tropical latitudes reflect the radiative

effects of volcanic aerosols. The enhanced meridional

geopotential gradient in subpolar latitudes produces

enhanced zonal winds which will penetrate into the tro-

posphere and interact with the topography. Overall there

are close similarities with Fig. 3a although the polar vortex

is more compact, leading to enhanced westerlies at the

edge of the vortex at latitudes close to the polar circle.

There are also major differences in the oceanic boundary

conditions as strong polar vortex in non-volcanic winters

nearly exclusively occurred during cold ENSO conditions

(Fig. 3d), while average tropical Pacific SSTAs during the

volcanic winters are positive especially in the eastern

region (Fig. 8d). We do not further discuss the co-occur-

rence of warm ENSO and strong tropical volcanic erup-

tions, but note that a recent paleoclimate record points

toward a multi-centennial robust link between major vol-

canic events and El Niño-like anomalous warming in the

tropical Pacific (Li et al. 2013). The most striking differ-

ence between Figs. 3 and 8 is that the strong near-surface

warming over Siberia during volcanic winters (Fig. 8c) is

missing in non-volcanic winters with similarly strong polar

vortex in the stratosphere (Fig. 3c) and is replaced by a

tendency towards negative temperature anomalies.

Accordingly, during volcanic winters, the mid-tropospheric

pressure anomalies (Fig. 8b) are characterized by a high

pressure centre over the eastern mid-latitude North Atlantic

and Western Europe, and a low pressure centre over the

Labrador Sea/Davis Strait. In contrast, during non-volcano

winters the mid-tropospheric pressure anomalies are dom-

inated by the West Atlantic dipole, with a weaker high

pressure anomaly over Europe (Fig. 3b). Both patterns

partly project on a positive NAO pattern, and the different

locations of the anomalous centres seem not sufficient to
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explain the differences in temperature anomalies over the

more continental Eurasia.

To verify that average winter climates characterized by

strong polar vortex under volcanically-forced and undis-

turbed conditions are significantly different we perform a

randomization-based test. Figure 9 summarizes these dif-

ferences. Of course, there are massive differences in SSTAs

both in the Pacific and Indian Oceans, since volcanic

winters sample much warmer tropical SSTAs (Fig. 8d)

whereas only cold ENSO conditions allowed a strong polar

vortex to develop under undisturbed conditions (Table 1).

Hence, there is also a strong difference in the intensity of the

Aleutian Low, which is much deeper in the volcanic winters

(Fig. 9b). On the one hand, the prominence of the SST and

SST-related differences complicates our interpretation of

tropospheric anomalies at the hemispheric scale. On the
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Fig. 8 Anomaly patterns of mid-winter (JF) 50-hPa (Panel a) and

500 hPa (b) geopotential heights, 1,000 hPa air temperature (c) and

Pacific sea-surface temperatures (d) under strong polar vortex

conditions affected by volcanic aerosols (years: 1964, 1983, 1984,

1993). All winters are included. Statistically non-significant anoma-

lies are stippled
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other hand, barotropic phenomena dominate the tropo-

spheric behavior in the polar regions under strong volcanic

forcing (Fig. 8a, b). This effect largely explains the differ-

ences in the mid-tropospheric patterns (Fig. 9b) and asso-

ciated continental warming over North America and over

Siberia (Fig. 9c). In contrast, the higher pressure over the

eastern North Atlantic in volcanic winters compared to

undisturbed cold ENSO conditions clearly exhibits a

baroclinic character with a tendency towards lower tem-

peratures at the surface and no imprint on the stratospheric

geopotential height (Fig. 9a–c). This suggests that the dif-

ferences arise mostly due to different tropospheric, possibly

ENSO-related conditions.

Figure 10 compares the anomalies of the 850 hPa zonal

wind during strong polar vortex winters under volcanically-

undisturbed (panel a) and volcanically-disturbed (panel b)
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Fig. 9 Differences between average patterns of mid-winter (JF)

50-hPa (Panel a) and 500 hPa (b) geopotential heights, 1,000 hPa air

temperature (c) and Pacific sea-surface temperatures (d) under strong

polar vortex conditions in volcanically-disturbed and volcanically-

undisturbed winters. All winters are included. Statistically non-

significant anomalies are stippled
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winters. In volcanic winters a strong and rather narrow

band of circumpolar enhanced zonal winds is found along

the polar circle, while zonal winds are enhanced in a more

patchy way and shifted towards North America in non-

volcanic winters. Significant differences with enhanced

westwind over the high latitude North Atlantic and over

northern Siberia and with reduced zonal wind in the case of

volcanic winters over the eastern United States may in part

explain the differences in near-surface temperature. The

related advective anomalies and the interaction of these

anomalous winds with topography (see Castanheira et al.

2009, who, different from Fig. 10 looked at the barotropic

component of zonal wind) provide an additional plausible

explanation for the differences in near-surface Eurasian

temperatures.

4 Discussion

From the above results it seems clear that, with the

exception of volcanically disturbed winters, in accordance

with Garfinkel and Hartmann (2007) the strongest polar

vortices evolved under the favourable conditions of cold

ENSO supported by westerly QBO. These conditions will

have had an impact on the evolution of tropospheric cli-

mate anomalies and it is important to disentangle the

effects of strong stratospheric vortex from those related to

cold ENSO and westerly QBO. While model simulations

forced towards strong polar vortex in the stratosphere (e.g.,

Scaife et al. 2005) have provided evidence that a strong

stratospheric polar vortex can result in a positive NAO and

warm near-surface temperature anomalies over Eurasia, in

the reanalysis data used here these features cannot be

detected with similar significance. Only for the volcanic

winters do we see comparable anomalies. Beside sampling-

related issues, this is quite possibly due to the accompa-

nying conditions for strong polar vortex evolution. These

conditions originate and persist in the troposphere where

they strongly impact the tropospheric anomalies in addition

to the mechanisms originating from the stratospheric

anomalies. One important question is therefore whether the

formation of a very strong NH stratospheric polar vortex is

limited to cold ENSO conditions in an otherwise unper-

turbed coupled ocean–atmosphere system. In their tempo-

rally limited coverage, reanalysis data confirm a strong

supportive function of cold ENSO for the evolution of

strong polar vortex in the stratosphere. It is, however,

expected that different sources of planetary wave activity

in the NH higher latitudes may contribute in those cases

when a weak polar vortex develops during cold, but also

neutral, ENSO conditions. For instance, early winter

positive snow cover anomalies in West Siberia (e.g. Cohen

et al. 2007) are a candidate. Butler and Polvani (2011)

showed that sudden stratospheric warmings (SSW) are

equally frequent in warm and cold ENSO states. ENSO is

not the only important factor for the evolution of anoma-

lous polar vortices. However, as also clearly shown here,

processes that lead to variability of the stratospheric polar

vortex also have the potential to directly impact tropo-

spheric variability.

The comparison of winter anomalies under weak polar

vortex, but with different ENSO states indicates that

ENSO’s phase plays a significant role mainly for the

Pacific North American and Western Atlantic sector. At

cold ENSO the significant differences between strong and

weak polar vortex are concentrated on the North Atlantic

and the Eurasian continent. For strong vortex we cannot

make any statement on ENSO effects since a warm case
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Fig. 10 Anomaly patterns of mid-winter (JF) 850-hPa zonal wind

under strong polar vortex conditions in winters not affected (Panel a,

years: 1972, 1974, 1976, 1989, 1996, 1997, 2000) and winters

affected by volcanic aerosols (Panel b, years: 1964, 1983, 1984,

1993), and difference between the two (c). Analysis as for Figs. 3 and

8, respectively. Statistically non-significant anomalies are stippled
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only occurred once. However, there are differences in those

winters with strong vortex that originated from the lack of

wave disturbance (non-volcanic) or were driven by radia-

tive forcing in the stratosphere (volcanic). In the first case

PNA is negative and imprints on both the troposphere and

the stratosphere. In the second case forcing is in situ in the

stratosphere, is zonally symmetric and very strong. In this

case, tropospheric anomalies are due to interaction of

downward penetrating zonal wind anomalies and baro-

tropic effects resulting from the shift of the polar vortex

into a polar symmetric position.

In the following we will discuss possible relevant

mechanisms inferred from the anomalous patterns derived

from the reanalysis data, after a brief reflection on the

specific case of a volcanically-disturbed system. Our dis-

cussion aims to clarify how the limited length of the

observational data series together with the dominance of

internal tropospheric variability on stratosphere-tropo-

sphere coupled processes (Garfinkel et al. 2013) prevents

an unambiguous discrimination of the processes dominat-

ing seasonal variability in the winter troposphere based on

reanalysis data alone.

In volcanically-disturbed winters the stratospheric polar

vortex is forced in situ by the large meridional temperature

gradient caused by radiative processes involving the vol-

canic aerosols (e.g., Zanchettin et al. 2012). This process is

basically polar symmetric and the heating gradient may

override the counter-acting effects from tropospheric wave

disturbances of the vortex and result indeed in a strong

polar vortex resembling the dynamic conditions, but not the

radiative properties, as were forced by Scaife et al. (2005).

The corresponding tropospheric anomaly patterns are dif-

ferent from those found for similar stratospheric conditions

without volcanic impact. The most important difference is

that the strong warming over Siberia in volcanic winters is

missing during strong polar vortex in volcanically-undis-

turbed winters. If all winters are included in a linear

regression analysis, the volcano winters strongly contribute

to the result by increasing the statistical significance of

anomalies and by partly reversing the anomaly sign over

Eurasia (compare panels c and e in Fig. 2). We suggest that

the position of the strong polar vortex (polar symmetric in

the volcanic winters, but displaced to the western NH

otherwise) is an important cause of the differences. Strong

zonal winds at the edge of the polar vortex in the high

latitude upper troposphere over Siberia help maintain and

grow baroclinic eddies that transport warm air to Siberia.

From our analysis excluding volcanically-disturbed

winters we propose a set of hypotheses to explain observed

variability on the seasonal time scale considering just a

limited number of different mechanisms previously pro-

posed in the scientific literature. We suggest that four

processes that are active at the seasonal scale (Fig. 11)

originating in different NH latitudinal belts and their

interaction are sufficient to explain the complexity

emerging from the observed climate anomalies:

• Polar latitudes Barotropic effects lead to tropospheric

pressure anomalies over the Arctic that are similar in

sign as in the stratosphere (e.g., Ambaum and Hoskins

2002; Castanheira et al. 2009).

• Mid-latitudes Zonal-mean zonal wind anomalies (com-

ing from the stratosphere and penetrating into the

troposphere at the edge of the polar vortex) and their

interaction with topography lead to wave anomalies

projecting on the NAO pattern (e.g., Castanheira et al.

2009). The changed shear of upper tropospheric winds

will affect the growth rate of baroclinic eddies and thus

feed back to the anomalies of planetary wave’s phase

and amplitude in the storm track regions (Walter and

Graf 2005; Scaife et al. 2012). The latitudinal position

of the jet affects the strength of the tropospheric

response to the stratospheric polar vortex by determin-

ing the strength of the tropospheric eddy feedback

(Garfinkel et al. 2013).

• Subtropics The subtropical jet can act as active wave

guide linking the Pacific with the Atlantic and Europe

(e.g., Ambrizzi and Hoskins 1997; Branstator 2002).

Mainly shorter waves (zonal wave numbers 4 and

above) can be trapped by the subtropical jet, while

longer waves still can propagate poleward (Jin and

Hoskins 1995). The subtropical jet is enhanced under

Central Pacific warming (Kodera 2010; Graf and

Zanchettin 2012).

• Tropics SSTAs in the equatorial Pacific lead to

anomalies of precipitation and associated latent heat

release affecting the generation and subsequent

Fig. 11 Cartoon of the proposed mechanisms involved in creating

observed climate anomalies in Northern Hemisphere winters
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poleward propagation of Rossby waves (PNA-like

response, Jin and Hoskins 1995). If the subtropical jet

wave guide is active during Central Pacific warming,

strong teleconnection to the Atlantic and Europe is

observed (Graf and Zanchettin 2012).

In polar latitudes we find quite symmetric (with respect

to polar vortex strength) anomaly patterns in the tropo-

sphere pressure anomalies for strong polar vortex versus

weak polar vortex. There are tropospheric negative (posi-

tive) pressure anomalies below the strong (weak) polar

vortex concentrating over the Canadian Arctic and

Greenland (compare Figs. 3b, 4b, 5b). A linear framework

captures this essential feature (Fig. 2f), though it mislead-

ingly highlights a linear signature in the Russian Arctic,

which in fact stems from anomalies generated under weak

polar vortex and warm ENSO conditions (Fig. 5b). This

polar latitude link between stratosphere and troposphere

can be interpreted as the effect of the stratosphere on tro-

popause height (Ambaum and Hoskins 2002) or barotropic

adjustment (Castanheira et al. 2009) in polar latitudes.

Interaction of the downward penetrating westerly wind

anomalies at the edge of the polar vortex with topography

(Castanheira et al. 2009) leads to changes in phase and

amplitude of high mid-latitude tropospheric planetary

waves, supported and extended in time by baroclinic eddy

growth rates in the storm track regions of the North

Atlantic (Walter and Graf 2005, 2006; Wittman et al. 2007;

Scaife et al. 2012) projecting preferentially on the NAO

pattern. The explanation of the obvious variability may

require additional mechanisms. The ENSO-related phase of

PNA is a good candidate here as it affects the wind field

and, hence, the growth rate of baroclinic eddies over the

western part of the North Atlantic. This is a possible

explanation why the Aleutian Low and the Icelandic Low

are positively correlated during strong polar vortex

(Quadrelli and Wallace 2002, looking only at surface

pressure-based Northern Annular Mode; Castanheira and

Graf 2003, looking at the coupled stratosphere-troposphere

system), but not during weak polar vortex. Ineson and

Scaife (2009) and Toniazzo and Scaife (2006) concluded

that only moderate El Niños lead to negative NAO, while

strong El Niños produce similar sea-level pressure anom-

alies as they are observed in winters without strong

stratospheric warming events. Their results, however, are

strongly related to their choice of the Niño3 index, which

gives warming in the East Pacific higher weight than to

SSTAs in the Central Pacific. Their ‘‘moderate’’ El Niños

are therefore more biased towards warming in the Central

Pacific, where already small SSTAs result in strong

increase of precipitation and atmospheric heating (see

Figure 2b of Toniazzo and Scaife (2006)), hence a stronger

Aleutian Low as discussed in Graf and Zanchettin (2012).

It is also necessary to find an explanation for the con-

centration of the observed pressure anomalies on the Wes-

tern Hemisphere. Kodera (2010, his Fig. 3) showed

regression patterns of surface pressure with the Niño3.4

index that match the PNA pattern with high pressure at the

Aleutian Low and low pressure over the Canadian Arctic

during cold ENSO events, and vice versa for warm ENSO.

Hence, we observe a mix of tropospheric and stratospheric

impacts on the polar and sub-polar latitude NH pressure

field. Under weak polar vortex and cold ENSO conditions,

positive tropospheric pressure anomalies develop less

strongly over the pole and the Canadian Arctic. The sig-

nificant Arctic positive pressure anomaly is clearly located

to the east of Greenland, but still in latitudes covered by the

weak stratospheric polar vortex. Possibly, this is due to the

superposing effects of the tropospheric PNA, which is

impacted by the state of ENSO, and the anomalous strato-

spheric circulation. When a weak polar vortex coincides

with cold ENSO, the negative pressure anomaly over the

Canadian Arctic (negative PNA) in part cancels the positive

pressure anomaly induced by the stratosphere leading to

destructive superposition. Conversely, since (nearly) all

very strong polar vortex winters occurred during cold

ENSO, the strong negative pressure anomalies over the

Canadian Arctic can be interpreted as a constructive

superposition of the ENSO-related negative PNA with the

stratosphere-related low pressure in Arctic latitudes. A

similar interaction, but with opposite sign, sets in during

weak polar vortex and warm ENSO conditions. Then we

have a constructive superposition of a positive phase of the

PNA and stratosphere-related high Arctic pressure, result-

ing in very high pressure over the Canadian Arctic.

The mid-latitude tropospheric pressure anomalies and

the related temperature anomalies are relatively weak in

non-volcanic winters under cold ENSO conditions

(Figs. 3b and 4b), but are very strong and extensive under

weak polar vortex and warm ENSO conditions (Fig. 5b).

The respective years are all Central Pacific or hybrid El

Niño years (compare Johnson 2013) with enhanced tropical

precipitation at and to the west of the dateline. The inter-

pretation of the anomaly patterns can therefore closely

follow the argumentation of Graf and Zanchettin (2012):

Central Pacific warming leads to stronger convective pre-

cipitation and latent heat release over a wide longitudinal

range, resulting in a positive phase of the PNA with

enhanced westerlies at the southern flank of the stronger-

than-normal Aleutian Low. The enhanced westerlies merge

with and extend the East Asian subtropical jet that evolves

in December. This acts as an active upper tropospheric

subtropical wave guide for shorter wave disturbances

originating from the tropics (the ‘‘subtropical bridge’’) and

a weaker than normal Azores High. Simultaneously,

reduced zonal winds penetrating from the stratosphere to
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the troposphere at the edge of the polar vortex lead to

weaker interaction of the zonal-mean flow with topography

in high mid-latitudes and to less growth of baroclinic

eddies resulting in a weaker-than-normal Icelandic Low

and North Atlantic storm track (Walter and Graf 2005,

2006; Scaife et al. 2012, sea also the discussion in Gerber

et al. 2012). Both mechanisms together promote a negative

phase of the NAO. The related tropospheric anomalies are

more extensive and of larger scale. They provide much

clearer patterns than during winters with weak polar vortex

and cold ENSO conditions or during strong polar vortex,

also under cold ENSO conditions, when the subtropical

bridge is not activated.

5 Conclusions

The tropospheric mid-winter signature of the Northern

Hemisphere’s stratospheric polar vortex in NCEP/NCAR

reanalysis data for the last 65 years exhibits elements of

linearity only over the Arctic due to barotropic adjust-

ment. In subpolar and lower latitudes linearity is disturbed

by tropospheric anomalies related especially to the ENSO

state. Furthermore, anomalous patterns reveal fundamental

differences in the observed tropospheric and near-surface

signature of a strong polar vortex under volcanically-

disturbed and volcanically-undisturbed conditions, espe-

cially concerning the warming pattern over the Eurasian

continent. It is, therefore, not recommended to include

volcanically-disturbed winters in an observation-based

analysis dedicated to investigate the effect of polar vortex

strength on tropospheric climate. In the absence of addi-

tional tropospheric forcings, volcanically disturbed win-

ters might allow to study the pure effects of enhanced

stratospheric polar vortex on tropospheric variability.

However, in these cases the caveat of concurrently having

radiative forcing from the volcanic aerosols in the

stratosphere and in the troposphere still exists and needs

to be considered.

The sampling of winters with strong polar vortex is

clearly dominated by cold ENSO and, to a lesser extent,

westerly QBO. The strongest climate anomalies during

Northern Hemisphere winters occur when a weak polar

vortex coincides with warm Central Pacific ENSO condi-

tions. This is interpreted such that these coincident states of

warm ENSO and of weak polar vortex induce con-

structively-superposing anomalous tropospheric patterns

that result in a strong negative phase of the NAO, and

associated cooling over Eurasia. In contrast, climate

anomalies are the weakest during Northern Hemisphere

winters with weak polar vortex and cold ENSO, due to

destructive superposition of associated tropospheric

anomalies.

Although our statistical analysis of reanalyzed atmo-

spheric data shows statistically significant differences in

boreal mid-winter climate between groups of strong and

weak polar vortex at cold ENSO, warm and cold ENSO at

weak polar vortex as well as between volcanic and non-

volcanic winters at strong polar vortex, we must be very

cautious with drawing conclusions about underlying

mechanisms. The lengths of observational/reanalysis data

series still are too short to allow for conclusive statements

about the dominant source of winter regional climate var-

iability in the Northern Hemispheres. The number of pro-

cesses involved in the stratosphere, the troposphere and the

coupled ocean–atmosphere system, and the complexity of

their interactions lead, at best, to small samples if one tries

to disentangle the individual contributions through com-

posite analysis. So, on the one hand, this renders inferences

about dynamics based on derived anomalous patterns

strongly subject to sampling biases. On the other hand, this

study reveals that such a separation is physically justified,

and hence necessary. Full observational-period statistics

would misleadingly smear out dynamically different tro-

pospheric process signatures, rather than highlighting one

single imprint from a noisy signal. Comparative analysis of

numerical model results with observation/reanalysis must

therefore account for biases in the latter, i.e., account for

the empirical sampling distribution of (at least) polar vor-

tex strength, ENSO state and QBO phase derived from

observations. Only in a second step, dedicated numerical

experiments with well tested models could then provide

reliable information about stratosphere-troposphere cou-

pling processes and about the tropospheric and near-surface

winter signature of the Northern Hemisphere stratospheric

polar vortex.
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