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ABSTRACT

Tropospheric forcing of planetary wavenumber 2 is examined in the prephase of the major stratospheric sudden warming event in January
2009 (MSSW 2009). Because of a huge increase in EliassenÐPalm ßuxes induced mainlyby wavenumber 2, easterly angular momentum is
transported into the Arctic stratos phere, deposited, and then decelerates the polar night jet. In agreement with earlier studies, the results reveal
that the strongest eddy heat ßuxes, associated with wavenumber 2, occur at 100 hPa duringthe prephase of MSSW 2009 in ERA-Interim. In
addition, moderate conditions of the cold phase of ENSO (La Niña) contribute to the eddy heat ßux anomaly. It is shown that enhanced
tropospheric wave forcing over Alaska and Scandinavia is caused by tropical processes in two ways. First, in a climatological sense, La Niña
contributes to an enhanced anticyclonic ßow over both regions. Second,the MaddenÐJulian oscillation (MJO) has an indirect inßuence on the
Alaskan ridge by enhancing eddy activity over the North PaciÞc. This is manifested in an increase in cyclone frequency and associated warm
conveyor belt outßow, which contribute to the maintenance and ampliÞcation of the Alaskan anticyclone. The Scandinavian ridge is main-
tained by wave trains emanating from the Alaskan ridge propagating eastward, including an enhanced transport of eddy kinetic energy. The
MSSW 2009 is an extraordinary case of how a beneÞcial phasing of La Niña and MJO conditions together with multiscale interactions enhances
tropospheric forcing for wavenumber 2Ðinduced zonal mean eddy heatßux in the lower stratosphere.
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1. Introduction

During a stratospheric sudden warming (SSW) event,
the polar stratospheric temperature increases accompa-
nied by a weakening of the polar night jet. Major SSW
events (MSSW) are deÞned as SSW events with a reversal
of the zonal mean zonal wind from westerlies to easterlies
at 608N and a 10-hPa layer. Those events represent the
greatest part of intraseasonal variability in the winter
middle atmosphere and are associated with low pre-
dictive skill at lead times more than 10 days (Tripathi
et al. 2015). Matsuno (1971) developed a dynamical
model of the stratospheric sudden warming phenomena
in which tropospheric forced planetary wave packets
propagate upward into the stratosphere. The deposition
of their easterly angular momentum [EliassenÐPalm ßux
(EP ßux) convergence] leads to a weakening and break-
down of the polar night jet.

Several processes inßuence the occurrence of MSSW
events in the Northern Hemisphere: the quasi-biennial
oscillation (QBO) and the solar cycle (e.g., Labitzke 1987;
van Loon and Labitzke 1987), zonally asymmetric ozone
changes (e.g.,Peters et al. 2015), El Ni ñoÐSouthern Os-
cillation (ENSO) (e.g., Butler and Polvani 2011), and the
MaddenÐJulian oscillation (MJO) (e.g., GarÞnkel et al.
2012; Liu et al. 2014). All these processes change the
forcing of planetary waves in the troposphere or change
the wave propagation into and in the stratosphere (mainly
wavenumbers 1Ð3;Charney and Drazin 1961; Dickinson
1969). The strong mean-ßow deceleration in the strato-
sphere during an MSSW event is mainly caused by an
ampliÞcation of linear waves in the troposphere and their
upward propagation into the stratosphere, which induces a
negative vertical gradient of the meridional eddy heat ßux
(EP ßux convergence) (Holton 1992).

Under the acting EliassenÐPalm ßux convergence, the
polar vortex breaks down (e.g., Andrews et al. 1987).
Generally, the divergence of the EP ßux represents a
zonal force on the mean state by the disturbances (Edmon
et al. 1980). Furthermore, it can be shown following the
generalized EliassenÐPalm theorem that the poleward
zonal mean eddy heat ßux is proportional to the vertical
group velocity of linear planetary waves. A measure of
wave activity entering the stratosphere is the zonal mean
eddy heat ßux at 100 hPa (Waugh et al. 1999; Polvani and
Waugh 2004), because it is proportional to the vertical
component of the EP ßux (Andrews et al. 1987). Although
both the zonal mean eddy heat ßux at 100 hPa and the
upper-stratospheric convergence of the EP ßux are highly
correlated, the meridional derivative of the zonal mean
eddy momentum ßux also contributes (Newman et al.
2001). Both the zonal mean eddy momentum ßux and the
eddy heat ßux act together. However, the zonal mean

eddy heat ßux is used in this paper as a proxy to evaluate
the role of tropospheric forcing processes of planetary
waves and as a quantitative measure of wave propagation
across the tropopause region.

Several studies show that tropospheric processes like
blocking anticyclones in the extratropics and like ENSO
and MJO in the tropics inßuence the preconditioning
of the polar vortex in advance of an MSSW event.
Barriopedro and Calvo (2014) studied the relationship
between ENSO, MSSWs, and blocking. They show that
during the cold phase of ENSO (La Niña), blocking an-
ticyclones frequently occur over the eastern PaciÞc and
over the ScandinavianÐKara Sea region before MSSW
events. Under mean La Niña conditions, MSSW events
are predominantly linked to a wavenumber-2 ampliÞca-
tion. MSSW polar vortex splitting events, as occurred in
January 2009, are typically preceded by tropospheric
blocking either over the PaciÞc sector alone or over both
the Euro-Atlantic and PaciÞc sectors collocated with a
wavenumber-2 pattern (e.g.,Martius et al. 2009).

Besides the inßuence of ENSO, the MJO is known to
force in the form of tropical convection and upper-level
divergence anomalous Rossby wave breaking over the
North PaciÞc, which is linked with enhanced cyclone
frequency (Moore et al. 2010). This modulates the eddy
heat ßux, which is in phase with the climatological
planetary waves (GarÞnkel et al. 2014). Ferranti et al.
(1990)show that the MJO inßuences the planetary wave
structure signiÞcantly in extratropical midlatitudes. The
MJO teleconnection pattern of phases 7 and 8 (Wheeler
and Hendon 2004) are preferentially linked to a low
pressure anomaly over the central North PaciÞc and
high pressure over Canada (GarÞnkel et al. 2012). If the
resulting quasi-stationary troughÐridge pattern is in
phase with the climatological ultralong waves, then an
increase of the upward tropospheric wave forcing is
expected. In this way the MJO enhances the upward-
propagating planetary waves in the extratropics. Liu
et al. (2014) examine the mechanisms for the inßuence
of MJO on splitting or displacement MSSW events and
Þnd that MJO-related circulation patterns, occurring
during phases 7 and 8, are often associated with vortex-
split MSSWs. Note that MJO-related anomalies over
high latitudes vary with ENSO ( Roundy et al. 2010). If
both La Ni ña and MJO phase 7 are present, then the
Canadian trough, the ridge over Europe, and the trough
over Asia are ampliÞed and occur with higher ampli-
tudes compared to La NiñaÐonly composites.

From a more synoptic perspective, extratropical
troughÐridge patterns are often associated with strong
diabatic processes that inßuence the patterns themselves
and the evolution of the downstream ßow (e.g.,Davis
et al. 1993; Grams et al. 2011). The most intense latent
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heating occurs in the warm sector of the cyclone in so-
called warm conveyor belts (WCBs,Carlson 1980).

Ascent within these vigorous cross-isentropic air-
streams leads to a net transport of lower-tropospheric
air with low Ertel potential vorticity (PV; Ertel 1942)
into the upper troposphere. Recent research highlights
that the resulting upper-level outßow of such airstreams
is important for the ampliÞcation of Rossby waves in the
upper troposphere and for the onset of blocking anti-
cyclones (Pfahl et al. 2015; Grams and Archambault
2016; Teubler and Riemer 2016).

In January 2009 a very strong MSSW (MSSW 2009)
was observed with a splitting of the polar vortex. This
event occurred with one of the largest zonal mean eddy
heat ßuxes at 100 hPa ever observed until that date since
1958 (Ayarzagüena et al. 2011).

In the present study, the central date (CD) of the
MSSW event is deÞned as the day before the reversal of
the zonal mean zonal wind at 608N and at 10 hPa:
identiÞed on 23 January 2009 by using the polar capÐ
averaged geopotential height anomaly method (central
dates of the MSSW events are listed in Table TS1 in the
online supplemental material). Note that the speciÞc
CD changed only slightly when using different methods
(Butler et al. 2015).

For MSSW 2009, the upper-tropospheric ridge over
Alaska is of particular importance ( Harada et al. 2010;
Ayarzagüena et al. 2011). Upward wave energy propa-
gation, which starts roughly 10 days before the CD, is
mainly concentrated close to the ridge over Alaska and
is weaker to the east of the Scandinavian ridge (Harada
et al. 2010) but stronger, as known from mean clima-
tologies. This event occurred along with an intense polar
night jet oscillation with a strong negative northern an-
nular mode in the stratosphere (Hitchcock et al. 2013)
and had strong impacts on the polar middle atmosphere
(Pedatella et al. 2014) and on the troposphere after the
breakdown of the polar vortex. Hinssen et al. (2011)
show a strong and long-lasting zonal mean zonal wind
deceleration in the troposphere that is directly linked to
the polar vortex breakdown in January 2009.

The warming occurred despite the QBO (westerly
monthly mean zonal wind of about 14 m s2 1 at 40 hPa
and about 12 m s2 1 at 50 hPa1) and solar cycle pointing
toward a stable cold polar vortex (Labitzke and Kunze
2009). Therefore, favorable tropical conditions like
ENSO or MJO may have been responsible for the oc-
currence of the MSSW 2009. During the prephase of the
MSSW (here deÞned as 10-day period before the CD),

moderate La Niña conditions and an active MJO pre-
vailed in the tropical PaciÞc.

In this study, we aim to reveal the role of La Ni ña and
the MJO in increasing the zonal mean eddy heat ßux at
100 hPa during the prephase of the MSSW 2009. The
primary open question to be addressed is as follows: How
do these tropical modesÑLa Ni ña and active MJO phases
7 and 8Ñinßuence the midlatitudes and, especially, in-
ßuence the zonal mean eddy heat ßux increase at 100 hPa?
The focus lies on the prephase, which is characterized by a
large increase in wavenumber-2 amplitude of the merid-
ional wind ( y+ , where the superscript star indicates the
deviation from zonal mean) in comparison to wave-
numbers 1 and 3. This paper analyzes in a novel approach
which tropospheric processes contribute to the ampliÞ-
cation of the Alaskan and Scandinavian anticyclones and
hence to wavenumber 2 prior to the CD and the induced
zonal mean eddy heat ßux.

After a brief description of the data and methods
used, the study examines the increase of the zonal mean
eddy heat ßuxes as a function of anomalies and La Niña
climatology. Furthermore, the enhanced tropospheric
wave forcing of ridges over Alaska and Scandinavia is
investigated. We expect that La Niña and MJO have an
indirect inßuence on the ridge over Alaska. In addition,
anomalies of cyclone frequency and WCB activity over
the North PaciÞc are examined to reveal their contri-
bution to the observed development of the anticyclone.
The mechanisms of the ampliÞcation of the Alaskan and
Scandinavian anticyclones are diagnosed next. The ar-
ticle is Þnalized by a summary.

2. Data and methods

a. Data

The ERA-Interim data of the European Centre for
Medium-Range Weather Forecasts are used (Dee et al.
2011). The present analysis includes the period from
1979 to 2012. If not stated otherwise, daily data are used
on a horizontal grid of 2.58 3 2.58resolution. Often a
5-day running mean is applied in order to smooth out
high-frequency variability. This is indicated in the Þgure
captions.

The monthly ENSO index stems from the National
Oceanic and Atmospheric Administration (NOAA)Õs
Climate Prediction Center (CPC) 2 and is used to clas-
sify La Ni ña Januaries. A January belongs to La Niña
(El Ni ño) if the monthly Ni ño-3.4 index is below (above)

1 http://www.geo.fu-berlin.de/en/met/ag/strat/produkte/index.
html#compilation .

2 http://www.cpc.ncep.noaa.gov/products/analysis_monitoring/
ensostuff/detrend.nino34.ascii.txt.
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one standard deviation of the entire monthly time series
(1950Ð2012). The following La Niña Januaries are used:
1985, 1989, 1996, 1999, 2000, 2006, 2008, 2009, 2011, and
2012. In winter 2008/09, the monthly Niño-3.4 index is
about 2 0.7, 2 0.9, and 2 0.75 for DecemberÐFebruary,
respectively. Composites of cyclone frequency anomaly
under La Ni ñaÐonly conditions are evaluated for the
climatological prephase 2Ð23 January.

The MJO life cycle is divided into eight phases using the
Real-time Multivariate MJO (RMM) indices of Wheeler
and Hendon (2004).3 Only days with an RMM amplitude
(deÞned as

����������������������������������������
RMM1 2 1 RMM2 2

p
) greater than 1 are used.

MJO phase composites of cyclone frequency anomaly are
calculated relative to the DecemberÐFebruary 1980Ð2010
climatological mean. Composites with the simultaneous
occurrence of La Niña (10 winters) and MJO active phases
7 and 8 (Figs. 6c and 6d, respectively) consider means over
94 and 74 days, respectively.

b. Methods

Several methods are applied in order to examine the
tropospheric forcing during La Ni ña and MJO phases
over the North PaciÞc Ocean, in particular, and farther
downstream in the AtlanticÐEuropean sector, and to
understand their contribution to the ampliÞcation of the
anticyclones. Furthermore, tendency equations of eddy
kinetic energy Ke and ErtelÕs PV (Ertel 1942) are evalu-
ated to quantify the forcing mechanisms of ridges. The
standard approaches ofPlumb (1985) and Takaya and
Nakamura (1997) are used to diagnose wave activity
ßuxes. Also, classical EP ßux calculations (Andrews et al.
1987) for different wavenumbers and different bandpass
Þlters are performed.

1) CYCLONE FREQUENCY

Cyclones are identiÞed in global 6-hourly data at 18
horizontal resolution using a modiÞed version of the
cyclone identiÞcation and tracking scheme ofWernli
and Schwierz (2006). A cyclone is identiÞed in the sea
level pressure (SLP) Þeld as a minimum with an en-
closing isobar. This closed isobar determines the area
of a cyclone. The difference between the isobar and the
closed SLP minimum must be at least 1 hPa. The upper
bound for the length of the isobar is 7500 km. Only SLP
minima are considered in regions with orography below
1500 m. More details can be found inPfahl and Wernli
(2012). The cyclone frequency at a speciÞc grid point
indicates the percentage of days during a considered
period with a cyclone at this grid point.

2) WARM CONVEYOR BELTS

The WCBs discussed in this study are extracted from the
climatology of Madonna et al. (2014) based on global
6-hourly ERA-Interim data at 1 8 horizontal resolution.
WCBs are selected from 2-day forward LAGRANTO
(Sprenger and Wernli 2015)hPa trajectories (t 5 0Ð48h,
every 6h), started from equally distributed locations every
20 in a layer from 1050 to 790hPa (above orography only).
WCBs must ascend at least 600hPa within 2 days (48h)
and have to be located near an extratropical cyclone. The
last criterion is fulÞlled by the condition that WCB tra-
jectories must pass the area of an extratropical cyclone at
least once during their lifetime. The cyclone area is the area
deÞned by the closed isobar, used in the cyclone identiÞ-
cation method. WCB parcel locations at t 5 0 (inßow), t 5
48 (outßow), and t 5 0Ð48h (entire WCB lifetime) are
gridded onto a regular geographical grid every 6h.

3) EDDY KINETIC ENERGY

Orlanski and Katzfey (1991) derive Eq. (1) for the local
tendency inKe. A detailed description and examples ofKe

propagation can be found also inOrlanski and Sheldon
(1995); the equation for the local tendency of K e reads
as follows:

› K e

› t
52 (v0� =f 0) 2 = � (VKe)2

› (v 0Ke)
› p

2 v0� (v0� =V)1 R,

(1)

where f is the geopotential; V is the horizontal wind
vector, which is partitioned into perturbation and time
mean (V 5 v01 V); and v 0is the vertical velocity. Primes
denote perturbations, which are deÞned as deviations
from a 30-day running mean, centered on the date of
investigation. The time mean is indicated by an overbar.
According to Eq. (1), the tendency of Ke results from
the work done by pressure forces [Þrst term on the rhs
of Eq. (1)], the horizontal and vertical advection of Ke by
the total wind (second and third terms, respectively), the
barotropic interaction between eddy and mean ßow
(fourth term), and some residual (e.g., friction). The Þrst
term on the rhs can also be expressed as

2v0� =f 05 2 v 0a 2 = � (v0f 0)a2
› (v 0f 0)

› p
, (2)

wherea is the speciÞc volume, deÞned asa 5 ›f /› p, and
(v0f 0)a is the geopotential ßuxes with most of the non-
divergent part removed (Orlanski and Sheldon 1995).
The work done by pressure forces equals the baroclinic
conversion [Þrst term on the rhs of Eq. (2)] and the di-
vergence of the ageostrophic geopotential ßux (second
and third terms), which can also be described as a

3 http://www.bom.gov.au/climate/mjo/graphics/rmm.74toRealtime.
txt.
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dispersive Ke ßux. The baroclinic conversion describes
the conversion from eddy available potential energy into
Ke and vice versa. All quantities are vertically integrated
between 1000 and 100 hPa and are normalized by the
gravitational acceleration.

4) PV TENDENCY

Based on the concept of baroclinically coupled Rossby
waves (Ertel 1942; Hoskins et al. 1985) and their down-
stream development (Simmons and Hoskins 1979), a
quantitative PV framework was developed (Teubler and
Riemer 2016) and applied previously to the evolution of a
large-amplitude ridge associated with a severe precipi-
tation event (Piaget et al. 2015). The hydrostatic form
of ErtelÕs potential vorticity on an isentropic surface
PV 5 s 2 1(z1 f ) is used, wherez is the vertical com-
ponent of relative vorticit y on an isentropic surface,f is
the Coriolis parameter, s 2 1 5 g›u/› p, g is the gravity
acceleration, p is pressure, andu is potential tem-
perature. The framework is based on the PV tendency
equation spatially integrated over an area of interest, here:
the Alaskan ridge. The ridge itself is deÞned as a roughly
persistent (here: 14 days) and spatial coherent negative
anomaly of ErtelÕs PV on isentropes intersecting the tro-
popause (here: 320Ð330 K). Anomalies in PV, PV0, are
deÞned as a deviation from a 60-day average centered on
the CD. A 60-day background ßow is chosen because the
Alaskan ridge is more persistent than the high-frequency
eddies. The PV diagnostic is performed with the Year of
Tropical Convection (YOTC) dataset using a 18 3 18
horizontal grid resolution.

The advective contribution is partitioned, using
piecewise PV inversion and Helmholtz partitioning, into
v 5 vbg 1 vqb 1 vbc 1 vdiv . The index bg denotes the back-
ground ßow and the index div indicates the divergent part
of the wind. Contributions from PV anomalies below and
above 650 hPa are referred to as baroclinic (index bc) and
quasi barotropic (index qb). Note that sincevbg � =PV ’ 0,
the impact of the background ßow vanishes. The evo-
lution of the ridge is described in terms of the total ten-
dency of the area-integrated amplitude of PV anomaly,
which is given by

d
dt

ð

A (t)
PV0dA 5 2

ð

A
[vqb � =PV 1 vbc � =PV

1 PVð= � vdiv) 2 DIA] dA 1 R , (3)

where v is the horizontal wind vector on an isentropic
surface andPV is the background PV Þeld. Nonadvective
tendencies due to diabatic processes with contributions
from latent heat release are designed by DIA. Term R
indicates the residual term, which contains boundary
contributions and frictional processes, and is considered

to be small (Teubler and Riemer 2016). Term A refers
here to the integration area of the Alaskan ridge.

The advective tendencies can be interpreted as follows:
The quasi-barotropic tendency is associated with the
group propagation of Rossby wave packets and is similar
to the divergence of the ageostrophic geopotential ßux
from the K e analysis. The baroclinic tendency signiÞes
baroclinic interaction between the upper- and lower-level
anomalies (e.g., baroclinic growth). The divergent ßow at
upper levels can be predominantly associated with latent
heat release below (cf. alsoRiemer et al. 2014) and thus
can be interpreted as having an indirect diabatic impact
on the ridge. A comprehensive comparison of the PV
tendency framework and the more commonly usedKe

framework can be found in Teubler and Riemer (2016).
Together with the diabatic contribution, the ridge evo-
lution is then governed by four different processes.

5) WAVE ACTIVITY FLUX

The wave activity ßux (WAF) is calculated in two dif-
ferent ways. First, to analyze the climatological stationary
waves, the WAF is calculated according toPlumb (1985).
Deviations from this climat ology are identiÞed by WAF
for the extended prephase (1Ð23 January 2009). Second,
the WAF according to Takaya and Nakamura (1997) is
calculated using the following bandpass-Þltered data:
(i) transient (high-pass Þlter of 1Ð6 days for the perturba-
tion of low-pass-Þltered background with 10 days and
larger); (ii) intermediate (bandpass Þlter between 8 and
20 days for the perturbations from low-pass-Þltered back-
ground with 30 days and larger); and (iii) quasi planetary
(bandpass Þlter of 20Ð60 days for the deviations, low-pass
Þlter of 60 days and larger for the background ßow). Note
that the basic ßow is zonally uniform for WAF according to
Plumb (1985)and is zonally varying for WAF according to
Takaya and Nakamura (1997). Plumb (1985) considered
stationary perturbations (perturbations from zonal mean),
while Takaya and Nakamura (1997)considered perturba-
tions against the steady horizontal, nondivergent zonally
dependent basic ßow. Hence, perturbations inTakaya and
Nakamura (1997) can be regarded as migratory distur-
bances rather than stationary waves. Both ßuxes reduce to
the EP ßux if stationary waves, zonal averages, and a
zonally uniform basic ßow are considered. All these ßuxes
help to understand the waveÐmean ßow interaction, by
analyzing their vector Þeld (energy propagation) and their
divergence (changes in background ßow).

3. Results

a. Eddy heat ßux from wavenumber 2 and La Niña

The zonal mean zonal wind at 10 hPa and 608N starts
to decrease about 14 days before the CD, mainly caused
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by the EP ßux convergence (Fig. 1a), in agreement with
classical theory and observations ofHarada et al. (2010)
and Ayarzagüena et al. (2011). As can be seen from
Fig. 1, the divergence of the EP ßux is not the only force
that acts on the temporal change of the zonal mean zonal
wind. For example, 5 days before the CD, the conver-
gence of the EP ßux is roughly 20 m s2 1day2 1. At the
same time,d[u]/dt is roughly 7 m s2 1day2 1, which illus-
trates that the Coriolis term has a counteracting impact.
The strong correlation of r 5 0.79 between EP ßux con-
vergence at 10hPa (Fig. 1a) and zonal mean eddy heat
ßux at 100hPa (Fig. 1b) is also conÞrmed, which explains
about 62% of variance (Newman et al. 2001). Further-
more, as shown byHarada et al. (2010)and Ayarzagüena
et al. (2011), the zonal mean eddy heat ßux ([y+ T + ],
where the superscript star indicates the deviation from
the zonal mean and [� ] indicates the zonal mean) at
100 hPa averaged over a latitudinal belt from 458to 758N
reveals one of the largest zonal mean eddy heat ßuxes at
100 hPa ever observed in the prephase of MSSWs until
that date (Fig. 1b). Days of comparable strong zonal
mean eddy heat ßuxes at 100hPa occur in Januaries of
1979, 1987, 1995, and 2010. All these Januaries do not
belong to the group of La Ni ña events. A maximum of
the total zonal mean eddy heat ßux occurs after the CD,
which may be linked with internal processes (waveÐmean
ßow or waveÐwave interaction) of the stratosphere as
discussed byAlbers and Birner (2014). Because we are
interested in the prephase of MSSW 2009, only the Þrst

peak (Fig. 1b) will be analyzed in more detail, which
occurs around 5 days prior to the CD.

The Þrst peak of [y+ T + ] arises mainly from wave-
number 2 (Fig. 2a). Other wavenumbers show only
marginal contributions in the prephase. Because the
wavenumber-2 contribution maximizes in the pre-
phase, only the wavenumber-2 amplitude and phase
evolution are considered in the following (Figs. 2b and 2c,
respectively). The temporal evolution of the ampli-
tude of the wavenumber-2 meridional wind y2 and the
wavenumber-2 temperature T2 shows that in particular
the increase of the amplitude of y2 is stronger than the
increase of the amplitude of T2 during the prephase
(Fig. 2b). Hence, the increase in amplitude of wave-
number 2 in y2 and (minor) in T2 mainly contributes to
the wavenumber 2Ðinduced zonal mean eddy heat ßux
because the phasing (Fig. 2c) between both, y2 and T2, is
nearly constant (about 208). There are two phase jumps
before the 10-day prephase and a slight increase during
the postphase. Under geostrophic balance,y is simply
proportional to the longitudinal gradient of the geo-
potential and T is proportional to the vertical gradient of
the geopotential. Hence, the Þrst peak of the zonal mean
eddy heat ßux (before CD; Fig. 2a) results mainly from a
horizontal ampliÞcation of the wavenumber-2 pattern at
about 100 hPa and below (Fig. 3). The strengthening of
the two ridges occurs simultaneously with the increase of
the zonal mean eddy heat ßux at 100 hPa. Note the second
peak (after CD; Fig. 2a) results mainly from the product

FIG . 1. Temporal evolution of (a) zonal mean zonal wind at 608N
(solid line, right axis) and the convergence of EP ßux (dashed line,
left axis) averaged between 458 and 758N, both at 10 hPa; and
(b) zonal mean eddy heat ßux averaged over 458Ð758N at 100 hPa
(black line), shown as a 5-day running mean. Shading in (b) denotes
the climatological extreme variability of [ y+ T + ] of MSSW events
around CD (included are MSSWs prior to 2009 in the ERA-Interim
period, in total 17 MSSWs). The vertical line at zero indicates CD.
For MSSW 2009, the CD is around 23 Jan 2009. Thex axis is rel-
ative centered around CD. All considered MSSW events in (b) are
listed in Table TS1.

FIG . 2. (a) Zonal mean eddy heat ßux averaged between 458and
758N at 100 hPa (black line) and separately for wave components
for wavenumbers 1Ð3 (green, blue, and red, respectively). The
vertical line indicates the CD of MSSW 2009. Mean (b) amplitude
and (c) phase of wavenumber-2 components for meridional windy2

and temperature T2. A 5-day running mean is applied before har-
monic analysis.
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of a moderate y2 and the largest temperature amplitude
T2. This can be related to an increase of the vertical
gradient of the geopotential at 100hPa and reßects the
differential vertical propagation of wavenumber 2.

The evolution of the zonal mean eddy heat ßux
components reveals the main contribution from
wavenumber-2 amplitude about 10 days before CD, which
is conÞrmed by harmonic analysis showing the dominance
of wavenumber-2 amplitude in comparison to the ampli-
tude of wavenumbers 1 and 3 (shown in Fig. S1 in the
supplemental material). The vertical and temporal evo-
lution of the 5-day mean geopotential disturbance (Fig. 3;
disturbanceis deÞned as a deviation from zonal mean)
indicates a strong increase of the disturbances during
the subperiod of 10Ð6 days before the CD. In com-
parison to the 5-day period before (15Ð11 days be-
fore the CD), the Alaskan ridge strengthens about
4500 m2 s2 2 at 100 hPa, while the Scandinavian ridge
strengthens about 1000 m2 s2 2 during the subperiod of

10Ð6 days before the CD. This is followed by an upward
propagation of the centers of the geopotential distur-
bances, in particular the center of the Scandinavian ridge
during the subperiod of 5Ð1-day period before the CD.
The stronger upward propagation is indicated by a stron-
ger westward tilt of the geopotential extrema with height.
A harmonic analysis of the 5-day averaged geopotential
disturbances (Fig. 3, right panel) further illustrates the
strengthening of the wavenumber-2 amplitude.

As mentioned before, two anticyclones occur, one
over the midlatitudes over the Gulf of Alaska at about
1208W and the other over Scandinavia at about 308E
(Fig. 3). The superposition of the ultralong waves
(wavenumbers 1Ð3) alone shows a strengthening and an
ampliÞcation of the anticyclone over the Gulf of Alaska
during the subperiod of 10Ð6 days before CD, while the
anticyclone over Europe ampliÞes and strengthens during
the subperiod of 5Ð1 day before CD (shown in Fig. S1).
The strengthening of the two anticyclones supports the

FIG . 3. (left) PressureÐlongitude cross sections of total geopotential disturbance (103 m2 s2 2) averaged between 458and 758N and 5-day
means for the (a) 15Ð11 days before CD, (b) 10Ð6 days before CD, and (c) 5 daysÐ1 day before CD. Vertical proÞles of the (middle) zonal
mean eddy heat ßux and (right) geopotential amplitudes of wavenumber 1 (black), wavenumber 2 (red), and wavenumber 3 (blue)
averaged between 458and 758N for the corresponding 5-day means.
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Þnding that wavenumber 2 dominates the dynamical
behavior during the prephase of the MSSW 2009 event
in the troposphere and stratosphere.

Through a decomposition of [y+ T + ] into climatolog-
ical (daily climatology, index c) and anomalous parts
(index a), Ayarzagüena et al. (2011)show that during
the prephase of MSSW 2009, the Þrst peak or maximum
of [y+ T + ] is mainly determined by anomalies of ultra-
long waves (accounting for more than 63% of the whole
[y+ T + ] peak). The correlation between anomalous and
climatological waves [y+

a T +
c ] and between both clima-

tological waves [y+
c T +

c ] still contributes to [ y+ T + ] with
17% and 19%, respectively (Ayarzagüena et al. 2011,
their Table 1). The climatological zonal mean eddy heat
ßux is dominated by a wavenumber-1 contribution,
while the contributions of the anomalous zonal mean
eddy heat ßux [y+

a T +
a ] and the cross correlation [y+

a T +
c ]

arise mainly from wavenumber 2. To examine the con-
tribution of La Ni ña to the zonal mean eddy heat ßux of
January 2009, [y+ T + ] is decomposed into climatological
and anomalous wave contributions in accordance with
Nishii et al. (2009). Note that the same time Þltering is
applied to the data as described byAyarzagüena et al.
(2011). The use of ERA-Interim data reveals only minor
differences in the zonal mean eddy heat ßuxes in compar-
ison to the NCEPÐNCAR reanalysis used byAyarzagüena
et al. (2011). The anomalous zonal mean eddy heat ßux of
ultralong waves [y+

a T +
a ] contributes mainly (about 61%;

Table 1, Þrst row) to the Þrst peak of [y+ T + ] (Fig. 2a),
weaker contributions come from the [y+

c T +
c ] term with

about 20%, and from the [y+
a T +

c ] term with about 19%.
The [y+

c T +
a ] contribution is about zero. The dominant

contributions are shown by wavenumber-2 components
(Table 1, third row) for the correlation.

In comparison to climatology (discussed above),
mean La Niña climatology results are similar except

for wavenumber 2 (Table 2). The contribution of [ y+
a T +

c ]
for wavenumber 2 shows a contribution of 25%, in-
dicating an increase of 5% in comparison to climatology
(Table 1), while the contribution of [ y+

c T +
a ] decreases by

about 5%. A harmonic analysis of wavenumber-2 con-
tributions of y+

a , T +
c , y+

c , and T +
a shows that the ampli-

tudes of y+
a and T +

c increase under La Niña conditions
and that the phase difference between both remains ap-
proximately constant, with both waves still being in phase.
These modiÞcations result in a higher correlation between
y+

a and T +
c . Although the amplitude of y+

c enhances,
the phase difference betweeny+

c and T +
a also increases,

leading to a reduction in the cross correlation. The in-
teraction between both waves decreases. The amount of
the single contributions changes after the CD. These re-
sults are in agreement with Þndings inFig. 2 and give a
hint that La Ni ña climatology has an inßuence on the
amplitude and the phasing of wavenumber-2 anomalies in
2009, which could increase the correlation between
[y+

a T +
c ] and reduce the correlation of [y+

c T +
a ]. Note that a

test of signiÞcant differences between La Niña climatol-
ogy and climatology seems not to be appropriate because
both are not independent.

In Fig. 4 the horizontal WAF according to Plumb
(1985) and geopotential disturbances are shown. In
comparison to climatology, the quasi-stationary plan-
etary wavenumber 2 seems to increase over mid- and
high latitudes during climatological La Ni ña conditions
by about 100 m2 s2 2 (Figs. 4c and 4f). The difference
plot ( Fig. 4c) reßects the dominant polar change of
wavenumber 1 and the increase of wavenumber-2 am-
plitude in midlatitudes during La Ni ña (Fig. 4f). Note that
in midlatitudes, the amplitude change of wavenumber 1
is roughly 5 times larger than that of wavenumber 2.
During La Ni ña conditions, the stronger quasi-stationary
wave train from the PaciÞc Ocean over Canada to

TABLE 1. Zonal mean eddy heat ßux (K m s2 1) at 100 hPa averaged between 508and 808N for the ultralong planetary waves, corresponding
to the period 16Ð20 Jan 2009, and the decomposition of [y+ T + ] into climatological and anomalous contributions.

Wavenumbers [y+ T + ] [y+
a T +

a ] % [ y+
c T +

c ] % [ y+
a T +

c ] % [ y+
c T +

a ] %

1Ð3 59 36 61 12 20 11 19 0 0
1 6 2 7 1 2 4
2 55 35 59 4 7 12 20 4 7
3 2 2 2 1 1 2 2 0

TABLE 2. As in Table 1, but the climatology is exchanged by La Niña mean climatology.

Wavenumbers 1Ð3 [y+ T + ] [y+
a T +

a ] % [ y+
c T +

c ] % [ y+
a T +

c ] % [ y+
c T +

a ] %

1Ð3 59 37 63 13 22 12 20 2 3 2 5
1 6 4 7 0 2 5
2 55 34 58 5 8 15 25 1 2
3 2 2 2 1 1 2 3 1
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northern Europe maintains the anticyclone over the North
AtlanticÐEuropean region (Fraedrich and Müller 1992).
The ridge over Alaska is shifted to the Rockies, and the
downstream trough (ridge) over Canada (Scandinavia)
is ampliÞed (Fig. 4b).

These results also indicate that for La Niña events in
January, the quasi-stationary wave structure is modu-
lated in such a way that the planetary wavenumber 2 is
ampliÞed in boreal extratropics and that the planetary
wavenumber 1 is weakened in the polar regions of tro-
posphere and lower stratosphere (Fig. 4f).

For January 2009, a similar enhanced poleward
wave train is found during the subperiod of 10Ð6 days
before CD, showing the eastward propagation of wave
energy from the Alaskan ridge over Canada to the
Scandinavian ridge, where it contributes to the main-
tenance and increase of the ridge (Fig. 5). As the
Alaskan ridge weakens and the Scandinavian ridge
strengthens (Fig. 3), the contribution of propagating
wave activity is weaker in the subperiod of 5Ð1 day

before CD (shown in Fig. S2 in the supplemental
material).

In agreement with Ayarzagüena et al. (2011), the Þrst
peak in [y+ T + ] results mainly (about 58%) from plan-
etary wavenumber-2 anomalies in meridional wind and
temperature ([y+

a T +
a ]; Table 2) and about 25% comes

from the correlation between ya and Tc La Ni ña clima-
tology. The quasi-stationary waves are much more am-
pliÞed during the prephase of MSSW 2009 in comparison
to the mean La Niña events. Therefore, an additional
forcing must exist in order to force wavenumber 2 in the
extratropics.

b. La Ni ña and MJO inßuence on eddies

The ampliÞed wave 2 in midlatitudes can be associ-
ated with two ampliÞed anticyclones. Anticyclones can
be maintained against the westerly ßow by transient
eddies (Shutts 1983). The prephase of MSSW 2009 is
characterized by moderate La Niña conditions and by an
active MJO in phases 7 and 8 (Fig. S3 in the

FIG . 4. Cross section of horizontal WAF [m2 s2 2, vectors in (a) and (b)] and geopotential disturbances (103 m2 s2 2,
shaded) for (a) climatology (1979Ð2012), and for (b) the mean La Niña conÞguration, and (c) the difference be-
tween La Niña and ENSO-neutral phase. Shading in (c) indicates statistically signiÞcant difference at the 95%
conÞdence level. Quantities are shown for mean January at 100 hPa. The corresponding amplitudes of the geo-
potential of wavenumber 1 (black), wavenumber 2 (red), and wavenumber 3 (blue) at 100 hPa are shown for
(d) climatology, (e) La Ni ña climatology, and for (f) the difference between La Ni ña and ENSO-neutral phase. Left
y axis in (f) is for wavenumber 1 and right y axis is for wavenumbers 2 and 3.

MAY 2017 S C H N E I D E R E I T E T A L . 1805

�8�Q�D�X�W�K�H�Q�W�L�F�D�W�H�G���_���'�R�Z�Q�O�R�D�G�H�G���������������������������������$�0���8�7�&



supplemental material). Both La Ni ña and MJO have
an impact on transient eddy activity over the North
PaciÞc (Roundy et al. 2010; Moore et al. 2010; Deng
and Jiang 2011). Hence, the cyclone frequency is ana-
lyzed as a proxy to quantify the potential La Ni ña and
MJO inßuences on the wavenumber-2 pattern. Another
aspect is the analysis of WCBs, to quantify whether
upper-level diabatic outßow is also important for the
maintenance of the anticyclone over the North PaciÞc.
If not otherwise stated, these quantities are shown
as anomalies from ERA-Interim climatology, related
to the considered climatological extended prephase
(here: 2Ð23 January 2009).

During the extended prephase of MSSW 2009, the
cyclone frequency exceeded the climatological mean
signiÞcantly by more than 24% over the central North
PaciÞc (408Ð558N, 1608EÐ1608W; Fig. 6a) and by 9% over
the North Atlantic, but not statistically signiÞcant. A
similar anomaly structure also holds for La Niña but
with a smaller frequency number (Fig. 6b). In particular
over the North PaciÞc, cyclone frequencies are enhanced
by more than 15% during La Ni ña. Likewise, MJO
phases 7 and 8 modulate the cyclone activity on shorter
time scales, resulting in an increase of cyclone frequency
by 6% and 12%, respectively (shown in Fig. S4 in the
supplemental material). The North PaciÞc cyclone fre-
quency is particularly enhanced when MJO phases 7 and
8 and La Niña occur simultaneously (Figs. 6c and 6d).
Under these conditions the North PaciÞc cyclone fre-
quency anomalies exceed 18% and 24% during MJO

phases 7 and 8, respectively. Note that the anomaly fre-
quency increase is about one-third larger for MJO active
phase 8 in comparison with MJO active phase 7. The co-
occurrence of La Niña and MJO phases 7 and 8 during the
extended prephase of MSSW 2009 is favorable for
anomalously strong cyclone activity over the North Pa-
ciÞc. This result is in agreement withRoundy et al. (2010),
showing a strengthening of geopotential anomalies if
both La Ni ña and MJO 7 and 8 are active.

Midlatitude cyclones are associated with strong
WCBs, which impact the cyclone itself and the evolution
of the downstream ßow. The anomalously high cyclone
frequency upstream of the positive geopotential anom-
aly over Alaska during the extended prephase of the
MSSW 2009 (Fig. 6a) suggests that WCB activity was
anomalously high prior to the MSSW 2009. Thus, we
hypothesize that these cross-isentropic airstreams play
an important role in the maintenance and strengthening
of the ridge over Alaska.

This mechanism is illustrated with a representative ex-
ample of the prephase (Fig. 7a). On 15 January, the surface
ßow is characterized by a large low pressure system over
the central North PaciÞc (Fig. 7a). Its mean sea level
pressure minimum is collocated with the positive cyclone
frequency anomaly during the prephase (cf.Fig. 6a). WCB
trajectories start to ascend in subtropical regions to the
southeast of the cyclone center on 15 January (Fig. 7a). This
stage will be referred to as WCB inßow. The WCB air
masses ascend rapidly from the lower to the upper tropo-
sphere and reach the crest of a highly ampliÞed down-
stream ridge over western North America on 17 January.
Cross-isentropic ascent within this WCB leads to a trans-
port and injection of subtropical low-PV air into the mid-
to high-latitude upper troposphere and contributed, hence,
to the maintenance of the existing ridge. This is reßected
by PV anomalies of less than2 0.7 PVU (1 PVU 5
102 6K kg2 1m2s2 1), which persisted in some parts of the
ridge for at least Þve consecutive days (Fig. 7a).

Occurrence frequency anomalies of trajectories for any
stage of the WCB (inßow, ascent, outßow) suggest that
WCBs occur frequently just downstream of enhanced
cyclone activity during the extended prephase of the
MSSW 2009. WCB activity is strongly enhanced in sub-
tropical regions (Fig. 7b) to the southeast of the enhanced
cyclone frequency in the central North PaciÞc (cf.Fig. 6a)
and on the upstream ßank of the evolving ridge over
Alaska, that is, in regions where WCB inßow and outßow
are expected, respectively. This enhancement reßects (i)
the net transport of subtropical lower-tropospheric low-
PV air by WCBs into the crest of the evolving ridge over
Alaska and (ii) the recirculation of this low-PV air within
the anticyclone, indicating the role of diabatic processes
in the maintenance of blocking (Pfahl et al. 2015).

FIG . 5. Cross section of horizontal WAF (m2 s2 2, vectors) and
(a) geopotential disturbances (103 m2 s2 2, contours) and
(b) vertical component of WAF (contours, 10 2 2 m2 s2 2) at 100 hPa
for the period 10Ð6 days before CD.
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