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and tropospheric blocking
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1Guy Carpenter Asia-Pacific Climate Impact Centre, School of Energy and Environment, City University of Hong Kong, Hong
Kong SAR, China, 2Shenzhen Research Institute, City University of Hong Kong, Shenzhen, China, 3Now at Geophysical
Institute, University of Bergen, Bergen, Norway, 4Hong Kong Observatory, Hong Kong SAR, China

Abstract In January 2016, Asia and North America experienced unusual cold temperatures, although the
global average of surface air temperature broke the warmest record during a strong El Niño event. This was
closely related to the remarkable phase transition of the Arctic Oscillation (AO), which can be explained by
stratosphere-troposphere interactions. First, the quasi-biennial oscillation changed to its westerly phase in
summer 2015 and the stratospheric polar vortex was stronger in early to midwinter 2015/2016. As blocking
did not occur in December, the associated downward propagation signal resulted in a strongly positive AO in
late December 2015. Second, after late December, the positive phase of Pacific-North America pattern
became apparent in El Niño event, which strengthened the Aleutian anticyclone in the stratosphere. In
addition, an equivalent barotropic (“blocking”) anticyclone was established in the troposphere over Asia. The
coexistence of blocking over Asia and North America characterized the negative AO and a strong zonal wave
number 2 pattern. Due to stronger zonal wave number 2 signals from the troposphere, the stronger
stratospheric polar vortex was elongated, with two cyclonic centers over Asia and the North Atlantic in
January. The resultant southward displacement of polar vortices was followed by rare snowfall in the
subtropical region of East Asia and a heavy snowstorm on the East Coast of the United States.

1. Introduction

During fall 2015, a very strong El Niño event comparable to the 1982/1983 and 1997/1998 events became
established over the tropical eastern Pacific. While the global average surface air temperature was excessively
warm in December 2015 and January 2016, the polarity of the Arctic Oscillation (AO) changed from a strongly
positive phase in December 2015 to a strongly negative phase in January 2016 (Figure 1a). In January 2016,
although the monthly global surface temperature set a record high, intense cold spells hit different parts of
the Northern Hemisphere, including Asia and North America. These cold spells resulted in extremely low
temperatures and snowfall not only in the midlatitudes but also in subtropical regions of East Asia (the
0° isotherm reached around 23°N–25°N). These in turn caused a sharp cooling tendency over part of these
regions between December 2015 and January 2016 (Figure 1b). While the frequency of cold extremes will
very likely decrease under a warmer climate [Intergovernmental Panel on Climate Change (IPCC), 2014], their
rare occurrence could still potentially result in health risks and a huge socioeconomic impact. It is therefore
important to understand the dynamic processes responsible for cold extremes at subseasonal time scales,
such as the case in January 2016.

The AO is defined as the leading eigenvector of the monthly mean 1000 hPa geopotential height poleward of
20°N [Thompson and Wallace, 1998]. Its positive (negative) phase is characterized by a stronger (weaker) pres-
sure gradient between the polar region and themidlatitudes. Correspondingly, themidlatitude westerly wind
becomes stronger (weaker) and theatmosphericflow ispredominantly zonal (meridional). This is accompanied
by less (more) frequent atmospheric blocking over the Northern Hemisphere [Thompson and Wallace, 2001;
Cheung et al., 2012]. When atmospheric blocking occurs over the Northern Hemisphere, a quasi-stationary
high-pressure system strengthens cold air advection from the polar region to the midlatitudes. Intensely cold
polar air thenaccumulates near the surface and impacts lower-latitude regions, including East Asia [Takaya and
Nakamura, 2005; Zhou et al., 2009; Park et al., 2014; Cheung et al., 2013, 2015], Europe [Buehler et al., 2011;
Sillmannet al., 2011], NorthAmerica [Cellitti et al., 2006;Grotjahn et al., 2016], and theMiddle East andnorthwest
Africa [Luo et al., 2015]. Because of the strong correlation between the AO and the North Atlantic Oscillation
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(NAO), a sharp phase change of the AO is closely related to changes in blocking frequency and the occurrence
of cold extremes [e.g., Trigo et al., 2004; Croci-Maspoli et al., 2007; Cheung et al., 2012].

Both the AO and blocking are closely related to stratospheric circulation, where the stratospheric polar vortex
predominates. On one hand, very strong and weak stratospheric polar vortex events are accompanied by
strong downward propagation signals of positive and negative zonal-mean zonal wind anomalies from the
stratosphere to the troposphere over the polar region, respectively [Baldwin and Dunkerton, 1999, 2001].
The strong and weak events tend to be followed by the positive and negative phases of AO, respectively.
These events are then related to the midlatitude westerly flow and blocking occurrence [Baldwin and
Dunkerton, 2001]. On the other hand, blocking is usually associated with stronger planetary waves propagat-
ing upward from the troposphere, where the associated heat fluxes might weaken the stratospheric polar
vortex [Martius et al., 2009]. However, the impact of blocking on the stratosphere also depends on the geo-
graphic location of the blocking [Nishii et al., 2011].

Many previous studies have also documented the impact of warm and cold El Niño–Southern Oscillation
(ENSO) events on the stratospheric polar vortex [e.g., van Loon and Labitzke, 1987; Chen et al., 2003;
Taguchi and Hartmann, 2006; Wei et al., 2007; Garfinkel and Hartmann, 2008]. The stronger tropical heating
associated with El Niño events results in a stronger divergent flow in the upper troposphere over the tropical
central-eastern equatorial Pacific [Wang, 2002]. This is associated with an extratropical wave train called the
Pacific-North America (PNA) pattern [Horel and Wallace, 1981; Hoskins and Karoly, 1981; Sardeshmukh and
Hoskins, 1988; Hsu, 1994]. Specifically, the Aleutian low is deepened and is displaced southward. This might
correspond to a stronger Aleutian anticyclone in the stratosphere and weakening of the stratospheric polar
vortex [Hamilton, 1993;Manzini et al., 2006; Garfinkel and Hartmann, 2008]. As a consequence, El Niño winters
tend to be accompanied by a weaker stratospheric polar vortex, especially in late winter [Li and Lau, 2013].

Figure 1. (a) Time series of the 5 day runningdaily ArcticOscillation (AO) indexduring theborealwinter of 2015/2016,where
the black line represents the climatological mean and the red and blue lines represent +1.5σ and�1.5σ, respectively. (b)
Tendency of surface air temperature in January 2016 (January minus December), where the thick black contours indicate
�1.5σ (i.e., a strong cooling tendency); unit: °C.
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The associated downward propagation signal might result in the negative AO [Takemura and Maeda, 2016].
Thus, the El Niño event could be related to the negative AO in late January 2016, but it cannot explain the
strongly positive AO in December 2015 (Figure 1a).

Indeed, the impact of El Niño on the stratospheric polar vortex is affected by the quasi-biennial oscillation
(QBO). The QBO describes the alternation of tropical easterlies and westerlies in the lower stratosphere with
a cycle of around 28months [Baldwin et al., 2001]. Its influence on the stratospheric polar vortex can be
explained by the Holton-Tan relationship, where its westerly (easterly) phase favors (inhibits) equatorward
propagation of planetary waves from the extratropical stratosphere [Holton and Tan, 1980, 1982].
Accordingly, the stratospheric polar vortex is stronger (weaker). Recently, Inoue et al. [2011] showed that this
relationship begins to establish in the boreal autumn.

In the boreal winter, both the QBO and ENSO signals exert an equally strong impact on the polar temperature
field in the stratosphere [Camp and Tung, 2007]. The impact of theQBOon the polar stratosphere is alsomodu-
lated by solar variability [Labitzke and van Loon, 1988]. However,Wei et al. [2007] showed that the modulation
by the QBO is strong only during the cold ENSO phase. Garfinkel and Hartmann [2008] ascertained that the
modulation by ENSO is strong only during thewesterly QBO. Specifically, they showed that warm ENSO events
tend to increase the zonal wave number 1 signal propagating from the troposphere to the stratosphere via the
PNA pattern. Moreover, Calvo et al. [2009] suggested that thewesterly QBO delays thewarming effect of ENSO
in thepolar stratosphere, such that theQBOeffect is stronger in theearlywinter andweaker in the latewinter. In
addition to the possible linkage between the El Niño event and the negative AO, how well can we explain the
strong reversal of the AO by the combined effect of the westerly QBO and an El Niño event?

Previous studies have well documented the impact of blocking, El Niño, and the QBO on the stratospheric
polar vortex. A recent study by Barriopedro and Calvo [2014] further suggested that the impact of ENSO
on the stratospheric polar vortex depends on the geographic location of the blocking high. However, it is
unclear how these factors jointly contribute to a strong reversal of the AO via stratosphere-troposphere
interactions, which is related to a large subseasonal temperature change. Using the winter of 2015/2016
as an example, we attempt to explore the possible cause of (1) the strongly positive AO in early to midwinter,
(2) the sharp phase transition of the AO in midwinter, and (3) the strongly negative AO in middle to late
winter during an El Niño year.

In the following, data and methods will be described in sections 2 and 3, respectively. To explain the sharp
change in the AO, we will first analyze the stratospheric polar vortex in section 4. We will then investigate
blocking frequency anomalies in section 5. The results will be discussed and conclusions drawn in
section 6.

2. Data and Indices

In this study, the analyses are based mainly on the National Centers for Environmental Prediction–National
Center for Atmospheric Research (NCEP-NCAR) reanalysis data sets at 17 isobaric levels (from 1000 hPa to
10 hPa) with a daily temporal resolution [Kalnay et al., 1996]. The NCEP-NCAR reanalysis data cover the period
from January 1948 to March 2016. To better investigate the dynamics in the stratosphere, the derivation of
Eliassen-Palm (EP) flux (section 3.1) is based on the ERA-Interim reanalysis data sets at 37 isobaric levels (from
1000 hPa to 1 hPa) with a 6 hourly temporal resolution [Dee et al., 2011]. The ERA reanalysis data cover the
period from January 1979 to January 2016. The climatological mean and standard deviation (σ) are based
mainly on the 60 year (30 year) period of 1950–2009 (1980–2009) for the NCEP-NCAR reanalysis data set
(the ERA-Interim data set), unless specified otherwise. In addition, several large-scale circulation indices are
used, as defined below:

1. AO index: the first empirical orthogonal function (EOF) mode of the covariance matrix of monthly geopo-
tential height anomalies at 1000 hPa (north of 20°N) for the period of 1950–2009, which represents the
hemispheric near-surface pressure gradient between the high and middle latitudes and hence the zonal
flow over the extratropical region [e.g., Thompson and Wallace, 1998];

2. ENSO index: 3month running sea surface temperature anomalies over the Niño 3.4 region (5°S–5°N and
170°W–120°W) using the data set from the Hadley Centre [Rayner et al., 2003], where the study period is
the same as the NCEP-NCAR reanalysis data set. A winter is called El Niño or La Niña when the Niño 3.4
index in the December-January-February period is above +0.5σ or less than �0.5σ, respectively;
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3. Northern Annual Mode (NAM) index: the leading EOF mode of the covariance matrix of monthly geopo-
tential height at 10 hPa (north of 20°N) for the period of 1950–2009, which represents the strength of the
stratospheric polar vortex [e.g., Baldwin et al., 2001]. A positive NAM is characterized by a stronger strato-
spheric polar vortex and vice versa. The daily NAM index is obtained by projecting the daily geopotential
height anomalies at 10 hPa (north of 20°N) onto the EOF;

4. QBO index: the absolutefieldof the 30 hPa zonal-mean zonalwindover theequator basedon thedaily data.

3. Diagnostic Tools
3.1. Eliassen-Palm (EP) Flux

To analyze the propagation of anomalous planetary waves between the troposphere and the stratosphere,
we use the quasi-geostrophic EP flux and its divergence on a latitude-height cross section as described in
equations (3.1)–(3.3) in Edmon et al. [1980]. Its meridional component (Fφ), vertical component (Fp), and
horizontal divergence (∇�F) are expressed in spherical geometry as

Fϕ ¼ �r0cosϕu′v ′ ;
Fp ¼�f r0cosϕv ′θ′= ∂θ=∂pð Þ;

∇�F ¼ 1
r0cosϕ

∂
∂ϕ

Fϕcosϕ
� �þ ∂

∂p
Fp
� �

;

where r0 denotes the Earth’s radius, f denotes the Coriolis parameter, u and v represent the zonal and mer-
idional components of wind, and θ represents the potential temperature. The prime denotes the departure
of a quantity from the zonal mean, and the overbar denotes the zonal mean of that quantity

3.2. Blocking Index

The daily blocking index is defined by the 500 hPa geopotential height (Z500) gradients over the extratropical
region [Lejenäs and Øakland, 1983; Tibaldi and Molteni, 1990]:

GHGN λ;ϕ0; tð Þ ¼ Z500 λ;ϕN; tð Þ � Z500 λ;ϕ0; tð Þ½ �= ϕN�ϕ0ð Þ;
GHGS λ;ϕ0; tð Þ ¼ Z500 λ;ϕ0; tð Þ � Z500 λ;ϕS; tð Þ½ �= ϕ0�ϕSð Þ;

where

t∈ all calendar days½ �;
λ∈ 0; 357:5½ �°E;

ϕN ¼ 80°N þ Δ;

ϕ0 ¼ 60°N þ Δ;

ϕS ¼ 40°N þ Δ;

Δ ¼ �5;�2:5; 0; 2:5; 5ð Þ° latitude:

When GHGN<�10 gpm (°latitude)�1 and GHGS> 0 are satisfied, this is called a blocking-type flow. For a
blocking event, these criteria have to be achieved over at least 12.5° longitude (extension) [Barriopedro
et al., 2006] for at least four consecutive days (persistence) [Pelly and Hoskins, 2003].

4. The Stratospheric Polar Vortex Under the QBO and El Niño Signals
4.1. Effect of the QBO in Early to Middle Winter

We first investigate the monthly zonal-mean circulation anomalies in the troposphere and the lower strato-
sphere in December 2015 and January 2016 (Figure 2). In winter climatology, the stratosphere is character-
ized by weak tropical easterlies and midlatitude westerlies (figure not shown). The former feature in the
100–20 hPa layer (the lower and middle stratosphere) can be represented by the QBO; the latter feature is
strongest near 65°N and is called the polar night jet in the literature. It is closely related to the strength of
the stratospheric polar vortex. This is measured by the NAM index at 10 hPa in this study.

In December 2015 and January 2016, westerly anomalies were observed over both tropical and midlatitude
regions in the lower stratosphere (Figures 2a and 2b), and the QBO attained the westerly phase (Figure 3a).
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According to the Holton-Tan relationship [Holton and Tan, 1980, 1982], due to the prevailing westerly winds
over the tropical region, the critical line of zero-phase speed did not exist in the lower and middle strato-
sphere. This favored an increase of EP fluxes from the midlatitudes to the lower latitudes in the stratosphere.
This was consistent with stronger divergence of EP fluxes over the midlatitudes and stronger convergence of
EP fluxes over the subtropics in the 10–2 hPa layer (the upper stratosphere; Figures 2a and 2b). Accordingly,
the former region had positive zonal wind anomalies and the latter region had negative zonal wind anoma-
lies in the upper stratosphere (Figures 2a and 2b).

In the extratropical stratosphere, both the incoming EP fluxes and the convergence of EP fluxes were weaker
than normal, suggesting a much less disturbed stratospheric polar vortex (Figure 2a). Note that the equator-
ward EP fluxes in the extratropical stratosphere are normally stronger in the westerly QBO, and it is unclear
why this was reversed in December 2015. This was likely due to weaker upward EP fluxes from the
troposphere. The anomalous EP fluxes in the stratosphere are reversed during an easterly QBO, where the
stratospheric polar vortex becomes weaker than in the westerly QBO. Based on the Holton-Tan relationship,
an in-phase relationship holds for the QBO index and the NAM index.

In addition to the change in EP fluxes in the stratosphere, the westerly QBO in December 2015 was character-
ized by weaker upward (anomalous downward) propagation of planetary waves from the troposphere to the
stratosphere (Figure 2a). Comparatively, more EP fluxes propagated equatorward from themidlatitudes to the
subtropics in the upper troposphere (Figure 2a). The stronger stratospheric polar vortex was reflected by a
strongly positive NAM at 10 hPa (Figure 3a). In contrast, the westerly QBO in January 2016 was characterized
by stronger upward EP fluxes from the troposphere to the stratosphere (Figure 2b). Even though there was a
great EP flux converging in the subtropics than in themidlatitudes of the upper stratosphere, the stratospheric
polar vortex became weaker (Figure 2b versus 2a). It appears that the QBO-NAM relationship changed from
December 2015 to January 2016 with a sharp negative trend of NAM values in middle to late January.

To further demonstrate the QBO-NAM relationship, their daily time series from January 2015 to March 2016
are given in Figure 3a. The QBOwas in the easterly phase in the winter of 2014/2015 and the spring of 2015. It

Figure 2. Latitude-height cross sections of anomalous zonal-mean zonal wind (contours; ms�1), quasi-geostrophic EP flux
(vectors; m2 s�2), and its divergence (shading; ms�2) in (a) December 2015 and (b) January 2016 based on ERA-Interim
data sets. The vectors and shading are shown only when they exceed 0.5σ of the 30 year climatological mean.
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then attained the westerly phase in
the second half of 2015. However,
the NAM index became predomi-
nantly positive in late autumn instead
of summer. It was almost out of
phase with the QBO index during
the spring of 2015. We therefore
perform a time-lagged correlation
analysis for the NAM index.

As shown in Figure 3b, the 91 day
running mean of the NAM index is
correlated to the91 day runningmean
of the QBO index with a lead time of
from 0 to 180 days. Although the
simultaneous correlation between
QBO and NAM is statistically signifi-
cant during the early andmiddle win-
ter, the correlation is strongest when
the QBO index leads the NAM index
by around 4months (~120 days). The
maximum positive correlation is close
to 0.6 between the July-August-
September (JAS)-mean QBO index
and the November-December-
January (NDJ)-mean NAM index.
Such a stronger lagged correlation

mightbeexplainedby three reasons. First, theQBOtends tobecoherentbetweenthe latesummerandtheearly
winter. Second, theQBO is stronger andhasa stronger variability in the late summer (datanot shown). Third, the
stratospheric polar vortex, including the Holton-Tan relationship, begins to establish in the boreal autumn
[Inoue et al., 2011]. On the other hand, the correlation becomes much weaker from midwinter to late winter.
This suggests other factors playing a more important role in affecting the strength of the stratospheric polar
vortex in middle to late winter.

To depict how strongly the stratospheric circulations influenced the tropospheric circulations in this winter,
Figure 4 shows the time-height cross section of the zonal-mean flow averaged over the polar region (north of
60°N). In December 2015, there were very pronounced downward propagating signals of positive zonal wind
anomalies and negative geopotential anomalies. The signal was strongest in late December 2015, and this
coincided with the time when the AO attained its largest positive value (22 December 2015; Figure 1a).
The above results are similar to the strong stratospheric polar vortex events illustrated by Baldwin and
Dunkerton [2001]. They showed that after 1 to 2months of these strong events, the resultant downward
propagation signal occasionally reaches the troposphere, such that the AO tends to be positive. Based on
the results in Figures 2a and 4, the strongly positive AO in late December 2015 was related to the preceding
strongly positive NAM in December 2015.

In January 2016, insteadofpronounceddownwardpropagation signals of positive zonalwindanomalies, there
were several periods of negative zonal wind anomalies and positive height anomalies extending upward from
the lower troposphere (Figure 4). These were associated with stronger upward EP fluxes converging in the
upper troposphere, which coincided with pronounced negative zonal-mean zonal wind anomalies there
(Figure 2b). Meanwhile, the NAM and the AO attained the positive and negative phases; that is, they were
out of phase. The above results suggest the tropospheric signal also perturbed the stratospheric polar vortex.

As inferred from the monthly 10 hPa geopotential height anomalies in January 2016, the positive anomalies
over the North Pacific were much stronger than in December 2015, suggesting strengthening of the strato-
spheric Aleutian anticyclone (Figures 5a and 5b). Meanwhile, the negative anomalies of the stratospheric
polar vortex elongated with two centers over Asia and the North Atlantic (Figure 5b). By decomposing the

Figure 3. (a) Daily time series of the QBO index (blue line; ms�1) and the
normalized NAM index (red line) from January 2015 to March 2016. (b) Linear
correlation coefficients between the 91 day runningmean of the NAM index
fromthe preceding autumn (SON) to the concurrent spring (MAM) and that
of the QBO index with a lead time from 0 to 180 days for the period of
1948–2014, where shading exceeds the 95% confidence level.
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geopotential height anomalies into
their planetary wave component
(zonal wave numbers 1–3), it was
found that the positive and negative
anomalies were dominated by the
zonal wave number 1 and 2 signals
(Figure 5b). As will be shown in the
remainder of this section and
section 5, the zonal wave number 1
signal was related to the El Niño
event and the zonal wave number 2
signal was related to blocking.

4.2. Effect of the QBO and an El
Niño Event in Middle to
Late Winter

When we perform a correlation ana-
lysis between the NAM index and
the Niño 3.4 index (representing
the ENSO signal) in a similar way as
in Figure 3b, we do not identify
any statistically significant correla-
tions (figure not shown). Because
the QBO-NAM relationship weakens
substantially from December-

January-February (DJF) (strong) to January-February-March (JFM) (weak; Figure 3b) and the ENSO event
attains its mature phase in DJF, we try to focus on the ENSO-NAM relationship in middle to late winter
(i.e., study the time-lagged impact of ENSO). Figure 6a shows the scatterplot between the DJF-mean
Niño 3.4 index and the JFM-mean NAM index. Apparently, their relationship is strong during the westerly
QBO, where the NAM tends to be negative in El Niño years and positive in La Niña years. In contrast, the

Figure 4. Time-height cross sections of zonal-mean zonal wind anomalies
(shading; ms�1) and geopotential height anomalies (contours; gpm) aver-
aged over the polar cap (north of 60°N) from 1 December 2015 to 31 January
2016. The shading is shown only when exceeding 0.5σ of the 60 year clima-
tological mean.

Figure 5. Monthly anomalies of the 10 hPa geopotential height and its zonal wave number 1–3 component (shading) in (a) December 2015 and (b) January 2016.
Unit: gpm. The shading represents the values that exceed 0.5σ of the 60 year climatological mean. Note that the outermost circle is 30°N.
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relationship is weak during the easterly QBO, although the NAM also tends to be negative in El Niño years.
These results agree with those of Garfinkel and Hartmann [2008]. In the winter 2015/2016, how did the
QBO and El Niño jointly affect the stratospheric polar vortex and tropospheric circulations? Was their
influence similar to that of previous El Niño winters preceded by a westerly QBO?

Based on the results in Figures 3b and 6a, we assume that the QBO in the preceding JAS has a strong
influence on the stratospheric polar vortex in NDJ (Figure 3b) and the El Niño modulates the stratospheric
polar vortex in JFM (Figure 6a). In order to investigate the joint effect of the QBO and El Niño in previous
winters, we select two groups of El Niño years (the DJF-mean Niño 3.4 index>+0.5σ) according to the
QBO index in the preceding JAS:

1. Westerly QBO (>+0.5σ of the standardized JAS QBO index): 1957/1958, 1969/1970, 1997/1998, 2002/
2003, 2004/2005, and 2006/2007 (6 years);

2. Easterly QBO (<�0.5σ of the standardized JAS QBO index): 1965/1966, 1968/1969, 1972/1973, 1979/1980,
1991/1992, 1994/1995, 2009/2010, and 2014/2015 (8 years).

Figure 6. (a) Scatterplot of the DJF-mean Niño 3.4 index against the JFM-mean NAM index, where green (purple) dots
indicate the winters preceded by the westerly (easterly) QBO in JAS. The linear correlation coefficient is shown at the
top. (b–d) The 10 hPa geopotential height anomalies (contours) and their zonal wave number 1–3 component (shading;
exceeding the 90% confidence level based on the two-tailed Student’s t test) in the JFM period of El Niño winters: (b) 2016,
(c) preceded by westerly QBO in JAS, and (d) preceded by easterly QBO in JAS. Unit: gpm.
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The stratospheric Aleutian anticy-
clone after the mature phase of El
Niño events is stronger than in non-
El Niño years in both QBO phases. If
the QBO attains the westerly phase
in the preceding JAS, the strato-
spheric polar vortex tends to be
stronger in early winter (Figure 3b).
This tends to be accompanied by
pronounced negative 10 hPa geopo-
tential height anomalies over the
Euro-Atlantic region, a reinforced
Aleutian anticyclone centered over
the western Pacific, and a stronger
zonal wave number 1 pattern is
established in 10 hPa (Figure 6c). On
the other hand, the stratospheric
polar vortex tends to be weaker fol-
lowing the easterly QBO (Figure 3b).
The positive 10 hPa geopotential
height anomalies are weaker com-
pared to those following the wes-
terly QBO (Figures 6c and 6d).
Therefore, the zonal wave number 1
pattern is substantially weaker with
an easterly QBO in the preceding
JAS (Figure 6d).

Under the combined effect of the westerly QBO and an El Niño event, the stratospheric polar vortex tends to
be stronger in the early to middle winter (Figure 3b) and weaker in the middle to late winter (Figure 6a). The
time-height cross section of daily zonal-mean zonal wind anomalies shows downward extension signals of
positive zonal wind anomalies in December and negative zonal wind anomalies in January and February
(Figure 7a). Note that the composite consists of 6 years only. Due to the large day-to-day variability, the down-
ward extension signals are only significant in part of the period. Corresponding to the change of zonal-mean
zonal wind anomalies in the stratosphere, the daily NAM likely changes from the normal or weakly positive
phase in early winter to the negative phase in middle to late winter (Figure 7b). The daily AO tends to change
from the normal or weakly positive phase to the negative phase in January (Figure 7b). It appears that the
combined effect of the westerly QBO and an El Niño event can partly explain the phase reversal of AO during
the midwinter.

Compared to other El Niño winters preceded by the westerly QBO (Figure 6c), the stratospheric polar vortex
in the winter 2015/2016 had common and distinct spatial characteristics (Figure 5b). First, the stratospheric
Aleutian anticyclone was stronger in the winter 2015/2016 than in other El Niño years preceded by the wes-
terly QBO, resembling the impact of an El Niño event on the stratospheric circulation. Second, the negative
height anomalies in January 2016 were characterized by the zonal wave number 2 pattern (Figure 5b).
Note that this spatial pattern is still apparent for the JFM period in 2016 (Figure 6b). On the contrary, the
stratospheric polar vortex often displaces a zonal wave number 1 pattern in El Niño years preceded by the
westerly QBO (Figure 6c). Garfinkel and Hartmann [2008] also showed that the El Niño event tends to enhance
the zonal wave number 1 signal and weaken the zonal wave number 2 signal, based on monthly composites.

To better characterize the differences between the winter 2015/2016 and other El Niño years preceded by the
westerly QBO, we further compare the longitude-height cross section of geopotential height anomalies over
the polar cap region. Associated with a stronger zonal wave number 1 signal at 10 hPa, the vertical height
anomalies in the JFM period of El Niño years preceded by the westerly QBO have a westward tilt structure
with a zonal wave number 1 pattern (Figure 8a). This pattern consists of pronounced negative anomalies over
the Euro-Atlantic region and positive height anomalies over the Pacific-North America region (Figure 8a).

Figure 7. (a) Time-height cross sections of zonal-mean zonal wind anomalies
during the El Niño winters preceded by the westerly QBO in JAS, where
shading indicates the 90% confidence interval based on the two-tailed
Student’s t test. (b) Mean (lines) and standard error (bars) of normalized daily
time series of the NAM index (red) and the AO index (blue) in these winters.
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These anomalous circulation features were also apparent in the winter 2015/2016 (Figure 8b). However, in
the winter 2015/2016, there was also a strong anticyclone with an equivalent barotropic structure over
Asia, which was related to the occurrence of blocking. It extended upward to the stratosphere and seemed
to be related to the elongation of stratospheric polar vortex with a zonal wave number 2 pattern (Figure 8c).

5. Tropospheric Blocking

During the boreal winter, Northern Hemisphere blocking occurs most frequently over the Euro-Atlantic
region and the Pacific region [Rex, 1950; Tibaldi and Molteni, 1990; Pelly and Hoskins, 2003; Barriopedro
et al., 2006; Diao et al., 2006] (see also the solid green line in Figure 9). In January 2016, blocking

Figure 8. Longitude-height cross section of geopotential height anomalies (contours) and their zonal wave number 1–3
components (shading) averaged over 60°N–90°N in (a) the JFM period preceded by an El Niño event and the westerly
QBO, (b) the JFM period in 2016, and (c) January 2016. Unit: gpm. The shading indicates (Figure 8a) the regions that are
significantly different from the climatological mean at the 90% confidence level based on the two-tailed Student’s t test
and (b and c) the regions that exceed 0.5σ of the 60 year climatological mean.
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occurred most frequently over Asia
and North America, which shifted
around 60°–90° longitude compared
to climatology (Figure 9). Specifically,
the blocking frequency over Asia
exceeded the 95th percentile for the
period of 1948–2015.

Compared to other El Niño winters
preceded by the westerly QBO, the
blocking frequency in January 2016
was much higher over Asia and lower
over the western North Atlantic
(Figure 9). Indeed, during El Niño
winters, blocking usually occurs less
frequently over Asia and the western
Pacific [Wu and Leung, 2009; Cheung
et al., 2012] and Pacific blocking shifts
eastward [Renwick and Wallace,
1996].Therefore, in January 2016, the
occurrence of blocking over eastern
North Pacific was similar to previous
El Niño winters, which is in agree-
ment with the extratropical response
to the El Niño event and the westerly

QBO [Garfinkel and Hartmann, 2008], whereas the occurrence of Asian blocking was very different from
these winters.

In the winter 2015/2016, there was a large discrepancy in the Northern Hemisphere blocking frequency
between December and January. In December 2015, almost no blocking events occurred under the predomi-
nantly positive AO (Figure 10a). The absence of blocking was characterized by strong westerly flow that was
related to the positive AO. In early January 2016, simultaneous blocking events occurred over Eurasia and
North America. Meanwhile, the AO was undergoing a sharp phase transition and entered the negative phase.
The coexistence of two blocking events separated by around 180° (Figure 10a) enhanced the zonal wave
number 2 pattern and the associated EP fluxes in both the midtroposphere and the stratosphere
(Figure 10b). Note that in Figure 10b the sign of the EP fluxes is reversed, such that the positive sign repre-
sents upward EP flux anomalies and vice versa.

When the AO attained the strongly negative phase around 16 January 2016, simultaneous blocking events
occurred over Asia and North America (Figure 10a). Again, these events enhanced the upward EP fluxes to
the stratosphere, but the zonal wave number 2 component was only stronger in the midtroposphere and
not in the stratosphere (Figure 10b). In short, in January 2016 the strengthening of the zonal wave number
2 pattern in the stratosphere was related to upward propagation of planetary waves associated with the
occurrence of two blocking events over Eurasia and North America in early January 2016. The coexistence
of two blocking events led to a very strong meridional flow in the midlatitudes, which was accompanied
by the strongly negative AO.

Following the strongly negative AO on 16 January 2016, the recurrence of blocking and the southward
displaced polar vortex over Asia established a strong meridional-type flow and strengthened the advection
of cold polar air toward Siberia (Figure 11a). Based on the dynamic linkage between blocking and the
Siberian high [Wang et al., 2010; Takaya and Nakamura, 2005; Cheung et al., 2013], these systems were
favorable for an extremely strong Siberian high, where the daily mean sea level pressure over the climato-
logical Siberian high region (40°N–65°N and 80°E–120°E) was 1050 hPa (+2.1σ; based on 11 day moving cli-
matology) on 21 and 22 January 2016. In the subsequent intense cold air outbreak, the 0° isotherm
reached the subtropical region of East Asia on 24 January 2016 (Figure 11b). The lowest daily minimum
temperatures and the first snowfall in about six decades were observed in southern cities such as

Figure 9. Longitudinal distribution of Northern Hemisphere blocking
frequency in January: 2016 (red), the El Niñowinters preceded by thewesterly
QBO(blue), theclimatology(thickdarkgreen), the75thpercentile (solidgreen),
and the95thpercentile (dotted green) during the period of 1948–2015. Unit:
% of days.
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Guangzhou (~23°N) and Taipei
(~25°N) and on Okinawa Island
(~26°N). Meanwhile, the deepening
of a trough over North America was
followed by a severe snowstorm on
the East Coast of the United States
(Figure 11c). The 0° isotherm
migrated significantly southward to
30°N (Figure 11d). Even though the
snowstorm was not persistent, its
intensity and southward extension
were extraordinary.

6. Discussion
and Conclusions

During the boreal winter, the down-
ward propagation signals of extreme
stratospheric polar vortex events
have been found to excite either a
strongly positive or negative AO.
Using the winter of 2015/2016 as an
example, we further illustrate how
the stratosphere-troposphere inter-
actions could be accompanied by a
transition between two extreme
phases of AO within 1month. The
stronger stratosphere-troposphere
interactions can be partly explained
by the combined effect of the wes-

terly QBO and the El Niño event, which favored a stronger stratospheric polar vortex in early winter and
weaker in late winter. This might explain why the AO changed from the positive phase to the negative phase
during themidwinter 2015/2016. However, it cannot explain the occurrence of two extreme AO phases in this
winter. Also, this combined effect is usually associated with the predominant zonal wave number 1 pattern,
unlike the strong zonal wave number 2 pattern in this winter. The unexplained part was related to blocking.

In December 2015, the QBO was in the westerly phase, where fewer EP fluxes converged in the midlatitudes.
Moreover, the blocking frequency was much lower. This was accompanied by weaker upward EP fluxes from
the troposphere to the stratosphere. Both tropospheric and stratospheric forcing did not favor wave activities
to converge in the polar night jet region, and the stratospheric polar vortex got stronger. Note also that the
sunspot number in the winter 2015/2016 was low, which is also favorable for a strong stratospheric polar
vortex [Labitzke and van Loon, 1988; Shindell et al., 1999]. Because of weaker tropospheric forcing, the strong
polar vortex signals propagated downward into the troposphere and affected the hemispheric-scale zonal
flow, which is analogous to the results of Perlwitz and Graf [2001] and Graf and Walter [2005]. This resulted
in the strongly positive AO.

In early January 2016, the positive PNA strengthened the Aleutian anticyclone in the stratosphere, which is
characterized by the zonal wave number 1 pattern. This is in agreement with the extratropical response to
an El Niño event during the westerly QBO [Garfinkel and Hartmann, 2008]. Meanwhile, the coexistence of
blocking over Asia and North America established a predominant zonal wave number 2 pattern. The AO
was undergoing a large negative trend. In mid-January, the recurrence of blocking and the southward displa-
cement of the polar vortex were followed by a large southward intrusion of cold air over East Asia and North
America. The correspondingmeridional-type circulation resembled the strongly negative AO. Apparently, the
remarkable phase reversal of the AO in the winter 2015/2016 involved two-way interactions between the
troposphere and stratosphere.

Figure 10. (a) Hovmӧller diagram showing the Northern Hemisphere block-
ing events (shading; no unit) and (b) vertical component of standardized EP
fluxes at 10 hPa and 500 hPa: all wave numbers (solid line) and zonal wave
number 2 only (dashed line) from 1 December 2015 to 31 January 2016,
where the thick black line represents +0.5σ. Note that the sign is reversed,
such that the positive sign represents an upward direction of EP fluxes and
vice versa.
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Under the global warming trend, cold extremes will very likely occur less frequently [IPCC, 2014]. It is thus
important to identify the possible dynamic causes for their occurrence at subseasonal time scales. In
December 2015 and January 2016, the global average surface air temperature was the highest on record.
However, during a strong phase reversal of the AO from positive to negative, the mean temperature of
January 2016 dropped substantially in the midlatitudes and rose remarkably in the polar region over the
Northern Hemisphere. When the AO was strongly negative, snowfall hit the subtropical region of East Asia
and the East Coast of the United States. Hence, this boreal winter provides a good opportunity to examine
the characteristics of cold extremes against the background of global warming.

One of the crucial factors for the abruption transition of AO was the frequent occurrence of Asian blocking in
January 2016, unlike the lower frequency in El Niño winters preceded by the westerly QBO. Indeed, this is
consistent with the higher blocking frequency over the Urals or Asia in recent decades, which has been linked
to Arctic warming and the reduction of Arctic sea ice [Cohen et al., 2012; Wang and Chen, 2014; Kug et al.,
2015; Overland et al., 2015; Sun et al., 2016; Luo et al., 2016]. Arctic surface temperature rose to above 0°C
in December 2015 and was well above normal in January and February 2016 [Cullather et al., 2016;
Overland and Wang, 2016]. There is a clear need to further analyze the underlying dynamics responsible
for the occurrence of Asian blocking in recent winters and implications for the future. Additionally, we should
further investigate the occurrence of blocking under the positive AO, which might lead to the phase transi-
tion of the AO/NAO afterward [Croci-Maspoli et al., 2007]. The phase of springtime AO might affect the phase
of ENSO in the subsequent winter [Chen et al., 2013, 2014].

Apart from the results in this study, recent works have found an unprecedented disruption of the
downward propagation signal in the equatorial stratosphere associated with the westerly QBO in this

Figure 11. (a) Daily 500 hPageopotential height (contours; interval: 60 gpm) and standardized surface air temperature (SAT)
anomalies (shading; °C) on 22 January 2016 in Asia. (b)Minimumstandardized SAT anomalies for the period of 22–24 January
2016 in the region enclosed by the purple box in Figure 11a (shading; °C), where the lines show the 0° isotherm on each
day and its climatology on 22–24 January. (c and d) Same as in Figures 11a and 11b but for North America.
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winter [Newman et al., 2016; Osprey et al., 2016]. Overall, advanced studies of stratosphere-troposphere
interactions will aid in understanding subseasonal changes in large-scale dynamics and would also be useful
for improving extended-range weather forecasts and evaluating the risk of cold extremes and for improving
stratosphere-troposphere dynamical processes in climate models. The impact of such interactions on
regional weather is closely related to the recurring location of blocking and the stratospheric polar vortex.
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