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The Northern-Hemisphere high-latitude continents experienced extremely cold weathers in winter
2009–2010. In the present paper, we show that the cold winter was associated with the activity
of the Arctic oscillation (AO), which demonstrated the strongest negative polarity over the past
six decades and persisted from December, 2009 to March, 2010. It is found that variations of the
surface AO was closely linked to stratospheric polar vortex anomalies, and that the surface AO
phases followed downward propagation of stratospheric Northern-Hemisphere Annular mode (NAM)
anomalies during the winter. The case of 2009–2010 winter provides us with a typical example that
anomalous stratospheric signals can be used to improve skills of long-range weather forecast and
intra-seasonal climate prediction in winter time. We also show that the El Niño event, which started
developing from May 2009, might contribute the formation of exceptionally negative and persistent
AO and stratospheric NAM, particularly over North Pacific and North America.
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1 Introduction

The Arctic Oscillation (AO) or the North Atlantic Oscil-
lation (NAO) is the leading mode of climate and circu-
lation variability for Northern-Hemisphere (NH) middle
and high latitudes [1, 2]. The see-saw pattern of AO re-
flects air mass shifts between NH mid-latitudes and the
Arctic region. Because of its dominance, large variability,
and persistence in winter, AO has significant influences
on NH winter weather and climate. For example, Thomp-
son and Wallace [3] showed that as the AO is in the neg-
ative phase, westerly winds are anomalously weak over
middle and high latitudes along with strong wave activ-
ity, and there are frequent occurrences of blocking events
and cold air outbreaks in NH middle and high latitudes,
causing cold weathers over eastern North America and
northern Eurasia continents. By contrast, for the posi-
tive phase of AO, prevailing westerly winds are anoma-
lously strong, which blow warm ocean air to high-latitude
continents and cold continent air to oceans. Meanwhile,

wave activity associated with the positive AO is rela-
tively weak, and cold polar-air intrusions are less fre-
quent. As a result, high-latitude continents are warmer
than usual, and oceans are colder. Therefore, AO offers
an opportunity to improve long-range weather forecast-
ing and intraseasonal climate prediction in boreal winter
[4].

The surface AO has close relationship with the lead-
ing mode of atmospheric circulation variability at higher
layers. The leading mode of variability at higher lev-
els is the so-called Northern-Hemisphere Annular Mode
(NAM) [1, 3]. Baldwin and Dunkerton [5, 6] found that
signals of NAM variations first occur in the upper strato-
sphere and propagate downward to the tropopause over
a period of about 2 to 3 weeks. Their composite results
demonstrated that tropospheric NAM usually responds
to stratospheric NAM with the same sign. The downward
propagation of anomalous NAM from the stratosphere to
the troposphere has two important implications [7, 8]: i)
it is indicative of stratospheric influences on extratropi-
cal tropospheric weather systems and atmospheric circu-
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lations on intraseasonal time scales; ii) the leading time
of stratospheric NAM anomalies and their long persis-
tence can be used to extend weather forecasting to more
than 2 weeks and to predict intraseasonal climate vari-
ability in the troposphere. For the first point, it has been
well established that vertical propagation of planetary
waves from the troposphere to the stratosphere is precon-
ditioned by the stratospheric zonal flow [9–14]. That is, a
strong stratospheric polar night jet tends to prohibit up-
ward planetary-wave propagation and deflects planetary
waves equatorward (easterly stratospheric winds such as
that after stratospheric sudden warmings also prohibit
planetary waves), while a weak polar night jet prefers
upward and poleward propagation of planetary waves.
Consequently, changes in planetary wave activity due
to stratospheric flows leads to changes in tropospheric
wave activity and zonal winds. For the second point, it
is well known that the stratospheric circulation is domi-
nated by low-frequency oscillations over time scales of
several months [15–18]. As a result, the influences of
stratospheric circulation anomalies on the troposphere
would also persist over intraseasonal time scales. Thus,
stratospheric NAM signals can be used as a predictor of
tropospheric weather systems.

Although the above observational studies with com-
posite analysis have demonstrated robust evidence that
signals associated with AO or stratospheric NAM are po-
tentially useful to extend prediction of tropospheric and
surface weather systems and intraseasonal climate vari-
abilities in winter time, it has not been proven sufficient
in practice. Thus, it requires further studies to under-
stand the relationship between winter weather, especially
extremely cold events, and AO as well as stratospheric
NAM. The purpose of the present study is to provide a
comprehensive case study of how AO and NAM signals
can be used to predict the extremely cold 2009–2010 win-
ter.

The 2009–2010 winter marks one of the coldest winters
in NH high-latitude continents in the past six decades.
Previous works on the extremely cold winter have stud-
ied how synoptic processes cause cold polar-air outbreaks
and how it influence high-latitude Eurasian continents
[19, 20]. It was also shown that the cold surface weath-
ers are likely related to downward propagation of strato-
spheric circulation anomalies [21]. Different from these
previous works, the present study shall focus on how the
extremely cold winter was related to surface AO activity
and stratospheric NAM anomalies and whether strato-
spheric NAM signals can be used as a precursor for pre-
dicting severe cold periods over intraseasonal time scales.
In addition, we will also show the influence of the El Niño
event occurring in winter 2009–2010 on the cold weather

over NH high-latitude continents.
The paper is organized as follows. Data and meth-

ods are described in Section 2. In Section 3, we analyze
the evolution processes of the cold 2009–2010 winter and
its relation to the surface AO, stratospheric NAM and
three-dimensional wave activity. We will also analyze the
contribution of the 2009–2010 El Niño event to NH at-
mospheric circulations, waves, and the cold winter. Dis-
cussion and conclusions are summarized in Section 5.

2 Data and method

The data used in this paper is the daily reanalysis
from the National Center for Environmental Predic-
tion and the National Center for Atmospheric Research
(NCEP/NCAR) [22, 23]. The surface AO is calculated
from sea level pressure (SLP) [1], and NAM is calculated
from geopotential heights at the standard pressure lev-
els, using the same method as in Baldwin and Dunkerton
[5, 6]. Three-dimensional wave fluxes are calculated us-
ing the formula in Plumb [24]. The climatological mean
is 30-year average over 1979–2008.

3 Results

3.1 Surface air temperatures and AO

Figure 1(a) demonstrates seasonal-mean surface air tem-
perature (SAT) departures (anomalies) from the cli-
matological mean, averaged over December–January–
February (DJF). The northern Eurasia continent
(roughly in the north of 35◦N) is dominated by a band of
negative SAT anomalies. The maximum value of –5◦C is
centered at Siberia. North American is also dominated by
negative SAT anomalies, except for the west coast and
Alaska. In contrast, the polar region displays positive
SAT anomalies, warmer than usual. The maximum pos-
itive SAT anomaly is centered at Greenland and north-
eastern Canada. Meanwhile, lower latitude continents,
such as North Africa, Middle East, as well as central and
southern China experienced a warm winter. The spatial
patterns of SAT anomalies indicate that as cold polar air
was transported out of the polar region, the polar region
became warmer, while high-latitude continents became
colder than usual during winter 2009–2010. However, it
appears that cold air outbreaks did not influence lower
latitudes (south of 35◦N).

Figure 1(b) shows the spatial distribution of SLP
anomalies, averaged over DJF of 2009–2010. It displays a
robust spatial pattern that resembles the negative phase
of AO. A band of negative SLP anomalies is over NH
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middle latitudes approximately between about 30◦N and
55◦N. There are two centers. One is located over North
Atlantic, and the other is located in northeastern Pacific.
In contrast, the polar region demonstrates positive SLP
anomalies. This is the typical see-saw pattern of AO, in-
dicating anomalously high air mass over the polar region
and low air mass over middle latitudes. Figure 1(c) shows
time series of seasonal mean (DJF) AO indices over the
past 60 years. It is obvious that the AO index of winter
2009–2010 has the largest negative value over the past 60
years. The above results suggest that the exceptionally

cold winter 2009–2010 over NH high-latitude continents
is associated with the anomalously negative phase of AO.

AO does not always stay in the negative phase dur-
ing winter time, but varied between positive and nega-
tive phases with a wide spectrum of periods. Figure 2
shows time series of daily AO indices between October 1,
2009 (10/01/2009), and March 31, 2010 (03/31/2010).
In October, AO indices are relatively weak, and AO
has twice phase changes over time scales of about one
week, which is the typical time scale of tropospheric
weather processes. Over the period from November to

Fig. 1 2009–2010 DJF mean SAT (a) and SLP (b). Anomalies greater than one standard deviation are dotted. (c) Time
series of DJF averaged AO indices over 1950–2010.

Fig. 2 Time series of daily AO indices from October 1, 2009, to March 31, 2010. The four periods are marked with vertical
lines.
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Fig. 3 Spatial patterns of SLP and SAT anomalies for the four periods according to surface AO phases shown in Fig. 2.
Anomalies greater than one standard deviation are dotted. Left column: SLP, and right column: SAT.
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March, AO experienced four times of phase changes.
The corresponding four periods are: 10/31/2009–
12/08/2009 (positive), 12/09/2009–01/13/2010 (nega-
tive), 01/14/2010–01/27/2010 (positive), 01/28/2010–
03/10/2010 (negative). Hereafter, the four periods are
denoted by period I, II, III, and IV, respectively. Except
for period III, AO persisted over time scales of about one
and half months. For the two periods of positive phases,
AO indices are weak, barely greater than 2.0, and the
two periods are relatively short. In contrast, negative
AO indices are all large, generally greater than 2.0 (with
monthly mean SLP of –15 hPa over north of 60◦N), with
the largest value greater than 4.0.

SLP anomalies corresponding to the four periods
are demonstrated in Figs. 3(a)–(d). For period I, SLP
anomalies are relatively weak, except for that over North
Atlantic. For period II, SLP anomalies are strong, espe-
cially over North Atlantic and the polar region where
SLP anomalies are greater than one standard deriva-
tion. The spatial pattern resembles that of the negative
AO phase very well, indicating that AO is the dominant
mode of SLP variability during this period. For period
III, the spatial pattern of SLP anomalies is very different
from that of the AO although AO indices are positive.
It indicates that AO is not the dominant mode over this
period. Indeed, AO indices are relatively weak in Fig. 2.
For period IV, the spatial pattern of SLP anomalies over
North Atlantic is very like that of the North Atlantic sec-
tor of AO, whereas negative SLP anomalies over North
Pacific are biased toward eastern Pacific, different from
the spatial pattern of the Pacific sector of AO.

SAT anomalies corresponding to the four periods are
shown in Figs. 3(e)–(h). For periods II and IV, SAT
anomalies demonstrate similar spatial patterns. Negative
SAT anomalies were over high-latitude Eurasia continent
and North America, and positive temperature anomalies
were over the polar region, especially over Greenland
and northeastern Canada. For periods I and III, SAT
anomalies both show positive values over North Amer-
ica. However, SAT anomalies show differences over the
high-latitude Eurasia continent. In period I, Europe is
warmer than usual, while Asia is colder. In period III,
however, Europe is cold (even colder than in period II),
while Asia is slightly warmer than usual. This is probably
because the positive AO phase in period III is relatively
weak and lasted over only a relatively short period, and
the positive AO is not dominant. Thus, the high-latitude
Eurasia continent remains cold. Overall, the extremely
cold 2009–2010 winter for NH high-latitude continents
was closely associated with the two persistent negative
AO phases (periods II and IV).

3.2 Stratospheric precursor and troposphere–
stratosphere coupling

The above results demonstrate how the cold 2009–2010
winter is related to the surface AO activity. In this
subsection, we study how the surface AO is related to
the stratospheric NAM and whether stratospheric NAM
variations can be used as a leading signal for extending
prediction of the cold winter. Figure 4a shows the height-
time cross section of NAM indices at standard pressure
levels. Although stratospheric NAM indices have mod-
erate values in all the four periods compared with cli-
matological values, stratospheric NAM signals all propa-
gated downward and reach the surface. Daily variations
of stratospheric NAM from 10/01/2009 to 03/31/2010
can also be divided into 4 periods according to NAM
phases at 10 hPa. The four periods are also denoted by
I, II, III, and IV respectively. But note that these dates
are different from that of the surface AO. Time intervals
of the four periods are listed in Table 1. For period I,
the weak positive NAM phase started before October 1
and reached the surface by October 30. The leading time
of NAM at 10 hPa to the surface AO is more than one
month. For period II, the negative NAM phase started
on October 31 and reached the surface on December 5.
The leading time is 33 days. For period III, the strato-
spheric NAM led the surface AO by 27 days (December
17 vs. January 12). The leading time of period I, II, and
III are all nearly one month. For period IV, the strato-
spheric NAM led the surface AO only by 6 days, much
shorter than the previous three periods. The leading time
suggests that stratospheric NAM signals, especially for
the first three periods, can be used as the precursor for
predicting tropospheric and surface weather systems, as
proposed before.

In addition, it appears that the tropospheric NAM
or surface AO persists over nearly same time scales as
that of the stratospheric NAM. Thus, the duration of
the stratospheric NAM can also be used for predicting
surface weather systems. For example, as negative strato-
spheric NAM propagates downward to the surface, there
will be more frequent storms or cold air outbreaks over a
period that has similar time scales to that of the negative
stratospheric NAM. Figure 4(b) shows height-time cross-
section of zonal-mean zonal wind anomalies at 60◦N.
Similar to that of NAM signals, negative zonal wind
anomalies in period II and IV all demonstrate downward
propagation. However, positive zonal-wind anomalies in
period III only stay in the stratosphere, while negative
anomalies dominate in the troposphere.
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Table 1 The starting date of the four periods of NAM phases in winter 2009–2010.

Period I Period II Period III Period IV

Stratosphere (10 hPa) N/A Nov. 3, 2009 Dec. 17, 2009 Jan. 22, 2010

Surface (1000 hPa) Oct. 31, 2009 Dec. 6, 2009 Jan. 13, 2010 Jan. 28, 2010

Leading time N/A 33 days 27 days 6 days

Fig. 4 Height-time cross-sections of NAM (a) and U wind anomalies at 60◦N (b). A 15-day low-pass filter is applied to
remove high-frequency variations.

In the above, we have shown how tropospheric the
NAM and surface AO follow the stratospheric NAM in
winter 2009–2010. To understand how the stratospheric
Arctic polar vortex evolved in the wintertime and how
it coupled with tropospheric circulations and waves, we
first show geopotential heights and temperatures at 20
hPa in periods II, III, and IV in Fig. 5. Figures 5(a) and
(b) show 20 hPa geopotential heights and temperatures
on Dec. 12, 2009, respectively. The geopotential height
field demonstrates a nearly split polar vortex, with two
lows located over northern Canada and northern Europe,
respectively. It is a typical wavenumber-2 warming pat-
tern. In contrast, the temperature field only shows an
elongated or weakened vortex. These indicate that the
stratospheric Arctic experienced a minor sudden warm-
ing, rather than a major warming. The weakened po-
lar vortex corresponded to the negative NAM phase in
period II. As noticed by Wang and Chen [21], the neg-
ative NAM in phase II is moderate. Figures 5(c) and
(d) show temperatures and geopotential heights on Jan.
9, 2010, respectively. One can find that the polar vor-

tex had recovered from the minor warming due to ra-
diative cooling, and a nearly circular vortex was almost
right over the polar cap. Figures 5(e) and (f) demon-
strate temperatures and geopotential heights on Febru-
ary 20, 2010. They demonstrate the typical patterns of
a major stratospheric warming. The polar vortex was
completely splitted, and the polar region was dominated
by relatively high temperatures and geopotential heights.
It was this major warming event that led to the strong
negative stratospheric NAM in period IV. Kodera and
Kuroda [25] have argued that strong dynamical coupling
between the stratosphere and the troposphere usually
happens in late winter. It appears that the extremely
negative NAM in both the stratosphere and troposphere
in period IV is consistent with the argument.

To show detailed time evolution of the Arctic polar
vortex in winter 2009–2010, we plot time series of area-
weighted mean polar temperature, subpolar zonal-mean
zonal winds at 20 hPa, and eddy-heat fluxes at 150 hPa
in Fig. 6. From late October to February, the polar tem-
perature experienced three stages [Fig. 6(a)]. It is warmer

Xin-Yu Wen, Yong-Yun Hu, and Ji-Ping Liu, Front. Phys., 2013, 8(5) 595



RESEARCH ARTICLE

Fig. 5 Snapshots of 20 hPa geopotential heights and air temperatures for periods II (a, b), III (c, d), and IV (e, f).
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Fig. 6 Time series of 20 hPa area-weighted polar air temperatures (65◦N–90◦N) (a), 20 hPa zonal-mean zonal wind at
65◦N (b), and 150 hPa eddy-heat fluxes summed between 65◦N and 90◦N (c). Dashed lines denote the climatological mean
over 1979–2008. One and two standard deviations are shaded by yellow and blue colors, respectively.

than the climatological mean from late October to early
December. This period corresponds to the minor warm-
ing event in period II. It became colder than usual be-
tween 12/10/2009 and 01/22/2010, indicating recovery
of the polar vortex. Then, the polar temperature became
warm again, corresponding to the major warming event.

The strength of the polar vortex or the polar night jet
is usually characterized by subpolar zonal-mean zonal
winds. Figure 6(b) shows zonal-mean zonal winds at
65◦N. It is also obvious that subpolar zonal winds expe-

rienced three stages. In periods II and IV, subpolar zonal
winds are generally weaker than the climatological mean.
In particular, zonal winds were beyond one standard de-
viation between January 20 and the end of February and
were even beyond two standard deviations around Febru-
ary 10. The largely decelerated polar night jet was due
to the major stratospheric sudden warming. Overall, the
polar vortex or polar night jet in winter 2009–2010 was
generally weaker than the climatology. The weaker polar
night jet would benefit upward propagation of planetary

Xin-Yu Wen, Yong-Yun Hu, and Ji-Ping Liu, Front. Phys., 2013, 8(5) 597



RESEARCH ARTICLE

waves into the polar stratosphere.
Figure 6(c) shows time series of eddy-heat fluxes at

150 hPa. Eddy heat fluxes at 150 hPa are usually used
to quantify the amount of wave activity from the tro-
posphere to the stratosphere [12, 26]. One can find that
wave activity in winter 2009–2010 is generally stronger
than the climatological mean, except for period III when
wave activity was weaker than usual. This is consis-
tent with the anomalously weak polar night jet. There
was an anomalously strong event of wave disturbance at
the beginning of period IV (end of January), indicat-
ing strong wave activity from the troposphere into the
stratosphere. It was this strong wave disturbance that
caused the major sudden warming in the stratospheric
Arctic, the large deceleration of the polar night jet, and
the negative stratospheric NAM. These reveal the strong
coupling between the troposphere and stratosphere.

Dynamical coupling between the troposphere and
stratosphere is mainly through upward propagation of
planetary waves. Here, we show planetary wave activ-
ity and its upward propagation using the formulation of
three-dimensional EP fluxes by Plumb [24], instead of
using the conventional two-dimensional EP fluxes. It is
because three-dimensional EP fluxes give a better view of
upward propagation of planetary waves from the tropo-
sphere to the stratosphere and interaction between plan-
etary waves and stratospheric flows. Note that the for-
mulation of three-dimensional EP fluxes is for stationary
wave activity, unlike two-dimensional EP fluxes that in-
clude both stationary and transient wave activity. We
calculate three-dimensional EP fluxes over three peri-
ods. Temperatures and wind speeds are averaged over
the three periods in calculating three-dimensional EP
fluxes for stationary waves. According to Fig. 6(c), the
strengthening stages for three periods are 11/03/2009–
11/16/2009, 12/17/2009–01/07/2010, and 01/22/2010–
02/02/2010, which starts from their onset day to the
day with maximum NAM indices.

Figure 7 shows three-dimensional EP fluxes at 50 hPa
during the strengthening stage of each period (left col-
umn). Climatological mean EP fluxes over the three
stratospheric periods are also plotted for comparison
(right column). For climatology, all the three plots show
that stratospheric strong wave activity mainly occures
on high latitudes. Upward wave propagation centers over
the Far East, while wave activity is relatively weak
over North Atlantic, which shows downward propagation
(blue color). Compared with the climatological mean,
wave activity displays similar spatial patterns in all the
three periods. However, wave activity in periods II and
IV is stronger, but weaker in period III. Especially, wave
activity in period IV is much stronger than the climato-

logical mean over northern Asia, and wave activity over
North American is also anomalously strong, showing a
wavenumber-2 pattern. Changes in stratospheric wave
activity are consistent with that of polar vortex changes
shown in Figs. 5 and 6.

Figure 8 shows vertical cross-sections of three-
dimensional EP fluxes. Let us first look at EP fluxes
in the height-longitude cross-section along the 65◦N lat-
itude circle (left column). In period II [Fig. 8(a)], strong
upward stratospheric wave activity is located between
40◦E and 180◦E in longitude, while wave activity be-
tween 180◦E and 40◦E is relatively weak. In period III
[Fig. 8(c)], stratospheric wave activity became weaker
compared with that in Fig. 8(a). This is because polar
vortex was recovered and the strong polar night jet tends
to prohibit upward wave propagation. Indeed, downward
wave propagation is even found in the troposphere be-
tween 40◦E and 100◦E as well as between 320◦ (40◦W)
and 360◦ (0◦) in longitude. By period IV [Fig. 8(e)], wave
activity became strong again. Two maxima of wave activ-
ity are found. One is located between 0◦E and 100◦E in
longitude, and the other one is located at about 3005◦E
(60◦W). This is consistent with the wavenumber-2 sud-
den warming in Figs. 5(e) and (f). Figures 8(b), (d), and
(f) show height-latitude cross-sections of EP fluxes along
150◦E in longitude. Stratospheric EP fluxes in Figs. 8(b)
and (f) were stronger than that in Fig. 8(d). In period
II and IV, stratospheric wave activity is much stronger
than that in period III. Especially, wave fluxes are pole-
ward in period IV. It was the strong upward propagating
waves that caused the minor warming in December and
major warming in February. By contrast, tropospheric
wave fluxes are equatorward in period III [Fig. 8(d)], in-
dicating equatorward deflection by strong stratospheric
zonal winds.

3.3 The role of El Niño

We have seen in Figure 6c that vertical wave fluxes near
the tropopause in late January was exceeded two stan-
dard deviations. An important question is what caused
the anomalously strong wave activity. Recent studies
suggested that El Niño might has significant influences
on middle and high latitude planetary wave activity and
thus on stratospheric polar vortex variability [27–30].
These works showed that El Niño events force anoma-
lously strong planetary wave activity at middle and high
latitudes through the Pacific North America (PNA)
teleconnection, and that such waves could cause weak-
ened stratospheric Arctic vortex or stratospheric sudden
warming. In the second half of year 2009, a moderate El
Niño gradually developed in the tropical Pacific. Figure 9
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Fig. 7 Three-dimensional EP fluxes at 50 hPa during the strengthening stages in periods II, III, and IV (left column).
For comparison, climatological means over the same periods are plotted in the right column. The color shading indicates
the vertical component of EP fluxes, and arrows indicate horizontal EP flux vectors. The length scale of horizontal EP flux
vectors is marked in the plots. Horizontal EP flux vectors with length scales less than half of the average are not plotted
for clearness.
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Fig. 8 Vertical cross-sections of EP flux vectors along with 65◦N (left column) and 110◦E (right column) during the strength-
ening stages of periods II, III, and IV. The horizontal component is divided by 100, and the vertical component was multiplied
by a factor of 10. All components are divided by background air density at each level.

Fig. 9 Time series of monthly mean Niño 3.4 index.

shows time series of sea surface temperature (SST) aver-
aged over the Niño 3.4 region. The El Niño event peaks
in December. Thus, it was very likely that the minor
warming in December, 2009, and the major warming in
February, 2010, were associated with the El Niño event

[21].
To demonstrate whether the anomalously strong plan-

etary wave activity in winter 2009–2010 was influenced
by El Niño event, we plot the three-dimensional EP
fluxes at 500 hPa and vertical cross-sections along 150◦W
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(close to the PNA path) in December, 2009, in Fig. 10.
It is shown that horizontal EP flux vectors in northeast-
ern Pacific point from the tropics toward northeast [Fig.
10(a)]. It sharply contrasts with the climatology mean
[Fig. 10(b)], which shows relatively weak wave activity
and southeastward wave fluxes. The vertical cross-section
of EP flux vectors shows wave propagation from the sub-
tropics to high latitudes [Fig. 10(c)]. These all suggest
that the El Niño event likely played an important role in
causing anomalously strong wave activity in NH middle
and high latitudes and thus the minor and major warm-
ing events in the stratospheric Arctic as well as negative
stratospheric NAM. Therefore, the El Niño event was
one of the possible reasons that contributed to the per-
sistent negative AO/NAM phase and such an extremely
cold winter.

4 Discussion and conclusions

The 2009–2010 winter is one of the extremely cold win-
ters for most parts of NH middle- and high-latitude conti-
nents in the past few decades. The seasonal-mean max-
imum SAT anomaly is –5◦C, centered at Siberia. It is
found that the extremely cold winter was associated with
two long periods of negative AO phases (12/06/2009–

01/12/2010 and 01/28/2010–03/04/2010). The AO in
winter 2009–2010 is characterized by two remarkable fea-
tures. One is that the DJF mean AO index has the largest
negative value for the past 60 years, and another is its
persistence of negative AO phases, while two positive
phases are rather weak and short. As pointed out in pre-
vious studies [3, 4, 20, 31], negative AO leads to fre-
quent occurrences of cold air outbreaks. Thus, it was
the anomalously strong negative AO that caused the
extremely cold winter. Meanwhile, the Arctic polar re-
gion, especially the area over Greenland and northeast-
ern Canada, was anomalously warm as cold polar air was
transported out.

Surface AO variations in winter 2009–2010 were closely
coupled with NAM changes at higher levels. From Octo-
ber to March, the stratospheric NAM experienced two
negative and two positive phases. The four phases of
stratospheric NAM all propagated downward into the
troposphere and reached the surface, and the leading
time ranged from about one week to more than one
month. The case of winter 2009–2010 is a typicial ex-
ample that stratospheric NAM signals can be used as a
precursor to predict surface weather and intraseasonal
climate.

The dynamic coupling of the stratospheric and tro-
pospheric NAM is throughout upward propagation of

Fig. 10 Three-dimensional EP fluxes at 500 hPa for December, 2009 (a) and climatology (b). Vertical cross-sections
along 150◦W are shown in (c) and (d).
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planetary waves. EP fluxes in Figs. 6(c) and 7 all show
that stratospheric NAM phase changes followed varia-
tions in tropospheric wave activity. On the other hand,
Fig. 6(b) demonstrates that the stratospheric polar night
jet in winter 2009–2010 was generally weaker compared
with the climatological mean, which benefits vertical de-
velopment or upward propagation of planetary waves. In
other words, the relatively weak polar night jet set pre-
conditions for anomalously strong planetary wave activ-
ity, which propagated into the stratosphere and caused
the minor and major warming events. As stratospheric
NAM anomalies developed and propagated downward,
the tropospheric NAM responded with the same sign.

We have demonstrated evidence that the El Niño event
in the second half of 2009 might contribute to the anoma-
lously strong wave activity, negative stratospheric and
tropospheric NAM, and the extremely cold weather. The
anomalously strong wave activity propagated poleward
and upward over northeastern Pacific. The waves caused
not only meridional air motion in the troposphere but
also decelerated polar night jet in the stratosphere. Both
benefited the development and persistence of negative
AO/NAM phases and thus cold air transport from the
polar region to middle and high latitude continents.
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