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be traced back to the preceding season, which provides a 
predictability source for this teleconnection and for North 
American temperature variability. The ABNA associated 
energy budget is dominated by surface longwave radiation 
anomalies year-round, with the temperature anomalies sup-
ported by anomalous downward longwave radiation and 
damped by upward longwave radiation at the surface.

1  Introduction

The impact of the tropical sea surface temperature (SST) 
anomaly, in particular the El Niño–Southern Oscilla-
tion (ENSO) variability, on North American climate has 
been extensively investigated (e.g., Ropelewski and Halp-
ert 1986; Trenberth et  al. 1998; Liu and Alexander 2007; 
and references therein). For example, the Pacific–North 
American (PNA, Wallace and Gutzler 1981) pattern, one 
of the most prominent teleconnections in the Northern 
Hemisphere winter that impacts North American climate, 
is found to be influenced by ENSO events. Hence under-
standing the tropical SST variability provides important 
implications for North American climate prediction. On the 
other hand, recent studies also indicate that North Ameri-
can climate is closely correlated with adjacent atmospheric 
and oceanic anomalies that are not directly attributable to 
ENSO (e.g., Lin and Wu 2011, 2012; Francis and Vavrus 
2012; Wang et al. 2014; Bond et al. 2015; Hartmann 2015; 
Yu and Zhang 2015; Kug et al. 2015). This suggests that an 
improved understanding of extratropical atmospheric and 
oceanic variability is also highly relevant to North Ameri-
can climate prediction.

A recent analysis (Yu et al. 2016) suggested that North 
American winter temperature variability tends to be dom-
inated by two leading maximum covariance modes of 

Abstract  The Asian–Bering–North American (ABNA) 
teleconnection index is constructed from the normalized 
500-hPa geopotential field by excluding the Pacific–North 
American pattern contribution. The ABNA pattern fea-
tures a zonally elongated wavetrain originating from North 
Asia and flowing downstream across Bering Sea and Strait 
towards North America. The large-scale teleconnection 
is a year-round phenomenon that displays strong season-
ality with the peak variability in winter. North American 
surface temperature and temperature extremes, including 
warm days and nights as well as cold days and nights, are 
significantly controlled by this teleconnection. The ABNA 
pattern has an equivalent barotropic structure in the tropo-
sphere and is supported by synoptic-scale eddy forcing in 
the upper troposphere. Its associated sea surface tempera-
ture anomalies exhibit a horseshoe-shaped structure in the 
North Pacific, most prominent in winter, which is driven by 
atmospheric circulation anomalies. The snow cover anoma-
lies over the West Siberian plain and Central Siberian Pla-
teau in autumn and spring and over southern Siberia in 
winter may act as a forcing influence on the ABNA pat-
tern. The snow forcing influence in winter and spring can 
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North American surface temperature and large-scale 500-
hPa geopotential height anomalies. Besides the PNA-like 
structure, the leading mode also shows significant circu-
lation anomalies over Eurasia. An Asian–Bering–North 
American (ABNA) pattern index was therefore proposed 
by excluding the PNA influence, which yields a new zon-
ally-elongated teleconnection over the northern extratrop-
ics. The first mode is closely related to the PNA and ABNA 
patterns, and the second mode to the North Atlantic Oscil-
lation (NAO, e.g., Hurrell et al. 2003). Thus North Ameri-
can winter temperature is mostly controlled by these three 
atmospheric teleconnection patterns. It is noted that station-
ary Rossby waves, which play an important role in inter-
annual variability of the teleconnections spanning from 
Eurasia to North America, are observed not only in winter 
but also in summer (e.g., Schubert et al. 2011; Ding et al. 
2011; Wu et al. 2009, 2012). Therefore, this study extends 
our previous analysis by characterizing the seasonality of 
the ABNA pattern. In particular, we will explore whether 
the ABNA teleconnection is a year-round phenomenon and 
shows peak variability during a certain season.

We then examine the maintenance of the ABNA pat-
tern. Generally, atmospheric circulation anomalies may 
be driven either by internal atmospheric processes or by 
external boundary forcings. In the northern extratropics, 
the maintenance of circulation anomalies mainly includes: 
(a) the interaction between the time-mean flow and the 
anomalies, in particular, atmospheric perturbations may 
grow by extracting energy from the climatological mean 
flow (e.g., Simmons et al. 1983; Hoskins et al. 1983; Bran-
stator 1995), and (b) transient eddy feedbacks, in particular 
the synoptic-scale eddy feedback (e.g., Lau 1988; Bransta-
tor 1995; Kug and Jin 2009). Extratropical atmospheric 
circulation anomalies may also be driven by external forc-
ings, in particular SST and diabatic heating anomalies in 
the tropics, via the resulting planetary circulation anomaly 
(e.g., Hoskins and Karoly 1981; Hoerling et al. 1997; Tren-
berth et al. 1998; Branstator 2002; Seager et al. 2003; Ding 
et al. 2011; Wu and Lin 2012; Yu and Lin 2016). Hence we 
explore the maintenance of the ABNA pattern by analyzing 
anomalies in the contribution of synoptic-scale transient 
eddies on circulation, SST, snow water equivalent, and 
the surface energy budget to broaden our understanding of 
the processes that support the circulation and temperature 
anomalies associated with this teleconnection. In addi-
tion, we evaluate the impact of the ABNA pattern on North 
American climate by analyzing anomalies in North Ameri-
can temperature and temperature extremes explained by 
this teleconnection. The importance of the ABNA impact 
on North America is assessed by comparing it with that due 
to the PNA and NAO.

The paper is organized as follows: the next section 
describes the data and methods. The seasonality of the 

ABNA pattern is presented in Sect. 3. Section 4 discusses 
the maintenance of this teleconnection. Section 5 describes 
the ABNA impacts on North American temperature and 
temperature extremes. Results are summarized and further 
discussed in Sect. 6.

2 � Data and methods

The analysis is based on monthly mean atmospheric vari-
ables obtained from the National Centers for Environmen-
tal Prediction/National Center for Atmospheric Research 
(NCEP/NCAR) reanalysis (NCEP hereafter, Kistler et  al. 
2001) over the period from March 1979 to February 2015. 
The fields we used involve geopotential and wind veloci-
ties in the troposphere, and temperature and heat fluxes at 
the surface. The monthly surface heat fluxes are averaged 
from daily flux values. The daily winds from the NCEP 
reanalysis dataset are also employed to compute synoptic 
eddy vorticity forcing. All these variables are on stand-
ard 2.5° × 2.5° grids. Additionally, the SST from the Met 
Office Hadley Centre, version 1 (HadISST1.1, Rayner et al. 
2003) on 1.0° × 1.0° grids for the same period is employed. 
We also use monthly snow water equivalent (SWE) data, 
based on a blend of products and represented on a T42 
Gaussian grid (about 2.81°  ×  2.81°), for the period from 
March 1981 to February 2010 (Mudryk et al. 2015). SWE 
characterizes the hydrological significance of snow cover, 
and corresponds to the depth of a layer of water that would 
accumulate if the snowpack in a particular area were to 
melt. We also use monthly temperature extreme indices, on 
a 2.5° × 3.75° (latitude–longitude) grid over North Amer-
ica, for the period from March 1979 to February 2010. 
These extreme indices include the percentage of time when 
daily maximum (minimum) temperature is greater than its 
90th percentile TX90p (TN90p), and the percentage of time 
when daily maximum (minimum) temperature less than its 
10th percentile TX10p (TN10p), according to the HadEX2 
dataset (http://www.climdex.org/indices.html, Donat et  al. 
2013). In addition, the monthly PNA and NAO teleconnec-
tion indices were downloaded from the Climate Prediction 
Center (http://www.cpc.ncep.noaa.gov/data/indices). The 
two teleconnection patterns and indices were identified 
from the Rotated Empirical Orthogonal Function (REOF) 
analysis of monthly mean standardized 500-hPa height 
anomalies over the northern extratropics (20°–90°N).

To characterize seasonality, winter is defined as Decem-
ber to February (DJF). Other seasons are defined similarly, 
i.e., spring as March to May (MAM), summer as June to 
August (JJA) and autumn as September to November 
(SON). To assess interannual climate variability, seasonal 
mean anomalies were obtained by removing the mean 
seasonal cycles and linear trends over the whole period 

http://www.climdex.org/indices.html
http://www.cpc.ncep.noaa.gov/data/indices
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considered. The relation between a time series of interest 
and associated spatial fields is quantified through correla-
tion and regression analyses. The statistical significance 
level of a correlation is assessed by a Student’s t-test, 
assuming one degree of freedom (DOF) per year. In addi-
tion, the power spectra of time series are obtained using the 
Parzen estimator (e.g., von Storch and Zwiers 1999).

To help in understanding the maintenance of the circu-
lation and surface temperature anomalies, the ABNA-asso-
ciated anomalies of the transient eddy forcing, SST, snow 
water equivalent and surface energy budget are examined. 
In the upper troposphere, the synoptic-scale vorticity forc-
ing is crucial in reinforcing the anomalous circulation (e.g., 
Lau 1988; Branstator 1995; Kug and Jin 2009). The synop-
tic-scale scale eddy vorticity forcing (Fv), representing the 
geopotential tendency, can be expressed as,

where f is the Coriolis parameter, V is the wind velocity 
including zonal and meridional components, and ζ is the 
relative vorticity. The prime corresponds to the 2–8  days 
bandpass filtered synoptic perturbation and the bar repre-
sents the seasonal average.

The surface energy budget over land takes the following 
form (e.g., Yu and Boer 2002; Zhang et al. 2011):

where Cs is the surface layer heat capacity, Ts is the surface 
(skin) temperature, Rsd (Rsu) is the downward (upward) 
solar radiation across the surface, Rld (Rlu) is the surface 
downward (upward) infrared radiation, LH (SH) is the 
latent (sensible) energy exchange across the surface, Fg 
indicates the ground heat flux, and Fm represents the sur-
face energy flux used for melt. The sign convention is that 
the fluxes are positive (negative) if they act to warm (cool) 
the surface temperature.

The impact of an atmospheric teleconnection on North 
American climate is evaluated by calculating the percent-
ages of North American temperature and temperature 
extreme variances explained by the teleconnection,

where x̂ is the anomaly of variable x (i.e., temperature or 
temperature extreme) regressed upon the standardized pat-
tern index considered, and σx the temporal standard devia-
tion of x. The angular brackets represent the spatial average 
over North America. Similarly, the percentage of Northern 
Hemisphere geopotential variance explained by a telecon-
nection pattern can also be estimated following Eq. (3).

(1)Fv = −f∇−2(∇ ⋅ V
�� �),

(2)
Cs
�Ts

/
�t = Rsd + Rsu + Rld + Rlu + LH + SH + Fg + Fm,

(3)P =
⟨x̂2⟩
⟨𝜎x2⟩

× 100%,

3 � Seasonality of the ABNA teleconnection

3.1 � Definition of the ABNA index

Following the previous study (Yu et al. 2016), the ABNA 
teleconnection index is defined as follows: (a) construct-
ing the residual seasonal mean geopotential anomalies at 
500-hPa (Φ�

500
) by removing the PNA contribution from the 

geopotential field by means of linear regressions, (b) nor-
malizing Φ�

500
 at each grid location by its standard devia-

tion (denoted by braces below) and averaging the anoma-
lies over the three regions A (45°–60°N, 80°–110°E), 
B (50°–80°N, 160°E–150°W), and C (40°–60°N, 
100°–70°W), (c) constructing the ABNA series by a linear 
combination of the three regionally averaged anomalies:

and (d) standardizing the resulting series as the ABNA 
index.

Figure 1 (left) shows the ABNA indices in the four sea-
sons. The correlation coefficient between the ABNA in DJF 
and the ABNA in lagging MAM (leading SON) is 0.59 
(0.43), statistically significant at the 5% level. Except those, 
the timeseries are not significantly correlated with each 
other. This indicates that the ABNA teleconnection tends 
to be more stable around the winter. Table 1 further lists the 
correlations between the ABNA, PNA and NAO pattern 
indices. ABNA is uncorrelated with PNA by construction 
and is only weakly correlated with NAO in all seasons.

A power spectrum analysis reveals that, for the ABNA 
indices in all four seasons, the time series have power spec-
tra weighted toward interannual timescales (Fig. 1, right). 
The power peaks are at about 3.5 years for DJF and SON, 
6.0 years for MAM, and 2.5 years for JJA. However, all the 
peaks are not significant at the 5% level.

3.2 � ABNA patterns

Figure  2 displays the anomalies of large-scale 500-hPa 
geopotential (Φ500) and North American 2 m temperature 
(T2m) regressed on the ABNA indices in DJF, MAM, JJA, 
and SON. The ABNA associated circulation is dominated 
by anomalies in the northern extratropics. The posi-
tive phase of the ABNA pattern exhibits above-average 
heights over north-central Asia and north-central North 
America centered between the Great Lakes and Hudson 
Bay, and below-average heights over the Bering Sea and 
Strait region. This reflects a zonally oriented wavetrain 
originating from North Asia and flowing downstream 
across Bering Sea and Strait towards North America, 
as illustrated by diagnosis of the stationary wave activ-
ity flux (Yu et al. 2016). The ABNA signature is clearly 

(4)ABNA = {Φ�
500

}(A) − {Φ�
500

}(B) + {Φ�
500

}(C),
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detectable in all seasons, but the amplitudes are most 
substantial in DJF and the weakest in JJA (about half the 
amplitude of those in DJF). Positive geopotential anoma-
lies are also apparent over the North Pacific and North 
Atlantic, which are supported by the synoptic eddy forc-
ing as discussed below.

The ABNA associated 500-hPa geopotential anomalies 
explain about 7–12% of total interannual Φ500 variances 
over the northern extratropics (poleward of 20°N) in the 
four seasons, calculated following Eq. (3), with the highest 
value in DJF and the lowest in JJA. By contrast, the PNA 
(NAO) associated Φ500 anomalies explain about 6–14% 
(10–19%) of total interannual geopotential variances, 
with the highest value in DJF (DJF) and the lowest in JJA 
(SON). The percentages of the extratropical Φ500 variance 
explained by the ABNA teleconnection are comparable to 
the PNA and NAO counterparts, indicating the importance 
of the ABNA pattern in characterizing the northern extrat-
ropical circulation anomalies.

The exchange of midlatitude and polar air following 
the anomalous circulation, with accompanying tempera-
ture advection, plays an important role in establishing and 
maintaining the anomalous temperature. Hence, in asso-
ciation with the positive phase of the ABNA pattern, T2m 
tends to exhibit warm anomalies over North Asia and the 
central-east parts of North America, and cold anomalies 
around Bering Strait. In particular, over North America, 
pronounced warm anomalies are apparent over the Great 
Plains and Great Lakes, accompanied by cold anomalies 
over Alaska, the western coast of North America, and the 
extreme northeastern Canada (with an exception in JJA). 
This indicates the close relation between the ABNA tel-
econnection and North American temperature variability, 
as will be examined quantitatively in Sect.  5. Over North 
Asia, prominent warm anomalies over the West Siberian 
plain and Central Siberian Plateau accompany the anticy-
clonic anomaly. Broadly similar patterns of T2m anomalies 
appear in the four seasons. However, the anomalies are the 
strongest in DJF and the weakest in JJA, consistent with the 
seasonal variance of the circulation anomalies.

The ABNA pattern bears some resemblance to the cold 
ocean–warm land (COWL, Wallace et  al. 1996) pattern. 
The positive phase of the COWL pattern is characterized 
by above-average heights over Siberia and the Yukon and 
below-average heights over the Barents Sea and the North 
Pacific. The two patterns contain similar elements over 
north Asia and North America, and differences mainly over 
the oceans. In particular, the ABNA is marked by below-
average heights over the Bering Sea and Strait region as 

Fig. 1   Left the ABNA indices in DJF (red), MAM (magenta), JJA (blue), and SON (green). Right power spectra for the four time series

Table 1   Correlation coefficients between the teleconnection indices 
in different seasons

Assuming one degree of freedom per year, the correlation at the 5% 
significance level is about 0.33 (for 36 DOF). The ABNA and PNA 
indices are uncorrelated by construction

Season corr (x, y) DJF MAM JJA SON

ABNA, PNA 0.0 0.0 0.0 0.0
ABNA, NAO 0.18 0.10 −0.00 0.12
PNA, NAO −0.04 −0.21 −0.03 0.03
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well as relatively weak above-average heights over the 
North Pacific. In addition, it should be noted that, like the 
COWL pattern, the ABNA pattern is not a modal structure 
in its own right. No such pattern appears from the empirical 
orthogonal function (EOF) analysis of the northern extrat-
ropical 500-hPa geopotential field. Nevertheless, it remains 
to examine if the ABNA would arise from a cluster method, 
such as k-means clustering or self-organizing maps.

4 � Maintenance of the ABNA teleconnection

4.1 � Transient eddy contribution

Similar geopotential anomalies in association with the 
ABNA variability are apparent at 250-hPa and 500-
hPa (cf. Fig.  3 with Fig.  2), indicating that the ABNA 

teleconnection exhibits an equivalent barotropic structure 
in the troposphere. In the northern mid-high latitudes, the 
250-hPa synoptic eddy forcing Fv250 (contours in Fig.  3) 
exhibits anticyclonic forcing over north-central North 
America and north-central Asia, and cyclonic forcing over 
Bering Sea and Strait and the northeastern Pacific. The 
centers of action of the eddy forcing anomalies collocate 
with those of the circulation anomalies (although the anom-
alous forcing centers are displaced slightly southward com-
pared to the corresponding geopotential centers), implying 
that synoptic-scale eddies systematically reinforce and help 
in maintaining the ABNA associated large-scale circulation 
anomalies. Fv250 anomalies are stronger in DJF than in JJA, 
especially over Bering Sea and Strait and North America, 
resembling the seasonal variation of the Ф250 anomalies. In 
addition, marked synoptic eddy forcing anomalies collocate 
well with the pronounced geopotential anomalies over the 

Fig. 2   Anomalies of the 
tropical and Northern Hemi-
sphere Φ500 (contours, interval 
60 m2 s−2) and Northern 
Hemisphere T2m (shading, 
in °C, over lands poleward 
of 20°N) regressed upon 
the ABNA indices in DJF, 
MAM, JJA, and SON (from 
the top to the bottom). Nega-
tive geopotential anomalies 
are cross-hatched. The three 
black boxes indicate the areas 
A (45°–60°N, 80°–110°E), B 
(50°–80°N, 160°E–150°W), 
and C (40°–60°N, 100°–70°W) 
used for constructing the ABNA 
index
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mid-latitudes of North Pacific and North Atlantic, indi-
cating the synoptic transient eddies reinforce circulation 
anomalies there as well.

4.2 � SST and SWE

Figure  4 displays SST and surface wind anomalies 
regressed on the ABNA indices. In association with the 
ABNA pattern, DJF SST shows pronounced anomalies in 
the mid-high latitudes of North Pacific and North Atlan-
tic (Fig. 4, top panel). In particular, the anomalies exhibit 
a horseshoe-shaped structure of below-average SSTs in the 
northeastern and subtropical North Pacific and above-aver-
age SSTs in the midlatitude North Pacific. The correspond-
ing circulation anomalies, especially the cyclonic anomaly 
over Bering Sea and Strait and the relatively weak anticy-
clonic anomaly in the midlatitude North Pacific (Fig.  2), 
bring anomalous northwesterly winds over the northeastern 
Pacific and easterly winds in the midlatitude North Pacific 
(vectors in Fig.  4). The strongest northwesterly (or east-
erly) wind anomalies in the North Pacific are well collo-
cated with the dominant action center of below (or above) 
average SSTs in the northeastern (or midlatitude) Pacific. 
This suggests that the SST is largely driven by the circu-
lation anomalies in the North Pacific mid-high latitudes, 

mainly due to changes in latent and sensible heat fluxes 
at the ocean surface resulting from the anomalous surface 
wind (shown in the “Appendix”), as documented in previ-
ous studies (e.g., Cayan 1992; Kushnir et al. 2002; Linkin 
and Nigam 2008). Similar ocean–atmosphere relationship 
appears in the North Atlantic. In contrast, the ABNA asso-
ciated SST and surface wind anomalies are generally weak 
in the tropics. The anomalous SST pattern observed in DJF 
is also seen in MAM and SON, although the anomalies are 
weaker in the latter two seasons than in DJF. Additionally, 
the anomalies are weak and less well organized in JJA, cor-
responding to the weak circulation anomalies in summer.

Figure 5 shows the ABNA associated snow water equiv-
alent anomalies. Corresponding to the pronounced temper-
ature anomalies in North Asia and North America (Fig. 2), 
significant SWE anomalies are observed in autumn, win-
ter, and spring, but not in summer as would be expected. 
In SON, the positive phase of the ABNA pattern is related 
to a prominent SWE decrease over the West Siberian plain 
and Central Siberian Plateau in North Asia and over the 
Great Plains and Great Lakes in North America. The pro-
nounced snow decrease in North Asia shifts southward 
subsequently and is situated over southern Siberia in mid-
winter DJF, accompanied by slight SWE increase over the 
West Siberian plain and Central Siberian Plateau. In MAM, 

Fig. 3   Anomalies of Φ250 
(shading, in m2 s−2) and Fv250 
(contours, interval 2.0 × 10−4 
m2 s−3) regressed upon the 
ABNA indices in DJF, MAM, 
JJA, and SON (from the top 
to the bottom). Negative Fv250 
anomalies are cross-hatched
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the anomalous SWE center moves back northwards. The 
pronounced temperature increase (or decrease) collocates 
with significant snow decrease (or increase) (cf., Fig.  2 
with Fig.  5), indicating the positive feedback process of 
snow–temperature interactions over North Asia and North 
America. Thus the ABNA associated variations of SWE, 
temperature and circulation suggest potential snow forc-
ing influences on the variations of surface temperature and 
atmospheric circulation from autumn to spring, via changes 
in the surface energy budget, as demonstrated in previous 
studies (e.g., Cohen and Entekhabi 1999; Saito and Cohen 
2003; Goddard et al. 2006; Wang et al. 2010; Lin and Wu 
2011). Nevertheless, the slight SWE increase over the West 
Siberian plain and Central Siberian Plateau in DJF, with 
accompanying surface temperature increase, indicates that 
the snow fluctuations in those areas may also be the conse-
quence of variations in large-scale circulation and temper-
ature in winter, the process as documented in some other 
studies (e.g., Walsh et al. 1982; Clark and Serreze 2000).

Figure 6 further shows the SON (DJF) SWE anomalies 
regressed upon the DJF (MAM) ABNA index, with anoma-
lous snow leading the atmospheric pattern by one season. 
It is interesting that the simultaneous snow anomalies asso-
ciated with the ABNA indices in DJF and MAM (Fig. 5) 
are also apparent in the corresponding SWE anomalies one 

season before, in particular for the anomalies over North 
Asia. This suggests a snow forcing influence on the ABNA 
pattern in winter and spring that can be traced back to the 
preceding season, which makes it of seasonal climate pre-
diction value. The result is also in agreement with Lin and 
Wu (2011), which investigated the relationship between the 
snow cover variations over Siberia and the Tibetan Plateau 
and large-scale circulation anomalies over North Asia and 
its impact on North American winter temperature. By con-
trast, the one season lead SWE anomalies are weak in the 
other two seasons (not shown).

4.3 � Surface energy budget

In association with the ABNA pattern, the surface energy 
budget is dominated by variations in surface longwave 
radiations (Fig. 7), which correspond closely with surface 
temperature anomalies (Fig.  2). In particular, the anoma-
lous downward surface longwave radiation Rld tends to 
support the ABNA associated temperature anomalies while 
the upward longwave radiation Rlu damps the temperature 
anomalies. Over North America and North Asia, there is 
more downwelling longwave radiation at the warm sur-
face, which is offset by the increase of outgoing longwave 
radiation. This is a straightforward consequence of the 

Fig. 4   Regressions of SST 
(contours 0.1 °C, values greater 
(less) than 0.1 °C are red (blue 
shaded) and 1000-hPa wind 
(vectors, ms−1) anomalies on 
the ABNA indices in DJF, 
MAM, JJA, and SON (from 
the top to the bottom). Wind 
anomalies less than 0.2 ms−1 in 
both directions are omitted. The 
wind vector scale is shown at 
the lower right
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Planck feedback (e.g., Peixoto and Oort 1992). However, 
it remains to explore if the downwelling longwave radia-
tion anomaly is due to anomalous thermal advection and/
or anomalies in water vapor and clouds, the two factors 
highlighted recently by Gong et  al. (2017) in investigat-
ing the increase in the Arctic surface air temperature. The 
ABNA associated surface shortwave radiation anomalies 

are weak (not shown). The anomalous net surface radiation, 
the sum of surface longwave and shortwave radiations, is a 
small residual mainly from the cancellation of Rld and Rlu 
anomalies.

The ABNA associated surface latent heat flux LH 
anomalies are weak, while its associated sensible heat 
flux SH pattern bears some resemblance to the Rld 

Fig. 5   Regressions of snow 
water equivalent (contours, 
interval 0.2 cm) anomalies 
on the ABNA indices in DJF, 
MAM, JJA, and SON (from 
the top to the bottom). The 
positive (negative) anomalies 
significantly correlated with the 
ABNA index at the 5% level 
are red (blue) shaded. Negative 
anomalies are cross-hatched

Fig. 6   (Top) SON snow water 
equivalent anomalies regressed 
upon the DJF ABNA index. 
(Bottom) DJF snow water 
equivalent anomalies regressed 
upon the MAM ABNA index. 
The contour interval is 0.2 cm. 
The positive (negative) anoma-
lies significantly correlated with 
the ABNA index at the 5% level 
are red (blue) shaded. Negative 
anomalies are cross-hatched
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pattern and the SH anomalies are about 1/3–1/2 times 
the amplitude of those in Rld anomalies (not shown). 
The anomalous sensible heat flux is positively corre-
lated with surface temperature, corresponding to the 
atmosphere warming the surface, while the latent heat 
flux anomaly is negatively correlated, corresponding to 
latent cooling due to increased evaporation and sublima-
tion in the presence of warm anomalies. In addition, the 
anomalous Fg and Fm fluxes in Eq.  (2) are small and 
negligible (not shown). Hence, in general, the sensible 
heat flux anomalies compensate the net surface radiative 
anomalies.

Broadly similar surface energy budget features are 
seen in the four seasons, although the heat flux anoma-
lies are the most substantial in winter and the least in 
summer, consistent with the seasonal variation of sur-
face temperature anomalies in Fig.  2. Thus, in associa-
tion with the positive (or negative) ABNA phase, it is 
warmer (or colder) in North America and North Asia, 
while the surface equilibrates with the warm (or cold) 
air by enhanced (or reduced) thermal radiation between 
the ground and the air.

5 � ABNA impacts on North American temperature 
and temperature extremes

5.1 � Surface temperature

Figure 8 presents the interannual variance of North Ameri-
can T2m (left column) and T2m anomalies regressed upon 
the ABNA, PNA, and NAO indices (right columns). North 
American temperature shows considerable interannual 
and interseasonal variability. It tends to be characterized 
by high variances over a northwest–southeast belt extend-
ing from Alaska towards the southeastern US, with large 
anomalies over the Canadian Prairie and the Canadian 
Shield. The temperature variance is strongest in winter and 
weakest in summer.

As described in Sect.  3.2, the positive phase of the 
ABNA pattern is dominated by above-average temperatures 
over the central-eastern parts of North America, with pro-
nounced warm anomalies over the Great Plains and Great 
Lakes, accompanied by cold anomalies over Alaska, the 
western coast of North America, and extreme northeast-
ern Canada (with the exception of JJA). Most prominent 

Fig. 7   Anomalies of downward longwave radiation Rld (left column) 
and upward longwave radiation Rlu (right column) regressed upon 
the ABNA indices in DJF, MAM, JJA, and SON (from the top to the 

bottom). The contour interval is 1.0 W m−2. The positive (negative) 
anomalies significantly correlated with the ABNA index at the 5% 
level are red (blue) shaded. Negative anomalies are cross-hatched
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anomalies are situated over high temperature variance 
areas. Similar patterns of T2m anomalies are seen in the four 
seasons. Yet the anomalies are the strongest (or weakest) in 
DJF (or JJA), with the highest values reaching 1.6 °C (or 
0.7 °C) around the Great Lakes. The relationship between 
the ABNA pattern and the North American temperature 
variability may be quantified by calculating the percentage 
of the North American temperature variance explained by 
the teleconnection, following Eq.  (3), over the land areas 
within (20°–80°N, 170°–50°W). Table  2 lists the results. 
The ABNA associated temperature anomalies explain 
about 15–20% of total interannual T2m variances in winter, 
spring and autumn, and about 10% in summer.

As documented in previous studies (e.g., Barnston and 
Livezey 1987; Barlow et al. 2001; Higgins et al. 2002; Yu 
and Zwiers 2007), the positive phase of the PNA pattern is 
related to above-average temperatures over western Can-
ada and the northwestern US, as well as below-average 
temperatures across the south-central and southeastern US 
in DJF, MAM and SON (Fig.  8, 3rd column). The PNA 
has little impact on North American temperature vari-
ability during summer. The PNA associated temperature 
anomalies explain about 10–15% of total T2m variances in 
winter, spring and autumn, and less than 5% in summer 
(Table  2). In addition, the positive phase of the NAO is 
accompanied by below-average temperatures in northeast-
ern Canada in all seasons (Fig. 8, right column), in agree-
ment with previous studies (e.g., von Loon and Rogers 
1978; Hurrell 1996; Marshall et al. 2001), but above-aver-
age temperatures in different areas during various seasons. 
The NAO associated temperature anomalies explain about 
10% of total T2m variances in the four seasons.

The percentages of the North American temperature var-
iance explained by the ABNA and PNA teleconnections are 
comparable in all seasons, with higher values for ABNA 
especially in JJA and MAM, and are higher than the NAO 
counterparts (with the exception of PNA in summer). This 

Fig. 8   (Left column) Variances of North American T2m (contours 
and shading, interval 1.0  °C2). (Right column 2–4) Regressions of 
T2m (contours, interval 0.3 °C) anomalies on the ABNA, PNA, and 
NAO indices. The positive (negative) anomalies significantly cor-

related with the ABNA index at the 5% level are red (blue) shaded. 
Negative anomalies are cross-hatched. Results for DJF, MAM, JJA, 
and SON are shown from the top to the bottom rows

Table 2   Percentages of North American T2m variance explained by 
the teleconnections in different seasons

The results are estimated over the lands within (20°–80°N, 170°–
50°W), excluding Greenland

Season index DJF MAM JJA SON

ABNA 17.8 20.5 9.8 13.4
PNA 15.0 11.5 3.9 12.6
NAO 9.0 9.2 7.4 10.0
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suggests that, besides the PNA and NAO impacts, North 
American temperature is also significantly controlled by 
the ABNA pattern in all seasons, consistent with the DJF 
result reported in Yu et al. (2016).

It is interesting that the relationship between the ABNA 
and North American temperature variability is also appar-
ent in two ABNA extreme cases. The positive (or nega-
tive) extreme value of the ABNA index in DJF appears 
in the 1998/1999 (or 2013/2014) winter (Fig.  1), which 
corresponds well to significant warm (or cold) anomalies 
over North America. As documented in previous studies 
(e.g., Bell et  al. 2000), surface temperatures in the north-
ern extratropics were the second warmest in the historical 
record during 1999, over the period 1880–2000 consid-
ered, including pronounced warm anomalies over North 
America. However, the 1998/1999 winter was associated 
with Pacific cold episode (La Niña) with significant cool-
ing in the tropical Pacific. The relationship between the 
tropical SST and North American temperature for this win-
ter is in contrast with the mean climate impact associated 
with tropical ENSO events (e.g., Ropelewski and Halpert 
1986; Halpert and Ropelewski 1992). In addition, the win-
ter of 2013/2014 featured severe cold anomalies over North 
America and was accompanied by weak SST anomalies in 
the tropical Pacific (e.g., Bond et al. 2015; Hartmann 2015; 

Yu and Zhang 2015). The tropical SST thus did not play 
a major role in North American temperature anomalies in 
these two winters.

5.2 � Temperature extremes

Figure 9 displays the interannual variances of extreme indi-
ces of warm days TX90p, warm nights TN90p, cool days 
TX10p and cool nights TN10p in the four seasons. Fig-
ure 10 shows the corresponding anomalies of these temper-
ature extreme indices regressed upon the ABNA indices.

The variance of warm days TX90p (Fig. 9, left column) 
is comparable in the four seasons and tends to exhibit high 
values over Alaska, extreme northern Canada over the Cen-
tral and East Arctic areas, the Colorado Plateau and Great 
Basin, and around the Great Lakes. High variance is also 
apparent in the southeastern US in summer. The positive 
phase of the ABNA features increased warm days over the 
Great Plains and Great Lakes, accompanied by reductions 
over Alaska and the west coast of North America (Fig. 10, 
left column). The anomalous TX90p patterns bear some 
resemblance to the corresponding mean surface tempera-
ture patterns (Fig.  8). The ABNA associated warm day 
anomalies explain about 6–9% of total interannual TX90p 
variance over North America in the four seasons. The 

Fig. 9   Variances of North American climate extreme (contours and 
shading, interval 5.0%2) in DJF, MAM, JJA, and SON (from the 
top to the bottom rows). Anomalies of percentages of warm days 

(TX90p), warm nights (TN90p), cold days (TX10p), and cold nights 
(TN10p) are shown from the left to the right columns
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percentages are comparable to those explained by the PNA 
and NAO patterns (Table 3).

The variance of warm nights TN90p (Fig.  9, 2nd col-
umn) bears some resemblance to the corresponding 

TX90p variance, especially in the northern portions over 
North America. However, the TN90p variance is gener-
ally weaker over Colorado Plateau and Great Basin than 
the TX90p counterpart. Similarities are also evident in the 
corresponding TN90p and TX90p anomalies in associa-
tion with the ABNA pattern (cf. 2nd column with 1st col-
umn of Fig.  10), with slight differences mainly in ampli-
tude. The ABNA associated warm night anomalies explain 
about 10% of total TN90p variance over North America in 
the four seasons (Table 3). The percentages are comparable 
to the PNA counterparts, lower (or higher) than the PNA 
counterparts in DJF and MAM (or JJA and SON), and are 
also comparable to those explained by the NAO telecon-
nection (Table 3).

The variance of cold days TX10p (Fig. 9, 3rd column) 
tends to exhibit high values over the western-central parts 
of south Canada and the northern US The variance is the 
weakest in DJF and strongest in JJA, indicating the high 
interannual TX10p variation in summer. The variances 
of cold nights TN10p (Fig.  9, right column) bear resem-
blance to the corresponding TX10p variances, except that 
in JJA during which the high variance center shifts to 
north Canada. The positive phase of the ABNA is related 
to reduced cold days and cold nights over most parts of 
North America, especially those over the Great Plains and 

Fig. 10   Regressions of North American climate extreme (contours, 
interval 0.5%) anomalies on the ABNA indices in DJF, MAM, JJA, 
and SON (from the top to the bottom rows). Anomalies of percent-
ages of warm days (TX90p), warm nights (TN90p), cold days 

(TX10p), and cold nights (TN10p) are shown from the left to the 
right columns. The positive (negative) anomalies significantly cor-
related with the ABNA index at the 5% level are red (blue) shaded. 
Negative anomalies are cross-hatched

Table 3   Percentages of North American temperature extreme vari-
ances explained by the teleconnections in different seasons

The results are estimated over the lands within (20°–80°N, 170°–
50°W)

Season DJF MAM JJA SON

Extreme Index

TX90p ABNA 8.9 9.1 6.5 6.0
PNA 10.9 10.2 6.1 9.2
NAO 3.2 12.7 6.8 10.6

TN90p ABNA 9.3 10.1 8.5 9.2
PNA 17.2 14.8 4.9 7.8
NAO 3.1 12.3 8.3 16.6

TX10p ABNA 17.5 18.7 8.0 14.6
PNA 22.3 10.9 4.6 14.4
NAO 4.8 6.7 4.3 4.7

TN10p ABNA 16.3 23.0 11.5 16.5
PNA 22.1 12.5 6.5 12.1
NAO 5.1 7.9 4.1 8.2
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Great Lakes, accompanied by some increased cold anoma-
lies over Alaska (Fig. 10, right two columns). The ABNA 
associated TX10p and TN10p anomalies explain about 
10–20% of their total interannual variances over North 
America (Table  3). The percentages are comparable to 
those explained by the PNA pattern and are higher than the 
NAO counterparts (about 4–8%).

6 � Summary and discussion

The seasonality, maintenance and climate impact of the 
ABNA teleconnection have been studied using the NCEP 
reanalysis data for the period from 1979 to 2015 and obser-
vation based SST, snow water equivalent and temperature 
extreme datasets. Following our previous study (Yu et  al. 
2016), the ABNA index is constructed from the normal-
ized 500-hPa geopotential heights by excluding the PNA 
pattern influence. The positive phase of the ABNA pat-
tern exhibits above-average heights located in north-central 
Asia and north-central North America, centered between 
the Great Lakes and Hudson Bay, as well as below-average 
heights located over Bering Sea and Strait. It reflects a zon-
ally elongated wavetrain originating from North Asia and 
flowing downstream towards North America. As the con-
sequence of the anomalous circulation imposed by anoma-
lous thermal advection, near-surface temperatures tend to 
exhibit warm anomalies over North Asia and the central-
eastern parts of North America, accompanied by cold 
anomalies around the Bering Strait. The ABNA signature is 
clearly detectable year-around, but the amplitudes are most 
substantial in winter and the least in summer.

The ABNA pattern has an equivalent barotropic struc-
ture in the troposphere. The anomalous circulation is sus-
tained by synoptic eddy forcing in the upper troposphere. 
The positive phase of the ABNA pattern is associated with 
a horseshoe-shaped structure of below-average SSTs in the 
northeastern and subtropical North Pacific and above-aver-
age SSTs in the midlatitude North Pacific. The SST struc-
ture is most prominent in winter and less well organized in 
summer. The SST is driven by the circulation anomalies in 
the North Pacific and North Atlantic mid-high latitudes.

The snow cover anomalies over the West Siberian plain 
and Central Siberian Plateau in autumn and spring and over 
southern Siberia in winter may act as a forcing influence 
on the ABNA teleconnection. Moreover, the snow forcing 
influence on the ABNA pattern in winter and spring can be 
traced back to the preceding season, which provides a pre-
dictability source for this teleconnection and hence North 
American temperature variability. The ABNA associated 

energy budget is dominated by the surface longwave radi-
ation anomalies year-round, as the consequence of the 
anomalous advection. When it is warmer (colder) in North 
Asia and North America, the surface equilibrates with the 
warm (cold) air mainly by enhanced (reduced) thermal 
radiation between the ground and the air.

North American surface temperature and temperature 
extremes exhibit considerable interannual and interseasonal 
variability. The ABNA associated anomalies explain about 
15–20% of total interannual surface temperature variance 
over North America in winter, spring and autumn, and 
close to 10% in summer. The explained percentages are 
slightly higher than the PNA counterparts and are much 
higher than those explained by the NAO pattern. The posi-
tive (or negative) extreme value of the ABNA index in the 
1998/1999 (or 2013/2014) winter is also found to corre-
spond to significant warm (or cold) anomalies over North 
America. Thus, besides the PNA and NAO impacts, North 
American temperature is also significantly controlled by 
the ABNA teleconnection. In addition, the ABNA associ-
ated warm day and warm night (or cold day and cold night) 
anomalies explain about 5–10% (or 10–20%) of the cor-
responding total variances over North America, which are 
comparable to the PNA and NAO associated counterparts 
as well. Mechanisms causing the changes in temperature 
extremes remain to be explored.

The centers of action of the ABNA teleconnection are 
situated in the northern mid-high latitudes, away from the 
subtropical-midlatitude jet stream. Hence the generation 
of this zonally-oriented wavetrain is not closely related 
to local processes of jet instabilities (e.g., Simmons et al. 
1983; Wallace and Lau 1985). Analysis of the ABNA 
associated zonal wind and kinetic energy anomalies con-
firms this and reveals that the barotropic instability of the 
mean flow does not play an important role in sustaining 
the ABNA teleconnection. Results from the ABNA asso-
ciated snow water equivalent anomalies are also obtained 
from the snow cover field (not shown). Nevertheless, 
other forcing influences, such as sea ice cover in the Arc-
tic (e.g., Cohen et al. 2014; Nakanowatari et al. 2015), on 
the ABNA pattern remain to be examined. In addition, 
whether the ABNA coexists with other atmospheric tel-
econnections, such as the Arctic Oscillation (AO, Thomp-
son and Wallace 1998), the circumglobal teleconnection 
(CGT, Branstator 2002; Ding et al. 2011), and the Western 
Pacific index (Wallace and Gutzler 1981) that is signifi-
cantly correlated with the ABNA index in winter (Yu et al. 
2016), in a certain season or year-round, and the degree 
to which these phenomena are interrelated have yet to be 
explored.
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Appendix

ABNA associated surface energy budget over ocean.
The surface energy budget over ocean can be written as 

(e.g., Yu and Boer 2002),

(5)C∗�Ts∕�t = Rl + Rs + LH + SH + A,

where C* is the effective heat capacity of the surface layer, 
Ts the surface temperature, Rl (Rs) the longwave (short-
wave) radiation across the surface, and LH (SH) the latent 
(sensible) heat flux exchanges across the surface. A is the 
convergence of heat into the surface layer by oceanic trans-
port and is obtained as a residual in the equation. Note that 
all fluxes are defined positive downward, i.e. in the direc-
tion so as to increase Ts. For the steady state (such as sea-
sonal means in this study) and not the evolution, the left-
hand side of Eq. (5) is much smaller than all other terms in 
the equation and is not considered. The ABNA associated 
flux anomalies in DJF are shown in Fig. 11. Results indi-
cate that the anomalous LH and SH (because of the anoma-
lous surface wind) tend to support the ABNA associated 
SST anomalies while the oceanic transport damps the SST 
anomalies. Broadly similar features are seen in the four 
seasons.

Fig. 11   Anomalies of latent LH (sensible SH) energy exchange 
across the surface, surface longwave (Rl) and shortwave (Rs) radia-
tion, and oceanic transport (A) regressed upon the ABNA index 

in DJF. The contour interval is 3.0  W  m−2. The positive (negative) 
anomalies significantly correlated with the ABNA index at the 5% 
level are red (blue) shaded. Negative anomalies are cross-hatched
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