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Abstract The historical and future relationships between
two major patterns of large-scale climate variability, the
North Atlantic Oscillation (NAO) and the Pacific/North
America pattern (PNA), and the regional winter temperature
and precipitation over the eastern United States were systemically evaluated by using 17 general circulation models
(GCMs) from the Coupled Model Intercomparison Project
phase 5. Empirical orthogonal function analysis was used
to define the NAO and PNA. The observed spatial patterns of NAO and PNA can be reproduced by all the GCMs
with slight differences in locations of the centers of action
and their average magnitudes. For the correlations with
regional winter temperature and precipitation over the eastern US, GCMs perform best in capturing the relationships
between the NAO and winter temperature, and between the
PNA and winter temperature and precipitation. The differences between the observed and simulated relationships
are mainly due to displacements of the simulated NAO and
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PNA centers of action and differences in their magnitudes.
In simulations of the future, both NAO and PNA magnitudes
increase, with uncertainties related to the model response
and emission scenarios. When assessing the influences of
future NAO/PNA changes on regional winter temperature,
it is found that the main factors are related to changes in the
magnitude of the NAO Azores center and total NAO magnitude, and the longitude of the PNA center over northwestern
North America, total PNA magnitude, and the magnitude of
the PNA center over the southeastern US.
Keywords NAO · PNA · Teleconnection · CMIP5 ·
Regional climate

1 Introduction
According to the Intergovernmental Panel on Climate
Change (IPCC) Fourth Assessment Report (AR4), global
mean temperature shows a significant increase in recent
decades, and precipitation has generally increased over land
north of 30°N and decreased in the tropics, with substantial increases in heavy precipitation events and droughts in
many continental regions (Trenberth et al. 2007). This conclusion has been confirmed by previous studies for different regions (e.g. Ning and Qian 2009; Kunkel et al. 2013).
For example, Hartmann et al. (2013) found that there have
been increases in either the frequency or intensity of heavy
precipitation over the United States since about 1950.
Based on general circulation model (GCM) simulations,
Meehl et al. (2007) concluded that warming would very
likely continue, with increased precipitation extremes and
droughts.
The North Atlantic Oscillation (NAO; Wallace and Gutzler 1981; Barnston and Livezey 1987), and Pacific-North
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American pattern (PNA; Wallace and Gutzler 1981; Leathers et al. 1991) are two major modes of large-scale climate
variability that have large-scale effects on precipitation and
temperature patterns. The NAO reflects the fluctuations of
the sea level pressure (SLP) difference between the Icelandic Low and the Azores High. During the positive phase,
the SLP difference is larger than the normal condition, and
vice versa. The PNA reflects the quadripole pattern of the
500 hPa geopotential height (H500) anomaly field, with
action centers over the vicinity of Hawaii, the Aleutian
Islands, northwestern North America, and the southeastern US During the positive PNA phase, there are aboveaverage H500 over the vicinity of Hawaii and northwestern
North America, and below-average H500 over the Aleutian
Islands and the southeastern US, and vice versa. Both NAO
and PNA have strong influences on regional climate over
the eastern US (Hartley and Keables 1998; Bradbury et al.
2003; Ning et al. 2012b). For example, when investigating
the impacts of NAO on Great Lakes ice cover, Bai et al.
(2012) found that the Great Lakes tend to have lower ice
cover during years with a positive NAO, and vice versa.
Coleman and Rogers (2003) showed that the PNA has significant negative correlations with winter precipitation over
the Ohio River Valley, as during negative PNA winters,
moisture flux convergence extends much farther north from
the Gulf of Mexico and brings more precipitation. Ge et al.
(2009) pointed out that the PNA also influences snow conditions over portions of North America through its influence on both winter temperature and precipitation.
GCMs based on well-established physical principles
reproduce observed features of recent climate (Randall et al.
2007), and they are the major tools used to project future climate, including both large-scale climate variability patterns
and regional temperature and precipitation extremes (Meehl
et al. 2007). GCM outputs have also been used in studies of
climate influences on water resources, environment, and ecosystems through different downscaling methods (e.g. Hewitson and Crane 1996, 2006; Ning et al. 2012a). GCMs in the
Coupled Model Intercomparison Project phase 5 (CMIP5)
archive use both new parameterization schemes and new
Representative Concentration Pathway (RCP) scenarios,
which provide more plausible descriptions of how the future
socioeconomic, technological and environmental conditions,
and associated emissions of greenhouse gases and aerosols
may develop (Moss et al. 2010; Taylor et al. 2012).
The abilities of multi-model simulations in CMIP3 and
CMIP5 to reproduce the NAO and PNA characteristics have
already been assessed in previous literature (Casado and Pastor 2012; Stoner et al. 2009; Lee and Black 2013; Davini and
Cagnazzo 2014). In this study, we evaluate the GCMs’ performances on simulations of the relationships between NAO/
PNA and regional winter climate over the eastern US, and
the corresponding uncertainties in future projections. This
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assessment is an important step before applying CMIP5
GCM output to regional climate projections over the eastern
US This region encompasses enormous diversity in geography, climate, ecological resources, and human land use with
a human population of 131 M (41 % of the US population).
Consequently, the eastern US region poses many unique
challenges for understanding, adapting to, and mitigating the
effects of climate change on the environment, particularly
water resources, and ecosystems (Horton et al. 2014).

2 Data and methodology
2.1 Data
The winter season (DJFM) SLP and H500 field from the
National Centers for Environmental Prediction (NCEP)
reanalysis data (Kalnay et al. 1996) for the period 1950–
1999 are used to define the observed NAO and PNA. The
reason that March is included in this study is that previous
studies have shown that winter conditions usually persist
until March over the northeastern US, especially in the
New England region (e.g. Kunkel and Angel 1999; Bradbury et al. 2003).
The GCM winter monthly temperature, precipitation, SLP, and H500 data for the periods 1950–1999 and
2050–2099 are taken from the World Climate Research
Programme (WCRP) CMIP5 simulations for the historical emission scenario and future RCP2.6, RCP4.5, and
RCP8.5 scenarios (Moss et al. 2010; Taylor et al. 2012), for
17 different models (Table 1). These three RCP scenarios
range from low to high-emissions, and are defined on the
basis of year 2100 radiative forcing values, e.g. 2.6 W/m2
in RCP2.6 scenario and 8.5 W/m2 in RCP8.5 scenario (van
Vuuren et al. 2011). The data and detailed descriptions of
the GCMs can be found at the Program for Climate Model
Diagnosis and Intercomparison (PCMDI) website http://
pcmdi9.llnl.gov/esgf-web-fe/.
For our analysis, we focus on the eastern US (24–50°N
and 100–68°W). The University of East Anglia Climatic
Research Unit (CRU) TS3.21 high-resolution (0.5°)
observed winter monthly temperature and precipitation
data used in this study are for the period 1950–1999 (Harris et al. 2014). The observed NAO and PNA time series
from National Center for Atmospheric Research (NCAR)
and National Oceanic and Atmospheric Administration
(NOAA) are also used for validations of the NAO and PNA
time series generated from NCEP data in this study.
2.2 Methodology
To define the NAO and PNA indices, there are usually
two methods used. One method is to linearly composite
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Table 1  The CMIP5 GCMs used in this study
Model

Institution

References

1
2
3
4
5

CanESM2
CCSM4
CESM1-CAM5
CESM1-WACCM
CNRM-CM5

Canadian Centre for Climate Modelling and Analysis, Canada
National Center for Atmospheric Research (NCAR), USA
NSF/DOE NCAR, USA
NSF/DOE NCAR, USA
Centre National de Recherches Meteorologiques, Meteo-France,
France

Chylek et al. (2011)
Gent et al. (2011)
Neale et al. (2013)
Liu et al. (2010)
Voldoire et al. (2012)

6

CSIRO-MK3.6.0

Australian Commonwealth Scientific and Industrial Research
Organization, Australia

Rotsayn et al. (2010)

7

FGOALS-g2

Institute of Atmospheric Physics, Chinese Academy of Sciences,
China

Zhou et al. (2013)

8
9
10
11
12
13
14
15
16

GFDL-CM3
GISS-E2-H
HadGEM2-AO
HadGEM2-ES
IPSL-CM5A-MR
MPI-ESM-LR
MPI-ESM-MR
MRI-CGCM3
MIROC5

NOAA Geophysical Fluid Dynamics Laboratory (GFDL), USA
NASA Goddard Institute for Space Studies (GISS), USA
Met Office Hadley Centre, UK
Met Office Hadley Centre, UK
Institut Pierre-Simon Laplace, France
Max Planck Institute for Meteorology, Germany
Max Planck Institute for Meteorology, Germany
Meteorological Research Institute, Japan
Atmosphere and Ocean Research Institute (AORI),
(National Institute for Environmental Studies), JAMSTEC
(Japan Agency for Marine-Earth Science and Technology), Japan

Donner et al. (2011)
Schmidt et al. (2014)
Johns et al. (2006)
Bellouin et al. (2007) and Collins et al. (2008)
Mignot and Bony (2013)
Raddatz et al. (2007) and Marsland et al. (2003)
Raddatz et al. (2007) and Marsland et al. (2003)
Yukimoto et al. (2011)
Watanabe et al. (2010)

17

NorESM1-M

Norwegian Climate Centre, Norway

Bentsen et al. (2012)

the normalized SLP and H500 anomalies at specified grid
points corresponding to “centers of action” or antinodes of
the patterns (e.g. Wallace and Gutzler 1981; Hurrell 1995).
Another method is to use empirical orthogonal functions
(EOFs) to extract the major patterns from the entire SLP and
H500 field over the northern hemisphere (e.g. Barnston and
Livezey 1987; Hurrell and Deser 2009; Allan et al. 2014).
The major advantage of the linear composition method is
that it can directly show the magnitudes of teleconnections.
Compared to the linear composition method, EOF analysis can capture the spatial variability of the action centers,
although it requires a larger spatial domain for the analysis.
In this study, we use both methods, and apply them to different analyses to take full advantage of the two methods.

3 Results
3.1 Spatial patterns
To evaluate the simulations of the influences on winter climate over the eastern US, the spatial patterns of the simulated NAO and PNA are first compared with the observed
data. Figure 1 shows the regression patterns of the first
EOF mode on SLP anomalies from the NCEP data and 17
GCMs for the period 1950–1999. Because the NAO patterns are shown in the first EOF mode, and the “unphysical

pattern issue” that results from the orthogonality constraint of EOF analysis does not influence the results (cf.
Hannachi 2007; Lian and Chen 2012), no additional rotation of EOF is applied here. The correlation coefficient
between the observed NAO index (defined here as the
time series of the first EOF), and the observed NAO index
defined using the difference of normalized SLP between
Lisbon, Portugal and Stykkishomur/Reykjavik, Iceland
(Hurrell et al. 2013) is 0.99 (p < 0.01). All the GCMs can
reproduce an obvious dipole consisting of a high over the
Azores and a low over Iceland, which is the characteristic feature of the NAO. For the NCEP data (Fig. 1a), the
first pattern explains 54.1 % of the total variance, while
for GCMs (Fig. 1b–r), the variances explained by the first
patterns are about 50 % for most GCMs, with the smallest two (37.2 and 37.6 %) from HadGEM2-AO (Fig. 1k)
and HadGEM2-ES (Fig. 1l). For the locations of NAO
centers, most GCMs can reproduce this quite well, though
several [CNRM-CM5 (Fig. 1f), CSIRO-Mk3.6.0 (Fig. 1g),
FGOALS-g2 (Fig. 1h), GISS-E2-H (Fig. 1j), and MIROC5
(Fig. 1q)] simulate the NAO positive centers as extending
too far to the west. Most GCMs underestimate the magnitude of NAO positive centers, while three overestimate the
magnitude [CSIRO-Mk3.6.0 (Fig. 1g), IPSL-CM5A-MR
(Fig. 1m), and MIROC5 (Fig. 1q)]. Most simulated magnitudes of NAO negative centers are close to the observations [with only CNRM-CM5 (Fig. 1f), CSIRO-Mk3.6.0
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Fig. 1  The spatial regression patterns of the first EOF mode on the SLP pressure anomalies from observations (NCEP) (upper left panel) and 17
GCMs (unit: hPa)
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Fig. 2  The spatial regression patterns of the first EOF mode on the H500 anomalies from the observations (NCEP) (upper left panel) and 17
GCMs (unit: m)

(Fig. 1g), HadGEM2-ES (Fig. 1l), and MIROC5 (Fig. 1q)
slightly underestimating the magnitude].
Figure 2 shows the regression patterns of the first EOF
mode on H500 anomalies from the NCEP data and 17

GCMs for the period 1950–1999. In this study, since we
mainly focus on the climatic influences over the eastern US,
the region used to define PNA is 30–50°N, 160°E–60°W,
which contains three of the four action centers that have the
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largest influences over the eastern US (Allan et al. 2014).
Using NCEP data (Fig. 2a), the three centers of action
(located over the Aleutian Islands, northwestern North
America, and the southeastern US) are well captured by the
EOF analysis, with 31.9 % variance explained by the first
EOF. The time series of the first EOF is also highly correlated with the PNA index defined using the difference of
the normalized H500 field (r = 0.91, p < 0.01). In all of the
GCM simulations, these three centers are reproduced, with
~40 % variance explained (Fig. 2b–r). Among the three
centers, usually the locations of the negative height centers
over the Aleutian Islands and the southeastern US can be
reproduced correctly with small differences (e.g. CNRMCM5, Fig. 2f; HadGEM2-ES, Fig. 2l; MPI-ESM-LR,
Fig. 2n; MRI-CGCM3, Fig. 2p), while the positive height
centers over northwestern North America are displaced in
several GCM simulations (e.g. GFDL-CM3, Fig. 2i; GISSE2-H, Fig. 2j; MRI-CGCM3, Fig. 2p). The magnitudes of
the negative height centers over the Aleutian Islands and
positive height centers over northwestern North America
are usually simulated reasonably, while the magnitudes of
the negative height centers over the southeastern US are
overestimated in several GCMs [e.g. CCSM4 (Fig. 2c),
CESM1-WACCM (Fig. 2e), CNRM-CM5 (Fig. 2f), and
GISS-E2-H (Fig. 2j), and NorESM1-M (Fig. 2r)].
From the analysis of this section, it can be concluded that
the spatial patterns of the NAO and PNA can be reproduced

Table 2  The spatial correlations between observed and simulated
NAO and PNA patterns in CMIP5 GCMs

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

a

Model

NAO

PNA

CanESM2
CCSM4
CESM1-CAM5
CESM1-WACCM
CNRM-CM5
CSIRO-MK3.6.0
FGOALS-g2
GFDL-CM3
GISS-E2-H
HadGEM2-AO
HadGEM2-ES
IPSL-CM5A-MR
MPI-ESM-LR
MPI-ESM-MR
MRI-CGCM3
MIROC5
NorESM1-M

0.96
0.97
0.98
0.98
0.96
0.87
0.93
0.97
0.97
0.93
0.88
0.98
0.96
0.97
0.94
0.83
0.94

0.90
0.96
0.96
0.88
0.74
0.82
0.84
0.93
0.74
0.97
0.74
0.93
0.75
0.90
0.48a
0.86
0.97

Average

0.94

0.85

Not significant
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reasonably by most of the CMIP5 GCMs, similar to the performances of those models included in the CMIP2 archives
(Stephenson et al. 2006) and CMIP3 archives (Handorf
and Dethloff 2012). To quantitatively evaluate the GCMs’
performance in reproducing the spatial patterns, the spatial correlations between the observed and simulated NAO/
PNA patterns are calculated after being regridded to the
same 2° × 2° resolution (Table 2). From the table, it can be
seen that the observed NAO pattern is usually well reproduced by the GCMs, with an average correlation coefficient
of 0.94. The lowest coefficients are from CSIRO-Mk3.6.0
(r = 0.87) and MIROC5 (r = 0.83), which underestimate
the negative centers but overestimate the positive centers
and displace the positive centers towards the middle of the
Atlantic Ocean. All these correlation coefficients are skillful
when using a reference value of 0.6 as an evaluation limit
(Hollingsworth et al. 1980; Wilks 2006). The GCMs have
less skill in reproducing the PNA patterns, with an average
correlation coefficient of 0.85. The five GCMs with coefficients lower than 0.8, i.e. CNRM-CM5 (r = 0.74), GISSE2-H (r = 0.74), HadGEM2-ES (r = 0.74), MPI-ESM-LR
(r = 0.75), and MRI-CGCM3 (r = 0.48, which is the only
correlation coefficient lower than reference value 0.6), usually simulate some displacements of the three centers, and
differences in magnitudes.
3.2 Relationships with regional temperature
and precipitation
After evaluating the simulated spatial patterns of NAO
and PNA, the GCMs’ performances in reproducing the
observed relationships between NAO/PNA and regional
winter climate over the eastern US were investigated.
From observations, the NAO has a significant positive correlation (p = 0.05) with winter average temperature (0.5° resolution) over most parts of the eastern US
(Fig. 3a). The probable mechanism is that the positive pressure anomalies induce a weaker H500 trough over the eastern US and block polar air invasion into this region during
positive NAO winters (Ning and Bradley 2015). All GCMs
can reproduce this positive correlation between the simulated NAO index and simulated temperature, while several
GCMs simulate a smaller region with significant positive
correlations, due to underestimation of the NAO positive
center magnitudes, and extension over the eastern US, [e.g.
CanESM2 (Fig. 3b), CESM1-CAM5 (Fig. 3d), HadGEM2AO (Fig. 3k), HadGEM2-ES (Fig. 3l), and NorESM1-M
(Fig. 3r)]. On the other hand, CSIRO-Mk3.6.0 (Fig. 3g)
and MIROC5 (Fig. 3q), which overestimate the NAO magnitudes and the western extension, simulate more robust
significant positive correlations.
For winter precipitation, based on the observations,
NAO has a positive correlation with precipitation over the
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Fig. 3  The observed and GCM simulated correlations between the
NAO and regional winter temperature over the eastern US (contour
interval 0.07). Red solid lines indicate positive correlations. Blue dash
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lines indicate negative correlations. Stippling indicates correlations
significant at the p = 0.05 level
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southeastern US with significant correlations only over
a small region in the south, and a slightly negative correlation along the coast of New England and into Maine
(Fig. 4a) (c.f. Bradbury et al. 2003). Since the precipitation correlation pattern is more spatially heterogeneous,
the contour interval shown is larger than the temperature
correlation, to make the pattern clearer. This pattern is
captured to some extent by several GCMs, but with some
displacement of the centers and differences in magnitudes, due to differences between the observed and simulated NAO extensions and magnitudes [e.g. CanESM2
(Fig. 4b), CCSM4 (Fig. 4c), CNRM-CM5 (Fig. 4f), and
GISS-E2-H (Fig. 4j)]. FGOALS-g2 (Fig. 4h), MPI-ESMLR (Fig. 4n), and MIROC5 (Fig. 4q) simulate positive
correlations over the whole eastern US, but for other
GCMs, the simulated patterns are quite different from the
observations. For example, in GFDL-CM3 (Fig. 4i), the
simulated NAO has a negative correlation with winter precipitation over the whole region. The potential reason is
the simulated NAO extends too far to the west, and the
positive pressure anomalies (Fig. S1a) block the winter
storms, so that there is less precipitation during positive
NAO winters (Fig. S1b).
Figure 5 compares the observed and GCM-simulated
spatial patterns of the correlations between the PNA index
and winter temperature over the eastern US The observed
PNA index has a positive correlation with winter temperature over the northwest part of the region and a negative
correlation to the southeast. The mechanism is that the
positive geopotential height anomaly over northwestern
North America and negative geopotential height anomaly
over the southeastern US displace the polar jet stream to
the southeast, inducing a deeper trough over the eastern US
(Notaro et al. 2006), which leads to the advection of northerly air into the southeastern part of the region, resulting
in negative temperature anomalies. By contrast, the positive geopotential height anomalies over northwestern North
America induce poleward displacement of the polar jet
over the western US, and this enhanced ridge brings positive temperature anomalies over the region dominated by
positive geopotential height anomalies, including the northwestern part of the study region (Ning and Bradley 2015).
All of the GCMs can generally reproduce this northwestsoutheast contrast pattern, though with some differences in
the locations of the boundary between positive and negative
correlations. Within the GCMs, several GCMs can reproduce quite similar patterns, e.g. CanESM2 (Fig. 5b) and
CESM1-CAM5 (Fig. 5d). Several GCMs simulate dominantly negative correlations over most of the region, e.g.
FGOALS-g2 (Fig. 5h) and HadGEM2-ES (Fig. 5l) while
several GCMs simulate a larger area with positive correlation, e.g. IPSL-CM5A-MR (Fig. 5m) and MRI-CGCM3
(Fig. 5p).
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These differences are caused by the simulated positive geopotential height centers over northwestern America being located too far to the north in the simulations
(Fig. 2). Some models simulate significant negative correlations over the whole domain, because the magnitude of
the negative center over the southeastern US is larger than
in the observations and the center extends too far north,
which make troughs deeper, so that polar air more easily
invades the eastern US [e.g. CESM1-WACCM (Fig. 6e),
CNRM-CM5 (Fig. 6f), FGOALS-g2 (Fig. 6h), HadGEM2ES (Fig. 6l), and MPI-ESM-LR (Fig. 6n)].
For the relationships between the observed PNA index
and winter precipitation, the observations show that the
PNA index has positive correlations with precipitation
over the western part of the region and along the coast,
and significant negative correlations over the Ohio Valley
(Fig. 6a). The mechanisms behind this pattern are that the
anticyclonic circulation over the southeastern US blocks
the moisture transport from the Gulf of Mexico to the Ohio
Valley (Ning and Bradley 2014). Most GCMs can reproduce this spatial pattern with three different correlation
centers, except for GFDL-CM3 (Fig. 6i), IPSL-CM5A-MR
(Fig. 6m) and MRI-CGCM3 (Fig. 6p). This indicates that
most GCMs can capture the influence of the PNA on water
vapor transport, although the locations and magnitudes
may be slightly different due to the northern displacement
of the negative geopotential height centers over the southeastern US
3.3 Future NAO/PNA changes and relationships
with regional climate
In this section, the future changes of NAO and PNA locations and magnitudes with respect to the historical model
simulations, the corresponding uncertainties of these
changes, and the changes of relationships between NAO/
PNA and regional climate over the eastern US are examined. The future SLP and H500 anomalies are first calculated relative to the average of the period 2050–2099 for
the EOF analysis. The locations and magnitudes of the
NAO and PNA centers are defined as the average locations
and magnitudes over the 50 grid points (~2.5 %) in the
middle of the centers of the spatial regression patterns after
regridding to the same 2° × 2° resolution. Then, to keep
the paper concise, correlations with winter temperature
under RCP4.5 scenario are selected as examples to analyze the relationships between NAO/PNA changes and the
correlation pattern changes, since the correlations of temperature (Figs. 10, 11) are more uniform than precipitation
(Figs. S8 & S9), and similar conclusions can be obtained
from RCP2.6 and RCP8.5 scenarios.
In the future period 2050–2099, under all three scenarios (RCP2.6, 4.5, and 8.5), GCMs still simulate the NAO
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Fig. 4  The observed and GCM simulated correlations between the NAO and regional winter precipitation over the eastern US (contour interval 0.14)
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Fig. 5  The observed and GCM simulated correlations between the PNA and regional winter temperature over the eastern US (contour interval
0.07)
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Fig. 6  The observed and GCM simulated correlations between the PNA and regional winter precipitation over the eastern US (contour interval
0.14)
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(c)

(d)

Fig. 7  Future changes of locations (a, b) and magnitudes (c, d)
of NAO centers located over the Azores (a, c), and Iceland (b, d)
under the RCP2.6 (blue), RCP4.5 (green), and RCP8.5 (red) scenarios. 1 CanESM2, 2 CCSM4, 3 CESM1-CAM5, 4 CESM1-

WACCM, 5 CNRM-CM5, 6 CSIRO-Mk3.6.0, 7 FGOALS-g2,
8 GFDL-CM3, 9 GISS-E2-H, 10 HadGEM2-AO, 11 HadGEM2ES, 12 IPSL-CM5A-MR, 13 MPI-ESM-LR, 14 MPI-ESM-MR,
15 MRI-CGCM3, 16 MIROC5, 17 NorESM1-M

and PNA as dominant low-frequency circulation patterns
based on EOF analysis (c.f. Figs. S2-S7), but their locations and magnitudes change (summarized in Figs. 7, 8,
9). For the NAO Azores center (NAO center 1), under the
RCP2.6 scenario, the range of longitude changes is ±10°,
and this increases to −20° to +15° for RCP4.5 scenario
and ±20° for RCP8.5 scenario, but with most latitude
changes within ±5° (Fig. 7a). For the NAO Iceland center
(NAO center 2), the ranges of longitude changes are consistent within −50° to +40° (most within ±20°) under
all three scenarios, and the ranges of latitude changes are
within ±10° under all three scenarios (Fig. 7b). That there
is no consensus on the location changes of NAO centers
among the GCMs under future warming scenarios, confirms the results from previous studies using different
GCMs (e.g. Campbell et al. 1995; Huth 1997; Hu and
Wu 2004), indicating these changes are associated with
the different GCM responses to warming on simulating
changes of NAO interannual variability and mean state
(Hu and Wu 2004).

Based on the results of IPCC AR4 (IPCC 2007), in
the future, there will be a SLP decrease over the Arctic
region and a SLP increase over the Azores region due to
the extratropical response to increased tropical sea surface
temperature and an enhanced polar stratospheric vortex
(Hu and Wu 2004). In the CMIP5 models that we examined, 10/17 GCMs predict an intensified Azores High under
both RCP2.6 and RCP4.5 scenarios (although the GCMs
are slightly different), and this number increases to 12/17
under the RCP8.5 scenario (Fig. 7c). For the Iceland center,
10/17 and 12/17 GCMs predict an intensified Icelandic
low under RCP2.6 and RCP4.5 scenarios, but this number
decreases to 8/17 under the RCP8.5 scenario.
When considering the two centers together, the total
NAO changes are defined as:
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NAO = slp1 − slp2

(1)

NAO increases were found in 10/17 GCMs for RCP2.6
scenario, 12/17 for RCP4.5 but only 7/17 for RCP8.5
(Fig. 9a) due to fewer GCMs simulating an intensified
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Fig. 8  Future changes of locations (a, b, c) and magnitudes (d, e, f) of PNA centers located over Aleutian Islands (a, d), northwestern North
America (b, e), and the southeastern US (c, f) under the RCP2.6 (blue), RCP4.5 (green), and RCP8.5 (red) scenarios

Icelandic low (although the decreases are really small with
only one exceeding −0.5 hPa).
Comparing the three major uncertainties, i.e. the uncertainties due to internal variability, model response and
emission scenarios (Hawkins and Sutton 2009), for the
location changes of NAO centers, the inter-GCM uncertainties (defined as the spread of the changes among GCMs
under the same scenario) account for a large part of the
total uncertainties. The total range of uncertainties increase
with emission scenarios, with the magnitude changes due
to increased forcing on a single GCM comparable to, or

even larger than, the inter-GCM uncertainties, especially
for the RCP8.5 scenario.
The factors influencing NAO relationships with winter
temperature, based on the discussion in Sect. 3.2 are chosen
in this analysis (i.e. total NAO magnitudes, and magnitude
and longitude of the NAO center over the Azores Islands).
In the future, 12/17 GCMs predict a larger area with a significant positive correlation between simulated NAO and
winter temperature (Fig. 10), compared with the historical
simulations (Fig. 3). 12/17 Predicted extensions/shrinkages
of area with significant positive correlation, are consistent
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(a)

(b)

Fig. 9  Future changes of NAO (a) and PNA (b) indices under the RCP2.6 (blue), RCP4.5 (green), and RCP8.5 (red) scenarios

with changes of the NAO magnitudes based on the relation
discussed in previous section, while more changes (13/17)
are consistent with the changes of magnitude in the center
over the Azores. This indicates that the correlations are
highly determined by the eastern US trough magnitude,
influenced by the SLP anomalies of the Azores High.
For the other factor influencing the correlation pattern,
the location of the center over the Azores, only 8/17 east/
west shifts of locations are consistent with the changes.
Notably, for 2/3 GCMs, i.e. MPI-ESM-MR and NorESM1M, for which none of the magnitudes of the NAO, and
NAO center over the Azores are consistent with the correlation change (c.f. Figs. 3o, f, 10o, f), the shifts of the center
are consistent with the correlation changes (c.f. Figs. 1o, f,
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S2o&f). This means the eastern/western shift of the trough
brought by the location changes contribute less to the correlation changes.
For the PNA centers over the Aleutian Islands (PNA
center 1), and the southeastern US (PNA center 3) most
location changes are within ±10° for longitude and ±5°
for latitude, with only a few exceptions, generally under
RCP4.5 and RCP8.5 scenarios (Fig. 8a, c). However, the
location changes of the center over northwestern North
America (PNA center 2) are much larger (−60° to +40°
for longitude and −15° to +20° for latitude, Fig. 8b);
GCMs show poor performances in simulating the observed
location of this center, indicating lower confidence for
this change. As with the NAO, the GCMs do not show
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Fig. 10  The GCM simulated correlations between the NAO and regional winter temperature over the eastern US (contour interval 0.07) under
the RCP4.5 scenario. The observed pattern is also shown in a as comparison. Stippling indicates correlations significant at the p = 0.05 level
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Fig. 11  Similar to Fig. 10, but for PNA
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consistent location changes of the PNA centers, similar
to the conclusions of previous studies (Allan 2013; Allan
et al. 2014; Zhou et al. 2014), indicating that these changes
are associated with different GCM responses to warming
on simulating changes of variability and mean state of the
future H500 wave field.
For the center magnitude changes over the Aleutian
Islands, about half of the GCMs (8/17) predict decreases
under the RCP2.6 and RCP4.5 scenarios, and under
RCP8.5 scenario, most GCMs (12/17) predict decreases.
The intensification of the Aleutian Low under future warming is consistent with previous studies (Raible et al. 2005;
Meehl et al. 2006), and is related to Rossby wave propagation, which requires tropical vortex stretching due to
enhanced convection in the near-equatorial Pacific (Vavrus
et al. 2006). The corresponding circulation changes also
induce increases of the center over northwestern North
America (7/17, 9/17, and 10/17 GCMs under three scenarios) and decreases of the center over the southeastern US
(8/17, 9/17, and 13/17 GCMs under three scenarios).
When considering the three centers together, the total
PNA changes are defined as:

PNA =

1
[−z1 + z2 − z3 ]
3

(2)

Under RCP2.6 and RCP4.5 scenarios, about half of
GCMs (8/17 and 7/17) predict PNA increases, while this
number increases to 11/17 under RCP8.5 scenario.
GCMs show greater agreement on magnitude changes
over several centers (i.e. NAO Azores center, PNA Aleutian center, and PNA center over the southeastern US) than
the other two centers (i.e. NAO Iceland center and PNA
center over northwestern North America) in all three scenarios, and this leads to a lower consensus on total NAO
and PNA magnitude changes. This implies that it is important to investigate the future magnitude changes of individual NAO and PNA centers besides the total NAO and PNA
magnitude changes.
For the location changes of PNA centers, the inter-GCM
uncertainties are the major sources of the total uncertainties. The spread of location changes is usually larger under
the RCP4.5 and RCP8.5 scenarios, indicating larger uncertainties under higher emission scenarios. For the magnitude
changes, the uncertainties due to different scenarios for a
single GCM are still smaller than the inter-GCM uncertainties, and the total uncertainties usually increase with emission scenarios, with the largest spreads under the RCP8.5
scenario.
The factors influencing PNA relationships with winter
temperature chosen here are total PNA magnitude, magnitude and longitude of the PNA center over northwestern North America, and magnitude and latitude of the
PNA center over the southeastern US For the PNA and
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temperature correlation, 9/17 GCMs predict increases in
the area of the region with a significant negative correlation
between winter temperature and the PNA index (Fig. 11).
Based on the correlations discussed in Sect. 3.2, magnitude
changes of total PNA and the PNA center over the southeastern US, are consistent with 11 correlation changes,
most of which (9/11) are identical. For the PNA center over
northwestern North America, the changes of magnitude are
consistent with 9 correlation changes, while the longitude
changes are consistent with 12 correlation changes, indicating a more important influence from the location than
the magnitude. However, the changes in the latitude of the
center over the southeastern US are only consistent with
6/17 correlation changes. This indicates that the changes
of PNA magnitude, the longitude of the PNA center over
northwestern North America, and the magnitude of the
PNA center over the southeastern US strongly influence the
area invaded by polar cold area, by influencing the location
and magnitude of the trough over the eastern US.

4 Conclusions
17 GCMs used in CMIP5 were analyzed for their ability
to simulate the spatial patterns of two important modes of
large-scale climate variability—the NAO and PNA, and
their influences over the eastern US The regression patterns of the first EOF modes of SLP and H500 fields were
used to define the NAO and PNA. In comparisons with the
results from NCEP data, the spatial patterns of the NAO
and PNA are reproduced by all the GCMs, with some differences in the locations and magnitudes, indicating the
GCMs are able to reasonably represent the atmospheric circulation associated with the NAO and PNA.
Most GCMs can reproduce the significant positive correlation that has been observed between NAO and winter
average temperature over the eastern US NAO has a positive correlation with winter precipitation over the southern part of this region and some slight negative correlations over the northern part, but this correlation pattern is
generally not significant, and is not reproduced in most
GCMs. PNA has a positive correlation with winter temperature over the northwest and a negative correlation over
the southeastern US All GCMs can reproduce this pattern,
but several GCMs simulate a negative correlation over
almost the entire region due to the differences between
observed and simulated positive geopotential height centers over northwestern America and southeastern US For
winter precipitation, PNA has a positive correlation over
the western part, a negative correlation over the Ohio Valley, and a slight positive correlation over the coastal region;
most GCMs can reproduce this pattern, though with some
displacements. Differences between the observed and
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GCM-simulated relationships result from differences in
the simulated magnitudes and locations of the geopotential
height centers.
The differences of the correlation patterns indicate that
although the GCMs can reasonably reproduce the two patterns of large-scale climate variability, on the regional scale,
GCMs have some deficiencies in reproducing the detailed
relationships because of the limited abilities of GCMs to
reproduce the background dynamics, e.g. stationary waves
and jet streams (Lee and Black 2013; Davini and Cagnazzo
2014). These differences from the observed and simulated
relationships should be taken into consideration, and bias-corrections should be applied before application to downscaling
methods, to generate high-resolution regional climate data.
In the future period 2050–2099, the projected NAO and
PNA changes in magnitudes and locations show large interGCM uncertainties, as well as uncertainties related to scenarios. Usually, the uncertainties in the location changes of
individual centers and total NAO magnitude changes are
due to both model response and emission scenarios, while,
the uncertainties in the magnitude changes of total PNA
and individual centers are mainly from model responses.
Moreover, GCMs show higher agreements on magnitude
changes over individual centers than for the total NAO and
PNA magnitude changes. The winter temperature correlation changes over the eastern US are usually highly influenced by changes in the magnitude of the NAO center
over the Azores, and changes of total NAO magnitude, as
well as by changes in the longitude of the PNA center over
northwestern North America, changes in total PNA magnitude, and the change in magnitude of the PNA center
over the southeastern US These results imply that in future
mechanism investigations, it is important to consider the
influences of both the location and magnitude changes of
individual NAO and PNA centers, in addition to the total
NAO and PNA magnitude changes.
Based on the findings of this study, when applying the
changes of the two teleconnections to future downscaling,
temperature can be downscaled with more confidence than
precipitation over the eastern US Considering the GCMs’
deficiencies in reproducing the locations of the PNA center
over northwestern North American and the magnitude of
the NAO center over the Azores, bias-correction should be
applied before the downscaling procedure. Moreover, to
reduce the inter-GCM uncertainties, methods like multimodel ensemble averaging should be also applied, with
weights based on the GCMs’ performances in reproducing the historical correlations with surface climate over the
eastern US.
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