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[1] Decadal changes in correlations between boreal winter averages of indices of the
North Atlantic Oscillation (NAO) and average temperature north of 20�N (NH20N)
have been reported in the literature. We show that such fluctuations are caused by
changing midfrequency and high-frequency correlations (periods less than 30 years) and
are not the result of changes in the station network or a few erratic years. By examining the
NAO-temperature squared correlation on a spatial basis, we show that there have
been strong decadal changes in the Pacific but a more constant relationship in the Atlantic.
We explain the varying NAO-temperature relationship by showing that sea level pressure
(SLP) variance has changed markedly through time, especially in the North Pacific.
We performed a principal component analysis (PCA) of the running variance of SLP using
a recently released historical global gridded data set. The first PC corresponded to a
reduction in variance of the NAO during the mid-20th century, which occurred
concurrently with a similar change in the variance of the El Niño–Southern Oscillation
(ENSO). The loading patterns for this PC suggest that the decadal changes in the
variability of ENSO could be responsible for the changes in NAO variance. The second
North Pacific–dominated PC was indicative of increased variability of the strength of
the Aleutian Low during the mid-20th century, during which time the variability in the
Pacific and Atlantic were in phase. These two changes in variance of SLP, together with
the phase relationship between the two ocean basins, explain the changing NAO-
temperature correlation.
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1. Introduction

[2] Winter sea level pressure (SLP) in the Northern
Hemisphere (NH) exhibits its largest interannual variability
through the North Atlantic Oscillation (NAO) [Hurrell et
al., 2003]. The term NAO was first used by Walker [1924]
to describe the out-of-phase behavior of monthly averaged
sea level pressure between Iceland and the Azores. Its
importance in modulating European climate is evident in
the abundance of studies linking the NAO to a multitude of
responses, for example European temperature and precipi-
tation [Trigo et al., 2002], sea level in the Baltic [Yan et al.,
2004], Eurasian snow cover [Saito et al., 2004], ice con-
ditions in the Baltic Sea [Jevrejeva et al., 2003], streamflow
in the Middle East [Cullen et al., 2002] and the chemistry
and ecology of lakes in northern England [George et al.,
2004]. The influence of the NAO extends to other parts of
the NH. During the positive index phase in the western

Atlantic, anomalous cold northerly flow occurs over Green-
land and northeast Canada associated with anticlockwise
circulation about the Iceland low. Similarly warm condi-
tions in the southeast United States result from clockwise
circulation about the Atlantic subtropical high [Hurrell et
al., 2003].
[3] Most of the studies examining NAO teleconnections

have assumed a stationary relationship. However, a few
studies have indicated that the strength of NAO-climate
relationship changes with time [Jones et al., 2003; Osborn
et al., 1999; Raible et al., 2001; Slonosky et al., 2001;
Walter and Graf, 2002]. In particular, Jones et al. [2003]
used 31-year running correlations of three December-March
(DJFM) NAO indices with a variety of NH climate indices
to show how correlations have varied over time. They
concluded that correlations between the Gibraltar-Reykjavik
DJFM NAO index [Jones et al., 1997] and DJFM land
temperature averaged across stations north of 20�N [Jones
et al., 1999] were much lower in the period 1935–1955
than in the late 19th and late 20th centuries. In contrast, the
correlation with temperature averaged across northern and
central Europe (40–70�N, 10�W–30�E) has remained rel-
atively constant.
[4] Further analyses of the nonstationary NAO-temperature

relationship are provided by Raible et al. [2001] and Walter
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and Graf [2002], who examined the changing correlations
between the NAO and sea surface temperatures (SST) in
observational data [Walter and Graf, 2002] and a 600 year
coupled global climate model (GCM) experiment [Raible et
al., 2001]. Both studies concluded that periods with strong
correlations between the NAO and North Atlantic SST
coincided with strong decadal variability in the NAO. Periods
when the correlation was low also saw low NAO decadal
variability and, importantly, a strong Pacific–North American
(PNA) pattern linking the Pacific and North Atlantic regions.
[5] The main aim of this study is to examine the changing

NAO-temperature relationship in more detail. It is important
to document the degree of stationarity in these relationships,
because in many applications stationarity is assumed. Sta-
tistical downscaling is one area where stationarity of statis-
tical relationships is crucial. Although the NAO is an
important signal in explaining the large-scale changes in
extreme winter rainfall over recent decades [Haylock and
Goodess, 2004], stationarity concerns may limit its useful-
ness as a predictor when used to downscale climate models
to determine possible changes in extreme rainfall in the
future.
[6] Stationarity is also an important issue for the proxy

reconstruction of the NAO index. Cook [2003] suggests the
changing NAO teleconnections as a possible reason why
previous proxy NAO reconstructions validated poorly when
calibrated and validated over different periods of the instru-
mental record.
[7] Of more practical significance is the use of NAO

teleconnections for seasonal forecasting. NAO relationships
with Atlantic SST and European climate [Rodwell et al.,
1999] have been used by the UK Met Office to issue
experimental seasonal forecasts for winter temperature and
precipitation. The forecast methodology involved a maxi-
mum covariance analysis between May SST and the fol-
lowing winter 500 hPa geopotential height, from which the
expected magnitude of the NAO can be derived. The
forecasted NAO value was then used to qualitatively
determine expected temperature and precipitation over
Europe on the basis of historical (assumed stationary)
relationships.
[8] Of no less significance is the examination of changing

NAO teleconnections in order to extend our understanding
of important processes in the climate system. Many of the
studies referenced above examine only the later decades of
the 20th century. This limitation arises because of either the
limits of the data that are being linked to circulation changes
or the dependence on NCEP/NCAR reanalyses for circula-
tion data. In this study we use long-term data sets for NAO
indices, gridded temperature, and newly gridded pressure
data. The emphasis is on long records to show that exam-
ining links using just the recent decades may not be
representative of what has happened in earlier decades
and therefore not what may occur in the future.
[9] The first task of this study is to examine in more detail

the changing NAO-temperature relationship (section 2).
Here we construct our own index of average NH tempera-
ture north of 20�N (NH20N) based on a fixed selection of
gridded land and sea observations to ensure consistent
geographical coverage for the analysis period. We also test
whether a few extreme years are affecting the running

correlations and whether the changing correlations are due
to changing low frequencies, such as strong warming trends
in the most recent decades. In section 2 we also argue that
by including regions that are both positively and negatively
correlated with the NAO, it is more prudent to examine the
squared correlations between each grid point and the NAO
averaged across the NH rather than the correlation between
the average NH temperature and the NAO. We expect this
would give a better measure of the changing strength of the
NAO-temperature relationship, independent of the changing
sign of the relationship at each location.
[10] Section 3 examines the cause of the changing NAO-

NH20N correlations. We can rule out global warming as a
possible cause of the changing correlations as the running
correlations, with their equivalent highs in the late 19th and
20th centuries share no similarity to the warming trend (as
shown by Folland et al. [2001, Figure 2.7]).We first show
that correlations of NH20N with the SOI and several NH
circulation indices are much lower than with the NAO, and
NH20N is best modeled using just the NAO and an index of
pressure in the North Pacific. In seeking a cause for the
changing pressure-temperature relationship, we build on the
work of previous studies which indicate that the variance of
the NAO has changed through time [Feldstein, 2002; Raible
et al., 2001; Walter and Graf, 2002]. We also examine the
changing NAO-temperature relationship, by seeking to
isolate the evolving spatial pattern of NH SLP variability.
By showing how the magnitude of interannual variability of
SLP changes with time and space, we provide an insight
into the changing nature of correlations between tempera-
ture and indices of SLP such as the NAO. Our examination
of the link between changing correlations and changing SLP
variance is key to this study and is based on the simple
premise that, with less active SLP variability, one might
expect less active teleconnections. This hypothesis is
supported by the close statistical relationship between
correlation and covariance. We show that SLP variance
has indeed changed markedly through time, especially in
the North Pacific. Importantly, in support of our variance-
teleconnection hypothesis, we demonstrate that the chang-
ing NH total SLP variance accounts for about 40% of the
changing NAO-temperature relationship. Finally, section 4
discusses the implications of this study, particularly with
regard to the influence of the El Niño–Southern Oscillation
(ENSO) phenomenon on the NAO-NH20N relationship.

2. Correlation Between Northern Hemisphere
Temperature and the NAO

[11] The 1870–2004 HadCRUT2v land-sea temperature
anomaly data set forms the basis for this part of the study.
This monthly 5 � 5� gridded data set combines over 3000
land stations [Jones and Moberg, 2003] with SST taken
from ship observations. The variance of each grid point is
adjusted to take into account the changing number of
observations that constitute each grid box average [Jones
et al., 2001].
[12] The time series of the average land temperature

anomaly north of 20�N used in the analysis of Jones et
al. [2003] is constructed using a changing station network.
We need to eliminate potential variability related to the
changing station network from the analysis to be certain that
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the changing NAO-temperature correlation is not just due to
a greater number of poorly correlated station data in the
middle of the 20th century, although this is highly unlikely
given the steady increase in geographical coverage of the
network. The coverage of the HadCRUT2v data set changes
with time as there is no interpolation of data to grid boxes
lacking observations. Therefore we selected from the data
set those grid points north of 20�N that have at least 21
nonmissing DJFM averages in any 31-year period for
1870–2004, where a DJFM average is only calculated if
there are at least three of the four months present. The
location of these 224 points is shown by the large points in
Figure 1. Coverage is poor over the Pacific, West Atlantic,
Africa, the Middle East and Eastern Asia. North of 60�N,

the coverage is concentrated in the European sector. To
increase the coverage significantly we need to greatly
shorten the period. We have therefore included a more
spatially complete set based on the period 1926–2004 which
has 614 points, also shown in Figure 1. This period was
chosen as the period that maximizes the product of the period
length and the number of grid points selected using the above
criteria. All points in the longer period set are present in the
shorter period set.
[13] Figure 2 is a repeat of the analysis of Jones et al.

[2003] but using a latitude-weighted average of the grid
points in Figure 1 to create the mean NH DJFM temperature
north of 20�N (NH20N) according to equation (1). Note

Figure 1. Location of HadCRUT2v grid points used in the study. Small points are only in the 1926–
2004 data set. Larger points are used for the 1870–2004 and 1926–2004 studies.
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that, whereas Jones et al. [2003] used land points only,
Figure 2 incorporates marine data.

NH20Nt ¼
P

cos latð ÞTtP
cos latð Þ ð1Þ

[14] Figure 2 includes error bars on the running correla-
tion related to the influence of missing data. To calculate the
error bars, we filled missing monthly mean temperature
values at each grid point by assuming a first-order autore-
gressive process. We did this 10,000 times with differing
random high-frequency error, but maintaining the long-term
first-order autocorrelation in the monthly series. In each
realization we gap filled the monthly temperature data at
each grid point, calculated the DJFM NH20N index, then
calculated the running correlation with the NAO. From the
10,000 samples we calculated the 2.5% and 97.5% confi-
dence limits. These limits are very small (<0.02) compared
with the decadal variability in the correlation (>0.3). There-
fore the secular change in the correlation cannot be
explained by a change in the amount of missing data
through time.
[15] Figure 2 also gives the median and 2.5% and 97.5%

confidence limits for running 31-year correlations between
two random normally distributed series with the same long-
term correlation as the NAO and NH20N (0.39) as deter-
mined by a Monte Carlo simulation. In this experiment we
generated 10,000 pairs of 31-point series using a first-order
regression process and calculated their correlation. The con-
fidence limits show that while the changes up until 1960 are

within what would be expected by random sampling of two
long series with a stationary correlation, the large positive
correlations since 1960 are unusual (p < 0.05).
[16] Figure 2 reveals a similar change in the NAO-

NH20N correlation to what was found by Jones et al.
[2003], from an initial high of 0.63 in 1885 to a low of
0.33 in 1916 then increasing to a high of 0.84 in 1974 and
declining in later years. Although the general shape of the
series is the same in Figure 2 and the earlier study, the year
with the lowest correlation appears earlier in our analysis.
Throughout this study, where we refer to 31-year running
windows, we indicate time by referring to the central year
(e.g., 1989 for the period 1974–2004). The high correla-
tions reached in the later decades of the analysis are likely to
be enhanced by the strong positive trends in both the NAO
and NH20N in this period. Since we are primarily interested
in correlations of interannual variability of the NAO and
NH20N, we have removed the low frequencies with periods
greater than 30 years from the two series before calculating
running correlations. The low-frequency temperature signal
shows strong warming in two periods (1910–1940 and
1970–present) while the NAO shows a general decline
from 1910 to 1960 followed by a rising trend (as shown
by Folland et al. [2001, Figures 2.7 and 2.30]). Repeating
the running correlations between the NAO and NH20N with
the high-pass filtered data gives the thick dashed line in
Figure 2. This enhances the minor peak in 1931 and reduces
slightly the highs reached in the later years (0.80 compared
with 0.84 in 1974). The lowest correlation of the filtered
data is 0.33 in 1900. There are, nevertheless, marked

Figure 2. DJFM 31-year running correlation between the NAO index and average NH land and sea
temperature north of 20�N (thick solid line) and using high-pass filtered data (thick dashed line) and
using the shorter data set for unfiltered (thin solid line) and high-passed (thin dashed line) data.
Horizontal lines show the median (solid) and 2.5% and 97.5% (dashed) confidence limits for 31-year
correlations sampled from a first-order regression process (see text). Error bars on the unfiltered longer
series (thick solid line) arise from missing data (see text).
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changes in correlations between the high-frequency compo-
nents of the data. Therefore the change in correlations
through the 20th century is not due to changes in the
relative phases of the low frequencies of the two series
but primarily due to the changing correlation of frequencies
with periods less than 30 years. We can also conclude that
the change in correlations is not due to a change in the
HadCRUT2v spatial coverage, as this was kept constant for
this analysis, unlike the temperature series used by Jones et
al. [2003], which was based on a changing station network.
[17] We repeated the running correlation using the shorter,

more spatially complete data set, as shown in Figure 2. This
gives rise to a similar strong increase in the later part of the
record but starting from an initial low of 0.23 in 1951 and
reaching a high of 0.79 in 1979. This change in correlation in
the later decades using the shorter set is more pronounced
than for the longer set, with the former having a steeper
gradient in Figure 2. The shorter set differs from the longer
set mainly in its improved spatial coverage in the Pacific,
which implies that the change in the NAO-temperature
relationship is perhaps even more pronounced in the Pacific.
[18] We wish to examine how the correlation between the

NAO and the local temperature changes with time, given
the observed change in the NAO-NH20N relationship.
Figure 3 shows maps of correlations between the 1870–
2004 high-pass filtered DJFM NAO and HadCRUT2v
gridded temperature data composited for the years when
the NAO-NH20N correlation (Figure 2) is below its median
value of 0.55 (Figure 3a) and above its median (Figure 3b).
The difference between these two plots (Figure 3c) reveals
that when the NAO-NH20N correlation is high, correlations
are generally more positive over Eastern Europe, the central
Atlantic and North America. Note that some of the regions
with a positive change in correlation in Figure 3c are
regions with a negative NAO-temperature correlation. This
implies a weakening negative correlation in Figure 3b
compared with Figure 3a, for example in the central North
Atlantic. The hatching in Figure 3c indicates where the
differences in the mean correlation of the two composites
are significant using a t-test. Because of the high serial
correlation in the running correlation time series, we
assessed the significance of the difference in the composites
by randomly resampling two equal blocks of correlations
1000 times and compared their difference to that obtained
by compositing the years according to the time series in
Figure 2. The shift in correlations between Figures 3a and
3b can be seen in the change in the probability density
function (PDF) of correlations (not shown) across all grid
points for the two composites. This shows that higher NAO-
NH20N correlations are associated with a reduction in
NAO-grid point temperature correlations in the range
�0.5 to 0.2 and an increase in correlations above 0.2.
[19] Figures 3a and 3b indicate that there are many grid

points with both positive and negative correlations. There-
fore it is more prudent to look at NAO-temperature squared
correlation (r2) averaged across the hemisphere rather than
correlations between NH average temperature and the NAO.
This is so as not to cancel the effects of regions that are out-
of-phase with regards variability associated with the NAO.
Figure 4 illustrates the r2 for running 31-year periods
between the high-pass filtered NAO and HadCRUT2v
calculated as a latitude-weighted average of all long-term

grid points north of 20�N (Figure 1). This time series has
high values in 1888, 1935 and 1983 and low values in 1921
and 1956. The general pattern is also very similar to that
seen in Figure 2, with peaks in the early and later years and
the lowest values in the early part of the 20th century,
however in the 1940s, what is a trough in Figure 2 is the
centre of broad peak in Figure 4 that extends from about
1920 to 1960. Also plotted in Figure 4 is the average NAO-
temperature r2 using the more spatially complete shorter
data set. This shows generally lower values with a greater
trough in 1956, implying that NAO-temperature correla-
tions are generally lower in magnitude in the Pacific sector
than in other longitudes around the hemisphere.
[20] There is a possibility that a few odd or erratic years are

affecting the correlations because of the sensitivity of the
Pearson correlation to extreme values. Therefore we recalcu-
lated the average NAO-temperature squared correlation but
using the Spearman correlation, which is more resistant to
outliers [Press et al., 1986]. This series is also shown in
Figure 4, and closely resembles the series calculated using the
Pearson correlation. We also checked this by removing the
years with the highest and lowest 5% of NAO and temper-
ature values. A similar secular change in correlation was still
evident. We thus conclude that the changing NAO-tempera-
ture correlation is not a product of several extreme years.
[21] We repeated this running correlation study using the

HadISST data set [Rayner et al., 2003] to confirm the above
results with a quasi-independent data set, and to gain more
detail over the oceans. HadISST is an update of the marine
element of HadCRUT2v, and includes additional input
observations and a different gridding scheme. The HadISST
data set is a globally complete set that uses a two-stage
reduced space optimal interpolation (RSOI) procedure,
followed by superposition of high-quality gridded obser-
vations onto the reconstructions to restore local detail.
Although data will naturally be less reliable over observation-
sparse regions, by using the variability of large-scale empir-
ical orthogonal functions (EOF), RSOI should give a best
guess as to what the true state might have been.
[22] Figure 5 shows the 1870–2004 HadISST-NAO cor-

relations as composites of years when the average NAO-
temperature r2 (Figure 4) is below its median (Figure 5a)
and above its median (Figure 5b). Note that previously, with
HadCRUT2v (Figure 3), we composited the years using the
NAO-NH20N running correlation (Figure 2), whereas this
time we use the NAO-temperature r2 (Figure 4). The
difference between these two composites (Figure 5c), shows
that there are large areas where the correlations in Figure 5b
are significantly more positive in the central North Pacific
and North Atlantic and significantly more negative in the
Eastern Pacific. Again, in some of the regions, a significant
positive change in Figure 5c may correspond to a weaker
negative correlation rather than a stronger positive correla-
tion, for example the North Atlantic. The distribution of
correlations for the two composites (not shown) shows that
the change from Figure 5a to Figure 5b is a reduction of the
number of points with low magnitude negative and positive
correlations and a corresponding increase in moderate
positive correlations. We can conclude that during periods
when we see a higher squared NAO-temperature correla-
tion, such as the late 19th century, 1930s and late
20th century, we see stronger positive correlations.
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[23] Figure 6 shows the average NAO-HadISST r2 calcu-
lated as a latitude-weighted average of Figure 5 for over-
lapping 31-year subperiods. Figure 6 reveals a significant trend
(p < 0.0001) in the magnitude of correlations for Atlantic
longitudes, and a strong ‘‘W’’ shaped pattern in correlation for
the Pacific basin. The all-longitude average is similar to that
seen in the HadCRUT2v data set (Figure 4) but with a more
enhanced peak in the 1940s and troughs circa 1920 and 1960.
Figure 6 shows that the low-frequency variability in the NH
average NAO-temperature correlations is mainly due to

changing correlations in the Pacific basin. This confirms the
results of Jones et al. [2003],who found amultidecadal change
in the correlations between theNAOandNH temperatures, but
more constant NAO-European temperature correlations.

3. Changes in the Variance of Northern
Hemisphere Sea Level Pressure

[24] Raible et al. [2001] and Walter and Graf [2002]
concluded that during periods of enhanced decadal variability

Figure 3. Composite of correlation between high-pass filtered DJFM NAO and HadCRUT2v gridded
temperature for periods when correlation between the high-pass filtered NAO and NH average
temperature (Figure 2) is (a) below its median and (b) above its median and (c) the difference of Figure 3b
and Figure 3a. Hatching indicates regions where a grid point t-test is significant.
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in the NAO, such as the later decades of the 20th century, the
NAO had a stronger correlation with North Atlantic SSTs
with a corresponding less active PNA pattern. Our own
examination of the 31-year running variance of the DJFM
NAO index (Figure 7, thick line) shows that it was about 50%
higher in the late 19th and 20th centuries compared with the
mid-20th century. This suggests that the reduced activity of
the NAO in the mid-20th century might be a possible
explanation as to why the NAO-NH20N correlation is weaker
during this period (Figure 2). Also we found in section 2 that
there was a strong W-shaped variation in NH average squared
correlations of temperature and the NAO, mainly because of
changes in the Pacific. One common index of the SLP in the
North Pacific is the North Pacific Index (NPI) [Trenberth and
Hurrell, 1994], which is the area-averaged pressure over the
region 30–65�N and 160�E–140�W (see comparisons and
extensions of the NPI and an Aleutian Low index from
different sources (including HadSLP2) in the work by Allan
and Ansell [2006]). An examination of the running variance
of the NPI, also plotted in Figure 7 (thin line, calculated from
HadSLP2 data) shows similarity with the W-shaped pattern
in SLP-temperature average squared correlations (Figures 4
and 6). Therefore we wish to examine in more detail the
changing NAO-temperature correlation in the context of the
changing centre of SLP variance. Our justification for this
approach, in addition to the above noted similarities, is based
on the hypothesis that with less active SLP variability, one
might expect a reduced influence on other climate parameters
such as temperature.

3.1. Relationship Between Northern Hemisphere
Temperature and Large-Scale Circulation Indices

[25] Before examining the changing SLP variability, we
first examine the relationship between NH20N and other
NH circulation indices as well as the SOI. We do this is in
order to determine whether NH20N is responding to forc-
ings other than the NAO as a possible explanation for the
changing relationship with the NAO. Also we wish to see if
the importance of the NPI suggested above can be deter-
mined objectively.
[26] Hurrell [1996] used multiple linear regression to

model the 1935–1994 DJFM NH20N index as a function
of the NAO, the Southern Oscillation Index (SOI) and the
NPI. He showed that much of the warming in Europe and
cooling in the northwest Atlantic could be explained by
circulation changes, with the NAO accounting for 31% of
the interannual variance of NH temperature. The SOI
accounted for about 16%. The large correlation between
the SOI and NPI (0.51) led to high standard errors in the
estimated regression coefficients for the two indices.
[27] We repeated a multiple linear regression of the

NH20N index using the NAO, SOI, NPI, Northern Annular
Mode (NAM [Thompson and Wallace, 2000]) and Pacific
Decadal Oscillation (PDO [Mantua et al., 1997]). The
availability of all the indices limited the analysis to the
common period 1899–2002. Because of the high correla-
tion of the predictors (Table 1), we used singular
value decomposition to give a more robust solution to
this numerically unstable least squares problem [Press et
al., 1986]. Since our prime aim was to model the high-
frequency interannual variability of NH20N, we first high-

Figure 4. Latitude-weighted average r2 for running 31-year periods between the high-pass filtered NAO
and NH HadCRUT2v points (thick line) and using the square of the Spearman correlation (thin line).
Also shown is the same analysis using the squared Pearson correlation for the shorter, more spatially
complete data set (dashed line).
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pass filtered the DJFM averages of the predictor and
predictands to remove frequencies with periods greater
than 30 years. Fitting the NH20N index to all five
predictors gave a correlation of 0.61 between the modeled
and observed indices. However, this approach gives no
indication of the best set of predictors and allows the
possibility of overfitting the data by using too many
predictors. We therefore selected the best predictor set by

testing every combination of the five predictors (25 � 1 =
31 combinations) in a cross validation exercise to choose
the best set. For each combination of predictors we
selectively removed each year, fitted the model with the
remaining years, then hindcasted the withheld year. By
comparing the correlation between the hindcasted series
and the observed we selected the best predictor set. This
procedure selected the NAO and NPI as the best predic-

Figure 5. Composite of correlation between high-pass filtered DJFM NAO and HadISST gridded sea-
surface temperature for periods when the average squared correlation between high-pass filtered NAO
and HadCRUT2v temperature (Figure 4) is (a) below its median and (b) above its median and (c) the
difference of Figure 5b and Figure 5a. Hatching indicates regions where a grid point t-test is significant.
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tors, resulting in a correlation of 0.58 between the hind-
casted series and the observed. The partial correlations
between NH20N and the NAO and NPI were 0.57 and
�0.17 respectively.

[28] We can conclude from this regression analysis that
the two most important SLP predictors for DJFM NH20N
are the NAO and the NPI, indicative of SLP changes in
the Atlantic and Pacific basins. The NAO is by far the

Figure 7. Running variance of the NAO and NPI indices.

Figure 6. Latitude-weighted average r2 for running 31-year periods between the high-pass filtered NAO
and NH HadISST points for all longitudes (solid line), ‘‘Atlantic’’ longitudes 80�W to 0� (thick dashed
line) and ‘‘Pacific’’ longitudes 120�E to 120�W (thin dashed line).
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most important predictor with a much higher partial
correlation than the NPI. The omission of the NAM
indicates that there is no additional information available
from this index, which has a high correlation with the
NAO (0.73, Table 1.) and moderate correlations with the
NPI (0.40). Likewise the SOI and PDO do not add
additional skill as both are moderately correlated with
the NPI (0.47 and �0.60). Note that our temperature
coverage over the Pacific is relatively poor (Figure 1)
which would lead to weaker relationships with the Pacific
indices.

3.2. Relationship Between Northern Hemisphere
Temperature and the Changing Spatiotemporal Pattern
of Interannual Variance of Sea Level Pressure

[29] For this section, we use the recently compiled
HadSLP2 data set (1850–2004) [Allan and Ansell, 2006].
This 5 � 5� gridded product is a compilation of land and
ship observations, and includes superior spatial coverage to
the previous version HadSLP1, which is an update to
GMSLP2 [Basnett and Parker, 1997]. The globally com-
plete HadSLP2 data set uses a similar RSOI gridding
procedure to HadISST.
[30] Figure 8 shows the 1870–2004 31-year running

variance of the high-pass filtered HadSLP2 data compos-
ited for periods when the 31-year running average NAO-
HadCRUT2v r2 (Figure 4) is below and above its median
and the difference between the two composites (Figure 8c).
Figure 8c shows that high NAO-HadCRUT2v r2 is associ-
ated with enhanced SLP variance in the North Pacific and
the region of northern Scandinavia and the Barents Sea, and
reduced variance in the North Atlantic. This tendency is
quantified in Figure 9, which shows the latitude-weighted
average of the running variance for the HadSLP2 data for
the entire NH north of 20�N as well as the ‘‘Atlantic’’
(80�W to 0�) and ‘‘Pacific’’ (120�E to 120�W) longitudes.
[31] Two features stand out in Figure 9: the tendency for

higher variance through time (shown by the linear trend in
the NH variance); and the large increase in variance in the
Pacific from about 1920 to 1960. We suggest that the
tendency to higher variance could be an artifact of data
processing due to an increase through time in the quantity of
observations in the gridded data, rather than a real feature.
This would cause the gridded data to become less dependent
on smooth RSOI gap filling through time thereby increasing
their variance. On the other hand, an increase in the number
of observations can have the opposite effect of smoothing
out grid box averages as more observations are used in
calculating the averages [Jones et al., 2001], but this only
applies to grid boxes that contain real observations and not
those that are interpolated. We suspect that it is the former

problem in this case. The trend is very significant (p <
0.001) for the whole NH north of 20�N. In addition, an even
more significant trend exists in the NH average variance of
the HadISST data (not shown), which is also compiled
using RSOI. The HadCRUT2v data set, which does not use
RSOI, does not contain a significant trend in variance. To
examine this further we have looked at the running variance
of three stations in the Atlantic that are commonly used to
create NAO indices: Gibraltar, Ponta Delgada and Reykja-
vik (not shown). Only Gibraltar has an increasing trend in
variance, which is not significant. The large jump in
variance from 1920 to 1960 in the Pacific, however, cannot
be explained by changes in the observation network. The
fact that it matches the period when there is a jump in the
NAO-HadCRUT2v r2 (Figure 4) suggests that this is a real
feature.
[32] The jump in SLP variance in the Pacific in 1920–

1960 is particularly interesting as during this period the
variance in the Atlantic remains constant and even reduces
slightly up until 1940. Variances in the Atlantic and Pacific
sectors run in parallel up until 1900, where they diverge and
remain out-of-phase for the rest of the record. The correla-
tion for the two sectors is �0.391 (p < 0.07). Because of the
high serial correlation in both series, which are calculated
from overlapping 31-year periods, we calculated the signif-
icance of this correlation using the ‘‘random phase’’ method
of Ebisuzaki [1997]. Although not quite significant at the
95% level, Figure 9 illustrates the low-frequency out-of-
phase behavior in the two domains; when variance increases
in the Pacific it decreases in the Atlantic.
[33] To confirm the observed reduction in SLP variance

in the Atlantic we examined the running variance of the
NAO index. Figure 7 reveals that this does indeed show a
decline in the middle part of the record similar to the
Atlantic-wide decline (Figure 9). This was also examined
by Walter and Graf [2002] who, through wavelet analysis,
concluded that reduced decadal variability was the cause of
the reduced variance. However, a high-pass-filtered version
of the NAO index also shows a similar decline in variance.
Figure 7 also shows the running variance for the NPI index,
which is very similar to the Pacific sector running variance
of Figure 9.
[34] Also notable in Figure 9, is the similarity between

the W-shaped changes in SLP variance and the average
NAO-temperature r2 from Figure 4. The correlation between
the average variance across the entire NH and the average
NAO-temperature r2 is 0.67 (p < 0.002, taking into account
autocorrelation in the series). Therefore about 40% of the
changes in the NH NAO-HadCRUT2v r2 can be explained
by changes in the total NH SLP variance.
[35] Our division of the NH into the Atlantic and Pacific

basins was based purely on a cursory examination of
Figure 8. We have quantified the changing variance of
NH SLP by performing a Principal Component Analysis
(PCA) on the linear-detrended and latitude-weighted run-
ning variance of DJFM averaged SLP based on the
covariance matrix. PCA has been used many times on
boreal winter SLP data to reveal the NAO (in the Atlantic
sector) or the annular Northern Annular Mode/Arctic
Oscillation (NAM; using the entire hemisphere) as the
first PC [Trenberth and Paolino, 1981], which reflects
interannual movements of mass from the high to midlat-

Table 1. The 1899–2002 DJFM Correlation Between Five NH

Climate Indices Used to Model NH20N

NAO SOI PDO NAM NPI

NAO 1.00
SOI �0.02 1.00
PDO �0.17 �0.49 1.00
NAM 0.73 0.10 �0.37 1.00
NPI 0.16 0.47 �0.60 0.40 1.00
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itudes. However, our aim is to determine the changing
spatiotemporal pattern of interannual variance. In other
words, the aim of the PCA here is to isolate regions that
have seen large coherent changes in the variance of winter
SLP through time. The PCA was carried out by performing
a singular value decomposition of the matrix of anomalies
of variance, after the variance at each grid point was first
divided by the cosine of the latitude. All PCs presented are

unrotated as we are primarily interested in finding the
component that maximizes the variance (of changing SLP
variability) across the entire region, rather than finding
localized modes that are derived from common rotations.
[36] Figure 10 shows the second principal component

(PC) of NH SLP running variance together with the average
NAO-HadCRUT2v r2 (from Figure 4). The correlation
between the two series is 0.70 (p < 0.001). We have also

Figure 8. Composite of HadSLP2 variance for periods when average squared correlation between high-
pass filtered NAO and HadCRUT2v temperature (Figure 4) is (a) below its median and (b) above its
median and (c) the difference of Figure 8b and Figure 8a. Hatching indicates regions where a grid
point t-test is significant.
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Figure 9. Latitude-weighted average of the variance of high-pass filtered SLP north of 20�N for a
running 31-year window for the entire NH (thick solid line), the Atlantic sector (thin dashed line) and the
Pacific sector (thin solid line). The linear trend of NH variance is shown as a thick solid line.

Figure 10. Second principal component of running 31-year DJFM SLP variance (thick solid line, RHS
axis). Also shown is the latitude-weighted average r2 for running 31-year correlations between the NAO
and NH HadCRUT2v points (thin solid line, same as Figure 4, RHS axis) and the same but using the AO
instead of NAO (thin dashed line, RHS axis).
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included the latitude-weighted average NAM-HadCRUT2v
r2, where NAM is defined as the first PC of NH DJFM-
average MSLP. This has an even higher correlation with our
second PC of NH SLP variance (0.81, p < 0.001). We would
expect the NAM- HadCRUT2v r2 to have a higher corre-
lation with our PC than when using the NAO as the NAM is
indicative of SLP variance changes across the entire hemi-
sphere rather than just the Atlantic. The map of factor
loadings for the second PC of HadSLP2 variance is shown
in Figure 11, which is remarkably similar to the composites
of HadSLP2 variance depending on the average NAO-
HadCRUT2v r2 (Figure 8). The pattern correlation between
the two figures is 0.70 (p < 0.01, allowing for autocorrela-
tion in the spatial patterns). Large positive loadings over the
Pacific coincide with smaller negative loadings over the
Atlantic, highlighting the previously mentioned out-of-
phase change in variance across the two basins. PC2
explains 24.8 percent of the total variance of running
variance of NH SLP. The fact that correlations between
the NAO and NH temperature are higher when SLP
variance in the Pacific is higher implies that SLP variability
in the Pacific during this time is correlated with the NAO. If
this were not the case we would expect the NAO-Had-
CRUT2v correlations to be reduced when the SLP variance
in the Pacific is greater.
[37] The first PC of running variance is shown in Figure 12

with its loadings in Figure 13. This PC explains 43.4 percent
of the total variance of running variance of NH SLP. The PC
changes from positive values at the start of the period to

negative values in the 1920s to 1950s then reverses sign
again. This corresponds to a reduction of variance in the
1920s to 1950s for those regions with positive loadings in
Figure 13 and an increase for those regions with negative
loadings. The strong centre of negative loadings over the UK
suggests that this region saw a strong increase in the variance
of boreal winter SLP in the early to mid-20th century. This
corresponds with reduced variance during the same period
over the high latitudes of the North Atlantic that have large
positive loadings. The two positive centers in themidlatitudes
and high latitudes of the North Atlantic occur near the Iceland
low and the Azores High, the poles of the NAO. Therefore
one would expect similarity in the corresponding PC and the
running variance of the NAO (Figures 12 and 7, respec-
tively). Accordingly this PC also helps us explain the
changing NAO-NH20N correlations as it highlights the
greatly reduced variance of the NAO during the early
mid-20th century. Moderate negative loadings over the
Pacific also indicate an increase in the variance of SLP in
this region during those years. We note that the center of
negative loadings in the Pacific in PC1 (Figure 13) is further
northeast and weaker compared with the center in PC2
(Figure 11).
[38] We repeated the PCA of SLP variance for the entire

globe. The loadings of the first PC are given in Figure 14
and are very similar to Figure 11, with an NH pattern
correlation between the two of 0.67 (p < 0.01, allowing for
autocorrelation). The corresponding PC score series (not
shown) is very similar to Figure 12, with a correlation

Figure 11. Factor loadings for the second PC of running variance of HadSLP2.
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Figure 12. First principal component of running 31-year DJFM SLP variance.

Figure 13. Factor loadings for the first PC of running variance of HadSLP2.
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between the two of 0.70 (p < 0.01). Three important features
are evident in Figure 14. First, the high positive loadings
centered over the Eastern Tropical Pacific and the Maritime
Continent indicate that this PC largely reflects changes in
the variance of the atmospheric component of tropical
Pacific oscillations such as the El Niño–Southern Oscilla-
tion (ENSO). We confirmed this by comparing the PC score
series with the 31-year running variance of the DJFM SOI;
the two are correlated at 0.86 (p < 0.01). Correlations with
the running variance of the DJFM Pacific Decadal Oscilla-
tion (PDO [Mantua et al., 1997]) are much lower (0.07).
The PDO is the leading PC of monthly SSTs in the North
Pacific. Although it contains some correlation with the
tropical Pacific, it is more indicative of high-latitude vari-
ability of SST. The PDO contains a strong decadal signal
that is highly correlated with the Interdecadal Pacific
Oscillation (IPO [Folland et al., 1999, 2002; Power et al.,
2006]), calculated as the leading PC of low-pass-filtered
global SST. The sign of the loadings of our leading PC of
SLP variance, combined with the PC scores, implies that
SLP variance of the tropical Pacific was much lower in the
middle of the 20th century compared with the late 19th to
early 20th century and late 20th century, confirming work of
many previous studies [Allan et al., 1996; Newman et al.,
2003; Torrence and Compo, 1998]. Note that in Figure 14
the loadings in the eastern and western Pacific are the same
sign, unlike the well-known out-of-phase movement of mass
in the Pacific related to ENSO. This is because our PCA
analyzed changing variance of SLP and not the changing SLP
itself. Therefore changes in ENSO variance were due to
changes in both poles of the Southern Oscillation.
[39] Second, the high negative loadings in the North and

South Pacific indicate that increasing variance in the higher
latitudes of the ocean basin in the mid-20th century was out-
of-phase with the reduction in the tropics. Observations

were very sparse in the far South Pacific for much of the
record, so the high negative loadings in this region are
probably dubious (see discussion by Allan and Ansell
[2006]). However, the NH has better coverage. This out-
of-phase behavior implies that, with largely reduced Eastern
Pacific tropical SST variability in the mid-20th century, the
high latitudes were free to respond to other forcings or their
own natural atmospheric modes. A similar PCA of SST
variance (not shown) shows high loadings only in the
eastern Pacific, indicating that high-latitude SST forcing
was not responsible for changes in the high-latitude SLP
variance.
[40] Third, as previously noted in our earlier NH PCA of

variance, the first PC was indicative of reduced variance of
the NAO during the mid-20th century. The global analysis
suggests that this corresponded to a similar change in the
variance of ENSO. The loading pattern (Figure 14) of the first
PC shows continuous loadings of the same sign stretching
from the eastern Pacific northeastward into the subtropical
North Atlantic. We suggest, therefore, that the changes in
NAO variance might be the result of the changing ENSO
variance. We plan to investigate this link more fully in future
work.

3.3. Changing NAO-Temperature Correlation in
Relation to the Sectoral Symmetry of Sea Level Pressure
Variability

[41] The results of our analyses have implications for the
debate on whether high-latitude meridional wintertime SLP
variability in the NH is best expressed by the annular NAM
or the Atlantic-only NAO. This discussion has been most
prominent in the literature in recent years, with strong
arguments from both sides supporting the hemispheric
[Wallace, 2000; Wallace and Thompson, 2002] and sectoral
viewpoints [Ambaum et al., 2001; Deser, 2000; Dommenget

Figure 14. As for Figure 13 but for global data.
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and Latif, 2002]. The annular mode paradigm derives from
the fact that the first unrotated PC of NH SLP is annular in
structure, with dominant centers over the Atlantic and
Pacific domains. The contrary NAO theory points out the
problems in interpreting EOFs as real climate modes, as
well as the lack of correlation between the Pacific and
Atlantic centers. The NAO adherents argue that the two
basins appear in the first PC only because they both share an
out-of-phase component with the Arctic.
[42] Our contribution to this debate derives from the

analysis of the changing pattern of SLP variability over
time. We showed that, while the NAO has undergone a
change in interannual variance during the 20th century, it is
very different to the changing variance in the Pacific

(Figure 9). The second PC of our PCA of variance revealed
the main centre of action to be a monopole centered over the
North Pacific, with little high-latitude loading (Figure 11).
This result points toward a Pacific centre that behaves
independently of the Atlantic. However, there is one key
issue that clouds the argument: we showed that it was
during periods when variance was high in the Pacific that
the relationship between the NAO and NH temperature was
strongest, in particular the middle of the 20th century. This
implies that when variance was high in the Pacific, the
variability was in-phase with the Atlantic. The answer to
this quandary probably lies in the complex and chaotic
nature of atmospheric dynamics, showing very different
behavior at different times. We have quantified this by

Figure 15. Pattern of loadings for 1st PC of DJFM mean SLP for selected 31-year periods.
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performing a covariance matrix PCA of DJFM mean SLP
for running 31-year periods. We chose not to rotate the PCs
so as to retain the maximum variance in the first PC. The
pattern of loadings for the dominant first PC changes largely
through time, but in all cases is a reflection of the NAM/
NAO movement of mass between the Arctic and lower
latitudes. The pattern of loadings for the first PC varies
largely through time in the degree to which the Pacific is in
phase with the Atlantic. Figure 15 shows the pattern of
loadings for 6 selected 31-year periods. The periods were
chosen by an examination of the strength of the NAO-
HadCRUT2v relationship (Figure 4). Three of the periods
are indicative of when the NAO-HadCRUT2v relationship
is weak (Figures 15a, 15c, and 15e) and three periods
indicate when it is strong (Figures 15b, 15d, and 15f). A
strong NAO-HadCRUT2v relationship corresponds to peri-
ods when the Pacific centre is in-phase with the Atlantic or
the pattern is more annular. During the periods with a
weaker NAO-HadCRUT2v relationship there are loadings
in the Pacific of mixed sign. Thus our study suggests that at
times NH winter SLP variability behaves as both a sectoral
and an annular mode.

4. Discussion and Conclusion

[43] Several conclusions derive from the analysis in
sections 2 and 3. We examined the changing correlation
between the NAO and NH temperature north of 20�
(NH20N). We confirmed that there has been a change in
the midfrequency and high-frequency (periods less than
30 years) NAO-NH20N correlations which is not caused
by a change in the station network or several outlying years,
supporting the work of Jones et al. [2003]. When the NAO-
NH20N correlation is higher, there is an increase in the area
where the local temperature has correlations with the NAO
of between 0.2 to 0.6, and a decrease in the area with
correlations �0.4 to 0.2. This is manifest as a positive shift
in the distribution of correlations, although the proportion of
grid points with the highest and lowest correlations (the
upper and lower tails of the distribution of correlations) stays
the same. The mix of positive and negative correlations
between the NAO and local temperature meant that it was
more prudent to look at average squared correlations (r2) to
examine the changing strength of the NAO-temperature
relationship. Simply averaging the temperature across all
grid points and correlating this with the NAO would reduce
the NAO temperature signal because of the competing
positive and negative correlations. By examining the change
in the NAO-temperature r2, we showed there has been
a strong decadal ‘‘W’’-shaped pattern in the Pacific but a
more constant relationship in the Atlantic. This supported
earlier work [Jones et al., 2003] showing that the correla-
tion between European winter temperatures and the NAO
have remained fairly constant, while the correlations with
the hemispheric average temperature have shown marked
decadal change.
[44] In seeking causes for the observed change in NAO

teleconnections, we first modeled NH average temperature
as a linear function of several NH climate indices and the
SOI. This led to the conclusion that NH temperature is
mainly dependent on the NAO and the North Pacific Index
(NPI) to a lesser degree. We therefore sought to explain the

changing teleconnections by examining the changing vari-
ance of NH SLP. Our examination of the link between
changing correlations and changing SLP variance was based
on the simple premise that, with less active SLP variability,
one might expect less active teleconnections. We showed
that SLP variance had indeed changed markedly through
time, especially in the North Pacific. The variance in the
Atlantic showed less change, but interestingly was slightly
negatively correlated with the Pacific. This implies a move-
ment of the centers-of-action between the Atlantic and
Pacific basins. Importantly, in support of our variance-
teleconnection hypothesis, the changes of NH total SLP
variance accounted for about 40% of the changing NAO-
temperature relationship.
[45] To gain a more precise definition of the spatiotemporal

structure of SLP variance, we performed a PCA of the
running variance at each grid point. This is the first applica-
tion of PCA to running variance in climate studies that the
authors are aware of. Perhaps this approach is stretching the
limits of s-mode PCA in its use of strongly autocorrelated
data derived from running 31-year periods with few degrees
of freedom and many grid points. However, PCA has been
used in the past with autocorrelated data such as 13-year low-
pass-filtered SST data to reveal the IPO [Folland et al., 1999,
2002; Power et al., 2006]. Additionally, we were careful that
all our calculations of statistical significance took into ac-
count the high autocorrelation. The resulting PCs in our
analysis agree strongly with our earlier findings concerning
the spatiotemporal nature of variance. Also, the global PCA
revealed a tropical Pacific-dominated first component with a
score series highly correlated with the running variance of the
SOI. The second PC explained 49% of the changing NH
NAO-temperature relationship due to its corresponding load-
ings being dominated by the Pacific where the largest
changes in SLP variance have occurred. The first PC
(explaining 24.8% variance) was indicative of the changing
variance of the low and high latitudes of the North Atlantic
(close to the two poles of the NAO) and their out-of-phase
changes with respect to the midlatitudes.While this change in
the variance of the NAO poles has probably had an impact on
the NAO teleconnections (compare Figures 2 and 12), it is
independent of the large changes in the Pacific.
[46] The role of ENSO and the PDO/IPO in the changing

SLP variability picture was revealed by the first PC of
running variance being indicative of the changing strength
of variability over the tropical Pacific. We therefore sug-
gested that it might be changes in the variability of ENSO
that have caused concurrent changes in the variance of the
NAO. We plan to address this in more detail in a future
study. Our PCA analysis indicated that variability of the
Aleutian Low was strongest when ENSO was weakest.
Perhaps it is only coincidence that leads to the fact that
when the variance of the tropical Pacific is at it lowest
during 1920–1950 (Figure 12), the variance of the North
Pacific increases and becomes correlated with the NAO.
Recent work by Bronnimann et al. [2007], examining
ENSO influence across the European domain over the last
500 years in instrumental and reconstructed data, indicates
that ENSO influence on Europe is strongest and most
coherent when the PDO (reflecting mainly North Pacific
conditions) is in-phase with boreal winter ENSO events in
the following year. However, our two PCs of SLP variance

D11103 HAYLOCK ET AL.: NH SLP VARIABILITY

17 of 19

D11103



(Figures 10 and 12) are orthogonal, and so there is no
relationship between the two. On the other hand, past
studies linking the equatorial region and North Pacific give
strength to the hypothesis. The relationship between atmo-
spheric behavior over the equatorial and North Pacific
regions has received much attention since Bjerknes [1969]
reported that during El Niño events the Aleutian Low tends
to become stronger and move southeastward of its normal
position. The intensity of the Aleutian Low is measured by
the North Pacific Index (NPI) [Trenberth and Hurrell,
1994]. Calculating the 31-year running variance for the
NPI, based on the HadSLP2 data, gives rise to an index
that is highly correlated (r = 0.86, p < 0.02) with our second
PC of running variance. This is to be expected, since the
loadings for our PC are dominated by the North Pacific.
Therefore studies that have linked variability in the equa-
torial Pacific to the strength of the Aleutian Low imply that
during times of reduced variability in the tropics, one would
expect less influence on the North Pacific.
[47] Finally, our study has important implications for

studies relying on stable teleconnections, including statisti-
cal downscaling and seasonal forecasting. Our results sug-
gest that seasonal predictions of atmospheric circulation
from SST patterns may be subject to interdecadal variations
of skill. Predictions are likely to need to take account of
tropical phenomena, such as ENSO/PDO/IPO, as well as
extratropical SST features.
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